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Highlights
e Comprehensive analysis of URANS and hybrid RANS-LES CFD models for VAWT flow

e  Study focuses on turbine power, moment coefficient and aerodynamics prediction
e Transition SST model is sufficient for overall performance prediction
e Hybrid RANS-LES can perform better prediction of VAWT dynamic stall behaviour

e SBES transitional SST generates more accurate predictions than other models

ABSTRACT

Comparison study of unsteady Reynolds-averaged Navier-Stokes (URANS) and hybrid
RANS-LES (large-eddy simulation) models is carried out for predicting the performance of
three-straight-bladed vertical axis wind turbine (VAWT) operating within three tip speed ratios
(TSRs) ranges, i.e. low (1.44 — 2), medium (2 — 2.64) and high (2.64 — 3.3), respectively. The
evaluation is focused on power coefficient, moment coefficient and vortex structure generation,
growth and transportation predictions. It was found that URANS turbulence modelling is
sufficient for averaged power coefficient (Cpae) prediction and specific range of TSRs
evaluation, and it also benefits from short simulation run time. To further evaluate flow field
details at all TSR ranges and to understand the underlying flow physics such as dynamic stall
behaviour, hybrid RANS-LES turbulence modelling is necessary. Comparing between hybrid
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models adopted, stress-blended eddy simulation (SBES) based on transition shear-stress
transport (TSST) model has achieved an overall better performance, such as a reduction of
simulation discrepancy by 50% in low TSR range compared to TSST turbulence model. In both
medium and high TSR ranges, the modelling discrepancies are less than 3% compared to TSST
turbulence models at about 25% extra computational time. Furthermore, in high TSR range,
hybrid RANS-LES models are able to predict the appearance of vortex shedding at high
azimuthal angles (6 > 180°) for which URANS models failed to capture.

Keywords: vertical axis wind turbine; computational fluid dynamics; turbulence model

assessment; hybrid RANS-LES; stress-blended eddy simulation.

1. Introduction

With the advancement of computer power and the development of new algorithms, there
is a growing trend to perform numerical study as a precursor step to expensive experiment for
vertical axis wind turbine (VAWT) performance evaluation, and various approaches have been
adopted, such as vortex model, blade element momentum (BEM) based models (i.e. multiple
stream-tube model), and more recently computational fluid dynamics (CFD). The vortex model
[1] and multiple stream-tube model [2] are two popular analytical models that have been used
in VAWT model simulations. These two models are based on one-dimensional simplified
governing equations that require some measurement data such as lift and drag coefficients of
the employed aerofoils. However, these analytical models have exhibited poor accuracy when
the aerofoil experiences dynamic stall due to inaccurate formulations to predict the tip vortex
and dynamic stall effects [3]. Despite of higher costs and longer computational time, CFD
technique of solving Navier-Stokes equations has become a powerful tool to design, analyse,
and optimise VAWT performances. Overall, CFD can produce more accurate prediction of
flow characteristics around wind turbines compared to the other numerical models [4].

Subject to its tip speed ratio (TSR), VAWT will experience different flow behaviours and
unsteadiness during the operation. Therefore, choosing a proper computational domain,
turbulence model and defining other numerical settings that can produce relatively small
discrepancy for all TSR ranges operation is time consuming and sometime challenging. In
general, flow behaviour around VAWTS can be analysed over three TSR ranges, namely low
TSRs, medium TSRs (where an optimum TSR is usually obtained) and high TSRs, respectively.

Comparing to medium and high TSRs ranges, it is more difficult to predict the performances
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and flow behaviour of VAWTSs accurately in low TSRs range, mainly because the VAWT
blades will experience local angles of attack (AoA) higher than the stall AoA for most azimuthal
angles. Therefore, the blade can only generate either a very small or even a negative torque [5].

It is known that the flow surrounded VAWTS contains high level of unsteadiness, some
are inherited from incoming background flows. Malael et al. categorized the unsteadiness level
in low TSRs range as the second level of unsteadiness which is related to unsteady phenomenon
called dynamic stall with drag reduction [6]. Practically, VAWT blades in this TSRs range will
experience two types of dynamic stall. These two stalls are related to the existence of two peaks
in the lift coefficient curve of non-rotating aerofoil operated in low TSRs range. The first stall
is so-called lift dynamic stall that is dependent on the Reynolds number (Re) and also due to a
combination effect of the boundary layer separation and the unsteady (rotating) motion of the
aerofoil [7]. The second stall is so-called drag dynamic stall which is independent on the
Reynolds number. This stall only exists when the blades are operating in a narrow flow field.
The VAWT blades will act as a force machine to move separated volume of air towards the
blade radial direction. This term is also used to describe the delay in the drop of the second
static lift coefficient, whilst a rotating blade passing through the downwind period of an
upstream blade (i.e. azimuthal angle >180°) [6]. Drag dynamic stall will generate a small lift
component but with a significant drag reduction over a short period of time in low TSRs range.
This is a key factor in the continuity of torque production which is directly related to self-
starting capability of VAWTSs. Therefore, it is very important to perform CFD modelling which
can accurately predict VAWTS performance, especially in low TSRs range.

Despite of its ability to produce more accurate simulation results, large-eddy simulation
(LES) model is rarely used in CFD simulation of VAWTS due to its expensive computational
cost and extremely long run time. Majority of numerical studies nowadays are still using
unsteady Reynolds-averaged Navier-Stokes (i.e. unsteady RANS or URANS in short) models
which are very sensitive to numerical settings and model choice. After comparing several
URANS turbulence models, Rezaeiha et al. concluded that transition shear-stress transport
(TSST) turbulence model is preferable for VAWTSs simulation as it can predict the laminar-to-
turbulent transition, which likely occurs on the VAWT blade surfaces [8]. However, while the
predicted averaged power coefficients over one turbine revolution (Cpave) Were close to the
experimental data in the low TSRs range, it still over-predicted the Cpave Value in the high TSRs
range. The cause of this discrepancy has not been fully understood yet [8].

To compromise numerical accuracy and computational cost, hybrid RANS-LES models

are suggested and employed by some researchers in VAWT applications ( [9], [10], [11] ).
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These models use URANS approach to model the small-scale eddies near the wall boundary,
while the large-scale eddies in the far field and around flow separation regions are simulated
using LES model [11]. As such, this technique is able to produce more accurate results than
URANS models and in the meantime, to overcome the obstacle of requiring enormous
computational resources of applying LES model for whole computational domain.

Even though there are some reports on the use of hybrid RANS-LES turbulence models
for CFD simulation of VAWT flows, based on authors’ knowledge, there is no comprehensive
investigation to assess the capability of hybrid RANS-LES turbulence models for predicting
VAWTs performance compared to URANS turbulence models for low-to-high ranges TSRs
operation. Mostly, they were only comparing one hybrid RANS-LES turbulence model with a
few URANS turbulence models or even only one URANS turbulence model. They did not
provide direct comparison between several hybrid RANS-LES turbulence models. Moreover,
they usually compared the Cpave predictions only rather than the blade instantaneous moment
coefficients and the details of blade aerodynamics. In addition, they did not present the effects
of turbulence models on the accuracy of predicting VAWTSs performance for all ranges of TSRs
operation and the reason(s) behind them.

