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Abstract
Lucid spherical rotor is a cross-flow rotor developed to be installed within a pipeline. The purpose of installing this type of
rotor is to collect excess energy available in gravity-fed water pipelines. In order to enhance the efficiency of the rotor which
is installed in a channel, this paper aims to study the performance of Lucid spherical rotor with converging pipe. Numerical
investigations were carried out to analyze the effect of the converging pipe on the performance of the rotor. Numerical
simulations have been carried out using the unsteady Reynolds-averaged Navier–Stokes equations in conjunction with the
realizable k − ε turbulence model. The validation of the numerical method with anterior published studies has been carried
out. The hydrodynamic characteristics of the flow around the rotor with and without converging pipe have been analyzed and
discussed. Numerical results indicated that the converging pipe increases the performance of the Lucid spherical rotor.
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List of symbols
Cm Torque coefficient, dimensionless
Cp Power coefficient, dimensionless
C1ε Constant of the k − ε turbulence model
c Blade chord, m
d Rotating zone diameter, m
D Rotor diameter, m
Di Converging section diameter, m
Do Pipe section diameter, m
e Blade overlap
Fi Force components, N
Gk Production term of turbulence, kg m−1 s−3

h Fixed domain height, m
H Rotor height, m
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k Turbulent kinetic energy, m2 s−2

l Fixed domain length, m
L i Converging section length, m
Lo Pipe section length, m
M Rotor torque, N
p Pressure, Pa
P Rotor power, W
S Rotor swept area, m2

t Time, s
ui Velocity components, m s−1

u′
i Fluctuating velocity components, m s−1

V∞ Water velocity, m s−1

w Fixed domain width, m
xi Cartesian coordinate, m
x Cartesian coordinate, m
y+ Non-dimensional parameter
y Cartesian coordinate, m
z Cartesian coordinate, m
ε Dissipation rate of the turbulent kinetic energy,

W kg−1

μ Dynamic viscosity, Pa s
μt Turbulent viscosity, Pa s
ρ Density, kg m−3

ω Rotor revolution speed, rad s−1

λ Tip speed ratio
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σk Constant of the k − ε turbulence model
σε Constant of the k − ε turbulence model
δi j Kronecker indices

1 Introduction

Electricity shows an essential role in the development of the
economic [1,2].Numerousmethods are accessible to produce
electricity to avoid energy production based on fossil fuels,
which has led to the environmental pollution [3,4]. Hence,
the use of renewable energy is feasible to provide sustainable
energy facilities and to reduce greenhouse gas productions
[5,6]. Small-scale hydropower is considered as renewable
energy and environmentally friendly source. In order to pro-
duce electricity from moving water, a device named water
rotor converts the kinetic energy from the water current
to electrical energy [7]. Water rotors could be regarded as
axial-flow rotors and cross-flow rotors according to the dif-
ferent rotational directions [8]. Comparing axial-flow and
cross-flow rotors, the cross-flow rotors could rotate indepen-
dently of the water direction. Indeed, the cross-flow rotors
are simpler in designing and easier to repair [9]. Savonius
rotor, Darrieus rotor and Gorlov rotor are the most popular
cross-flow rotors, and the Savonius rotor is one of the oldest
types of rotors which was conceived by the engineer Sigurd
Johannes Savonius in 1922. The basic version of the Savo-
nius rotor is the S-shaped cross section which is designed
by two semi-circular blades with a small overlap between
them [10]. Savonius rotors are able to receive water from
any direction and have a great starting torque at lower speed.
Indeed, Savonius rotors are characterized by their simple
structures. However, Savonius rotors are characterized by
a low efficiency and operates at lower tip speed ratio that
made it hard to be connected with a generator [11]. In 1931,
the Darrieus rotor was designed by Georges Jean Marie Dar-
rieus. The Darrieus rotors have conventional blades, which
are located around an axis perpendicular to the direction
of the received flow. Among its disadvantages, a Darrieus
rotor has low self-starting abilities [12]. In 1995, the Gorlov
rotor, identified as cross-flow helical turbine, was patented
by Alexander Gorlov. The Gorlov rotor was presented as an
enhancement on the Darrieus rotor. Distinct to a Darrieus
rotor, the profile of the airfoil blade is twisted along its span.
Compared to conventional Darrieus rotor, this twist offers
better performance characteristics. Lately, Lucid developed
cross-flow spherical rotor to be connectedwithin a pipeline to
gather excess energy which is available in gravity-fed water
pipelines. Recently, experimental and numerical studies have
been carried out to optimize geometrical parameters and to
enhance the power coefficient of the different water rotors
types. An experimental study was carried out by Golecha et
al. [13] to improve the location of the deflector plate at the

