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Due to the excessive increase in the energy demand, renewable energy has become 
an alternative for electricity production for industrial and domestic needs. Water 
energy has received significant investment as a sustainable and clean energy source. 
Lucid spherical rotors, a kind of hydro-power converter, are cross flow rotors 
designed to be mounted within a pipeline in order to gather excess energy available 
in gravity-fed water pipelines. This paper focuses on the effect of the numerical 
model parameters choice, namely the turbulence model, on the Lucid spherical rotor 
hydrodynamic characteristics. Numerical simulations were carried out through Ansys 
Fluent software 17.0 using the unsteady Reynolds-Averaged Navier-Stokes (URANS) 
equations. Four turbulence models: RNG k-ε, Realizable k-ε, SST k-ω and transition 
SST were tested. Performance characteristics in terms of torque and power 
coefficients in addition to hydrodynamic features of the flow around the considered 
rotor were analyzed. The adopted numerical model was validated based on previous 
experimental findings from the literature. It was found that the realizable k-ε model 
showed a good agreement with experimental results. Thus, it was adopted for the 
Lucid spherical rotor simulation. The obtained findings could provide further 
direction for researchers to use the Lucid spherical water turbine. 
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turbulence models; Lucid spherical rotor 

 
1. Introduction 
 

Nowadays, energy is the most important need for human. It is considered to be a needed 
component in the development of country. It is essential in every activity of daily life including 
access to basic necessities, health and education [1,2]. Many methods are available to produce 
energy for humanity on the Earth. Fossil fuels are the most used energy sources since they are 
characterized by an easy exploit and an effective cost. However, the burning of these fuels 
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increases the concentration of greenhouse gases such as carbon dioxide in the atmosphere. Indeed, 
the reserves of fossil fuels are started to decrease. To reduce greenhouse gas emissions and to 
provide sustainable energy services, renewable energy sources are increasingly recommended and 
used to produce green power [3,4]. Among all renewable energies, small-scale hydropower is 
considered to be the most cost-effective source and it has experienced a rapid growth globally [5]. 
In order to generate electricity from hydropower, a water rotor converts the kinetic energy from 
the water current to electrical power. There are basically two types of water rotors; the axial-flow 
rotors and the cross flow rotors. The cross flow rotors have several advantages compared to the 
axial-flow rotors such as simpler in designing, easier to repair and they can rotate independently to 
the water direction. The popular rotors in the category of the cross flow rotors are Savonius rotor, 
Darrieus rotor and Gorlov rotor. Lately, Lucid developed cross flow spherical rotor to be installed 
within a pipeline to gather excess energy, which is available in the gravity-fed water pipelines [6]. In 
order to improve the efficiency of the cross flow rotors, the optimization of these systems is 
becoming necessary. In recent years, the number of studies interesting in the computational 
methods has been increased to study the cross flow rotors. In this context, with the use of CFD 
simulation, a numerical approach was developed by Satrio et al., [7] to explore a Savonius water 
performance through the variation of the overlap distance and the aspect ratio. The rotor power 
coefficient increased at lower value of aspect ratio as a result of the increase in the rotor torque 
coefficient and at lower value of overlap distance due to the reduced pressure. The optimum rotor 
design was set with an aspect ratio of 0.61 and an overlap ratio of 0.1. It highlighted highest value 
of power coefficient of 0.48 at a current water velocity y of 0.9 m/s. Kumar and Saini [8] presented 
a numerical study of a Savonius water rotor with twisted blade profile having different values of 
twist angle ranging from 0° to 25°. In their work, they analyzed the hydrodynamic characteristics of 
the flow around the rotor such as the pressure, the velocity and the velocity streamlines. In 
addition, they noted that the twist angle and the Reynolds number had an effect on the 
