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Abstract The main purpose of this article is to verify and validate the
mathematical description of the airflow around a wind turbine with vertical
axis of rotation, which could be considered as representative for this type
of devices. Mathematical modeling of the airflow around wind turbines
in particular those with the vertical axis is a problematic matter due to
the complex nature of this highly swirled flow. Moreover, it is turbulent
flow accompanied by a rotation of the rotor and the dynamic boundary
layer separation. In such conditions, the key aspects of the mathematical
model are accurate turbulence description, definition of circular motion as
well as accompanying effects like centrifugal force or the Coriolis force and
parameters of spatial and temporal discretization. The paper presents the
impact of the different simulation parameters on the obtained results of
the wind turbine simulation. Analysed models have been validated against
experimental data published in the literature.
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Nomenclature

Cp – coefficient of power
Ct – coefficient of torque
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D – diameter, m
H – height, m
p – pressure, Pa
Re – Reynolds number
t – time, s
T – integration time, s
TSR – tip speed ratio
u – velocity, m/s
w – wind velocity, m/s
x – position vector
(·) – time average quantity
(·)′ – fluctuation quantity

Greek symbols

λ – tip speed ratio
ρ – density, kg/m3

µ – dynamic viscosity, Pas
ν – kinematic viscosity, kg/(s*m)
τ – shear stress, N/m2

ϕ – instantaneous flow variable
ω – radial velocity, rad/s

1 Introduction

Depending on the orientation of the axis of wind turbine, they can be di-
vided into two basic designs, namely, horizontal axis turbines (horizontal
axis wind turbine – HAWT) and the vertical axis turbines (vertical axis
wind turbine – VAWT). There are also spacial constructions of turbines
with vertical flow of working fluid, a combination of wind turbine and so-
lar collector, but they are less frequent. Although, the origins of the main
two designs are dated back to the beginning of twentieth century, more
popular are horizontal axis turbines. Many authors explain this state by
a significantly higher efficiency of these devices compared to vertical axis
turbines [1–3]. However, it is worth noting that the constructions with
vertical axis have been forgotten for several decades, while constructions
with horizontal axis at this time were widely studied and improved. Some
researchers also predict that in the next years the vertical axis turbines
will dominate the electricity production sector, due to their significant ad-
vantages [4]. The most important among them are: lower noise emission,
higher cut off wind speed, lower minimal operational wind speed, low sus-
ceptibility on the wind turbulence level, omni-directionality, more compact
construction. These are the main reasons for recently growing popularity
of VAWT type constructions. To support these predictions, Pope presented
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a preliminary analysis of the effectiveness of various options of HAWT and
VAWT, in the context of the first and second law of thermodynamics [5].

There is an extensive literature review involving various aspects of wind
turbines operation, starting from their aerodynamics, through the struc-
tural and mechanical problems, generation of electricity, connection to the
power grid and environmental issues [1,2]. However, most of these works are
strongly focused on horizontal axis turbines, just only mentioning vertical
axis designs. In the last few years, the vertical constructions are experi-
encing a revival of interest of scientists and engineers. Their operation is
subject of intense research, with usage of both experimental and computa-
tional methods.

A single stage Savonius rotor was selected for this study as a construc-
tion variant of the vertical axis wind turbine, the main selection criterion
was the availability of experimental data that could be used for validation.
Such a rotor type is a design proposed by the Finnish engineer S.J. Savo-
nius around 1920 [10]. A characteristic feature of this construction is the
S-shaped rotor, consisting of two semicylindrical blades.

This paper presents a credibility analysis of the mathematical descrip-
tion, as well as the results of computer simulation of air flow around the
wind turbine. Basic methods for modeling are verified, namely a study of
different methods to simulate the movement of the rotor (MRF – multiple
reference frame method and sliding mesh method), analysis of numerical
grid structure influence, time step size for transient simulations and the
impact of the choice of turbulence model is included in the presented verifi-
cation. Especially, influence of listed above parameters on the determination
of forces acting on the rotor is investigated.