upstream of an adapted Savonius water rotor. The authors
noted that the power coefficient increases, respectively, by
50%, 42%, 31% and 17% with deflector plate at its optimal
position for single-stage, two-stage 0◦ phase shift, 90◦ phase
shift and three-stage Savonius water rotors. Bianchini et al.
[14] developed two-dimensional (2D) CFD (computational
fluid dynamics) simulations of Darrieus water rotor. In their
work, they noted that a 2D simulation gives the opportunity
to estimate the rotors performance quite accurately and to
describe the hydrodynamic characteristics of the flow around
the rotor with reasonable computational cost. Bouzaher and
Hadid [15] analyzed numerically a vertical axis tidal turbine
with deforming blades. In their work, they concluded that
the relative aerodynamic efficiency can be improved with
a well-imposed deflection and by controlling both the time
of creation and the physical size of the leading edge vor-
tex. Using the CFD method, Yang et al. [16] studied the
hydrodynamic characteristics of the flow around a Hunter
turbine for tidal currents. As a result, they concluded that
the studied rotor over a restricted range of flow coefficient
gives very satisfactory performance. Bachant et al. [17] expe-
rienced a cylindrical Gorlov helical water rotor and a Lucid
spherical water rotor. Results confirmed that the cylindri-
cal Gorlov rotor outperformed the Lucid spherical rotor in
terms of coefficient of power in a low-blockage tow tank
or channel environment. Derakhshan et al. [18] developed
numerical and experimental study of a Hunter tidal turbine.
They analyzed the velocity distribution around the rotor. As
a result, they noted that ducts with more area ratios increase
the power coefficient of a rotor. Also, they concluded that
the efficiency is maximum for a distance of 13D between
neighbor turbines in a four-turbine farm. Li and Calisal [19]
presented a numerical study of a vertical axis water rotor. In
theirwork, they analyzed the effects of three-dimensional and
arm on modeling a cross-flow rotor. As a result, they noted
that the effects of three-dimensional are important when the
height of the rotor is less than two times its radius. However,
for a height more than seven times the radius, the effects
can be neglected. Velasco et al. [20] presented a numerical
study of a Darrieus rotor with flow control based on syn-
thetic jets using Ansys Fluent 15.0. In their work, they noted
that the use of the active flow control with synthetic jets
improved the performance of the Darrieus rotor operating
at a low value of tip speed ratio. Elbatran et al. [21] exam-
ined numerically a ducted nozzle Savonius water rotor. As
a result, they concluded that the performance of the ducted
nozzle rotor could be amplified by 78% compared to a con-
ventional modified Savonius rotor. Shimokawa et al. [22]
carried out an experimental study to exam Darrieus water
rotor with inlet nozzle. They concluded that the performance
of Darrieus water rotor is developed when the inlet noz-
zle is connected at the upstream of the runner. Kaprawi et
al. [23] verified a combined Darrieus–Savonius water rotor.
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They noted that the combined Darrieus–Savonius water rotor
contributes more performance than the solo Savonius rotor
and the Savonius buckets enhance the self-starting of the
Darrieus rotor at lower speed when situated at middle posi-
tion and near the shaft center of the Darrieus rotor. Sarma et
al. [24] studied numerically and experimentally a Savonius
hydrokinetic turbine. They used Ansys 14.0 to analyze the
performance characteristics of the rotor under low velocity
condition. As mentioned above in earlier published studies,
researchers have adopted various techniques to enhance the
performance of the cross-flow rotors. Anterior researchers
tested a Lucid spherical rotor in a channel while it is built to
be installed within a pipeline. Therefore, the authors noted
that the use of lucid spherical rotors in a channel decreases
its efficiency.