performance of the Savonius water rotor. Payambarpour et al., [9] investigated numerically a two-
bladed Savonius water rotor with a deflector mounted upstream the flow. The impact of modifying 
the proposed deflector and the rotor geometrical parameters on the output torque and rotor 
efficiency as well as the flow rate was described across pressure contours and 3D streamlines. A 
positive effect of turbine height increment was recorded. The results showed that increasing 
turbine height had a good effect. However, increasing the deflector parameters was beneficial only 
up to a certain point, after which it had a negative impact on turbine performance. Using the Ansys 
Fluent 15.0, Kumar and Saini [10] studied a single stage modified Savonius water rotor with twisted 
blade profile. In their work, they analyzed the effect of the blade arc angle and the blade shape 
factor on the performance of the water rotor for different values of the tip speed ratio ranging from 
0.5 to 1.0 and the water velocity ranging from 0.5 m.s-1 to 2 m.s-1. As a result, they noted that the 
optimal geometrical parameters for the modified Savonius water rotor with twisted blade profile 
are founded to be as blade arc angle of 150° and blade shape factor of 0.6. A numerical 
methodology was used by Patel and Patel [11] to examine th effect of applying variable load on a 
60° twisted Savonius water turbine with an asoect ratio of 1 for the same flow rate. According to 
the numerical study, the greater the load on the shaft, the lower the power generated by the 
turbine, and conversely. Bachant and Wosnik [12] experienced a cylindrical Gorlov helical water 
rotor and a Lucid spherical water rotor. Results confirmed that the cylindrical Gorlov rotor 
outperformed the Lucid spherical rotor in terms of coefficient of power in a low-blockage tow tank 
or channel environment. Abdolahifar et al., [13] studied the performance and the flow 
characteristics of a V-shaped blades Darrieurs water rotor with two different blade shape twisted 
and non twisted with the use of 3D numerical simmulations. Then they compared it with turbines 
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having straight and helical blades at top speed ratios from 0.69 to 1.5. The sweeping arrangement 
of the V-shaped and the helical shapes resulted in an inescapable span wise flow, thereby a 
performance loss, making neither type of V-shaped blade water rotor beneficial at low tip speed 
ratios. Talukdar et al., [14] analyzed experimentally a Savonius water rotor based on the number of 
blades, the blade shapes and the immersion level. Also, they developed two-dimensional 
simulations for the design variants to analyze the flow characteristics and the aerodynamic 
performance of the turbines. The vertical-axis autorotation current turbine (VAACT) as a new form 
of vertical-axis water turbine was studied experimentally and numerically by Wu et al., [15] with 
the aim of efficiency improvement through the shape improving. The numerical approach was 
based on response surface methodology (RSM) integrated into computational fluid dynamics (CFD) 
simulations. The optimal parameters gave a maximum power coefficient of 0.1545. This method, 
when compared to other optimization algorithms, significantly reduced the number of required 
sampling points. Derakhshan et al., [16] analyzed experimentally and numerically a Hunter tidal 
turbine. As a result, they concluded that the power coefficient of a turbine increased for ducts with 
more area ratios. They noted also that in a four-turbine farm, the output power is maximum for a 
distance between neighbor turbines of 13D. 

As mentioned above, researchers used computational methods to study the cross flow rotors 
performance. The choice of the numerical model parameters represents a sensitive and a required 
task to do. In this context, a variety of rotors were investigated mostly the Savonius and the 
Darrieus rotors. Indeed, with regard to the Lucid spherical water rotor, a nearer look at the 
literature review shows that it has not been fully explored despite its benefits. Thus, this paper 
relies on studying the numerical model parameters, namely the turbulence model, effect on the 
power coefficient and the hydrodynamic characteristics of the flow around a Lucid spherical rotor. 
The choice of the adequate turbulence model was based on the experimental results founded in 
anterior published studies. 
 
