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Analytical and Computational
Fluid Dynamics Models of Wells
Turbines for Oscillating Water
Column Systems
The sea is an important renewable energy resource for its extension and the power conveyed
by waves, currents, tides, and thermal gradients. Amongst these physical phenomena, sea
waves are the source with the highest energy density and may contribute to fulfilling the
global increase of power demand. Despite the potential of sea waves, their harnessing is
still a technological challenge. Oscillating water column systems operating with Wells tur-
bines represent one of the most straightforward and reliable solutions for the optimal
exploitation of this resource. An analytical model and computational fluid dynamics
models were developed to evaluate the functioning of monoplane isolated Wells turbines.
For the former modeling typology, a blade element momentum code relying on the actuator
disk theory was applied, considering the rotor as a set of airfoils. For the latter modeling
typology, a three-dimensional multi-block technique was implemented to create the compu-
tational domain with a fully mapped mesh composed of hexahedral elements. The employ-
ment of circumferential periodic boundary conditions allowed for the reduction of
computational power and time. The models use Reynolds-averaged Navier-Stokes
(RANS) or u-RANS schemes with a multiple reference frame approach or the u-RANS for-
mulation with a sliding mesh approach. The achieved results were compared with analytical
and experimental literature data for validation. All the developed models showed good
agreement. The analytical model is suitable for a fast prediction of the turbine operation
on a wide set of configurations during the first design stages, while the computational
fluid dynamics (CFD) models are indicated for the further investigation of the selected con-
figurations. [DOI: 10.1115/1.4052216]

Keywords: Wells turbine, analytical models, CFD models, OWC system, wave energy,
alternative energy sources, renewable energy

1 Introduction
In recent years, energy demand has been continuously growing

worldwide. Together with the possible exhaustion of fossil fuels
and the level of pollutant and greenhouse emissions, the increasing
energy request has raised the global efforts toward enhancing the
harvesting of renewable resources. In this framework, the sea is
one of the renewable energies with the highest potential. The phys-
ical phenomena that can be exploited are waves, currents, tides, and
thermal gradients. Since sea waves combine the highest energy
density and availability amongst the cited ones, wave energy con-
version systems (WECs) are attractive for providing a contribution
to the electric energy supply.
Wave harvesting has a remarkable perspective, as the wave

power incident on the world coastline is estimated among 0.5 and
2.2 TW [1,2], which corresponds to more than 10% of the global
power consumption [3]. Coupled with the abundant resource avail-
ability, an essential aspect of energy transformation from waves
involves not impacting and not polluting technologies. Besides,
WECs are prone to be coupled with photovoltaic plants and off-
shore wind turbines [4]. There are three main categories of wave
energy conversion systems [5], classified on their working

principle: oscillating water column devices (OWCs), overtopping
devices (OTDs), and oscillating body devices (OBDs). Different
from other renewable energy fields, a predominant technology
has not yet been identified, and power harnessing still represents
a challenge [6]. The OWC devices are considered very promising
due to the structural simplicity, reliability, and absence of mechan-
ical parts moving under water [7].
The research on air turbines for OWC systems showed particular

interest in Wells [8–10] and impulse turbines [11–13]. In the fol-
lowing, the attention is focused on analytical and numerical
models of Wells turbines, which are the topic of the present study.
In 1984, Gato and Falcão presented a theoretical investigation of

the aerodynamics of a monoplane isolated Wells turbine function-
ing with a reciprocating airflow. The flow crossing the air turbine
and the main performance parameters were analyzed through the
application of either the two-dimensional cascade theory or
the actuator disk theory [9]. In 1985, Raghunathan et al. analytically
and experimentally evaluated the effects of the principal geometric
and aerodynamic parameters on the operation of monoplane
isolated Wells turbines. Two analytical models relying on the two-
dimensional cascade theory and the isolated airfoil data were devel-
oped. The experiments were performed on a rig with unidirectional
airflow and a rig with oscillating airflow [14]. In 1991, Raghunathan
et al. further investigated the effects of the main design variables on
the turbine functioning and proposed techniques for improving its
performance [15]. In 1995, Raghunathan defined a methodology
for designingWells turbines for wave power plants based on an iter-
ative calculation of the geometric and aerodynamic parameters [16].
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The same author reviewed the analytical and experimental models
for predicting the operation of monoplane and biplane Wells tur-
bines [17].
In 2002, Brito-Melo et al. applied computational fluid dynamics