2 Numerical model of vertical axis wind turbine

2.1 Turbine rotor geometry

The geometry of the rotor is defined as the characteristic shape for the
Savonius wind turbines. Hemispherical rotor blades fastened from the top
and bottom by the two disks, is arranged in the shape of the ‘S’ letter.
Schematically, the shape and the main dimensions are shown in Fig. 1.
Rotor diameter and the height denoted by D and H were equal to 208 mm.
The overlap ratio of the rotor vanes a was set at 15% of the rotor diameter.
The thickness of the material forming the rotor blade is 2 mm, while the
thickness of the each disc at the top and bottom of the rotor is 10 mm. The
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Figure 1: Turbine rotor geometry.

diameter of the blades connecting disk, D0, was 1.1 D. Rotor geometry
used in the described model was experimentally examined by Kamoji et

al. [6].
The geometric model of the turbine rotor was generated using solid

modeling tools in Catia V5R20 environment [11], and then imported to
ANSYS ICEM computational fluid dynamics (CFD) meshing software, in
which numerical grid was created [12].

2.2 Computational domain and numerical grid

Modeling of wind turbine operation is a fairly complex problem. First of
all the computational domain should be defined in such a way that external
flow boundary conditions do not affect the final solution. A hexahedron
domain was finally assumed in calculations, its shape and dimensions are
shown in Fig. 2.

Within the computational domain two separated subvolumes were dis-
tinguished. Namely, the bulk volume which is assumed to be stationary
and near-rotor volume in which the rotor is immersed. In this region, tur-
bine rotation needs to be modeled with appropriate technique. In order to
ensure high quality of computational grid, a hybrid technique was applied.
The bulk volume due to its regular and simple shape was filled with hex-
ahedron structural grid. Structural grids accelerate computing, facilitate
convergence, as well as reduce numerical solution error. On the other hand,
due to the complex shape of the rotor, cylindrical near-rotor volume was
meshed with unstructured grid built of tetrahedral elements. In all studied
cases maximal size of grid elements (both tetrahedral and hexahedron) in
entire domain did not exceed 0.02 m. Distribution of grid elements size on
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Figure 2: Computational domain.

surfaces were different for different mesh variants and shortly presented in
Tab. 1.

The dimensions of the computational domain were determined reducing
to the minimum the effect of boundary conditions on the results obtained.
Factor, which determines the impact of the size of the flow domain, is the
blocking factor (blockage ratio). It is defined as a ratio of the surface area
of the object projection normal to the wind direction to the cross-sectional
area of the wind tunnel. This factor is commonly used in experimental and
computational aerodynamics [6]. Generally, it is accepted that this ratio
should not be greater than 7%, which has been preserved in this studies.

Numerical grid was generated using a commercial ANSYS ICEM CFD
meshing software. Operation of this mesh generator was automated by
means of homemade scripts, allowing easy modifications of parameters of
the grid. This facility was used in presented grid dependence studies and
will be used in the future to optimize the shape of the turbine rotor.

2.3 Mathematical model

In the applied model, both the pseudosteady state (MRF method) and
transient (sliding mesh method) computations used the same computa-
tional domain geometry and the same shape of the turbine rotor. All com-
putations and flow postprocessing were performed using the commercial
software package for computational fluid dynamics (CFD) ANSYS Fluent
[13]. Because of low velocity of fluid passing around turbine (Mach number,
Ma ≪ 1), the fluid in simulations was treated as incompressible medium.
Moreover, due to large computational domain and limited resources, the
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equations describing the motion of the fluid were Reynolds ensemble aver-
aged resulting in the so called RANS (Reynolds averaged Navier-Stokes) set
of equations for stationary model (MRF) and URANS (unsteady Reynolds
averaged Navier-Stokes, see [7]) set of equations for non-stationary (sliding
mesh) model. In order to obtain RANS set of equations for steady state
flow, in this paper this is represented as a MRF approach applied to wind
turbine rotor motion, one assumes, that instantaneous velocity vector and
pressure can be decomposed into average value and fluctuation:

u(x, t) = ū(x) + u′(x, t) , (1)

p(x, t) = p̄(x) + p′(x, t) , (2)

where ū(x) and u′(x, t) stands for average velocity vector and its fluctu-
ation, p̄(x) p′(x, t) and refers to average pressure and its fluctuation. In
context of stationary flows averaging operator (̄.) is understood as a tem-
poral average with averaging period tending to infinity, hence for arbitrary
instantaneous flow variable, ϕ(x, t) one writes

ϕ̄(x) = lim
T→∞





1

T

T
∫

0

ϕ(x, t)dt



 , (3)

ϕ′(x, t) = ϕ(x, t) − ϕ̄(x) . (4)

Abovementioned definitions fail for inherently unsteady flows, like the slid-
ing mesh formulation of flow around operating wind turbine rotor. In such
cases ensemble average in terms of N independent realizations of exactly
the same unsteady flow process (with exactly the same unambiguity condi-
tions: geometry, initial and boundary conditions and so on) are used. This
results in following definitions for arbitrary flow variable ϕ(x, t):

