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Abstract. This paper presents the capabilities of analyzing different 
Darrieus wind turbine runners with the computer program Ansys Fluent. A 
K-omega turbulence model was used in the case of a two-dimensional flow 
with a suitable computational grid around the profile of the blades. The 
obtained theoretical performance characteristics were validated on test rig 
№7 (Wind Turbines) in the Laboratory of Hydropower and Hydraulic 
Turbomachinery (HEHT Lab) at the Technical University of Sofia. The data 
analysis shows that it’s possible to predict the performance characteristic 
and the optimum operating regime of the Darrieus wind turbine.   

1 Introduction  

The most commonly used mathematical models for calculation of tangential forces acting on 
wind turbine blades consider the runner as an ‘active disk’ [1, 2]. It is assumed to be an 
imaginary rotating body covered by one or more stream tubes.  The induced velocities 
through the ‘disk’ are considered to be constant. The calculations of the acting forces are 
performed for a rotating blade that crosses the stream tubes at a given moment. The chord of 
this blade has a length equal to the sum of the chord lengths of all the blades in the real runner. 
This simplified scheme is insufficient for a more in-depth study of the workflow. It gives 
satisfactory results in some cases with two and three-bladed runners (depends on solidity).   

The complex unsteady flow in most cases is impossible to be studied with classical stream 
tube models. Therefore, we go to the so-called numerical modelling of flows - Computational 
Fluid Dynamics (CFD). CFD modelling gives us detailed information about the flow 
(temperature, pressure, velocity field, etc.) at each point of the computational space. It 
calculates the stresses on streamlined surfaces and gives us the opportunity to visualize these 
results in the form of colour contours, isolines, graphs and stream line pictures. The results 
obtained by the CFD modelling can be compared with the results obtained by experimental 
research, which significantly reduces the time for conducting physical experiments. A 
sequential application of a numerical and physical experiment gives us the opportunity to 
analyse the flow through a synthesized blade system of a wind turbine runner. 

 

                                                 
*  Corresponding author: riliev@tu-sofia.bg 

    E3S Web of Conferences 207, 0 (2020)
PEPM'2020

2012 https://doi.org/10.1051/e3sconf/202020702012

   © The Authors,  published  by EDP Sciences.  This  is  an open  access  article distributed under the  terms of the Creative Commons Attribution License 4.0
 (http://creativecommons.org/licenses/by/4.0/). 



 

 

2

2

T
t

e

p

d
r
w

 

F

I
t
e
l
a
a
t
f

c
e
d

f

d

2 Creating

2.1 Geometr

The studied wi
to switch fro
significantly r
eliminates the 

Fig. 1 show
part of a cylind
surface with a
disks - 3, whi
runner. It is us
wind turbine [4

                         

Fig. 1. Turbine r

In order to cre
the ‘Sliding m
exchange of da
loop. The first
along the clos
and their boun
the wind turbi
fixed axis.  

The inlet, 
‘Velocity inlet
case it is 1 a
exchange betw
data exchange
sides of the su
forces (free sl
smooth walls (

In some pu
direct impact 

g a CFD nu

ric dimension

ind turbine has
om a three-d
reduces the co
need for expen

w a 3D model 
drical surface w

a diameter D0 =
ich are mount
sed in the calcu
4, 5]. 

              a.         

runner 

ate an adequat
mesh’ techniqu
ata between tw
t area is statio
ed loop. Fig. 2

ndary condition
ine is position

velocity and t
t’. ‘Pressure-ou
atm). The ‘int

ween the surrou
e between the 
urrounding spa
ip wall). The 
(‘Wall’).   
ublications [6-8
on the final 

merical mo

ns and boun

s working blad
dimensional to
omputation tim
nsive computer
and a section 

with a radius o
= 800 mm [3] 
ed on a fixed 
ulation of the p

                         

te two-dimensi
ue is most com
wo separate are
onary while the
2 shows a sche
ns. The largest
ed, the large c

turbulence of t
utlet’ sets the s
terface-1’ con
unding area an
turbine runner

ace are defined
contours of th

8] it is mentio
results of the 

odel 

dary conditio

des with a cons
o a two-dime
me and resour
rs (clusters). 
view of the tu

of curvature R
with a pitch a
axis - 1. D1

power factor -

 

                         

ional numerica
mmonly used i
eas, the points 
e other rotates
ematic view o
t quadratic area
circular area is

the flow are d
static pressure 
ntour performs
nd the runner a
r and the fixed
d as walls that
he blades and 

ned that the si
simulation. T

ons 

tant cross secti
ensional nume
rces used by t

urbine runner. 
= 100 mm, pla

angle ϕr. They
defines the ou
 cp and the spe

                        b

al model of a ro
in practice. It 
of contact of w

s at a set angu
f the used com
a is the surrou
s the runner an

defined by the 
at the outlet of

s the above-m
rea, while ‘inte

d axis areas. T
t do not take i
the fixed axis 

ize of the surro
Table 1 presen

ion, which allo
erical model. 
the program, 

The blades - 2
aced on a cylin

y are attached t
uter diameter 
eed ratio TSR 

b. 