(CFD) to investigate the impact on the aerodynamics of the design
solutions of Wells turbines, considering the presence or absence of
guide vanes and a bypass relief valve [18]. In 2003, Heikal applied a
two-dimensional analysis relying on the radial equilibrium theory to
determine the influence of the blade shape, rotor solidity, and
Reynolds number on the functioning of turbomachines with and
without guide vanes. The outcomes were compared with experi-
mental data obtained with a unidirectional airflow rig [19]. In
2004, Torresi et al. performed CFD analyses to evaluate the blade
tip leakage and the hysteretic mechanism under oscillating flow
conditions for a low-solidity Wells turbine [20]. In 2008, the
same authors described the steady three-dimensional flow field of
a machine with high rotor solidity. A uniform tip clearance gap
was analyzed, observing that a tip clearance ratio of around 0.01
increases turbine performance and reduces the impact of this param-
eter [21]. In 2010, Taha et al. carried out steady-state CFD analyses
to determine the effects of different values of uniform tip clearance
gap for a Wells turbine with blade profile NACA0020 under steady
flow conditions [22]. The following year, the analyses were
extended to non-uniform dimensions showing very slight positive
effects on the overall turbine performance. The numerical results
were compared with literature experiments in terms of input and
torque coefficients and efficiency [23]. In 2011, Torresi et al. pre-
sented an actuator disk model of a high-solidity turbine and com-
pared the predicted performance with the outcomes of the
corresponding CFD model. Either the approaches were utilized to
assess the operation of a monoplane isolated Wells turbine with a
chord length linearly growing with the rotor radius [24]. Starzmann
and Carolus numerically analyzed the impact of the hub-to-tip ratio
and the rotor solidity on the aerodynamics and aeroacoustics, dem-
onstrating that lowering these parameters enlarges the operating
regime without stalling and reduces the noise emissions [25]. In
2014, Bassetti et al. developed a blade element momentum
(BEM) model and applied numerical analyses to build a prototype
of a wave energy converter for evaluating the aerodynamics and
acoustics of Wells turbines [26].
The most recent literature indicates that the research on oscillat-

ing water column systems is moving toward the comprehensive
study of the entire process of power conversion from sea waves
to the electric wire [27–31]. An extensive literature review on the
related design solutions and modeling approaches was proposed
by some of the authors of this study [30].
The analysis of the existing literature reveals a lack in the com-

parison between analytical and numerical models for the evaluation
of the aerodynamics of Wells turbines. In the present work, a BEM
model and CFD models were developed, compared, and validated
against analytical and experimental literature data, showing good
agreement [26,32]. The models thoroughly consider the processes
of energy transformation occurring in the secondary converter of
an OWC system based on the pressure gradients alternatively
made available by the chamber. A detailed analysis of the fluid
dynamics and thermodynamics of the turbine was conducted with
either the approaches alongside the assessment of the main perfor-
mance parameters.
Furthermore, the analytical code can operate in stand-alone mode

or be integrated into a wave-to-wire model to investigate the func-
tioning of the entire system. Therefore, comparing the analytical
model with more accurate models such as numerical and experi-
mental ones is paramount to verify its accuracy in predictions.

2 Subject of the Study
The Wells turbine is an axial-flow turbine invented by

A. A. Wells in 1976 and it is the most widespread turbomachine
for energy conversion from sea waves [8]. The literature case

study is an isolated monoplane Wells turbine composed of a
single rotor cascade with symmetrical blades staggered around the
central hub, symmetrically positioned regarding the plane normal
to the rotation axis and thus at 90 deg concerning the incoming
flow (Fig. 1).
The main geometric specifications and operating conditions of

the Wells turbine investigated are listed in Table 1 based on the
reference literature data [26,32]. For the analyses performed by
imposing a sinusoidal law as a function of time for the inlet velocity,
a wave period of 7 s was selected to consider typical conditions of a
moderate climate of the Mediterranean Sea [30,31].

3 Analytical Model
A blade element momentum model applying the actuator disk

theory was developed for evaluating the aerodynamics of mono-
plane isolated Wells turbines. With this approach, a turbomachine

Fig. 1 Section of the rendering of an OWC system showing the
chamber and the monoplane isolated Wells turbine

Table 1 Main geometric specifications and operating
conditions of the Wells turbine

Parameter Description

Turbine typology Isolated monoplane
Blade profile NACA0015
Blade number 7
Turbine casing diameter 0.50 m
Hub-to-tip ratio 0.75
Chord length 0.117 m
Rotational speed 3600 rpm
Inflow velocity amplitude 14.91 m/s
Outflow velocity amplitude 15.73 m/s
Airflow period 7 s
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row is modeled as an infinitely thin disk simulating the former in
terms of energy exchange with the flow through the imposition of
mass and momentum conservation [33,34]. The flow is assumed
to be steady, axisymmetric, and inviscid. Furthermore, the blade
element momentum theory models each blade as a finite set of air-
foils stacked along the blade span. Every couple of adjacent airfoils
defines a blade element [29,31].
Since every blade element has its distinctive geometry and rotates

with a specific tangential speed, undergoing particular flow condi-
tions, a sensitivity analysis to the element number was performed.
It was found that 50 blade elements are the optimal compromise
between accuracy and computational time.
At the inlet and outlet of the domain, ideally positioned far

upstream and far downstream of the actuator disk, the condition
of radial equilibrium is assigned. The flow entering the domain of
a monoplane isolated Wells turbine is assumed perfectly axial and
uniform for either the inflow and outflow phases. Consequently,
the axial component of the inlet absolute velocity is imposed by
the continuity equation, and its circumferential component is null.
The velocity triangles at the inlet section can be calculated for
each blade element by varying the flow conditions and the rotor
angular speed (Fig. 2).
The solution of the aerodynamics is based on the use of the lift