ϕ̄(x, t) =

N
∑

i=1
ϕi(x, t)

N
, (5)

ϕ′(x, t) = ϕ(x, t) − ϕ̄(x, t) , (6)

where ϕi(x, t) is a single realization of flow variable value, treated in this
approach as a random variable. It should be noted that so defined aver-
age value is time dependent. Moreover, according to ergodic hypothesis for
steady state conditions temporal average and ensemble average tend to the
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same value. Due to simplicity, the same notation will be used for average
value and fluctuations in the temporal and ensemble sense in further text.

Applying decomposition described by equations (1)–(4) to the set of
Navier-Stokes equations results in so called RANS formulation. Apply-
ing of decomposition described by formulas (1)–(2) and (5)–(6) to set of
flow equations results in URANS formulation. Assuming incompressible,
isothermal flow and applying Reynolds decomposition using ensemble aver-
age operator, one obtain URANS set of equations as follows:

∇ū = 0 , (7)

ρ

(

∂ū

∂t
+ ū∇ū

)

= −∇p̄+ µ∇2ū+∇τR . (8)

In case of RANS formulation set of flow equations is similar except the
unsteady term in the momentum equation (8), which disappears in RANS
approach due to temporal averaging. Hence, RANS equations is not written
explicitly in this paper, it has been widely discussed in [8,9]. Application
of Reynolds decomposition to unsteady Navier-Stokes equations leads to
additional term called the turbulent stress (Reynolds stress) tensor which
reads:

τ
R = −ρ(u′u′) . (9)

This tensor is defined as an average dyadic product of velocity fluctuation
vectors and can be interpreted as an average covariance of velocity oscilla-
tions or additional stress due to turbulent mixing of fluid. The Reynolds
stress tensor is symmetric, hence it gives additional six unknowns, except
pressure and velocity vector. Therefore a set of closing assumptions (for-
mulas) are necessary to close the Navier-Stokes system of equations known
as turbulence models. Over the years, many models have been developed
for predicting the effects of turbulence on the behaviour of the fluid. The
main division of turbulence models includes two groups. The first one uses
Bussinesq hypothesis and the concept of turbulent viscosity. Most common
models in this group are:

• zero equation models – e.g., Prandtl mixing length model,

• one equation models – e.g., Spallart-Almaras model,

• two equation models – e.g., k-ε model or k-ω model.

The second group consists of models that assume anisotropic nature of
turbulence, in which the turbulent stress tensor components are resolved
directly, e.g., Reynolds stress model (RSM).
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2.3.1 Methodology of modeling of flow around rotating wind tur-

bine

Modeling of fluid flow passing around the wind turbine rotor can be ac-
complished in several ways. This paper describes two techniques most com-
monly applied in turbomachinery modeling. The first one, which is con-
sidered as the easiest way is so-called: multiple reference systems (MRF)
method. In this method, the flow equations in the vicinity of rotating ele-
ment are written in the rotating reference frame which results in supplemen-
tary terms in flow equations responsible for taking into account the effects of
acceleration of the fluid like centrifugal or Coriolis forces. It is worth noting
that there is no numerical grid movement in the MRF method. Thus, the
MRF method is often referred to as a frozen rotor approach. This can be
envisaged as a state in which the flow is observed over the moving element
frozen in motion. The second method is the sliding mesh. It allows defining
the speed and manner of sliding the cell walls to each other. The move-
ment of objects is modelled by mutual ‘sliding’ of the subdomains over a
common area connecting them (so-called interfaces). This method requires
longer calculation time due to the fact that the calculations are carried
in transient mode. This study compares the results obtained with both
methods. The second method is believed to be more accurate in context of
vertical axis wind turbines modelling, however it is more computationally
expensive comparing to MRF technique.

2.3.2 Boundary conditions and solver settings

Computational domain with distinguished boundary conditions are shown
in Fig. 2. At the inflow boundary first type boundary condition, namely
known value of velocity vector magnitude and direction normal to boundary,
was prescribed. At the outflowing boundary known value of static pressure
and zero derivative of velocity in the direction normal to boundary is as-
sumed. This is boundary condition type commonly used at the outflowing
surface. At the side surfaces zero shear stress and pressure derivative in the
normal direction to boundary was prescribed. This type of boundary condi-
tion very well corresponds to the conditions existing during incompressible
air flow around body.