Therefore, in this study, a comparison study is performed for the accuracy of VAWTSs
simulation of three different hybrid RANS-LES models, namely delayed-detached eddy
simulation (DDES), improved-delayed-detached eddy simulation (IDDES) and a relatively
new hybrid RANS-LES model stress-blended eddy simulation (SBES), along with three
URANS turbulence models, namely k-¢ realizable with enhanced wall treatment, k-« SST and
Transition SST models, respectively. Note that, in the authors’ knowledge, this is the first
attempt to apply SBES in CFD simulation of VAWT. All CFD simulations are carried out using
ANSYS Fluent v19 [12]. The comparison of revolution convergences between hybrid RANS-
LES and URANS turbulence models is undertaken after some precursor studies such as grid
convergence and time independence, due to the importance of obtaining statistically converged
flow field before collecting data samples in VAWTSs simulation. Then, the Cpave results of CFD
simulation are compared with the results of wind tunnel experiment by Castelli et al. [13] and
are analysed for considered TSRs operation range in this study, i.e. low TSRs range of 1.44 —
2, medium TSRs range of 2 — 2.64 (with an optimum TSR of 2.64) and high TSRs range of 2.64
— 3.3, respectively. Distribution of instantaneous moment coefficients and turbine
aerodynamics flow field are only compared with the results of CFD simulations, as Castelli et
al. [13] did not provide the experimental results in these regards. The detailed comparison of
this study will help to understand the performance of hybrid RANS-LES in VAWTSs simulation
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compared to URANS turbulence model, in particular the new SBES hybrid RANS-LES

turbulence model [14], in all three ranges of TSRs operation.

2. Vertical Axis Wind Turbine (VAWT) Characteristics

The study is based on experimental and numerical studies by Castelli et al. [13] which
have been widely used as validation case in many numerical studies of VAWTS [8, 15, 16, 17].
The experiment considered a three-straight-bladed Darrieus VAWT equipped with NACA
0021 aerofoils in TSRs ranging between 1.44 and 3.3 as shown in Figure 1. The trailing edge
of each blade is defined as straight wall with a finite thickness of 0.38 mm. The turbine aspect
ratio is 1.4. The free stream velocity (U,) is set to be 9 m/s. The turbine rotational speed (w:
(rad/s)) is calculated based on Equation (1) below

w¢R

<]

where R (m) is the turbine radius.

The main geometrical features and the operational parameters of the test VAWT (both
numerical and experimental models) can be found in Table 1. Note that, Castelli et al. [12]
have also compared their three-dimensional (3D) experiment with two-dimensional (2D) CFD
simulation in regard of power coefficient. They argued that the difference between 3D
experiment and 2D CFD was mainly caused by the combined effects of finite blade length and

spoke drag.
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Figure 1. VAWT model based on Castelli et al. [13], (a) 3D experimental and (b) 2D

computational domain (all measurements are in mm).

Table 1. Main geometrical features of Castelli et al. model [13].

Parameters

Simulation Experiment
VAWT diameter (Drotor (Mm)) 1030 1030
Blade height (Hrotor (Mm)) 1000 (for 2D simulation) 1456.4
VAWT swept area (As (m?)) 1.03 1.236
Number of blade (N (-)) 3 3
Blade profile NACA 0021 NACA 0021
Chord length (c (mm)) 85.8 85.8
Spoke-blade connection 0.25¢c 0.5¢
solidity (o (-)) 0.5 0.5




3. CFD Simulation
3.1 Simulation domain and grid decomposition

Figure 2 illustrates a 2D computational domain which consists of a rotating core where
three turbine blades are located inside it and a rectangular far field domain surrounding the
rotating core. The current CFD mesh uses hybrid mesh type and has a total of 117,353 elements
and 174 elements around each blade surface with refined meshes towards both the leading and
trailing edge regions, respectively.

3.1.1 Rectangular far field domain

A rectangular domain is used for the far field. As suggested by Wang et al. [16], both
inlet and outlet planes are placed at 40 rotor diameters away from the centre, while the side
walls are placed at 20 rotor diameters away from the centre of turbine rotational axis so
numerical boundary conditions will have negligible influences on simulation results. The inlet
and outlet are set as velocity inlet and pressure outlet conditions, respectively. Meanwhile,
symmetric boundary conditions are used for the side walls. A structured grid with quadrilateral
cells is generated for this non-rotating domain (see Figure 3a). This domain has overall 34,200
elements.
3.1.2 Rotating core

The circular rotating core is treated as the fluid region representing the revolution of
VAWTSs. As mentioned in the previous studies [18, 19], the size of rotating core needs to be at
least around 1.5 — 2 times of turbine diameter to avoid unwanted disturbances produced by the
sliding interface. In this study, the size of rotating core is kept the same as those well-validated
studies, which is 2000 mm (about 1.94 times of turbine diameter).

The domain, together with meshes inside, rotates in an anticlockwise direction around the
turbine rotational axis at a given angular velocity. The mesh moves at the prescribed speed for
this simulation. Therefore, the mesh motion is only applied in this sub-domain. In general,
between the far field domain and the rotating core sub-domain, mesh topologies and even sizes
could be different, and thus to ensure the continuity of fluid flow across the interface, a sliding
boundary condition is set at the interface between these two domains, together with data
interpolations of same or higher order than numerical scheme. The rotating core sub-domain

uses quadrilateral dominant elements (see Figure 3b) with a total number of 20,513 elements.
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Figure 2. Detailed 2D computational domain and sub-domains.
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Figure 3. Grid details in two main sub-domains.
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3.1.3 Control circle

Three control circles with embedded blades are placed inside the rotating core separated
by 120° angular distance to each other. Each control circle has a radius of 200 mm, in which a
structured O-type grid discretization around the blade is produced. Total elements in each
control circle are 20880. The control circle boundary is set as ‘interior’ to ensure the continuity
of the fluid flow. Blade surfaces are also defined as rotating walls with reference to the rotation
centre, i.e. the main rod of the spoke-blade-connection on each blade, to ensure it rotates
together with the rotating core sub-domain.

The grid discretization in this sub-domain uses structured quadrilateral elements with fine
grids in the near wall region (see Figure 4). When applying turbulence model to solve near-
wall region, the first grid must be placed inside the viscous sublayer. Hence, the normal
distance of the first element to the wall must be pre-defined so that it satisfies the criteria of the
non-dimensional wall distance of y* < 1 (for SST turbulence model). As the wall function is
not applicable for flows which experience flow separation like flow around the blade of
VAWT, it is important to maintain y* value lower than unity to properly resolve the laminar
sublayer region near the wall [20]. Note that, when generating grids for DDES and IDDES
turbulence models, LES criteria in far field region is applied. Hence, this study has two grid
types. The first grid type is the one used for DDES and IDDES turbulence models which has
higher number of elements to accommodate the LES criteria in far field region and the second
grid type is the one used for URANS turbulence models in the rest of flow domain.

Figure 4. Detailed grid around the blade wall.



3.2 Turbulence models
3.2.1 URANS turbulence models

This study considers two two-equation models and one four-equation models with
transition model to accommodate the laminar-to-turbulent transition process.
1) Two-equation k-¢ realizable with enhanced wall treatment (RKE)

This model has proven to have better performance for flow prediction compared to
standard k-¢, especially for flow with primary separation and secondary flow features, due to
its better ability to capture the mean flow. This is mainly due to the use of non-constants in
turbulence viscosity (u,) formulation. Equations (2) and (3) show the formulation of turbulence
viscosity in this model. It can be seen that the C,, is no longer a constant but a variable and the
turbulence energy dissipation rate, ¢ (m?/s%), is derived from an exact equation for the transport

of the mean-square vorticity fluctuation [21].

kZ
Uy = pr = 2
1
Keyy g ©

where p is fluid density (kg/m®) and k is turbulence kinetic energy (m?/s?). In equation (3),

— - : : , , 9Uj] . :
U= \/SUSU + 0,0, is the modified streamwise mean with S;; = 119y ﬂ] is strain rate

2|ox; | ox
and f)f] is the modified vorticity tensor as explained by Shih et al [22].