The main goal of the present study is to enhance the per-
formance of Lucid spherical rotor, which was installed in a
prismatic channel by using converging pipe around the rotor.
Indeed, this study analyzes the performance characteristics of
the rotor with and without converging pipe. Numerical simu-
lations have been performed using the commercial CFD code
ANSYS FLUENT 17.0 to study the distribution of the local
characteristics of a Lucid spherical rotor. These profiles and
distributions are important for designers to choose optimal
geometrical parameters of the Lucid spherical rotor. Compu-
tational results revealed that the converging pipe is a solution
to improve the performance of the Lucid spherical rotor in
a prismatic channel. Computational results were validated
using experimental data founded from the literature.

2 Physical Models

Figure 1 shows the Lucid spherical rotor which is located
at the middle position of a converging pipe. The pipe sec-
tion is characterized by the length Lo = 2 × L = 2m, the
diameter Do = 1.8m and an inlet converging section. The
inlet converging section is characterized by the large diame-
ter Di = 2m and the length L i = 0.8m. The Lucid spherical
rotor is geometrically similar to the rotor developed by the
Center for Ocean Renewable Energy (CORE) at the Univer-
sity of New Hampshire [17]. The Lucid spherical rotor is
made with four blades located around a center axis in equal
intervals. It is characterized by a NACA (National Advi-
sory Committee for Aeronautics) 0020 airfoil with a chord
c = 140 mm, a height H = 0.97 m, a diameter D = 1.14 m
and a blade overlap e = 2.

3 Numerical Method

Researchers have used several CFD codes to resolve real-life
case studies [25–30]. In this work, three-dimensional (3D)

transient simulations of Lucid spherical rotor with and with-
out converging pipe were performed using the commercially
available software ANSYS FLUENT 17.0. This code solves
the Navier–Stokes equations with a finite volume discretiza-
tion method. The sliding mesh technique was used to realize
the rotation motion of the rotor.

3.1 Computation Domains and Boundary Conditions

In order to have detailed study of the flow characteristics
around the rotor, two domains that are separated by a slid-
ing interface are created in ANSYS “Design Modeler.” The
first domain is fixed, and it represents testing tank. 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 second domain is a
rotating region with d = 1.2 m of diameter that contains the
rotor. The water rotor is placed in the middle of the rotational
domain and is rotating with the specified angular velocity of
the domain around the Z-axis. As shown in Fig. 2, the inlet
boundary condition has been set as the velocity of the water
V∞ that 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 10 m and 16 m from the rota-
tional axis, respectively. 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 addi-
tion, rotating wall (no-slip wall) has been set as boundary
condition on the rotors blades [31]. The rotational speed of
the rotating region varieswith the tip speed ratio and thewater
velocity. Therefore, a number of simulations are performed
to obtain numerical results at considered tip speed ratio. The
tip speed ratio is calculated by the following equation:

λ = ωR

V∞
(1)

where R is the radius of the rotor, ω is the rotational speed of
the rotating domain, and V∞ is the water speed.

3.2 Meshing

To generate the mesh, the computational domain is imported
into ANSYS meshing. Due to the complex rotor geometry,
a non-conformal unstructured mesh characterized by tetra-
hedral elements is adopted to generate mesh for the entire
computational domain. 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 velocity, the
pressure and the turbulent kinetic energy of the flow around
the rotor, a prismatic mesh layer (inflation) was created in the
rotor blades as shown in Fig. 3. Zhou et al. [32] suggested
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Fig. 1 Schematic of Lucid
spherical rotor and converging
pipe. a Lucid spherical rotor and
b converging pipe around Lucid
spherical rotor

Isometric view          Front view (a)

(b) 

that in order to use the realizable k− ε turbulence model, y+
value less than one was recommended to calculate the dis-
tance of the first mesh node from the rotor blades surfaces.
Therefore, the y+ value under the present study has been
chosen less than one. In addition, twenty prismatic layers are
used with a growth rate of 1.2.