Model equations were spatially discretised with second scheme for all
variables except pressure. Pressure field was discretised with staggered grid
technique (PRESTO – pressure staggered grid) for unstructured grids [14].
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Pressure-velocity coupling of incompressible flow equations were treated
with SIMPLE (semi-implicit method for pressure linked equations) algo-
rithm, which works very well for most type of flows on high quality grids
[15]. Final set of discretised equations were solved with fully segregated
(iterative) pressure based solver. In case of unsteady simulation first order
implicit time discretisation was used.

3 Results

Usually operation conditions of wind turbines are described by two dimen-
sionless parameters. The first one named as a tip speed ratio (TSR) and the
second one is the Reynolds number, defined for the rotor diameter. TSR
parameter describes the ratio of the turbine blades tip movement speed to
the undisturbed fluid velocity, and can be written as follows:

λ =
ωD

2w
, (10)

while the rotor Reynolds number can be written as

Re =
wD

ν
, (11)

where, D stands for the rotor diameter, w stands for the magnitude of
undisturbed wind velocity and ω is the rotor rotational speed and finally ν
refers to the kinematic viscosity coefficient. All simulations were performed
for one operation point of the turbine. Wind speed was 10 m/s while the
rototional speed of rotor was 10 rad/s, and they correspond to the following
parameters: λ ≈ 0.1 and the Reynolds number Re ≈ 1.42 × 105. Chosen
operating point is below optimal operating condition for typical vertical
axis wind turbines. However, such an operating point is interesting because
it may occur when the turbine is heavy loaded at weak or moderate wind
conditions. Furthermore, temporal (or angular) recording of torque at the
turbine axis at low TSR value is more complicated than at high TSR val-
ues, when it resembles trigonometric function. For this reason low TSR
operating point is better for validation purposes than high TSR conditions.

3.1 Influence of the numerical grid on wind turbine torque

calculation

The accuracy of the numerical model, as a discrete representation of a math-
ematical model of the phenomenon, strongly depends on the quality and
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density of the numerical grid. The increase of the number of grid elements
should lead to increase of the calculation accuracy. However, it also in-
creases the amount of resources needed. Therefore, the optimal numerical
grid should be a compromise between the accuracy of the results, and the
demand for computing resources.

The influence of the grid was investigated by transient simulation of
the turbine operation with application of the Sliding Mesh method. In cal-
culations k-ε realizable turbulence model was used with standard way of
modeling the boundary layer. Simulations were performed for seven dif-
ferent variants of numerical grid. Numerical meshes marked as nos. 1, 2
and 3 were relatively coarse meshes without prismatic boundary layer. Size
of tetrahedron volume cells was growing with increasing distance from ro-
tor surface at different rates. Overall structure for these meshes as well as
boundary region around rotor is presented in Fig. 3.

Figure 3: Visualisation of numerical grids with different levels of elements refinement and
without boundary layer.

Numerical grids marked by numbers 4 to 7 contained prismatic type bound-
ary layer. Number of prism layers was equal to 3 in case of mesh no. 4. and
for further grids (no. 5, 6 and 7) equal to 10. In each case, heights of
prisms building particular layers were increasing in geometrical order with
multiplication factor equal to 1.2. Total height of boundary layers did not
exceed 1.5 height of distance between nodes on surface of the rotor, hence
smooth and gradual transition of elements size was assured. Visualization
of described above numerical grids is presented in Fig. 4.

Grids with numbers 6 and 7 were structurally nearly identical to grid no. 5
just the total number of elements were increased. For the sake of clarity and
convenience, characteristics of all studied grids were collected in Tab. 1.
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Figure 4: Visualisation of numerical grids with different levels of boundary layer refine-
ment.

Table 1: List of used numerical grids with short characteristic.

Grid
number

Number
of
elements

Range of Y+

value on wind
turbine rotor

Range of node size
distribution for sur-
faces, m

Numerical grid charac-
terization

1 6× 105 2.28–81.3 0.002–0.2
The base grid with
sparse distribution of
elements and coarse
transition of elements
size

2 7× 105 0.69–75.1 0.002–0.2
Smoothed grid with im-
proved gradation of ele-
ments size

3 1.3× 106 0.61–62.5 0.002–0.2
Smoothed grid with in-
creased density of ele-
ments near turbine ro-
tor

4 7.5× 105 0.13–12.9 0.001–0.2
Smoothed grid with 3
layers of prismatic in-
flation

5 1.65×106 0.05–17.1 0.001–0.2
Smoothed grid with 10
layers of prismatic in-
flation

6 5.3× 106 0.05–14.3 0.00075–0.15 Grid no. 5 with globally
increased density

7 6.5× 106 0.04–12.9 0.0005–0.1 Grid no. 5 with globally
increased density
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Results of calculations of the instantaneous torque induced on the tur-
bine shaft are presented in Fig. 5.