This model is preferred than other k-e models on single moving reference frame systems
associated with computational domain that contains both rotating and stationary fluid zones.
However, as RKE model sometimes generates non-physical turbulence viscosities in this kind
of computational domain, its application on multiple reference frame systems like VAWT
model needs to be considered carefully. In addition, this model also inherits the poor
performance of any k-¢ based model for flows with low Reynolds number (Re) [23]. In this
study, the enhanced wall treatment for near-wall modelling is also included to make sure that
the flow in viscous sublayer can be captured.

2) Two-equation Shear-Stress Transport k-« (SST)

This model is combining some key features of k-¢ and standard k-« models. It applies k-
o formulation [24] in the inner parts of the boundary layer and switches to k-¢ formulation [25]
in the region away from the wall. Hence, this turbulence model has capability to predict flow

at low Re without the need of using any extra dumping functions and thus can avoid the
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common problem of high sensitivity to the inlet free stream turbulence in a standard k- model.
The turbulence viscosity equation is modified by adding a limiter to avoid over prediction of

the eddy-viscosity (see Equations (4) and (5)).

pk 1
= 4
He w max[%ﬂfl%] ’ ( )
* Ret
ag+ /g
at=al |[——=% 5
00[1+R€t/Rkl' ()

where o is specific dissipation rate (1/s), a* is low Re correction parameter, S = /25;;S;; is
shear strain rate, a; =0.31, as, =1, ag = % B; =0.072, Re; = 5—2 is viscosity ratio, Ry = 6.

Note that, for high-Re number flow, a* = ai, = 1. Furthermore, F, = tanh(®3) is the
blending function and @, is the set of constants in the transformed k — & model which defined

vk s00u

as @, = max [2 ,
0.09wy’ py2w

] with y is the distance to the next wall surface (m) and u is

dynamic viscosity (m?/s).

Moreover, the existence of transport of the turbulence shear stress in turbulence viscosity
equation (see Equation (5)) makes this model having better performance for flow with adverse
pressure gradient and separation such as aerofoil flow at high AoA. As the Reynolds number in
this study is relatively low, low Re corrections model can be activated.

In addition, Menter [24] and Kato-Launder [26] production limiters are also activated to
prevent enormous turbulence energy production in the stagnation region. The Menter’s
production limiter introduces a parameter Ciim (i.e. coefficient of limit) in the equation of
turbulence energy generation (G,) of the model (see Equations (6) and (7)). Thus, the model
will choose the minimal value between the calculated turbulence energy and a prescribed limit

value to avoid over excessive turbulence kinetic energy production.

Gy = min|Gy car, Climpe] , (6)
Gk,cal = //‘tSZ ’ (7)

where coefficient Ciim has a default value of 10. There is no effect of this limiter on the shear

layer performance of the model, but it avoids the ‘artificial’ stagnation point in aerodynamic

simulations.
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Alternatively, Kato-Launder modified the equation of turbulence energy generation by
replacing shear strain rate with the vorticity rate as shown in Equation (8). This modification
is based on the observation that the excessive level of turbulence kinetic energy production is
caused by a very high level of shear strain rate in the stagnation regions [26]. This enormous
level of shear strain rate is mainly induced by nearly irrotational flow with a very small vorticity

rate in the flow field near the stagnation point.
Gk,cal = uSAQ, (8)

where 2 = /0;;0;; is the magnitude of the vorticity tensor.

3) Four-equation transition SST (TSST)

This model is based on the SST k- transport equations with addition of two other
transport equations: intermittency (y) (see Equation (9)) and transition onset criteria in term of
momentum-thickness Reynolds number (Reo) (see Equations (10) to (13)). The intermittency
can trigger local transition while the transition onset Reo will enable the model to capture the
non-local influence of the change of turbulence intensity due to decay of the turbulence kinetic
energy in the free stream and free stream velocity variation outside of the wall boundary layer
[27]. Due to the present of these two additional equations, prediction of the transition onset and
its length can be dealt with by SST k- model. Based on previous works [27, 28, 29], this
model was proven to have good accuracy on predicting natural and/or induced separation and
bypass transitions for wall-bounded flows. In this study, the turbulence production limiters
proposed by Menter [24] and Kato and Launder [26] are activated to avoid the excessive

turbulence energy generation and very high level of shear strain rate in the stagnation region.

oy) | a(pUjy)

_ 2 Ue\ oy
ay axj _Pyl_Ey1+Py2_Ey2+a_xj[<,u+o__y)_]r (9)

an

In Equation (15) , Py1 = Ca1FiengtnPS[VFonset]¥® and Eyq = Co1P,1y are the transition
sources With C,1 =2, Fiengen is an empirical correlation that controls the length of the transition
region, Fonset is functions that are used to trigger the intermittency production, C,; = 0.5, and

Ce1 = 1. Pyy = Cy2pQFpyyp and E,, = C,, P,y are destruction/relaminarisation with F,,., =

Ryt : :
e‘( ) is the function to control the length of turbulence region.
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(13)

where Reg; IS transition onset momentum thickness Reynolds number, Reg, is local transition

500u
UZ

onset momentum thickness Reynolds number, Py, is the source term, gy, = 2.0, t = isa
time scale that is present for dimensional reasons and Cy; = 0.03. Fy, in Equation (11) is
blending function that is used to turn off the source term in the boundary layer, F, 4k iS a
function to ensures that the blending function is not active in the wake regions downstream of
the body, 6 = SO%SBL is boundary layer thickness (m), 65, = 1?59& is boundary layer

Regelt
pU

transition thickness (m), 85, = is momentum thickness in boundary layer transition (m) ,

pwY? . . ..
and Re,, = 0 is dissipation Reynolds number.

3.2.2 Hybrid RANS-LES turbulence models
Three types of hybrid RANS-LES turbulence models are applied in this study, of which

the first is based on delayed-detached eddy simulation (DDES) model, the second is based on
improved-detached-delayed eddy simulations (IDDES), and the third is a relatively new model
called stress-blended eddy simulation (SBES).

1) Delayed-Detached Eddy Simulation (DDES)

This model has based on DES model which treats the attached boundary layer using RANS
while LES is only implemented in the separated flow regions. DDES is designed to solve some
problems in standard DES model such as high grid-size sensitivity leading to grid induced
separation (GIS) which is caused by “grey area” where the models vary from URANS to LES
and possible delay in the formation of instabilities in mixing layers [30]. This model has been
successful in overcoming some drawbacks in DES model, but at extra computational cost due
to extreme grids used in the model [31]. This study chooses SST k- model for URANS
simulation, therefore this model applies DES equations proposed by Menter and Kuntz [30]

which modified the dissipation term of the turbulence kinetic energy by
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Yy = pB kwFpgs, (14)

where £* is a model constant = 0.09 and the blending function, Fpes, is expressed as

Fpps = max( Le 1), (15)

)
CDESAmax

where Cpes is a calibration constant used in the DES model and has a value of 0.61, A4, IS

the grid spacing (m) and L, is turbulence length scale (m) which is calculated by

(16)

To protect the boundary layer from GIS, a shielded function is added into the equation of

blending function of DES, therefore it becomes

L¢

(1= fooes) 1), (17)

F = max(
DES CDESAmax

where fppes is the blending function used in the DDES model and is expressed by

fopes = tanh[(Cq17q) 2], (18)

where Cq1 =20 and C¢2 = 3 and

_ Vetv
Ta = k2y2,/0.5(52+02)’ (19)

where v, is turbulence kinematic viscosity (m?/s), v is laminar kinematic viscosity (m?/s), and
Karman constant x = 0.41.