and drag coefficients CL and CD, following the classical airfoil
theory [29,31]. For this purpose, the experimental data of the
Sandia tables measured on isolated profiles are utilized. In turboma-
chinery, the presence of the clearance determines the leakage of part
of the airflow through the tip gap and thus a reduction of the power
conversion. Therefore, the experimental drag coefficients are
increased by adding induced drag coefficients to obtain equivalent
drag coefficients CDtc modeling the clearance effect through
Eq. (1). The induced drag coefficient of a generic blade element i
depends on its lift coefficient, the tip clearance gap ʈ, the aspect
ratio AR, and the pitch ȶ computed at the blade tip [35]

(1)

Afterward, the lift and equivalent drag coefficients are applied in
Eqs. (2) and (3) to determine the lift and drag forces fL and fD devel-
oped by a flow impacting an infinitesimal blade element of chord

length l with relative velocity w

dfL,i =
1
2
ρiliCL,i w

2
1,idr (2)

dfD,i =
1
2
ρiliCDtc,i w

2
1,idr (3)

where ρ is the air density, r is the turbine radius, and subscript 1
indicates the rotor inlet.
A trigonometric combination of the lift and drag forces is applied

in Eqs. (4) and (5) for computing the axial and tangential compo-
nents fx and fϑ acting on every blade element

dfx,i = dfL,icos β1,i + dfD,isin β1,i =
1
2
ρa,iliCx,i w

2
1,idr (4)

dfθ,i = dfL,isin β1,i − dfD,icos β1,i =
1
2
ρa,iliCθ,i w

2
1,idr (5)

where β is the incidence angle of the flow on the blade, and Cx and
Cϑ are the axial and tangential force coefficients, respectively.
The midspan solidity of Wells turbines ranges between 0.4 and

0.6 to operate efficiently with self-starting mode. This implies a
relevant mutual interaction among the blades of the cascade due
to inviscid and viscous effects. Therefore, the use of a correction
factor is required to consider this phenomenon. The cascade inter-
ference factor (CIF) of Eq. (6) based on the rotor solidity σ is uti-
lized for this purpose [17]

CIF =
1

1 − σ2i
(6)

The cascade interference factor is multiplied by Cx and Cϑ

through Eqs. (7) and (8) to modify the values of the axial and tan-
gential force coefficients. The coefficients CxCIF and CϑCIF obtained
are substituted into Eqs. (4) and (5) to the corresponding unper-
turbed values for computing the axial and tangential forces
altered by the mutual blade interaction

CxCIF,i = CIFCx,i (7)

CθCIF,i = CIFCθ,i (8)

Fig. 2 Scheme of the blade-to-blade section and velocity triangles of a monoplane isolated
Wells turbine with NACA0015 airfoil
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The power Pb transferred from the flow to the blades composing
the rotor is provided by Eq. (9), relying on Eqs. (5) and (8). The con-
tribution of each blade element is integrated along the blade span,
from hub to tip

Pb =
∫rtip
rhub

ZΩridfθCIF,i =
1
2

∫rtip
rhub

Zρa,iliCθCIF,iw
2
1,iΩridr (9)

where Ω is the rotational speed of the rotor and Z is the number of
row blades.
The static-to-static pressure drop across the rotor is provided by

Eq. (10), which imposes the balance between the pressure force
acting on the flow and the axial force acting on the blades

p1,i − p2,i =
ρa,iliZCx,iv2x1,i
4πrisin2β1,i

(10)

where p is the static pressure, vx is the axial component of the abso-
lute velocity of the flow, and subscript 2 refers to the rotor outlet.
The flow absolute angle α2 at the exit of the rotor is calculated

with Eq. (11) to determine the velocity triangle at the domain
outlet. Subsequently, all the components of the absolute and relative
flow velocities and the other flow angles are computed by imposing
the mass conservation and applying trigonometry

cot α2,i = cot α1,i +
ZliCθ,i

4πβ1,i
(11)

The law of the absolute axial velocity distribution at the domain
outlet is obtained with Eq. (12) by assigning the conditions of radial
equilibrium and constant total pressure along the blade span [17]

d(v2x,i)

dr
= −

1

4π2r2i

d(2πrivθ2,i)2

dr
(12)

An iterative process based on energy conservation is imple-
mented to calculate the airflow field in the entire computational
domain [29,31].

4 Computational Fluid Dynamics Models
Three-dimensional CFD models were developed to analyze the

aerodynamics of the airflow passing through a monoplane isolated
Wells turbine for oscillating water column systems. The creation of
the computational domain, constituted by the straight annular duct
embedding the turbine, and its spatial discretization were performed
with ANSYS ICEM 19.1 and implemented in ANSYS FLUENT 19.1
developing a completely automated procedure. Both steady and

unsteady Reynolds-averaged Navier–Stokes (RANS and u-RANS,
respectively) schemes were used. The turbulence closure was per-
formed with either the realizable k–ɛ model with enhanced wall
functions or the k–ω stress transport model with a low Reynolds
number correction to the turbulent viscosity. Two different
approaches were utilized for modeling rotation: the multiple refer-
ence frame (MRF) model with a moving reference frame and the
sliding mesh (SM) model [36].