Figure 5: The effect of numerical grid selection on instantaneous torque values for wind
turbine.

Analysis of the numerical grid impact revealed that model indicates
convergence with gradual increase of grid elements number. Most similar
to each other are curves obtained for grids nos. 5, 6 and 7. The differences
in mean torque value for these numerical grids do not exceed 2%. Based on
calculations performed with use of these grids, it can be concluded that the
developed numerical model shows asymptotic convergence of the solution
with the grid size. Moreover, it is clearly seen that crucial for obtaining
reasonable results is application of adequately refined boundary layer.

3.2 Influence of the time step size

An important parameter of the transient modelling of wind turbines is the
time step size. Model sensitivity analysis with respect to the time step size
in the simulation of the transient motion of the turbine was carried out
for 5 variants. Remaining parameters of the simulations were as follows:
numerical grid no. 5 (1.65 × 106 elements) and turbulence model (k -ε re-
alizable). Studies covered 0.01 s, 0.004 s, 0.002 s, 0.001 s, and 0.0005 s
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time step sizes, which corresponded to angular displacement of the rotor in
each time step respectively: 5.73 ◦, 2.29 ◦, 1.15 ◦, 0.57 ◦, and 0.29 ◦. The
instantaneous torque values induced on the rotor for different time steps are
shown in Fig. 6.

Figure 6: The effect of the time step size on instantaneous torque values for wind turbine.

With the gradual reduction of the time step size asymptotic convergence
of the turbine torque is observed. Setting the size of the model time step
to 0.001 s seems optimal regarding to required computational effort. Re-
duction of the time step size twice (to the value of 0.0005 s) causes less
than 1% change in the value of calculated instantaneous turbine torque.
This, however, results in a double increase in computational effort required.
Further calculations were performed assuming the time step size of 0.001 s.

3.3 Influence of the method of rotor movement modeling

Third stage of the study covered the comparison of the torque calculated
by two variants of rotor movement modeling namely: MRF and sliding
mesh technique. Calculations were performed using the grid chosen in first
stage with 1.65×106 elements. Comparison of two methods of modelling of
rotor movement is presented in Fig. 7. To carry out this comparison, results
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with MRF technique were obtained for a number of different rotor positions
around the full revolution with the step equal to 0.1 radian (≈ 5.73 ◦).

Figure 7: The effect of modeling method selection for description of rotor movement on
momentary torque values for wind turbine.

Discrepancies in the calculated torque induced on the turbine shaft indi-
cate that exist significant differences between the flow field representations
in both analysed rotor movement models. Particularly, problematic is the
moment of reversing direction of accelerated fluid stream inside the turbine
rotor. Observable discrepancies between torque curves are highest for ro-
tor deflection range from 110◦ to 180◦ and from 290◦ to 360◦. In Fig. 8.
comparison of flow fields calculated with both modeling methods of rotor
movement for chosen instantaneous rotor angles are shown. For better pic-
ture of the problem, chosen rotor angles correspond to the instances at
which small as well as significant discrepancies are observed. At the first
sight it seems that velocity fields for both modeling techniques are very sim-
ilar. However, closer examination reveals differences in the flow pattern in
the wake behind the turbine rotor. Nevertheless, further examination shows
noticeable discrepancies in fluid flow distributions between rotor blades. It
can be noticed, that in case of the MRF technique fluid overlapping stream
rapidly extinguish with increasing instantaneous rotor angle which appears
to not be the case for the sliding mesh technique. Confrontation of the flow
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Figure 8: The effect of modeling method selection for description of rotor movement on
momentary torque values for wind turbine, velocity magnitude (m/s).

fields with torque plots leads to conclusion that this particular discrepancy
is the main source of differences in calculated torque values. In this case
fluid stream flowing from one blade to another is highly unstable and al-
ternating in its nature and in fact, it should be considered as an unsteady
characteristics of fluid flow. Considering MRF method as a quasi steady
state modeling approach such a model response can be sourced in averaged
over time character of RANS type of modeling. This suggests that mod-
eling the movement of the turbine with MRF is susceptible to unsteady
phenomena that occur locally in the flow field. In contrast, computation
with sliding mesh method allows one to calculate more physical shape of
flow over propeller. Further studies were carried out for transient state with
the sliding mesh method.