This model has been proven to be able to produce good prediction in rotating flow with
separation and flow around aerofoil with stall condition [32]. Nevertheless, as this is a DES
type turbulence model, refined grids are still needed not only near the wall but also in the far
field regions. In this study, DDES is deployed with SST k- for RANS model with the

activation of low Reynolds number correction model.
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2) Improved-Detached-Delayed Eddy Simulations (IDDES)

It is known that DES and DDES will deal with two parts of the entire logarithmic layer
(denote ‘log-layer’ thereafter) in a separate manner, i.e. “inner” log-layer part by RANS model
and “outer” log-layer part by LES model. The LES function will only become activate in
regions with local grid-sizes that are much smaller than the distance of this region to the wall.
However, these two layers usually mismatched in DES and DDES models causing under-
prediction of skin friction coefficient by 15-20% compared to the experiment results [33].
Therefore, IDDES is proposed to address this problem by including a non-zonal hybrid RANS-
LES model called wall-modelled LES (WMLES). It has new definition of the sub-grid length-
scale in which an explicit wall-distance dependence is included. This addition allows DES-
based model to produce different response depending on the grid resolution and inflow
turbulence content. WMLES will be activated if the grid resolution is fine enough and inflow
turbulence exists in the simulation, contrarily it will operate DDES model [33]. IDDES model
has been demonstrated to have good ability in predicting massive flow separation and vortex
shedding such as in flow around aerofoil at high angle of attack (AoA).

3) Stress-Blended Eddy Simulation (SBES)

DES-based hybrid RANS-LES models including DDES and IDDES have shown several
shortcomings for industrial application, in particular, when the mesh is refined in the boundary
layer region, an issue of so-called GIS may appear, and it is due to LES grid limiter influence
on RANS model causing improper balancing between RANS and LES turbulence content
(even when using DDES). Moreover, there is tendency towards slow “transition” from the
RANS to the LES zones in separating shear layers (SSL) [34] with no clear differentiator
between RANS and LES regions. Hence, Menter has proposed an upgraded version of DES
model called SBES. This model revises the shielding function of the shielded DES (SDES)
SST model to protect the RANS boundary layers and automatically switch to an existing
algebraic LES model in the LES zone [14]. While the blending function remains the same as
that of the shielding function SDES (fspes), in the LES zone where fspes = 0, SBES introduces
an explicit model to switch to an algebraic LES. This modification changes the turbulence

stress tensor and eddy viscosity equations as

15 = foprstiy e + (1= fopes)Tis (20)
VP = foppsufNS + (1 = fopes)ve™, (21)
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SBES
ij

turbulence kinematic viscosities.

where 77555 tRANS and ¢} %5are turbulence stress tensors and v7BES, pRANS and viES are

L J

As a result, the RANS and the LES zones can be clearly distinguished by visualizing the
shielding function. Moreover, due to the lower turbulence stress level enforced by the LES
model, SBES model can change rapidly from the RANS to the LES function in SSL, which
then can produce better, realistic, and consistent solutions. Furthermore, this turbulence model
allows a RANS-LES “switch” being predicted even on a coarser grid that other DES models
cannot. This model has been applied in the CFD simulations of rotating devices [35, 36, 37]. It
was found that this model could generate better prediction compared to RANS and other hybrid
RANS-LES models. SBES can produce finer turbulence structures and ordered and abundant
vortex structures compared to RANS models. Meanwhile, it offers faster development of
turbulence and more clear and ordered turbulence structures compared to other hybrid RANS-
LES models.

3.3 Computational settings

In this study, the incompressible URANS equations are solved using a coupled numerical
scheme for pressure-velocity coupling and a second-order scheme for temporal and spatial
discretization. In hybrid RANS-LES simulation, computational settings remain the same as
URANS simulation except for momentum spatial discretization where Bounded Central
Differencing is applied as the requirement of hybrid RANS-LES model. All residual
convergence criterions for the inner loop are set to be equal to or less than 10°S.

The complex nature of VAWT flow has limited the ability for all parameters reaching the
same residual criteria simultaneously during the simulation. In order to overcome this issue,
previous study suggested that applying 40 sub-iterations in each time step could reduce the
turbulence kinetic energy residuals by an order of 10 [18]. Hence, 40 sub-iterations per time
step are applied in the simulations. Note that, for the initialization procedure, this study uses
hybrid initialization which is a collection of recipes and boundary interpolation methods [12].
A Laplace equation is solved during the initialization to produce a velocity field that conforms
to complex domain geometries, and also a pressure field which smoothly connects high and

low pressure values in the computational domain [12].
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4. Spatial and Temporal Resolution Studies
4.1 Spatial (grid) convergence study

Simulations for case study of TSR = 2.5 were performed on coarse, medium and fine three
successive grids (see Table 2) for grid convergence study using RKE turbulence model. The
influence of element sizes around the blade is considered with 87, 174 and 348 grid elements,

respectively for each simulation.

Table 2. Details of the number of elements for each grid

_ ) Total Elements around Trailing edge
Grid Type of grid
Elements blade wall elements
Coarse 86033 87 7
Medium | Structured grid 117353 174 14
Fine 179993 348 28

Figure 5 illustrates the comparison of moment coefficients (Cn) over one revolution using
different grids. Note that, the Cn value here is extracted at revolution after the difference
between the latest revolution and the previous revolution is less than 1%. The calculation of
Cmis defined by Equation (22),

M

C,=17——
M pUx?AL’

(22)

where the moment M (N) is from the simulation, U, (m/s) is the free stream velocity of the
simulated model, A (m?) is the area of the simulated model and L (m) is the distance of the
simulated model to the rotating axis. The time history of this coefficient can be monitored and
analysed. Based on obtained Crm, Cp can be calculated by Equation (23),

Cp =TSR X Cp, (23)

Similar to the baseline 2D VAWT CFD study, the area (A) is defined as the rotor swept area
(As) and the length (L) is set to be the same as the rotor radius (0.515 m) for 2D CFD.

The curves representing moment coefficient at varying azimuthal position have shown
little difference between results from the medium and fine grids while coarse grid could not

produce satisfying instantaneous moment coefficients. Moreover, the relative discrepancy of
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averaged power coefficient over one turbine revolution (Cpave) between the medium and fine

grids is less than 0.02%. Therefore, the medium grid is chosen for the rest of simulations.
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Figure 5. Comparison of instantaneous moment coefficients Cmi of VAWT with different

grids.

4.2 Temporal resolution study

As stated by McMullen et al. [38], the rate of rotation and the number of blades have major
effect on the periodicity of relative motion of the rotating blades which is the main contributor
to the unsteadiness of VAWTS. Castelli et al. [13] have considered this effect by defining a
small time step equals to the lapse time of the rotor making a 1° rotation. They also found that
any further reduction of time step did not give better accuracy to the simulation results. To
confirm their findings, the current simulation repeats the time independence study with three
time steps setting corresponding to three time lapses for 1°, 0.75° and 0.25° rotations,

respectively.
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Figure 6. Cr distribution of three set of different time steps over one turbine revolution.

The instantaneous Cn over one complete turbine revolution of three time steps in TSR =
2.5 are illustrated in Figure 6. It was found that there were no big differences on instantaneous
Cnm between three time different steps. In addition, Cpave between 1° and 0.25° time steps shows
a small difference which is only 0.44%. Hence the time step equal to the lapse of time of the

rotor making a 1° rotation is chosen for the rest of simulations.

5. Impact of Turbulence Models
5.1 Revolution convergence analysis

In VAWT simulation, it is important to obtain statistically converged flow field before
collecting data samples. Hence, several studies have suggested some required number of
turbine revolutions to run before collecting the data. It was usually defined by analysing the
time history of moment coefficient (Cn) or power coefficient (Cp).