3.3 Numerical Settings

Under the present study, the commercial CFD software pack-
age ANSYS FLUENT 17.0 has been used to solve the
unsteady incompressible Reynolds-averaged Navier–Stokes
equations. The Navier–Stokes equations are the governing

equations [33–37], which can be expressed in the following
form:

Continuity equation:

∂ρ

∂t
+ ∂(ρui )

∂xi
= 0 (2)

Momentum equation:

∂(ρui )

∂t
+ ∂(ρuiu j )

∂x j
= − ∂ p

∂xi
+ ∂

∂x j

[
μ

(
∂u j

∂x j
+ ∂u j

∂xi

−2

3
δi j

∂ui
∂xi

)]
+ ∂(−ρu′

i u
′
j )

∂x j
+ Fi

(3)
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Fig. 2 Boundary conditions for
CFD simulations

where

− ρu′
i u

′
j = μt

(
∂ui
∂x j

+ ∂u j

∂xi

)
− 2

3
ρkδi j (4)

The quantity u′
i u

′
j is known as the turbulent stress, u is

the velocity, p is the pressure, ρ is the density of the water,
and Fi is a vector representing the external forces.

In order to solve theNavier–Stokes equations, a turbulence
model is needed. Various turbulent models are available in
Ansys Fluent.

TheRNG k−εmodel and the standard k−εmodel present
the same similar form and can be written as follows:

∂

∂t
(ρk) + ∂

∂xi
(ρkui ) = ∂

∂x j

(
αμeff

∂k

∂x j

)
+ Gk

+Gb − ρε − YM + Sk (5)

∂

∂t
(ρε) + ∂

∂xi
(ρεui ) = ∂

∂x j

(
αεμeff

∂ε

∂x j

)

+C1ε
ε

k
(Gk + c3εGb)

−C2ερ
ε2

k
− Rε + Sε (6)

where Gk presents the generation of the turbulent kinetic
energy due to the mean velocity gradients, Gb is the gen-
eration of the turbulent kinetic energy due to buoyancy,
YM presents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate,
and 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.C1ε andC2ε are equal, respectively, to 1.42 and
1.68.
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Fig. 3 Grids generation showing boundary layer near the rotor blades

The modeled transport equations for k and ε in the realiz-
able k − ε model are presented as follows:

∂

∂t
(ρk) + ∂

∂x j
(ρku j ) = ∂

∂x j

[(
μ + μt

σk

)
∂k

∂x j

]

+Gk + Gb − ρε − YM + Sk (7)
∂

∂t
(ρε) + ∂

∂x j
(ρεμ j ) = ∂

∂x j

[(
μ + μt

σε

)
∂ε

∂x j

]
+ ρC1Sε

−ρC2
ε2

k
√

vε
+ C1ε

ε

k
C3εGb + Sε (8)

where

C1 = max

[
0.43,

η

η + 5

]
(9)

η = S
k

ε
(10)

S = √
2Si j Si j (11)

For the transition SST turbulence model, the transport
equation for the intermittency γ is given as follows:

∂(ργ )

∂t
+ ∂(ρ U jγ )

∂x j
= Pγ 1 − Eγ 1 + Pγ 2 − Eγ 2

+ ∂

∂x j

[(
μ + μt

σγ

)
∂γ

∂x j

]
(12)

The transition sources are defined as follows:

Pγ 1 = Ca1FlρS
[
γ Fo

]Cγ 3 (13)

Eγ 1 = Ce1Pγ 1γ (14)

where S is the strain rate magnitude, Fl is an empirical cor-
relation 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:

Pγ 2 = Ca2ρ�γ Ft (15)

Eγ 2 = Ce2Pγ 2γ (16)

where � is the vorticity magnitude. The transition onset is
controlled by the following functions:

Reν = ρy2S

μ
(17)

RT = ρk

μω
(18)

Fo1 = Reν

2193Reθc
(19)

Fo2 = min
(
max

(
Fo1, F

4
o1

)
, 2.0

)
(20)

Fo3 = max

(
1 −

(
RT

2.5

)3

, 0

)
(21)

Fo = max (Fo2 − Fo3, 0) (22)

Ft = e
−

(
RT
4

)4
(23)

where y is the wall distance and Reθc is the critical Reynolds
number where the intermittency first starts to increase in
the boundary layer. This occurs upstream of the transition
Reynolds number R̃eθc and the difference between the two
must be obtained from an empirical correlation. Both the Fl
and Reθc correlations are functions of R̃eθc.