4.1 Numerical Domain. The flow conditions and geometry of
the straight annular duct and the turbine are axisymmetric in func-
tion to the number of rotor blades. Thus, the model is periodic in the
circumferential direction. This enables to perform simulations on a
computational domain comprising 1/7 of the turbine annulus,
including one blade passage instead of analyzing the full annulus.
As a consequence, the computational time and power required are
significantly reduced. The domain is bounded by the inlet and
outlet boundaries, the periodic surfaces, the annulus walls, and
the blade walls (Fig. 3). The tip clearance gap was not included
in the domain to limit the computational requirements. The implica-
tions of this geometric parameter on the turbine performance are
determined by the extension of the gap. In particular, the decrease
of its dimension enhances the turbine efficiency due to the reduction
of the leakage losses but advances the aerodynamic stall. Therefore,
the gap is typically defined between around 1% and 2% of the
length of the blade chord to achieve a good compromise between
these opposing effects. For such values, the gap influence on the
operating curves of the turbomachine is limited [21–24].
The computational domain consists of three cell zones disposed

in the axial direction: upstream duct, rotor, and downstream duct.
The first and last regions are stationary and represent the annular
duct sections upstream and downstream of the rotor. In contrast,
the second is the rotating region enclosing one rotor blade in the
annulus section. The domain is symmetrical in the axial direction
as simulations imposing a sinusoidal function at the inlet were per-
formed to define a bidirectional airflow [36]. The axial dimension of
the stationary zones was set to six times the length of the blade
chord to obtain the full development of the flow upstream of the
rotor and examine the flow field after the interaction with the
rotor blades [37,38]. For the rotating zone, the axial dimension
was defined as equal to about the length of the blade chord accord-
ing to the sensitivity analysis explained in Subsec. 4.5 for ensuring
mesh independence.

4.2 Numerical Grid. The spatial discretization of the compu-
tational domain was achieved with a fully mapped mesh composed

Fig. 3 Scheme of the computational domain of the monoplane isolated Wells turbine
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of hexahedral elements by applying a multi-block technique and
grid refinement at the wall boundaries [36]. A C-type mesh topol-
ogy was realized in the region surrounding the blade to capture
the complex boundary layer flow, and H-type mesh topologies
were created in the rest of the domain (Fig. 4).
The mesh comprises around 3.85 × 106 nodes and 3.76 × 106 ele-

ments. The generated high-quality mesh led to well-converged solu-
tions, characterized by the convergence criteria of the mass
conservation within 10−3 and maximum order of the root mean
squares residuals of 10−6 for the continuity, momentum, and turbu-
lence equations. In the circumferential direction, 300 nodes were
distributed around the blade profile, and 70 nodes were positioned
in the blade passage with 30 nodes upstream of the leading edge and
40 downstream of the trailing edge. In the radial direction, 80 nodes
were set along the blade span. In the axial direction, 80 nodes were
located in the stationary regions, and 100 nodes were established in
the rotating region. The dimension of the boundary layer cells in the
direction normal to the wall boundary was defined to achieve values
of y+ between 30 and 90 for the simulations carried out with the k–ɛ
turbulence model and lower than 1 for the simulations performed
with the k–ω turbulence model [36]. The cell growth ratio was set
to 1.05 at all the wall boundaries (Fig. 5).

4.3 Mathematical Model. Steady and unsteady Reynolds-
averaged Navier-Stokes equations were solved for a compressible
ideal gas. The air density, the thermal conductivity, and the
dynamic viscosity were defined as functions of the temperature
[36]. The governing equations for the mass, the momentum, and
the energy are described in equations from Eqs. (13)–(15)

∂ρ
∂t

+ ∇ · (ρv) = 0 (13)

where t is the time and v is the air velocity vector.

∂(ρv)
∂t

+ ∇ · (ρvv) = −∇ · p + ∇ · τ (14)

where τ is the stress tensor.

(15)

where h0 is the total specific enthalpy, ĸ is the effective thermal con-
ductivity, and ʈ is the temperature.
The total specific enthalpy is provided by the specific enthalpy h

and the specific kinetic energy, depending on the air velocity mag-
nitude v, as expressed by Eq. (16)

h0 = h +
v2

2
(16)

The time derivatives in the governing equations from
Eqs. (13)–(15) are neglected in the steady-state analyses.
The Navier–Stokes equations were discretized with a

second-order scheme for the pressure and second-order upwind
schemes for the density, momentum, energy, turbulent kinetic
energy, and specific dissipation rate. The coupled scheme was
applied for relating the velocity and pressure corrections. The
least-squares and cell-based method was utilized to calculate the
variable gradients. Since the relative Reynolds number computed
regarding the blade chord length ranges between around 2 · 104

and 3 · 106, the turbulence closure [21,39] was achieved with
second-order discretization by using the realizable k–ɛ model
with enhanced wall functions for the near-wall treatment [40] or
the k–ω stress transport model [41] with low Reynolds number cor-
rection to the turbulent viscosity [41]. The equations were implicitly
solved with a pressure-based approach [36].