otating wind tu
is expressed 

which form a c
ular velocity, s
mputational do
unding area in 
nd the smaller

boundary con
f the domain (

mentioned flow
erface-2’ perfo

The upper and 
into account v

are set as per

ounding space
nts the sizes o

ows us 
 This 
which 

2 are a 
ndrical 
to two 
of the 
of the 

 

urbine, 
in the 
closed 
sliding 
omains 
which 
r - the 

ndition 
in this 

w data 
orms a 
lower 

viscous 
rfectly 

e has a 
of the 

    E3S Web of Conferences 207, 0 (2020)
PEPM'2020

2012 https://doi.org/10.1051/e3sconf/202020702012

2



 

 

r
i

F

2

A
m
c
b

I
t
c

b
v
c
b
b
 
t

recommended 
influence on th

Fig. 2. Dimensio

2.2 A CFD gr

Apart from the
modelling of t
coefficient y +

blade wall. 

In the equation
the streamline
contour (measu

A lot of ca
by setting the 
viscosity of th
chord of the ai
by running a t
below the need
    Fig.3 show

the Ansys-reco

domains. The
he side walls is

ons and boundar

Table 1. Rec

D2 

1.5.D1 

rid 

e geometry of 
the laminar bo
[6-8] has been

n above ρ is th
ed surface, y -
ured at the nor

alculators can b
background f

he fluid and th
irfoil) - L. Afte
test calculation
ded one, the co

ws pictures of th
ommended lim

dimensions W
s avoided.  

ry conditions of 

commended geo

L1 

10.D1 

the model, the
oundary layer o
n introduced, w

y+ = 

he fluid densit
- the height o
rmals of the sur
be found on the
flow velocity –
he reference le
er generating th
n. If all values 
ondition is met.
he generated C

mits for CFD g

W, L1 and L2 h

the computation

ometric dimensio

L2 

20.D1 

e accuracy of th
on the surface
which measure

. .
             

ty, Ut – the tan
of the first lay
rface) and μ - t
e Internet whic
– cw, the chos
ength of the s
he grid, it is ne
of y+ along th

.  
CFD grids of t
grid parameters

ave been incre

nal domains. 

ons of the domai

W 

10.D1 

he solution dep
 of the blade. 

es the density o

  

ngential (fricti
yer of cells alo
the dynamic vi
ch calculate the
sen coefficient
streamlined bo
ecessary to che
he contour of t

the three doma
s. Table 3 pres

eased 3 times s

 

ins. 

pends on the c
For this reaso

of the mesh ne

   

ional) velocity 
ong the stream
iscosity of the f
e required heig
t  y +, the dy

ody (in this ca
eck the coeffici
the wall are eq

ains.  Table 2 
sents the dimen

so any 

 

correct 
on, the 
ear the 

 (1) 

along 
mlined 
fluid.  
ght ‘y’ 
ynamic 
ase the 
ient y+ 

qual or 

shows 
nsions 

    E3S Web of Conferences 207, 0 (2020)
PEPM'2020

2012 https://doi.org/10.1051/e3sconf/202020702012

3



 

 

o
t

 

F

r
o
p
a

of the comput
turbine blades.

 

                       

Fig. 3. Computa

ratio (AR) of 2
over the recom
parameters of t
aspect ratio be

ational rectang
. It has a growt

          b.         

ational grid of th

22.5 and a min
mmended minim
the three doma
tween adjacent

gular structure
th factor of 1.0

                       

he domains (a – F

nimum orthogo
mum, which gu
ains are shown
t cells, a thicke

d mesh in the 
05, a maximum

a. 
 

 
                       

Fluid domain, b 

onal quality of
uarantees the g
in table 4. In o

ening ratio of 0

 

area of the bo
m cell size 

                 c. 

– Runner domai

f 0.86. These p
grid quality. Th
order to mainta
0.99 was used.

oundary layer 

in, c – Axis dom

parameters are 
he values of th
ain a sufficient

of the 

 

 

main). 

much 
he grid 
tly low 

    E3S Web of Conferences 207, 0 (2020)
PEPM'2020

2012 https://doi.org/10.1051/e3sconf/202020702012

4



 

 

Table 2. Recommended CFD grid parameters 

Max. volume 
ratio 

Min. orthogonal quality Max.aspect ratio 

15 0.2 60 

 

Table 3. Boundary layer grid parameters of the turbine blades. 

Max. cell 
size 

Min. cell size Wall distance Min. orth. quality Max. AR Layers 
Growth 

rate 

1 mm 0.180 μm 8 μm 0.86 22.5 30 1.05 

 

Table 4. Grid parameters of the computational domains. 