The constants for the intermittency equation are Ca1 =
2;Ce1 = 1;Ca2 = 0.06;Ce2 = 50;Cγ 3 = 0.5 and σγ =
1.0

123



Arabian Journal for Science and Engineering

The transport equation for the transitionmomentum thick-
ness Reynolds number R̃eθ t is:

∂
(
ρ R̃eθ t

)
∂t

+ ∂(ρU j R̃eθ t )

∂x j
= Pθ t + ∂

∂x j

[σθ t (μ + μt )]
∂ R̃eθ t

∂x j
(24)

The source term is defined as follows:

Pθ t = Cθ t
ρ

t

(
Reθ t − R̃eθ t

)
(1.0 − Fθ t ) (25)

t = 500μ

ρU2 (26)

Fθ t = min

(
max

(
Fwe(

− y
δ )

4
, 1.0 −

(
γ − 1/50

1.0 − 1/50

)2
)

, 1.0

)
(27)

θBL = R̃eθ tμ

ρU
(28)

δBL = 15

2
θBL (29)

δ = 50�y

U
δBL (30)

Reω = ρωy2

μ
(31)

Fw = e
−

(
Reω
1E+5

)2
(32)

The model constants for the R̃eθ t equation are Cθ t = 0.03
and σθ t = 2.0.

After choosing the adequate turbulence model, a SIM-
PLE pressure–velocity coupling method with second order
upwind scheme for the convective terms is applied to realize
simulations. The scaled residuals below 10−6 are considered
as the convergence criteria for all residuals equations of con-
tinuity, momentum and turbulence characteristics for each
time step. The time step is defined as 1◦/time step, which
means in each time step the rotor turned 1◦. The considered
time step size is employed with 50 iterations per time step.

4 Numerical Method Verification and
Validation of the CFDModel

4.1 Verification

When working with limited resources, finding a grid-
independent solution is important to avoid the increase of
the resources requirement with no significant change in the
results. In order to obtain grid-independent results under the
present study, four meshes, namely the coarse, medium, fine
and extra fine mesh, with approximately 8.1, 10.9, 13.85 and
16 million elements, respectively, are generated by varying
the node distribution in the complete computational domain
containing the Lucid spherical rotor. The rotor torque coef-
ficient parameter Cm , defined by Eq. (33), is chosen to be
observed for the grid independence analysis.

Cm = M
1
2ρV

2∞RS
(33)

where R represents the rotor radius, M is the torque, S is the
free flow cross-sectional area and is given by the following
equation:

S = 2RH (34)

where H is the height of the rotor.
Numerical results are considered to be statistically sta-

ble, when the magnitude of torque coefficient fluctuations
reaches quasi-steady state. Under the present study, simula-
tions take four revolutions to attain the quasi-steady state.
Figure 4 presents the torque coefficient for four revolutions
of the Lucid spherical rotor. In the initial stage, an instability
was observed. A periodic solution was obtained after several
revolutions.

Figure 5 shows the effect of the mesh size on the rotor
torque coefficient which was investigated for the last revo-
lution at λ = 2.04. The value of the relative error of the
torque coefficient between the fine and the extra fine mesh is
less than 2%. In addition, the fine mesh was chosen for the

Fig. 4 Periodic torque
coefficient over four cycles of
the rotor
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Fig. 5 Effect of the grid size on
the total average torque for one
revolution

Fig. 6 Effect of the turbulence
model on the rotor torque
coefficient

following simulations considering the time economy of the
simulations.