2. Physical Models 
 

Figure 1 shows the Lucid spherical rotor which is geometrically similar to the rotor developed by 
the Center for Ocean Renewable Energy (CORE) at the University of New Hampshire [12]. Bachant 
and Wosnik [12] studied experimentally a Lucid spherical water rotor which was manufactured by 
Lucid energy Technologies. The Lucid spherical rotor was tested in a test bed for vertical axis 
turbines. The total length of the test bed is equal to 36.6 m, the width is equal to 3.66 m and the 
depth is equal to 2.44 m. The rotor is made with four blades located around a center axis in equal 
intervals. It is characterized by a NACA 0020 airfoil with a chord equal to c=140 mm, a height equal 
to H=0.97 m, a diameter equal to D=1.14 m and a blade overlap equal to e=2. 
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(a) Isometric view (b) Front view 

Fig. 1. Schematic of the Lucid spherical rotor 

 
3. Computation Domains and Boundary Conditions 
 

Three-dimensional numerical simulations of a Lucid spherical rotor were performed using Ansys 
Fluent 17.0. This commercial code solves the Navier-Stokes equations using a finite volume 
discretization method [17,18]. 
 
3.1 Table Style and Format 
 

In order to use the sliding mesh technique, a fixed domain and a rotating domain separated by a 
sliding interface are created in Ansys “Design Modeler” as shown in Figure 2. The fixed domain has 
a length of l=26 m, a width of w=3.66 m and a height of h=2.44 m. The rotating domain, which 
encloses the Lucid spherical rotor, has a diameter of d=1.2 m. The inlet boundary condition has 
been set as the velocity of the water V∞ which is equal to V∞=0.9 m.s-1 on the left side of the fixed 
domain. The outlet boundary condition has been considered as a pressure outlet equal to the 
atmospheric pressure on the right side of the fixed domain. The left side and the right side of the 
fixed domain are taken at l1=10 m and l2=16 m from the rotation axis of the rotor, respectively. The 
rotation axis of the rotor is the z-axis. Slip boundary condition is assumed on the side and bottom 
walls of the fixed domain. Symmetry boundary is assigned to the top of the fixed domain. In 
addition, rotating wall with no-slip conditions has been set as boundary condition on the rotors’ 
blades. The rotational speed of the rotating region varies with the tip speed ratio and the water 
velocity. Therefore, a number of simulations are performed to obtain numerical results at the 
considered tip speed ratio. Which is calculated by the following equation: 
 




=

V 

R
               (1) 

 
where R is the radius of the rotor, ω is the rotational speed of the rotating domain and V∞ is the 
water speed. 
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Fig. 2. Boundary conditions for CFD simulations 

 
3.2 Meshing 
 

In order to obtain accurate numerical results, the choice of the best meshing is needed. Indeed, 
a non-conformal unstructured mesh characterized by tetrahedral elements is adopted under the 
present study due to the complex rotor geometry. In this section, three meshing types have been 
studied in order to obtain mesh independent results. The choice of the appropriate meshing size is 
based on the comparison between our numerical results and the experimental results founded by 
Bachant and Wosnik [12]. The three meshing types are characterized by a number of elements 
ranging from 8.1 to 16 million. Fine mesh has been generated in the rotating domain compared to 
the mesh created in the fixed domain. In order to capture rapid changes of the hydrodynamic 
characteristics of the flow around the rotor, a prismatic mesh layer with inflation was created in the 
rotor blades, as shown in Figure 3. In order to calculate the distance of the first mesh node from the 
rotor blades surfaces, the y+ value under the present study has been chosen less than one based on 
earlier studies. The rotor torque coefficient parameter Cm is chosen to be observed for the grid 
independence analysis. Numerical results are considered to be statistically stable, when the 
magnitude of torque coefficient fluctuations reaches quasi-steady state. Under the present study, 
simulations take four revolutions to attain the quasi-steady state. Figure 4 shows the effect of the 
mesh size on the rotor torque coefficient which was investigated for the last revolution. In fact, a 
meshing accuracy has been recorded for the second cost. In order to choose an accurate meshing 
size with a moderate time, the second mesh was chosen to minimize the calculation time of the 
resolution. 
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Fig. 3. Grids generation showing boundary layer 
near the rotor blades 

 

 
Fig. 4. Variation of the torque coefficient of the rotor at λ=2.04 respecting to the azimuth 
angle 
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3.3 Numerical Settings 
 