3.4 Influence of turbulence model

The fluid flow around vertical axis wind turbine under operation is very
complicated, due to coupling of phenomena that occur simultaneously:

• dynamic stall,

• boundary layer separation and vortex shedding,
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• flow over airfoil with continuously changing angle of attack,

• flow around wall with dynamically changing curvature (from the point
of view of the fluid).

These phenomena directly influence turbine operation and its performance,
therefore simulation of this process is challenging. Most important flow
phenomena, around turbine rotor, are presented in Fig. 9.

Figure 9: Visualisation of flow phenomena occurring around wind turbine rotor, pressure
(Pa) left, velocity (m/s) right.

It is crucial to mention that localisation as well as shape and intensity of
displayed flow phenomena differ highly not only depending on turbulence
modeling approach. Also rotor deflection has a great impact on their local-
ization, for example stagnation zones or boundary layer separation points.
These points dynamically change their size and distribution as rotor deflec-
tion progresses.

Even considering that discussed type of wind turbines usually perform
with relatively low values of Reynolds number, complex fluid flow is tur-
bulent in its nature. A method of turbulence modelling with usage of the
unsteady average fluid flow equations (URANS) comes down to equation
set selection for resolving the components of the stress tensor in the fluid.
In this study following URANS turbulence models were compared:

• realizable k-ε model with standard wall functions,

• standard k-ε model with enhanced wall treatment,

• k-ω model,
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• k-ω SST model,

• SST model.

The calculations were performed for the numerical grid, which showed a very
good relation of the accuracy to computation time and guaranteed results
of calculations from the area of asymptotic convergence of the model. De-
tailed description as well as visualization of chosen mesh can be found in
Section 3.1. Comparison of turbine torque calculations for different turbu-
lence models is presented in Fig. 10.

Figure 10: The effect of turbulence model on the computation values of instantaneous
torque on the wind turbine shaft.

Despite the wide range of the results some convergence trends can be ob-
served. The application of k-ω, k-ω SST, SST models to describe the flow
turbulence result in similar trends of torque curves. Confirmation of these
similarities can be found in observation of flow field visualized in Fig. 11.
Utilization of all turbulence models to solve fluid flow results in relatively
close shape of velocity field, however some significant differences can be
noted. Firstly, aerodynamic shade behind the turbine rotor is highly de-
pendent on the turbulence model used. Turbulence models of k-ε type (k-ε
realizable and k-ε with enhanced wall treatment) are distinguishing them-
selves with very different size and shape of lower speed zone behind the
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Figure 11: Visualization of velocity magnitude field around wind turbine rotor in its
symmetry plane (m/s).

turbine. Secondly, k-ε type models seem to differently calculate behaviour
of the boundary layer. If we focus on outside tips of propellers, various
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points of boundary layer separation can be noticed. Also models prediction
of backflow zones appear to be different.

Comparison of experimental and model values of calculated torque are
presented in Tab. 2. Summarizing, the discrepancies between computed,
and measured, values of the average torque are very high. This torque
prediction discrepancy may have partially its source in the operating point
selection. Rapid drop of instantaneous value of torque suggest that wind
turbine perform unstable. However, quantification of the comparison be-
tween computational and experimental results is impaired because that ex-
perimental reference data do not contain information about any friction
estimation.

Table 2: List of used numerical grids with short characteristic.

Experimental
k-ε model
with stan-
dard wall
functions

k-ε model
with en-
hanced wall
treatment

k-ω
model

k-ω
SST
model

SST
model

Cp 0.025 0.049 0.056 0.039 0.042 0.043

Ct 0.240 0.473 0.540 0.374 0.400 0.416

4 Summary

The most important observations and conclusions:

• Optimal time step size for transient calculation should correspond to
the angular displacement of the turbine rotor of about 0.01 rad.

• Properly discretised boundary layer near the rotor surface is crucial
for obtaining accurate results of computations.

• Modelling using RANS method does not allow for precise determina-
tion of the dynamic phenomena occurring during turbine operation.
This is especially manifested at the moments of passing of the stag-
nation zone over the rotor edge.

• The URANS modelling technique with used turbulence models has
indicated tendency to highly overestimate turbine torque at low TSR
values.
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