The effect of the numerical model on computational
results was also analyzed. 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
compared to the experimental data. However, the maximum
error of values is recorded for the RNG k − ε model. Fig-
ure 6 shows the effect of the turbulence model on the rotor
torque coefficient witch is investigated for the last revolution
at λ = 2.04. Following these results, the realizable k − ε

model was chosen as the adequate model for the numerical
simulations.

4.2 Validation of the CFDModel

In order to validate the accuracyof theCFDmodel used in this
paper, numerical results were compared with experimental
data. Validation studies were realized by Bachant et al. [17]
at the University of New Hampshire. In their experiments,
they considered a Lucid spherical water rotor in a test bed
with 36.6 m long, 3.66 m wide and 2.44 m deep. Figure 7
shows a comparison of the power coefficient between the
numerical method adopted in this paper and experimental
data at range of tip speed ratios. The power coefficient is
defined by the following equation:

Fig. 7 Results of the CFD model validation

Cp = P
1
2ρSV

3∞
= λCm (35)

where P is the generated power.
Figure 8 shows the value of the torque coefficient for the

four rotor blades at λ = 2.04. The average error between
experimental and numerical data is around 2%. From these
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Fig. 8 Variation of the torque
coefficient of the rotor blades at
λ = 2.04

Fig. 9 Variation of the power coefficient with respect to λ

results, it has been observed that the numerical results are in
good agreement with the experimental data.

5 Results and Discussion

The goal of this section is to analyze the performance of the
Lucid spherical rotor when it is surrounded by converging
pipe and also 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 rotor. Different presentation planes defined by y = 0 m
and z = 0 m are considered.

5.1 Performance Characteristics

In this section, the effect of the converging pipe on the perfor-
mance of the Lucid spherical rotor is investigated. Figure 9
shows the variation of the power coefficient with respect to
λ for the Lucid spherical rotor with and without converging

pipe. According to these results, it is observed that the power
coefficient increases with the decrease in λ until reaching the
maximum values. In addition, it is noticed that the power
coefficient is higher with the converging pipe surrounding
the rotor. The maximum values of the power coefficient of
the rotor without and with the converging pipe are equal to
0.204 and 0.224, respectively. The comparison between these
results confirms that the converging pipe has a direct effect
on the performance of the Lucid spherical rotor.

Figure 10 shows the variation of the torque coefficient of
the rotor with and without converging pipe for λ = 2.04 in
one revolution, to get better understanding of how the con-
verging pipe affects the performance of the Lucid spherical
rotor. Indeed, it has been observed that there is a significant
increase in the torque coefficient. In fact, the torque coeffi-
cient is equal to 0.1 without the converging pipe. However,
it is equal to 0.11 with the converging pipe.

5.2 Drag Coefficient

Figure 11 presents a comparison of the drag coefficient
between numerical results and experimental data at range
of tip speed ratios. The drag coefficient is calculated by the
following equation:

CD = Fd
1
2ρSV

2∞
(36)

where Fd is the drag force.
The comparison between experimental and numerical

results leads us to the conclusion that the numerical results
are in good agreement with the experimental data. In addi-
tion, it is observed that the converging pipe has a little effect
on the rotor drag coefficient at low tip speed ratios. Figure 12
presents the variation of the rotor drag coefficient with and
without converging pipe at λ = 2.05 for one revolution.
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Fig. 10 Variation of the torque
coefficient of the rotor at
λ = 2.04

Fig. 11 Variation of the drag coefficient with respect to λ

5.3 Velocity Profiles

In order to analyze the velocity profile around the Lucid
spherical rotor with and without converging pipe, different
points are considered. Along the y direction, these points
are characterized by the limit values y = −0.9m and
y = 0.9m. The considered points are situated in the trans-
verse planes defined by the axial positions equal to z = 0
m. For each transverse planes, values are taken along the
directions defined by x = −0.9m, x = −0.6m, x = 0.6m
and x = 0.9 m. The results for each planes are presented
in Fig. 13. In Fig. 13c, for the case of the rotor without
converging pipe, it is observed that the velocity is almost
equal to the value as given at the inlet boundary condition
(V∞ = 0.9 m s−1). However, it is noticed in the region facing
the rotor that the velocity values are slightly affected by the
rotor. In fact, a remarkable deceleration of the water velocity
is noted in the region facing the rotor for the case of the rotor
with converging pipe. Therefore, it can be concluded that the
presence of the converging pipe around the rotor increases
the water pressure applied on the rotor blades. As shown
in Fig. 13a, the deceleration of the water velocity becomes
important while getting closer to the rotor. Figure 13b, d
presents the downstream of the rotor. From these results, a
decrease in the velocity values due to the presence of the