Under the present study, the commercial computational fluid dynamics code Ansys Fluent 17.0 
is used to solve the unsteady incompressible Reynolds-averaged Navier-Stokes equations. The 
governing equations are the Navier-Stokes equations [19-22]. The continuity equation is expressed 
in the following form: 
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The quantity 
'

j

'

iuu  is known as the turbulent stress, p is the pressure, ρ  is the density of the 

water and iF  is a vector representing the external forces. 
In order to solve the Navier-Stokes equations, a turbulence model is needed. Various turbulent 

models are available in Ansys Fluent. 
The RNG k-ε model and the standard k-ε model present the same similar form and can be 

written as follows: 
 

( ) i eff k b M k

i j j

k
k ( ku ) G G Y S

t x x x

    
 +  =  + + − − +      

       (5) 

 

( ) ( )
2

i eff 1 k 3 b 2

i j j

( u ) C G C G C R S
t x x x k k

     

      
 +  =   + + −  − +      

     (6) 

 
where Gk presents the generation of the turbulent kinetic energy due to the mean velocity 
gradients, Gb is the generation of the turbulent kinetic energy due to buoyancy, YM presents the 
contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, 
αk and αε are respectively the inverse of the effective Prandtl numbers for k and ε. Sk and Sε are the 

user-defined source terms. 1C   and 2C   are equal respectively to 1.42 and 1.68. 

The modeled transport equations for k and ε in the realizable k-ε model are presented as 
follows: 
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where, 
 

1C max 0.43,
5

 
=  

+ 
            (9) 

 
k

S =


                        (10) 
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For the SST k-ω turbulence model, the transport equation for the turbulent kinetic energy k is 

given as follows: 
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k  and *  are constants. 

The transport equation for the turbulent frequency ω for the k-ω model is presented as follows: 
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where * , 2 , k , 
,1 , 

,2 , 2  are constants and are equal respectively to 0.09, 0.083, 1, 2, 

1.17, 0.44. 
For the transition SST turbulence model, the transport equation for the intermittency γ is given 

as follows:  
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The transition sources are defined as follows: 
 

  3C
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 =                        (16) 

 

=  11e1 PCE                         (17) 

 
where S is the strain rate magnitude, Fl is an empirical correlation that controls the length of the 
transition region and Ca1 and Ce1 hold the values of 2 and 1, respectively. The 
destruction/relaminarization sources are defined as follows: 
 

t2a2 FCP =                        (18) 

 

=  22e2 PCE                        (19) 

 
where Ω is the vorticity magnitude. The transition onset is controlled by the following functions: 
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where y is the wall distance and cRe  is the critical Reynolds number where the intermittency first 

starts to increase in the boundary layer. This occurs upstream of the transition Reynolds number 
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ceR
~

  and the difference between the two must be obtained from an empirical correlation. Both the 

Fl and cRe   correlations are functions of ceR
~

 . 

The constants for the intermittency equation are 1aC =2; 1eC =1; 2aC =0.06; 2eC =50; 

3C  =0.5 and  =1.0. 

The transport equation for the transition momentum thickness Reynolds number teR
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The source term is defined as follows: 
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The model constants for the teR
~

  equation are tC =0.03 and t =2.0.  

A simple pressure-velocity coupling method with second order upwind scheme for the 

convective terms is applied to realize simulations. The scaled residuals below 610− is considered as 
the convergence criteria for all residuals equations of continuity, momentum and turbulence 
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characteristics for each time step. The time step is defined as 1°/time step. Otherwise, the rotor 
turned 1° in each time step. The considered time step size is employed with 50 iterations per time 
step. 
 
4. Comparison with Experimental Results 
 

Figure 5 shows a comparison of the power coefficient between the numerical results and the 
experimental data established by Bachant and Wosnik [12] at range of tip speed ratios. The power 
coefficient is defined by the following equation: 
 

m
3

p C

 SV ρ
2

1

P
 C ==



                      (36) 

 
where P is the generated power and Cm is the rotor torque coefficient defined as follows: 
 
The last parameter is given by the following equation: 
 

2RH S =                         (37) 
 

According to the obtained results, it can be observed that the realizable k-ε model and the 
transition SST turbulence model present a good agreement comparing numerical and experimental 
data. However, the maximum error of values is recorded for the RNG k-ε model and the SST k-ω 
model. Figure 6 shows the effect of the turbulence model on the rotor torque coefficient which was 
investigated for the last revolution at λ=2.04. Under the present study, simulations take four 
revolutions to attain the quasi-steady state of the magnitude of torque coefficient fluctuations. 
 