In previous URANS simulation, Castelli et al. [13] started the data sampling while the
averaged Cn over one turbine revolution (Cmave) Variations between two neighbouring
revolutions is less than 1%. Another study using Transition SST turbulence model [8] has found
that the changes of Cmave and Cpave could be below 0.1% and 0.2% respectively after 20
revolutions, and the cumulated differences of these two values were as low as 1.06% and
2.41%, respectively, between 20 and 100 revolutions. Therefore, using these examples, this
study will start the data retrieval after the Cmave Variations fall under 0.1%.
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In the case of URANS turbulence models, this study finds that the Cmave dropped less than
0.1% compared to the previous revolution after 23 revolutions (see Figure 7) for both of RKE
and SST turbulence models, confirming that a good convergence has been achieved. Hence,
for the case of these two-equation URANS turbulence models, the data retrieval can be done
at 24" revolution. On the other hand, four—equation URANS turbulence model, i.e. Transition
SST needs 27 revolutions before the Cmave dropped less than 0.1%. Therefore, the data can be
collected at 28™ revolution for this turbulence model. TSST turbulence model takes longer to
achieve statistically steady Cmave than two—equation URANS turbulence models probably due

to the addition of two more equations for the intermittency and momentum thickness Reynolds

number.
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Figure 7. Cmave changes over turbine revolution for URANS turbulence models.

For hybrid RANS-LES turbulence models, all four of the tested turbulence models need
34 revolutions before the Cmave dropped less than 0.1% (see Figure 8). Compared to the
URANS, hybrid RANS-LES turbulence models took more revolutions to reach convergence
status. It is probably due to the fact that URANS turbulence models are mainly solving the
mean flow and those large flow motions in the near field, and use ensemble averaging solution
in the far field [39]. In contrast, hybrid RANS-LES turbulence model utilises the LES model
in the far field, which can resolve the flow fluctuations to some extents and as a result, it will

take longer time to achieve statistically converged flow field for both near and far fields.
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5.2 Revolution averaged of turbine power coefficient (Cpave)
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5.2.1 URANS turbulence models

Figure 9 shows the revolution average C, prediction of current CFD simulation using two-
equation URANS turbulence models (RKE and SST) and four-equation URANS turbulence
model (i.e. TSST), compared with the experimental and the CFD simulation results of Castelli
et al. [13] using RKE model. It is found the current CFD simulations can successfully generate
the Cpave Ccurve in a similar trend as the experiment and CFD simulation results of previous
study. It is also able to capture the optimum TSR = 2.64, which gives the maximum Cpave. In
addition, current CFD gives better Cpae prediction in all three TSR ranges than the CFD
prediction of Castelli et al. [13], even for the same turbulence model (i.e. RKE). This might be
due to the grid quality improvement, smaller time steps and higher order of residual

convergence criterion and number of iterations.
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Figure 9. Cpave comparison of current CFD simulation using RANS turbulence models and

the experiment and CFD simulation using RKE results of Castelli et al. [13].

From Figure 10, it can be observed that two-equation URANS turbulence models (RKE
and SST) still overestimate the experimental C, across the tested TSRs ranges. Compared to
the medium and high ranges of TSRs, these turbulence models generate large discrepancy in
low range of TSRs (<2). This is understandable as flow around VAWTSs will experience high
level of unsteadiness at low TSRs range compared to medium and high ranges of TSRs (>2).
This behaviour is due to the fact that blades of VAWT are frequently exposed by higher
absolute value of AoA (the angle between the blade zero lift line and the free stream direction),
even beyond the stall AoA, in low TSRs range compared to the medium and high ranges TSRs
[40]. This condition can trigger dynamic stall with drag reduction called drag dynamic stall in
high AoA. Moreover, flow around blades could experience enormous large viscous region in
low TSRs range due to low Re number effects [10]. Hence, RKE generally would produce very
large discrepancy as it has reputation to generate poor prediction accuracy of flow with
prominent separation and over-prediction of turbulence kinetic energy. In addition, it also
performs poorly in low Re number due to the need to generate viscous corrections simply to
reproduce the law of the wall for flow with low Re number [23]. For SST, even though it still
gives significantly large discrepancy, this turbulence model generates better prediction than
RKE. As mentioned by Wilcox, k- model can significantly give more accurate prediction for
flow with separation and with the absence of viscous correction, it can produce better prediction

than k-¢ model in flow with low Re number [23]. In cases of the medium and high ranges of
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TSRs, the flow around VAWTS relatively will be acquaintance with lower level unsteadiness
as the blades will experience dynamic stall with lift increment in low AoA similar to a sinusoidal
pitching aerofoil [6]. Therefore, although the flow still has separation, it is relatively easier for

these two turbulence models to generate more accurate prediction than in low TSRs range.
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Figure 10. Comparison of Cpave between current CFD simulation and the experiment and

simulation of Castelli et al. [13], as well as relative discrepancies in percentage.

As mentioned above, RKE and SST turbulence models still give some considerable
discrepancies in predicting Cpave 0f VAWT. During the evaluation of the flow type around
VAWTS, the flow is assumed to be predominantly laminar, as the estimated Reynolds number
based on the free stream velocity and the blade chord, Reys is about 51000. However, when
the VAWT simulation is carried out using laminar viscous model, the results are far from the
experiment and the instantaneous moment coefficient distribution. For this reason, it can be
concluded that the flow does not retain the laminar flow characteristics. As the blades are
rotating, the generated rotating speed will facilitate the development of flow turbulence. The
Reynolds number based on the angular velocity (Reo) (see Equation (24)) indicates that the
flow is already in turbulence status even in the lowest TSR, i.e. Reo = 449460 in TSR =1.44,
Reo = 815760, in TSR = 2.64 and Ree = 1019700 in TSR = 3.3, respectively. Note that the flow
is categorised as turbulence flow if Reg is more than 60, according to a previous study [41].
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2
Re, = % (24)

Hence, the blades of VAWT will experience laminar-to-turbulence flow transition from the
incoming background flow to the zone of rotating flow [8].

The averaging process in equations of RKE and SST turbulence models does not actually
accommodate the description of transitional flows where both of nonlinear and linear
breakdown from laminar to turbulence effects are relevant [27]. The averaging method of these
two models drops the effects of linear growth of the disturbance and as a result, there is a
difficulty to apply these two models in the transition process [27]. To overcome, Transition
SST turbulence model is applied for current CFD simulation. As described above, this model
has two additional transport equations, one for y and the other for Res, with the SST k-w
transport equations. The two additional equations are applied to enable the SST k-« model to
predict the transition onset and length [42]. Turbulence production limiters are also included
in this model to eliminate an excessive turbulence Kinetic energy prediction in the stagnation
region. As illustrated in Figure 10, this model can significantly decrease discrepancy in all
range of TSRs. These results suggest that the blades of VAWT indeed experience the transition

flow.

5.2.2 Hybrid RANS-LES turbulence models
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Figure 11. Cpave comparison of current CFD simulation using DDES and IDDES turbulence

models and the experiment results of Castelli et al. [13].
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To further decreasing the discrepancy of CFD prediction, it is recognised that the use of
LES or Direct Numerical Simulation (DNS) is preferable. However, the high demand of
computing time and cost make these two methods hardly used in VAWTs CFD simulation.
Hence, to reach the similar result of LES with less demand of computing time and simulation,
hybrid RANS-LES turbulence models are preferred to be used in VAWTs CFD Simulation.