4.4 Boundary Conditions. The conditions imposed at the
boundaries of the computational domain of Fig. 3 are listed in
Table 2.
For all the numerical configurations, uniform distributions of the

flow velocity and uniform and constant temperature distributions
were assigned at the inlet boundary. At the domain outlet,
uniform and constant distributions of the static pressure with
radial equilibrium condition and a constant backflow temperature
were imposed [36]. The rotational speed and the interval of the
inlet velocity designated are provided in Table 1, while the static
gauge pressure and the temperature were set to 0 Pa and
288.15 K, respectively.
The turbulence intensity ti was determined with Eq. (17) as a

function of the relative Reynolds number Re,dh computed on the
basis of the hydraulic diameter of the annular duct [42]

ti = 0.16R−0.125
e,dh (17)

Fig. 4 Isometric view of the blade and hub wall mesh

Fig. 5 Mesh close-up (a) at the hub leading edge and (b) around
the blade tip

Table 2 Boundary conditions applied in the CFD models

Boundary Condition

Inlet Velocity, turbulent intensity, length scale, and
temperature

Outlet Static pressure, radial equilibrium, and turbulent
intensity, length scale and temperature of the
backflow

Blade and walls No slip
Rotor circumferential
sidewalls

Rotational periodicity

Duct circumferential
sidewalls

Periodicity

Journal of Energy Resources Technology MAY 2022, Vol. 144 / 050903-5



The turbulent length scale ł was defined through Eq. (18) based
on the characteristic length of the flow opening Ł [42]

(18)

No-slip boundary conditions were imposed on the walls of the
annulus and the blade. Moreover, periodic and rotationally periodic
boundary conditions were assigned to the circumferential sidewalls
of the stationary and rotating regions, respectively.
Regarding the uniform distributions of the inlet flow velocity,

two different approaches were defined. Indeed, the effects of apply-
ing a discrete set of constant values covering the entire operating
range and values varying with a sinusoidal function in the same
range were analyzed. The first approach was used for both steady
and unsteady simulations, while the second approach requires
unsteady analyses.
The rotation was modeled with the multiple reference frame

method or the sliding mesh method. In either case, a constant rota-
tional speed was considered [36].

4.5 Sensitivity Analyses. The development of a computa-
tional fluid dynamics model requires sensitivity analyses with
respect to spatial and temporal discretization.
For evaluating the grid independence, a mesh sensitivity analysis

was performed by comparing the results of several different grids
with a node number ranging from 0.5 to 9.5 × 106. The finer and
coarser meshes were derived through homogeneous variations of
the node number relative to the selected mesh comprising 3.85
million nodes. The minimum values of node number around the
blade airfoil and along its span were set to 200 and 50, respectively.
The mesh sensitivity analysis consists of three phases. First, the

effects of the number of elements and their distribution on the cal-
culated values were assessed over the entire computational domain.
Afterward, the influence of the extension in the axial direction of the
rotating cell zone was evaluated to determine the minimum value
ensuring mesh independence. The ultimate phase regarded the
extensive appraisal of the implications of the element number and
distribution on the computed quantities [36].
The number and arrangement of elements are fundamental fea-

tures, in particular for the rotating cell zone. As noticeable in
Fig. 6(a), an extension of at least about half a chord both upstream
and downstream of the leading edge of the blade ensures the inde-
pendence of the computations and thus of the rotor torque from this
parameter. Figure 6(b) indicates that the difference of the torque cal-
culated corresponding to the maximum inlet velocity is 5.8% for a
grid with approximately 0.5 × 106 nodes compared to the finest
mesh with about 9.5 × 106 nodes. The discrepancy reduces to
1.0% for a mesh with approximately 1.6 × 106 nodes. By further

increasing the node number, the variations become slight, and for
a grid with around 3.85 million nodes are negligible.
The steady-state simulations with the k–ω turbulence model and

the multiple reference frame method were selected to present the
outcomes of the mesh sensitivity analysis. The selected quantity,
flow conditions, and numerical settings are representative of the
effects of the investigated grid parameters for all the CFD analyses
performed.
The definition of the values of the time-step for fully transient

models requires a sensitivity analysis. The objective is to evaluate
the effects of the magnitude of the time-step for determining the
highest value that ensures slight or negligible variations of the com-
puted quantities. Values of the time-step size lower or equal to
1 · 10−2 s provide a satisfactory prediction of the torque during
the entire computations for the multiple reference frame model.
For the sliding mesh model, such value entails fluctuations of the
computed torque corresponding to the extremes of the inflow and
outflow phases, which are avoided by a time-step less or equal to
8 · 10−3 s. A further decrease of the time-step size to at least
5 · 10−3 s is needed for reaching discrepancies of the computed
results lower than 0.25% and 0.40% for the MRF and the SM
models, respectively (Fig. 7). Therefore, this value was utilized in
further computations.
For the stationary analyses, the duration of the calculations was