 
Fig. 5. Comparison with experimental results 
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Fig. 6. Variation of the torque coefficient of the rotor at λ=2.04 respecting to the azimuth 
angle 

 
5. Results and Discussion 
 

The objective of this section is to study the hydrodynamic characteristics of the flow such as the 
magnitude velocity, the pressure, the turbulent kinetic energy, the dissipation rate of the turbulent 
kinetic energy and the turbulent viscosity distributions across the Lucid spherical rotor while 
varying the turbulence model. In these conditions, we are interested on the results presented in the 
visualization plane defined by z=0 m localized in the rotor mid-plane as presented in Figure 7. 
 

 
Fig. 7. Visualization plane 

 
5.1 Magnitude Velocity 
 

Figure 8 shows the distribution of the magnitude velocity of the water at λ=2.04 around the 
Lucid spherical rotor on the plane defined by z=0 m for the RNG k-ε model, the SST k-ω model, the 
transition SST model and the realizable k-ε model. 
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(a) RNG k-ε model (b) SST k-ω model 

  
(c) Transition SST model (d) Realizable k-ε model 

Fig. 8. Schematic of the Lucid spherical rotor 

 
The comparison between these results shows that the used turbulence models present the 

same distributions. In fact, it can be noted that the velocity is weak in the upstream of the rotor and 
is equal to the value as given at the inlet boundary condition of the domain. The downstream of the 
rotor is characterized by a large deceleration zone which shows the trace of a low speed of the 
water. In addition, the large zone deflects upward slightly. This could be explained by the 
centrifugal force which is generated by the blades of the rotor with the counter-clockwise rotation. 
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While zooming the region surrounded the rotor, an acceleration zone of the flow is observed on the 
suction surface close to the leading edge. Therefore, a high-speed region on the suction side is 
appeared. While varying the turbulence model, a difference in values of the magnitude velocity has 
been noted. The maximum value of the magnitude water velocity is equal to V=2.94 m.s-1 using the 
RNG k-ε model, to V=2.95 m.s-1 using the SST k-ω model, to V=2.95 m.s-1 using the transition-SST 
model and to V=3 m.s-1 using the realizable k-ε model. Therefore, the comparison between these 
results confirms that the turbulence models affect the distribution of the magnitude velocity of the 
water around the Lucid spherical rotor. 
 
5.2 Pressure 
 

Figure 9 presents the pressure distribution around the Lucid spherical rotor for the RNG k-ε 
model, the SST k-ω model, the transition SST model and the realizable k-ε model on the plane z=0 
m. From these results, it has been observed that the pressure is uniform at the domain inlet. High 
values of the pressure are noticed at the upstream of the advancing blade, whereas low values are 
found at the downstream, which caused a difference of pressure. Energy is produced at this zone 
due to this difference of pressure. The comparison between these results showed that the 
turbulence model has a direct effect on the pressure distribution of the water around the Lucid 
spherical rotor. For example, the maximum value of the water pressure is equal to p=1508 Pa using 
the RNG k-ε model, to p=1469 Pa using the SST k-ω model, to p=1570 Pa using the transition-SST 
model and to p=1507 Pa using the realizable k-ε model. 
 

  
(a) RNG k-ε model (b) SST k-ω model 
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(c) Transition SST model (d) Realizable k-ε model 

Fig. 9. Pressure distribution around the Lucid spherical rotor 

 
5.3 Turbulent Kinetic Energy 
 

Figure 10 shows the distribution of the turbulent kinetic energy at λ=2.04 around the Lucid 
spherical rotor for the RNG k-ε model, the SST k-ω model, the transition SST model and the 
realizable k-ε model on the plane defined by z=0 m. 
 