Figure 11 illustrates Cpave prediction of current CFD simulation using hybrid RANS
turbulence models called DDES and IDDES, compared with current CFD URANS SST k-w
simulation and the experiment results of Castelli et al. [13]. It is understood that these
turbulence models can generate similar trend with the experiment results. Compared to SST,
DDES can decrease the simulation discrepancy in all TSRs ranges (see Figure 12). It is rational
as this turbulence model is based on SST model so it will inherit the ability of SST to give a
good accuracy in flow with separation and low Re number [23]. In addition, the LES mode will
decrease the discrepancy caused by RANS turbulence model. This mode can fix the problem
of incorrect calculation of the momentum transport in the far field of RANS turbulence model
(due to isotropic treatment of turbulence as a result of averaging method of RANS) by solving
the large eddies in the far field using LES model. The incorrect calculation of momentum
transport in the far field can generate an unwanted greater intermittency [43] (For example,
turbulence heat fluxes caused by RANS simplification have basically no effect on the mean
temperature. While in fact, the turbulence fluctuations may produce significant change of
properties in space and instantaneous properties in time [44]). For IDDES, while all of URANS
turbulence models and DDES overestimate the Cpave in all range of TSRs, this model
underestimate all of Cpave €xcept for the prediction in TSR = 3.3. Nonetheless, this model can
generate relatively smaller discrepancy than DDES (in comparison, IDDES generates average
discrepancy across all ranges TSRs around 9% while DDES gives about 13.5%).

Despite of the ability to produce better results, these two models (DDES and IDDES) have
some complexities during the grid generation. Same as other standard DES methods, DDES
and IDDES have the grid requirement of LES method in the far field that can still add a great
amount of computational time and cost. Moreover, due to the use of zonal method by changing
from RANS to LES mode, DES is very sensitive to the local grid-size, mostly in the grey area
where the model changes from RANS to LES mode which can introduce problem called
modelled-stress depletion (MSD). It occurs because when the grid is gradually refined or the
geometry features demand a fine wall-parallel grid or a boundary layer thickens and near flow
separation (leading to ambiguous grid), the modelled Reynolds stress will solve “unreal” stress

to restore the balance due to eddy viscosity reduction caused by DES limiter activation. MSD
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can lead to “unreal” separation called GIS [31]. Even though this problem has been fixed in

DDES and IDDES, it still can appear in extreme grids and separations which VAWT model

usually has.
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Figure 12. Comparison of Cpave between current DDES and Transition SST CFD simulation

and the experiment of Castelli et al. [13], as well as relative discrepancies in percentage.

To overcome the grid development difficulty, a relatively new hybrid RANS-LES model
called SBES is applied in the current CFD simulation [14]. As mentioned above, this turbulence
model allows a RANS-LES “transition” even on a coarser grid that other DES models cannot.
Based on Figure 13, it can be observed that, SBES turbulence model can reproduce the trend
line of experiment results and generate relatively similar results with DDES and IDDES for
both SST k-w and Transition SST based SBES turbulence models. Moreover, SBES Transition
SST turbulence model performs better than its SST k-w version in all TSRs range except for
the TSR = 1.44 (see Figure 14). It might be due to the fact that the flow in this TSR has very
low Re number and the transition behaviour is not as strong as in higher TSRs. Hence, SST k-
o version of SBES performs better than its Transition SST version. In addition, compared to
Transition SST turbulence model (the best model for URANS model in current CFD
simulation), the SBES SST k- produces larger discrepancy in TSR > 2.64 (see Figure 14).
This again might be due to the fact that transition flow becomes stronger in higher TSRs

compared to lower TSRs and therefore Transition SST turbulence model is more suitable than
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SBES SST k-w. Overall, SBES Transition SST turbulence model generates smallest
discrepancy (e.g., on average, discrepancy across all ranges of TSRs is around 8.9%) compared
to all of RANS and hybrid RANS-LES turbulence models.
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Figure 13. Cpave comparison of current CFD simulation using SBES turbulence models based
on SST k-w and Transition SST RANS turbulence models and the experiment results of
Castelli et al. [13].
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Figure 14. Comparison of Cpave between current SBES and Transition SST CFD simulation

and the experiment of Castelli et al. [13], as well as relative discrepancies in percentage.
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It can be observed that while the use of appropriate turbulence model can improve the CFD
predictions to some extents, simulation results still exhibit some differences compared to
experimental results at all ranges of TSRs. It is likely due to the fact that the experimental
measurements of Castelli et al. [13] are 3D data. As mentioned above (see Section 2), this
difference is mainly caused by the combined effects of finite blade length and spokes drag.

It is worth noting that the primarily purpose of this 2D simulation study is to compare
various turbulence models and assess their capability in predicting the power coefficient of
VAWT quantitatively and visualising the flow around VAWT qualitatively. While a full 3D
simulation is preferable to capture flow separation, previous study using a hybrid LES-RANS
model (DES) showed that 2D simulation could produce quite similar results as 3D simulation
on terms of turbulent flow separation on the blade [45].

5.3 Turbine aerodynamics characteristics over a revolution
5.3.1 URANS turbulence models

The detailed comparison of Cpave prediction of three different URANS turbulence models
already showed that while TSST model was superior in low to medium ranges of TSRs, its
performance at high ranges of TSRs was mostly the same as RKE and SST models. Hence,
further investigation to understanding these differences is discussed in each range of TSRs in
this section.

1) Low range of TSR (Representative TSR = 1.44)

Figure 15 displays the prediction of instantaneous moment coefficient Cp;, i.e. Cm value in
every time step (1°), distribution of blade 1 during one revolution (360° rotation). It shows that
SST and TSST models produce lower maximum Cri and earlier greater first fall of Cyi (around
azimuthal angle () = 57°) indicating these two models predict earlier and stronger flow
separation compared to RKE. It can be also seen that in all three models, Cni distribution is
always fluctuating with greater and similar magnitude predicted by SST and TSST models.
This fluctuation demonstrates that there is a strong flow separation almost in all azimuthal
angles when VAWT is operated in low TSRs range due to the blade is mostly operated in stall
condition. Furthermore, even though SST and TSST models give similar prediction, overall
TSST model predicts lower value of Cri resulting in lower value of Cp. Hence, TSST model

can give smallest discrepancy of Cpave prediction in this TSR.
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Figure 15. Comparison of instantaneous moment coefficient (Cn;) distribution of three
URANS models (RKE, SST and TSST) in TSR = 1.44.
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Figure 16. Comparison of contour plots of z-vorticity (¢) indicating the process of flow
separation at important azimuthal positions in TSR = 1.44 (URANS models), (a) before
vortex shedding and (b) after vortex shedding.

To confirm those aforementioned behaviour, Figure 16 illustrates the contour plots of z-
vorticity at several important azimuthal angles of blade 1 to understand the prediction of
unsteady separation process of each model. z-vorticity is calculated by taking the curl of

velocity vector (17) (see Equation (25)).

g =Yy _2Ux

§=VxT=2-2% (25)

where Uy is y-velocity and Uy is x-velocity.
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It can be seen that from © = 0° to 45°, there is a development of trailing and leading edges
vortices with three URANS models predict similar growth behaviour of these vortices (see
Figure 16a). However, when the flow starts to experience dynamic stall (the vortex shedding
starts at a location around © = 50°, for Rep = 61800), RKE and SST models predict a later
strong vortex shedding development on leading edge with no flow vortex shedding in trailing
edge vortex compared to TSST. As shown in Figure 16b, at © = 75°, TSST already predicts
that there are strong leading and trailing edges vortices shedding leading to development of
dynamic stall and roll up trailing edge vortices. In addition, as the degree of azimuthal angle
increases, SST and TSST give similar vortex development with larger vortex shedding far from
the wall compared to RKE.

2) Medium range of TSR (Representative TSR = 2.64)
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Figure 17. Comparison of instantaneous moment coefficient (Cr;) distribution of three
URANS models (RKE, SST and TSST) in TSR = 2.64.