normalized through the ratio with that of the simulations with the
MRF scheme and 3.85 × 106 nodes to compare the computational
time of each case. For the transient analyses, the case with the
same rotational scheme and mesh and the time-step size of
5 · 10−3 s was considered as a reference for normalization.
Figure 8(a) shows the trade-off between the accuracy of the calcu-
lations of the static-to-static pressure drop across the turbine duct
and the computational time to changes in the grid size for the
steady-state calculations with the k–ω turbulence model and the
MRF method. Figure 8(b) indicates that the computational time
of the SM approach is always higher regarding the MRF approach.
In particular, for the selected time-step size of 5 · 10−3 s, the compu-
tational time is about 19% greater [36].
Since the study aimed to investigate different CFD models, a fine

grid with around 3.85 × 106 nodes and the time-step size of
5 · 10−3 s were selected to achieve high accuracy while limiting
the computational time.

5 Results and Discussion
The results of the aerodynamics of the Wells turbine achieved

with the BEM model and the CFD models are presented in terms
of nondimensional and dimensional parameters, as traditionally

Fig. 6 Torque acting on the rotor blades for different values of the inlet flow velocity as a function of (a) the length of the rotat-
ing cell zone normalized relative to the blade chord and (b) the grid node number

050903-6 / Vol. 144, MAY 2022 Transactions of the ASME



applied in turbomachinery [34]. The nondimensional parameters are
the flow coefficient φ, the input and torque coefficients CA and CT,
and the efficiency η, defined in Eqs. (19)–(22), respectively. The
dimensional parameters are the torque, the power, and the
static-to-static pressure drop across the computational domain

φm =
vx,m
Um

(19)

CA,m =
( p01 − p2)q̇

1
2
ρ1(v

2
x,m + U2

m)blZvx,m

(20)

CT ,m =
Tb

1
2
ρ1(v

2
x,m + U2

m)blZrm

(21)

η =
ΩTb

( p01 − p2)q̇
=

CT ,m

φmCA,m
(22)

where U is the blade speed, p01 is the total pressure at the domain
inlet, p2 is the static pressure at the domain outlet, q̇ is the air
volume flowrate, b is the blade height, Tb is the rotor blade
torque, ρ1 is the air density at the domain inlet, and subscript m
refers to the blade midspan.

Figure 9(a) shows that the input coefficient has a linear relation
with the flow coefficient and deviates from this trend only at the
extremes of the operating range. The deviation is very slight for
the CFD simulations with the k–ω turbulence model, while it is
more marked for the cases with the k–ɛ model due to the prediction
of greater pressure drops across the turbine duct. For the analytical
model, the linear relation discrepancy is higher owing to the lower
values of the pressure variation.
In Fig. 9(b), the torque coefficient is negative for low incidence

angles, corresponding to the values of φm between approximately
−0.05 and 0.05. This occurs as the contribution of the viscous
forces prevails on that of the pressure forces acting on the surfaces
of the rotor blades. For higher absolute values of the flow incidence
angle, the torque is positive, as the contribution of the pressure
forces is dominant. The BEM model provides higher levels of the
torque coefficient regarding the CFD models due to the greater
blade torque predicted.
Figure 10(a) shows the static-to-static pressure drop between the

turbine inlet and outlet as a function of the volume airflow rate. For
all the models, the relation is linear and deviates from linearity only
at the extremes of the flow phases.
The torque acting on the rotor blades is represented in Fig. 10(b)

by varying the midspan flow coefficient. The torque increases with
the rise of the flow incidence angle.
In Fig. 10(c), the power transferred by the flow to the blades is

shown. Since the rotational velocity is constant, the power curves

Fig. 7 Sensitivity analysis of the blade torque to the time-step size for (a) the MRF model and (b) the SM model

Fig. 8 Computational time ratio for (a) the steady-state analyses with the MRF model as a function of the node number and
(b) the transient MRF and SM models as a function of the time-step size
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have the same trend as those of the torque. It is noticeable that the
results of the CFD models are in close agreement with the experi-
mental literature results for the whole inflow phase and the majority
of the outflow phase. Conversely, at the extreme of the outflow
phase, the experimental curve of the power is subject to a reduction
of the growth speed, which is not shown by the CFD models
[26,32]. In particular, the k–ω turbulence model predicts power
values closer to the experimental results than the k–ɛ model. The
overestimation of the power of the numerical models can be

addressed to the absence of mechanical losses and, for the CFD
models, even of the tip clearance. The BEM model provides
results in excellent agreement with the analytical literature model
and has a broader range of applicability than this reference, as it
considers both the inflow and outflow phases. Either the analytical
models overestimate the rotor power.
The curves of efficiency are depicted in Fig. 10(d ). The turbine

efficiency increases with the absolute value of the flow coefficient
up to a specific value, after which it declines. The peak efficiency