  
(a) RNG k-ε model (b) SST k-ω model 
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(c) Transition SST model (d) Realizable k-ε model 

Fig. 10. Turbulent kinetic energy distribution around the Lucid spherical rotor 

 
From these results, it is observed that the values of the turbulent kinetic energy are very low in 

the water channel except in the region surrounding the rotor. The turbulent kinetic energy 
distribution shows the increase of the energy near the rotor blades for the different considered 
cases. The comparison between these results confirms that the turbulent kinetic energy depends 
on the turbulence model. For example, the maximum value of the turbulent kinetic energy is equal 
to k=0.13 m2.s-2 using the RNG k-ε model, to k=0.15 m2.s-2 using the SST k-ω model, to k=0.18 m2.s-2 
using the transition-SST model and to k=0.26 m2.s-2 using the realizable k-ε model. 
 
5.4 Dissipation Rate of The Turbulent Kinetic Energy 
 

Figure 11 shows the dissipation rate of the turbulent kinetic energy distribution around the 
Lucid spherical rotor on the plane z=0 m for the RNG k-ε model, the SST k-ω model, the transition 
SST model and the realizable k-ε model. From these results, it has been noted that a variation of 
the turbulence model has a direct effect on the distribution of the dissipation rate of the turbulent 
kinetic energy. From one case to another, it has been noted that the dissipation rate of the 
turbulent kinetic energy is weak at the upstream of the rotor. However, an increase of the 
dissipation rate of the turbulent kinetic energy is noticed near the blades of the rotor and at the 
downstream of the rotor. A difference in values of the dissipation rate of the turbulent kinetic 
energy has been noted while varying the turbulence model. In fact, the maximum value of the 
dissipation rate of the turbulent kinetic energy around the Lucid spherical rotor is equal to ε=0.23 
m2.s-3 using the RNG k-ε model, to ε=0.47 m2.s-3 using the SST k-ω model, to ε=0.52 m2.s-3 using the 
transition-SST model and to ε=0.83 m2.s-3 using the realizable k-ε model. 
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(a) RNG k-ε model (b) SST k-ω model 

  
(c) Transition SST model (d) Realizable k-ε model 

Fig. 11. Dissipation rate of the turbulent kinetic energy distribution around 
the Lucid spherical rotor 

 
5.5 Turbulent Viscosity 
 

Figure 12 shows the distribution of the turbulent viscosity for the RNG k-ε model, the SST k-ω 
model, the transition SST model and the realizable k-ε model at λ=2.04 around the Lucid spherical 
rotor on the plane defined by z=0 m. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 113, Issue 1 (2024) 24-43 

41 
 

  
(a) RNG k-ε model (b) SST k-ω model 

  
(c) Transition SST model (d) Realizable k-ε model 

Fig. 12. Turbulent viscosity distribution around the Lucid spherical rotor 

 
From these results, it is observed that the values of the turbulent kinetic energy are very low in 

the water channel except in the region surrounding the rotor. The turbulent kinetic energy 
distribution shows the increase of the energy near the rotor blades for the different considered 
cases. The comparison between these results confirms that the turbulent kinetic energy depends 
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on the turbulence model. For example, the maximum value of the turbulent kinetic energy is equal 
to k=0.13 m2.s-2 using the RNG k-ε model, to k=0.15 m2.s-2 using the SST k-ω model, to k=0.18 m2.s-2 
using the transition-SST model and to k=0.26 m2.s-2 using the realizable k-ε model. 
 
6. Conclusions 
 

In this paper, numerical simulations were carried out to study the effect of the turbulence 
model on the numerical results. Practically, the RNG k-ε model, the SST k-ω model, the transition 
SST model and the realizable k-ε model were tested. The numerical simulations were based on the 
commercial unsteady Reynolds-Averaged Navier-Stokes (URANS) solver. The validation of the 
numerical method was performed using previous experiments founded at the literature. Numerical 
results showed that the turbulence models have a direct effect on the computational results. 
Indeed, the effect of the turbulence models on the hydrodynamic characteristics of the flow around 
the Lucid spherical rotor has been presented. For our future computational simulations, the 
realizable k-ε model is chosen to simulate the Lucid spherical rotor since it has shown a very good 
agreement with the experimental results. 
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