rotor considered as an obstacle is observed. Therefore, the
velocity decrease behind the rotor shows well that the rotor
downstream is characterized by the presence of a deceleration
zone caused by the increased levels of turbulence intensity.
Indeed, it is observed that the velocity is higher for the case
of the rotor with converging pipe. Therefore, it can be con-
cluded that the converging pipe increases the rotational speed
of the rotor. In addition, it is noticed that the region which
contains the lowest values of the velocity is extended in the
zone defined by y ranging from 0 to 0.9 m than the other one
(y ranging from −0.9 to 0 m). This fact could be justified by
the deflection of the deceleration zone upwardwhen showing
the velocity distribution in the plan defined by z = 0 m. The
comparison between these results confirms that the converg-
ing pipe has a direct effect on the velocity profile around the
Lucid spherical rotor.

5.4 MagnitudeVelocity

Figure 14 shows the distribution of the magnitude velocity of
the water at λ = 2.04 around the Lucid spherical rotor with
and without converging pipe on the planes defined by y = 0
m and z = 0 m. The comparison between results confirms
that the converging pipe have a direct effect on the magni-
tude velocity distribution. In fact, for the case of the Lucid
spherical rotor without converging pipe (Fig. 14a), it can be
noted that the velocity is weak in the upstream of the rotor.
In fact, it is equal to the value as given at the inlet bound-
ary 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. While observing the plot
on the plane defined by z = 0 m, it can easily be noted that
this zone deflects upward slightly. This deflect is due to the
centrifugal force generated by the blades of the rotor with
the counter-clockwise rotation. This force makes the water
molecules move radially along the rotor blade from its root
toward the tip of the blade. While zooming the region sur-
rounding the blade B1, an acceleration of the flow is observed
on the suction surface close to the leading edge. Therefore,
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Fig. 12 Variation of the rotor
drag coefficient at λ = 2.05

Fig. 13 Velocity profiles (z = 0 m). a x = −0.6m, b x = 0.6m, c x = −0.9m and d x = 0.9m
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Fig. 14 Velocity distribution around the Lucid spherical rotor. a Without converging pipe and b with converging pipe

a high-speed region on the suction side appears. Figure 14b
shows the distribution of the velocity when the Lucid spher-
ical rotor is located in a converging pipe. From these results,
it is observed that the velocity is weak in the inlet of the
domain. At the converging pipe, an increase in the velocity
value caused by the throttling of the flow has been noted

due to the reduction of the converging pipe section. Regard-
ing the values of the velocity around the rotor blades, it is
clear that the rotor with converging pipe generates the high-
est velocity value. At the downstream of the rotor with the
converging pipe, the velocity value of the deceleration zone
is higher than the one of the low-speed region at the down-
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Fig. 15 Pressure distribution around the Lucid spherical rotor. a Without converging pipe and b with converging pipe

stream of the rotor without converging pipe. For the rotor
with and without the converging pipe, the maximum value
of the magnitude velocity is equal, respectively, to 3.1 m s−1

and 3 m s−1.

5.5 Pressure

Figure 15 presents the pressure distribution around the Lucid
spherical rotor with and without converging pipe on the pre-
sentation planes y = 0 m and z = 0 m. For the water rotor
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Fig. 16 Turbulent kinetic energy distribution around the Lucid spherical rotor. a Without converging pipe and b with converging pipe

without the converging pipe, it has been observed that at
the inlet of the domain, the pressure is uniform. High val-
ues of pressure are noticed at the upstream of the advancing
blade, whereas low values are found at the downstream,
which caused difference of pressure. Energy is produced at

this moment due to this difference of pressure, and the rotor
blades start rotating. By using the converging pipe, it has been
observed that the pressure increases at the upstream of the
rotor due to the big volume of the water sucked by the con-
verging section. Pressure is found as 1811 Pa at the upstream
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Fig. 17 Dissipation rate of the turbulent kinetic energy distribution around the Lucid spherical rotor. a Without converging pipe and b with
converging pipe

of the advancing blade for the case of the converging pipe
around the rotor, whereas it is found as 1662 Pa for the case of
the rotor without converging pipe. The comparison between
these results confirms that the converging pipe has a direct
effect on the pressure distribution around the Lucid spherical
rotor