Fig. 9 (a) Input coefficient and (b) torque coefficient versus flow coefficient at the blade midspan

Fig. 10 (a) Static-to-static pressure drop versus volume flowrate and (b) torque, (c) power, and (d ) efficiency as functions of
the flow coefficient at the blade midspan
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is reached during the outflow phase and is nearly 87% for the BEM
model and ranges between 69% and 71% for the CFD models. The
discrepancy in the efficiency calculated by the analytical model is
mainly due to the overestimation of the aerodynamic interference
between the blades comprising the rotor.
The CFD models based on applying a sinusoidal function for the

inlet velocity and the k–ω turbulence model were selected to
examine further the modeling, as they provide the closest results
to the experimental data.
In Fig. 11, the variation of the absolute tangential velocity with

the airflow is analyzed. Since the flow entering the turbine duct is
assumed to be perfectly axial, this quantity coincides with the tan-
gential component of the absolute velocity in the downwind section.
In particular, for the analytical model, the variation is calculated
between the inlet and outlet sections positioned far upstream and
far downstream of the rotor. For the CFD models, the maximum

average value of the change in absolute tangential velocity inside
the computational domain is considered. This value is reached
right downwind of the rotor blades, as moving toward the outlet
the swirl decreases.
The variations of the absolute tangential velocity achieved with

the BEM model are generally higher regarding the CFD models
in the entire operating range, except at the lowest absolute values
of the flow coefficient for the case of the MRF model. The differ-
ences in the outcomes are due to the overprediction by the analytical
model of the tangential force acting on the rotor blades. This, in
turn, depends on the overestimation of the lift force regarding the
drag force.
Focusing on the CFD models, the flow fields of the

static-to-static pressure drop across the turbine are shown in
Fig. 12. Since the analyses were performed on a section of the
turbine annulus by imposing circumferential periodicity boundary
conditions instead of solving the computations for the full annulus,
the influence of the potential effect on the rotor blades was inves-
tigated. This effect is caused by the interaction of the wake at the
trailing edge of each blade with the leading edge of the following
blade of the row. Figure 12 indicates that the potential effect is
limited during both the flow phases. Thus, the application of cir-
cumferential periodicity is a reasonable approach. The flow field
depicted at the midspan is representative of the entire span, and
the predictions of the two schemes for modeling rotation are in
close agreement.
Figures 13 and 14 show the flow fields of the absolute tangential

velocity computed with the MRF model and the SM model on
evenly spaced surfaces with a constant radius at 25%, 50%, and
75% of the blade span for the inflow and outflow phases. The
flow is attached to the blade from the hub to the tip for all the inves-
tigated conditions. Higher velocities can be noticed moving toward
the blade tip, in particular close to the leading edge, due to the
higher peripheral speed.
The flow fields obtained with the MRF and SM models are in

good agreement. However, the average variation of the absolute

Fig. 11 Absolute tangential velocity versus inlet axial velocity

Fig. 12 Relative static pressure on surfaces with a constant radius at the blade midspan for
(a) the inflow phase with the MRF model, (b) the inflow phase with the SM model, (c) the
outflow phase with the MRF model, and (d ) the outflow phase with the SM model
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tangential velocity is greater for the former model due to higher
absolute values of the minimum and maximum absolute tangential
velocity. This results in the prediction of higher values of torque and
power, as shown in Figs. 10(b) and 10(c), respectively.
The reduction of the absolute tangential velocity in the wake at

the outlet of the blade is presented in Fig. 15 on sections evenly
spaced in the circumferential direction in correspondence with the
midspan radial position. Moving away from the blade, from line
1 to line 5, the effects of the wake are reduced, the wake tends to
mix with the surrounding flow, and it is deflected in the downstream
direction. The influence of the wake is more pronounced during the
outflow than the inflow, owing to the different inlet air conditions.
The predicted trend of the absolute tangential velocity is similar for
the MRF and SM models, although the variations obtained with the
former are higher.
In Fig. 16, the distributions of the isentropic Mach number and

the static pressure are represented along the curvilinear abscissa
on the airfoil at the blade midspan. The isentropic Mach

number is obtained with Eq. (23) by applying the isentropic
flow relations

Mais =

��������������������������
p0,fr
p

( )γ−1
γ

− 1

⎛
⎝

⎞
⎠ 2
γ − 1

√√√√√ (23)

where γ is the heat capacity ratio of air and p0,fr is the reference
total pressure calculated based on the inlet static pressure and the
inlet velocity computed in the rotating reference frame.
At the leading edge of the suction side, the flow has a rapid accel-

eration and quickly reaches the maximum isentropic Mach number
corresponding to the minimum of the static pressure. Afterward, the
flow experiences a smooth deceleration to its lowest value due to the
airfoil shape. On the pressure side, the flow first decelerates and
then accelerates with a gradual trend in the region subject to the
slow reduction of the static pressure. During the inflow, the static