For optimum TSR, Cmi distribution shows a smaller fluctuation indicating that flow
separation strength is reduced at this TSR due to smaller position range where blade experiences
dynamic stall. As illustrated in Figure 17, TSST model predicts earlier and steeper fall of Cni
(6 =90°) indicating that this model predicts earlier and stronger separation compared to other
URANS models in the optimum value of TSR. Figure 17 also demonstrates that RKE model
does not generate negative value during the fall of Cini showing that this model does not predict
strong separation unlike SST and TSST models. In addition, from © = 135° to 260° where

dynamic stall occurred, TSST and SST models produce fluctuation of Cmi suggesting the
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process of vortex shedding in these azimuthal angles. As TSST model generate higher drop of
Cmi during dynamic stall, this model predicts lower power generation compared to other
URANS models and as a result, it gives a closer Cpave Value to the experiment result.

It is important to understand the flow behaviour associated with the results above. Figure
18a shows that there is a development of trailing and leading edges vortices with three URANS
models predict similar behaviour of these vortices growth from © = 0° to 90°. This result is
identical in lower TSR which means that RKE model can generate similar prediction with SST
and TSSTs model when the dynamic stall is still not occurred (the vortex shedding starts at a
location around © = 95°, for Rep = 215270). At © = 135° (when the dynamic stall is already
occurred and vortex shedding appears), RKE model only suggests that there is a small vortex
shedding in trailing edge generating secondary trailing edge vortices without leading edge
vortex shedding (see Figure 18b). On the other hand, SST and TSST models predict a strong
vortex shedding in both trailing and leading edges indicating the present of dynamic stall,
trailing edge roll up and secondary vortices which match with earlier work [8]. These vortex
shedding are associated with the fluctuation of Cr in the region where dynamic stall occurred.
Note that the TSST model generates stronger shedding compared to SST model. Hence, TSST

model produces a larger fluctuation of Cpi as illustrated in Figure 17.
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Figure 18. Comparison of contour plots of z-vorticity (¢) indicating the process of flow
separation at important azimuthal positions in TSR = 2.64 (URANS models), (a) before
vortex shedding and (b) after vortex shedding.

3) High range of TSR (Representative TSR =3.3)

As mentioned above, VAWTSs experience a smaller range of angles of attack in high TSRs

range compared to low and medium ranges of TSRs. Even though the turbine operates in the

ranges of no static stall condition, the power production will decrease due to the higher rotation

of the turbine compared to incoming wind with the addition of high vibration and drag and tip

losses [46]. The loss in power production is confirmed by the optimum value of Cni prediction
of all three URANS models falling under optimum TSR. It is noted that all three URANS

models produce similar trend line of Cri with small difference over one turbine revolution (see

Figure 19). Nevertheless, TSST model predicts the lowest range values of Cni and earlier fall
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of Cmi compared to RKE and SST models. Hence, TSST still gives the lowest value of C,
prediction although it is still quite similar with RKE and SST predictions. It also can be
observed that these URANS models predict that the Cni distribution does not have a great
fluctuation, indicating that there is no strong vortex shedding at high range of TSRs. This
phenomenon can be verified by Figure 20. As illustrated, in this TSR, after developing trailing
and leading edge vortices from © = 0° to 90°, there is only a small vortex at the trailing edge
where the vortex is not detached from the blade (the vortex shedding starts at a location of
around © = 110°, for Rep = 311575). This shows that in high TSRs range, VAWT loss in power
production is not mainly because of dynamic stall but by the fact that the rotor can act as an
obstructed solid wall due to high rotation speed [47]. It is worth to mention that, all URANS
models also predict similar vortex growth at this TSR regime resulting similar prediction in

power generation.
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Figure 19. Comparison of instantaneous moment coefficient (Cr;) distribution of three
URANS models (RKE, SST and TSST) in TSR = 3.3.
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Figure 20. Comparison of contour plots of z-vorticity (¢ ) indicating the process of flow
separation at important azimuthal positions in TSR = 3.3 (URANS models), (a) before
shedding and (b) after shedding.

5.3.2 Hybrid RANS-LES Turbulence Models

The detailed comparison of Cpave prediction of four different hybrid RANS-LES turbulence
models shows that they can reduce the inaccurate prediction of URANS turbulence models in
all ranges of TSRs. Therefore, further investigation to understand these differences is discussed
in each TSRs range in this section.

38



1) Low range of TSR (Representative TSR = 1.44)

Figure 21 presents the prediction of Cy; distribution of four hybrid RANS-LES turbulence
models in TSR = 1.44. It is noticed that SBES TSST predicts earliest and steepest fall of Cpi
value compared to other hybrid RANS-LES models. This indicates that this model predicts
earlier start of dynamic stall. Furthermore, it also generates lowest peak value of Cmi. Hence,
this model predicts the lowest value of Cpave than URANS models and other hybrid RANS-
LES models. This prediction can be further analysed by investigating their vorticity prediction.
As presented in Figure 22, SBES TSST model predicts stronger vortex shedding at © = 75°
resulting in stronger detached flow away from near field of the blade, while other hybrid
RANS-LES models (especially DDES and IDDES) still generate attached flow towards near
field of the blade.
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Figure 21. Comparison of instantaneous moment coefficient distribution (Cri) of four hybrid
RANS-LES models (DDES, IDDES, SBES SST and SBES TSST) in TSR = 1.44.

Furthermore, all hybrid RANS-LES models produce stronger fluctuation in Chpi
distribution compared to URANS models in low range of TSRs (see Figure 21). This shows
that hybrid RANS-LES models can predict stronger vortex shedding (i.e. stronger dynamic
stall) than URANS models thereby can generate smaller discrepancy of Cpave prediction
compared to experiment data. Vorticity visualisation shows that hybrid RANS-LES models
can more reliably generate detached flow away from near field of the blade compared to
URANS models (see Figure 22).
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Figure 22. Comparison of contour plots of z-vorticity (¢) indicating the process of flow
separation at important azimuthal positions after vortex shedding in TSR = 1.44 (using hybrid
RANS-LES models).

2) Medium range of TSR (Representative TSR = 2.64)

In medium range of TSRs, hybrid RANS-LES models still give different prediction than
URANS models but not as severe as in lower TSRs. In regard to prediction of Cy; distribution,
IDDES and DDES models show stronger fluctuation of Cni distribution than SBES models
after the big drop of Cni region (after around © = 135°) as displayed in Figure 23. Furthermore,
hybrid RANS-LES models generate similar peak value of Cri except for IDDES models. SBES
TSST model presents latest big fall of Cri but weakest fluctuation in the range of dynamic stall
than other hybrid RANS-LES models (i.e. proved by smaller vortex shedding after around 6 =
135° (see Figure 24)). In addition, it predicts a slower big fall of Cni compared DDES and
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IDDES models. As a result, SBES TSST model generates Cpave lower than DDES and SBES
SST models but higher than IDDES model. Nevertheless, it gives the closest prediction to the

experimental result.
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0.2 XN e IDDES L 0.2
7/ \'n - - - SBESSST

0.15 e Y - .- SBESTSST 0.15

0.1 0.1
& 005 0.05

0 0
-0.05 -0.05
0.1 0.1
015 : : L : : : 0.15
0 45 90 135 180 225 270 315 360

Azimuthal angle (0)

Figure 23. Comparison of instantaneous moment coefficient distribution of four
hybrid RANS models (DDES, IDDES, SBES SST and SBES TSST) in TSR = 2.64.
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Figure 24. Comparison of contour plots of z-vorticity (¢) indicating the process of flow
separation at important azimuthal positions after vortex shedding in TSR = 2.64 (using hybrid
RANS-LES models).