Fluid domain 

Max. cell 
size 

Min. cell size Min. orthogonal quality Max.aspect ratio Number  of cells 

245 mm 22 mm 0.85 2.1 160 506 

Runner domain 

Max. cell 
size 

Min. cell size Min. orthogonal quality Max.aspect ratio Number  of cells 

22 mm 1 mm 0.55 2.1 4 319 227 

Axis domain 

Max. cell 
size 

Min. cell size Min. orthogonal quality Max.aspect ratio Number  of cells 

7 mm 1 mm 0.81 1.756 9 302 

2.3 The turbulence model 

The turbulence model k-ω SST (Shear Stress Transport) is a hybrid. It combining the 
Wilcox k-omega and the k-epsilon models. A blending function activates the Wilcox model 
near the walls and the k-epsilon model in the free stream. This ensures that the appropriate 
model is utilized throughout the flow field. The transport equations of the k-ω model are 
described below. 

Specific dissipation is defined as:  

ω  =                     (2) 

In equation (2) k is the turbulence kinetic energy and ε is the rate of dissipation of 
turbulence kinetic energy. 

The equation for the balance of turbulence kinetic energy k [8] is: 

                       
.

 + 
. .

 = P – β.ρ.ω + . 𝜇  𝜎 . 𝜇 .                              (3)  

where β and σk are constants, ω is the specific dissipation, μ1 is the molecular viscosity and 
μt is the turbulence viscosity.  
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The first term on the left side of the equation is local, transient, taking into account the 
degree of change of the turbulence kinetic energy k; the second is convective, taking into 
account the transfer of k by convection. The first member on the right of the equation is a 
source taking into account the degree of generation of k; the second is dissipative, taking 
into account the degree of dissipation of k, the third is diffuse, taking into account the 
transfer of k by diffusion. 

The equation of the specific dissipation ω [8] is: 

.
 + 

. .
 =  – β.ρ.ω2 + . 𝜇  𝜎 . 𝜇 .  + 2.{1 - F1}. 

.
. .            (4) 

The first term on the left side of the equation is local, transient, taking into account the 
degree of change of ω; the second is convective, taking into account the transfer of ω by 
convection. The first term on the right-hand side of the equation is the source, taking into 
account the degree of generation of ω; the second is dissipative, taking into account the 
degree of dissipation of ω, the third is diffuse, taking into account the transfer of ω by 
diffusion; the fourth is ‘mixed-diffuse’, which is an additional source member, responsible 
for modelling the transition from ε to ω. 

3 Compared quantities 

The power factor values are determined by the dependence [3, 8]: 

cp  =                     (5) 

P  = Mb.ω  = Mb.
.

 .T                   (6) 

      Pw  = ρ.S. ,                                            (7) 

In equation (5) P is the effective power (on the shaft) of the turbine and Pw is the power of 
the airflow. In equations (6) and (7) Mb is the torque; n – angular velocity, cw,s – average 
wind speed, S = H.D1 – cross-section of the runner, perpendicular to the vector of the wind 
velocity. It should be noted that in the two-dimensional CFD model the dimension D1 is 
used in equation (7) instead of S. The calculations and experiments were conducted for the 
same average wind velocity: cw,s = 8.1 m/s.  

For each experiment the so-called speed ratio TSR [3, 8] was used. This is the ratio 
between the tangential speed of the tip of the blades - u and actual speed of the wind - cw,s.  

                                                         TSR  =                                          (8) 

The experiments were performed on test rig №7С in the laboratory of Hydropower and 
Hydraulic Turbomachinery at the Technical University of Sofia – HEHT [3, 4, 5, 9].   
 

2.4 Solver settings 

Since the Mach number in the current conditions is below 0.3 we consider the flow to be 
incompressible. That’s why we switch to a pressure-based solver.  

This solver allows us to resolve a flow problem in either a segregated or a coupled 
manner. Ansys Fluent provides the option to choose among five pressure-velocity coupling 
algorithms: SIMPLE, SIMPLEC, PISO, Coupled, and Fractional Step (FSM) (for unsteady 
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• Numerical results predict the location of the maximum value of the power coefficient with 
an error up to 0.3 %. 
• The differences in the maximum value of the power coefficient between the numerical 
and experiment data is 7 % (Fig. 4a) and 4 % (Fig. 4b).  
• Numerical data shows larger values of a power coefficient at values of tip speed ratio 
larger than 0.27 (Fig. 4a) and 0.285 (Fig. 4b). The maximum difference is 41.7 %  (Fig. 4a) 
and 51.3% (Fig.4 b).   
• Numerical and experimental data give similar results at values of tip speed ratio lower 
than 0.27 (Fig. 4a) and 0.285 (Fig. 4b).  
The numerical and the experimental data from other similar studies [6, 7] shows up to 57 % 
difference of power coefficient with k-omega SST turbulence model and 20 % with RNG  
k – ε turbulence model.  

6 Conclusion 

The main results of this study are expressed as following: 

1. A numerical study of a model Darrieus VAWT has been made.   

2. Two runners have been examined, with a different pitch angle of the blades. 

3. The obtained results have been validated on test rig №7C in HEHT Lab [3, 4]. 

4. The graphs show that the turbulence k-omega model can predict the performance 
characteristics of Darrieus VAWT with up to 7% error in the optimal operating regime. 
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