Fig. 13 Absolute tangential velocity computed with the MRF model on surfaces with a cons-
tant radius at 25%, 50%, and 75% of the span for (a)–(c) the inflow phase and (d )–(f ) the
outflow phase

Fig. 14 Absolute tangential velocity computed with the SM model on surfaces with a cons-
tant radius at 25%, 50%, and 75% of the span for (a)–(c) the inflow phase and (d )–(f ) the
outflow phase
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pressure on the blade surfaces is lower regarding the outflow and
results in smaller variations of the isentropic Mach number.
Figure 17 indicates the variation of the specific enthalpy

between the inlet and outlet of the turbine duct as a function of
the specific entropy. The variation in the specific total enthalpy
equals the difference between the specific work exchanged by
the flow with the rotor blades and the specific work lost for the
friction with the other wall boundaries. The specific total enthalpy
drop during the outflow is greater than during the inflow, resulting

in a higher power transferred from the airflow to the rotor. Con-
sidering the entire operating range, the variation in the specific
total enthalpy determines an average power on the rotor
blades that is 6.09% lower for the SM model regarding the
MRF model.
The values of the power transferred from the flow to the turbine

and the efficiency computed with the analytical and numerical
models are compared in Table 3 considering the extremes of the
flow phases.

Fig. 15 Distributions of the absolute tangential velocity in the trailing edge region computed during (a) and (b) the inflow
phase and (c) and (d ) the outflow phase with the MRF and SM models

Fig. 16 Distributions of (a) the isentropic Mach number and (b) the relative static pressure along the blade airfoil at the midspan
section
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Finally, the time series of the power converted by the monoplane
isolate Wells turbine are represented in Fig. 18 for the CFD models
with a sinusoidal function for the inlet velocity.

6 Conclusions
The operation of a Wells turbine for oscillating water column

systems was analyzed with an analytical model and computational
fluid dynamics models. The former modeling typology applies a
theoretical approach to solve the aerodynamics, considering the cas-
cades as groups of blades composed of a finite set of airfoils. The
model combines satisfactory accuracy and limited computational
effort. Therefore, it is especially suitable during the early design
stages to provide a rapid assessment of the energy extractable by
a Wells turbine. The latter modeling typology provides higher

accuracy but requires significantly higher computational resources.
Thus, numerical models are useful for investigating in detail a
limited number of selected configurations. The domain of the
duct comprising the Wells rotor was generated with a three-
dimensional multi-block technique, obtaining a fully mapped
mesh composed of hexahedral elements. Circumferential periodic
boundary conditions were applied to reduce the computational
power and time requested. The CFD models use the RANS or
u-RANS schemes with a moving reference frame or the u-RANS
formulation with a sliding mesh.
The blade element momentum model provides results that are in

excellent agreement with the analytical literature model. Moreover,
the developed model has a wider range of applicability as it consid-
ers either the inflow phase and the outflow phase. By comparing this
model with the experiments, reasonable matching of the power
output curve is obtained with a limited overestimation of the out-
comes, also due to the absence of mechanical losses. As regards
the numerical models, the achieved results are in good agreement
with the experimental literature data.
The computational model providing the closest results to the

experimental data applies the sliding mesh scheme and the k–ω
turbulence model and assigns a sinusoidal function for the inlet
velocity. This configuration and the use of a mesh with around
3.85 × 106 nodes and a time-step of 5 · 10−3 s are suggested to
achieve high accuracy. Moreover, time-variant inlet boundary con-
ditions allow the analysis of the flow quantities and the perfor-
mance parameters in the time domain, making the CFD model
suitable for coupling with the models of the primary and tertiary
converters. Conversely, when the objective of the analysis is com-
paring a wide variety of cases, the frozen rotor approximation
(MRF model) is a cost-effective approach to evaluating the
machine operation and a mesh with about 1.6 × 106 nodes and
a time-step size up to 1 · 10−2 s may be utilized. For further speed-
ing up the computations, the use of incompressible gas formula-
tions is recommended.
The analytical and numerical models were applied to determine

the operating curves of a laboratory-scale turbine. Subsequently,
the flow fields and the distributions of the main quantities were ana-
lyzed in detail. Finally, the CFD models were utilized to provide the
time series of the power output of the Wells turbine in environmen-
tal conditions typical of the Mediterranean Sea.
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Fig. 17 Specific enthalpy variation versus specific entropy generation across the turbine duct calculated with (a) the MRF
model and (b) the SM model

Table 3 Power conversion and efficiency computed with the
BEM and CFD models

Quantity

Inflow Outflow

BEM MRF SM BEM MRF SM

vx1, m/s −14.91 −14.91 −14.91 15.73 15.73 15.73
PI, W 5243.64 5367.45 5252.39 5915.37 6541.78 6453.66
Pb, W 4568.33 3625.09 3411.34 5146.60 4527.93 4300.17
ηb, % 87.12 67.54 64.95 87.00 69.22 66.63

Fig. 18 Time series of the power exerted by the airflow on the
rotor blades determined with the MRF and SM models
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