It is noticed that hybrid RANS-LES models show small fluctuation of Cp; in the range of
big fall of Cni (around 6 =90° - 135°) compared to URANS models. This indicates that hybrid
RANS-LES models can predict stronger vortex shedding in this region than URANS models.
This ability is confirmed by prediction of vortex growth of hybrid RANS LES models that
demonstrates stronger shedding of vortices than URANS models at © = 135°.

3) High range of TSR (Representative TSR = 3.3)

As mentioned before, in high TSRs range, URANS models have difficulty to generate
accurate prediction even with the use of Transition SST model due to generation of strong
vortex shedding in the range of high azimuthal angle was not determined. In this regard, hybrid

RANS-LES models show a promising result to address this problem. Compared to URANS
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models, while these models produce relatively smooth distribution of Cr; after © = 180°, the
prediction of Cn; distributions by hybrid RANS-LES models demonstrate slight fluctuation in
this region (see Figure 25). This shows that hybrid RANS-LES models predict the present of
vortex shedding in this region. Vorticity visualisation of hybrid RANS-LES models in this
region confirms that there is flow detachment indicating vortex shedding which triggers

stronger dynamic stall (see Figure 26).
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Figure 25. Comparison of instantaneous moment coefficient distribution of four hybrid
RANS models (DDES, IDDES, SBES SST and SBES TSST) in TSR = 3.3.
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Figure 26. Comparison of contour plots of z-vorticity (¢) indicating the process of flow
separation at important azimuthal positions after vortex shedding in TSR = 3.3 (using hybrid
RANS-LES models).

Figure 25 illustrates that SBES TSST model predicts the earliest big drop and the lowest
peak value of Cmi with quite similar drop rate compared to other hybrid RANS-LES models.
Therefore, SBES TSST model can produce the lowest Cpave and it has a closest data match to
the experimental data. It is also recognized that SBES models produce weaker fluctuation at
the big drop region than DDES and IDDES models indicating that SBES models predict weaker
vortex shedding at this region than DDES and IDDES models. This is validated by the
prediction of flow behaviour of SBES TSST model that presents weaker leading edge vortex

shedding and smaller detached flow at © = 135° (see Figure 26).
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6. Discussions and Conclusion

Model Accuracy

Evaluation of three unsteady RANS turbulence models (i.e. RKE, SST and TSST) and four
hybrid RANS-LES models (i.e. DDES, IDDES, SBES with SST k-w and SBES with Transition
SST) on predicting the performance of three-straight-bladed VAWT is discussed and compared
to experiment of Castelli et al. [13]. By referencing to Castelli et al.’s study [13], 2D CFD
model is chosen aiming to decrease the computational cost as this study focuses on evaluating
the ability of the different turbulence models to predict the flow characteristics around VAWT.
Moreover, it was mentioned in the previous studies that 2D computational model of VAWT
can give reasonable overall prediction on the performance and flow field around a rotor.

The results show that, in general, two-equation turbulence model produces relatively large
discrepancy compared to the experiment data especially in low and medium ranges of TSRs (in
which most VAWTSs are operated). In regard to the revolution averaged of turbine power
coefficient (Cpae), RKE and SST turbulence models generate around 400% and 15%
discrepancy in low and medium ranges of TSRs respectively. These discrepancies can be
further reduced by using four-equation turbulence models, for example TSST model, which
can decrease the discrepancy in low and medium ranges of TSRs to about 100% and 8%
respectively. Nevertheless, all of RANS turbulence models give similar discrepancy in high
range of TSRs (about 17%). The ability of TSST model to reduce the discrepancy in low and
medium ranges of TSRs is contributed by its capability to predict stronger dynamic stall, trailing
edge roll up and secondary vortices showed by the presence of vortex shedding in both trailing
and leading edges.

Considering relatively low accuracy of RANS turbulence models to predict the
performance and flow behaviour of VAWTSs and demanding need of computer resources for
LES, hybrid RANS-LES turbulence models were examined to analyse their capability to
predict the performance and flow behaviour of VAWTSs with relatively low to moderate
increase in computational resources. This study demonstrates that all four hybrid RANS-LES
turbulence models (DDES, IDDES, SBES with SST k- and SBES with Transition SST) have
the ability to generate small discrepancy of Cpave prediction in all ranges of TSRs. In low TSRs
range, hybrid RANS-LES models can reduce the discrepancy by almost 60% on average
compared to the TSST model. In medium and high TSRs range, the discrepancy reduction
varies. While DDES, IDDES and SBES with SST k-w models still generate relatively similar

discrepancy compared to TSST model (between 5-7% compared to experimental data), SBES
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with TSST model can produce further discrepancy reduction in medium TSRs range (around
2.2% compared to experimental data). SBES with TSST model joined by IDDES model also
produce small discrepancy (about 2%) in high TSRs range in comparison with DDES and SBES
with SST k-w models (approximately 15%). Hence, SBES with TSST model generates overall
the best accuracy in all TSRs ranges compared to URANS and other hybrid RANS-LES
turbulence models. Note that, hybrid RANS-LES turbulence models are also better in
predicting dynamic stall behaviour compared to RANS turbulence models as indicated by
further vortex shedding away from near blade wall. In addition, they can also predict weak
trailing edge roll up in high ranges TSRs while RANS turbulence models only show weak
shedding on the vortex around trailing edge. Therefore, hybrid RANS-LES turbulence models
(in particular IDDES and SBES with TSST) have the capability to generate lower discrepancy
in high ranges TSRs.

Rationale for the Choice of Turbulence Models

Even though SBES with TSST model generates the best accurate results compared to other
evaluated models in all TSRs ranges, additional simulation time compared to URANS models
needs to be considered (see Table 3) in application, and the time overhead is mostly due to
stricter grid requirements (e.g. grid quality). The choice of turbulence model also depends on
the VAWT’s operation condition that need to be evaluated at both design and off-design points
over a wider range. Due to the longer simulation time of hybrid RANS-LES turbulence models
and more complex grid generation (for example, SBES TSST model can increase the
simulation time by about 25% compared to TSST turbulence models), URANS models are still
the best choice for overall performance evaluation and results produced are quite reasonable in
terms of accuracy in specific ranges of tip speed ratios (TSRs). Note that, Transition SST
turbulence model is recommended in low to medium TSRs ranges due to relatively good
accuracy in these ranges of TSRs as a result of better prediction of the development of dynamic
stall compared to RKE and SST models. Compared to RKE and SST models, TSST model
gives similar prediction on flow separation in high TSRs range resulting in identical accuracy
of Cpave prediction (about 17% differences compared to the experimental data). However, this
model will increase simulation time by around 34% and 27% compared to RKE and SST
models, respectively. Therefore, beyond the optimum TSR value, the use of RKE or SST
turbulence model is acceptable as it produces relatively similar results as TSST model at shorter

simulation time.
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Table 3. Comparison of 2D CFD simulation time using different turbulence models.

Turbulence model Total simulation times

(hours)

RKE 35.604

SST 37.26

TSST 47.628
DDES 260.304
IDDES 261.664
SBES SST 56.304
SBES TSST 59.296

Nevertheless, if the analysis is taken further to examine the flow behaviour (such as wake
development) or noise production and performed in all TSRs ranges, hybrid RANS-LES type
of models are recommended, in particular, SBES Transition SST turbulence model as it can
produce accurate predictions in all TSRs ranges with reasonable simulation time increment and
grid complexity (in average, about 20% at low TSRs range, 2.2% at medium TSRs range and
2% at high TSRs range compared to TSST model, respectively). Note that, the use of DDES or
IDDES turbulence model is not recommended as it can increase simulation time by around 4.5

times compared to TSST turbulence model.
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