5.6 Turbulent Kinetic Energy

Figure 16 shows the distribution of the turbulent kinetic
energy at λ = 2.04 around the Lucid spherical rotor with and
without converging pipe on the planes defined, respectively,
by y = 0 m and z = 0 m. From these results, it is observed
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Fig. 18 Turbulent viscosity distribution around the Lucid spherical rotor. a Without converging pipe and b with converging pipe

that the values of the turbulent kinetic energy are very low
in the water channel except in the region surrounding the
rotor and the converging pipe. The turbulent kinetic energy
distribution shows the increase in the energy near the rotor
blades and the big diameter of the converging section. The
comparison between these results confirms that the rotorwith
converging pipe generates higher energy values. The value of
the turbulent kinetic energy is found as 0.38 m2 s−2 near the
rotor blades for the case of the converging pipe surrounding
the rotor, whereas it is found as 0.34 m2 s−2 for the case of
the rotor without converging pipe. These results imply that
the converging pipe around the Lucid spherical rotor is able
to improve the rotor performance.

5.7 Dissipation Rate of the Turbulent Kinetic Energy

Figure 17 shows the dissipation rate of the turbulent kinetic
energy distribution around the Lucid spherical rotor with and
without the converging pipe on the planes y = 0m and z = 0
m. From these results, it has been noted that the dissipation
rate of the turbulent kinetic energy is weak at the upstream of
the rotor. However, an increase in the dissipation rate of the
turbulent kinetic energy is noticed near the blades of the rotor
and at the downstream of the rotor. The comparison between
these results confirms that the converging pipe around the
rotor has an effect on the dissipation rate of the turbulent
kinetic energy distribution. In fact, the maximum value of
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the dissipation rate of the turbulent kinetic energy around the
Lucid spherical rotor without the converging pipe is equal to
0.83W kg−1. However, for the case of the converging pipe
around the rotor is equal to 0.91W kg−1.

5.8 Turbulent Viscosity

Figure 18 shows the distribution of the turbulent viscosity
for water velocity of 0.9m s−1 at λ = 2.04 around the Lucid
spherical rotor with and without the converging pipe on the
planes defined by y = 0 m and z = 0 m. According to these
results, it has been noted that the turbulent viscosity is weak
at the upstream of the rotor. It increases near the blades of the
rotor, and the highest values are observed at the downstream
of the rotor. The comparison between these results confirms
that the converging pipe around the rotor has an effect on the
turbulent viscosity distribution. In fact, for the rotor with and
without the converging pipe, themaximumvalue of the turbu-
lent viscosity at the downstreamof theLucid spherical rotor is
equal, respectively, to 9.73 kg m−1 s−1 and 9.93 kg m−1 s−1.

6 Conclusion

In this paper, numerical simulations were carried out to study
the effect of the converging pipe on the performance of Lucid
spherical rotor. The numerical simulations were based on
the commercial unsteady Reynolds-averaged Navier–Stokes
(URANS) solver in conjunction with the realizable k−ε tur-
bulence model. The validation of the numerical method was
performed using previous experiments founded at the liter-
ature. Numerical results showed that the converging pipe is
able to enhance the performance of the Lucid spherical rotor
when it is installed in a prismatic channel. Indeed, the effect
of the converging pipe on the hydrodynamic characteristics
of the flow around the Lucid spherical rotor has been pre-
sented. In the future, we are going to study the effect of the
converging pipe parameters such as the length and the diame-
ter of the converging section on the performance of the Lucid
spherical rotor.
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