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Abstract—The assessment of a design-oriented hydro-
dynamics model for horizontal axis tidal turbines is ad-
dressed. The methodology is based on a Boundary Integral
Equation Model with a simple viscous flow correction
(BIEM-VFC) and is valid to analyse the three-dimensional
flow around a turbine in arbitrary onset flow at computa-
tional costs comparable to standard blade element methods.
A validation study is performed by using benchmark data
from full viscous flow simulations by RANS. Numerical
results by BIEM-VFC are compared with RANS predictions
of turbine global performance, thrust and power, as well as
local flow quantities describing pressure distributions and
wall streamlines on blades and trailing vorticity path in the
wakefield. The validation study demonstrates that BIEM-
VFC predictions of both global and local flow quantities are
comparable with those obtained from more complex full
viscous flow simulations for a range of turbine operating
conditions where viscosity effects are significant but blades
are free from massive separation and stall. For operating
conditions characterized by blade stall, BIEM-VFC fails to
describe local flow details while qualitative approximations
of global loads are given.

Index Terms—Tidal energy, horizontal-axis turbines, hy-
drodynamics, computational models, RANS, Boundary In-
tegral Equation Model, CFD validation

I. INTRODUCTION

T

A classical approach to mitigate the computational
burden is to decompose the problem into sub-domains
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that can be adequately faced using variable-fidelity
models. Reynolds Averaged Navier-Stokes (RANS)
solvers adopting actuator discs models to describe
turbine rotors are examples of this approach. The per-
turbation induced by rotor blades is simply imposed or
determined by fast solvers like Blade Element Methods
(BEM), see e.g., [6]–[8].

An attempt to generalize standard RANS/actuator
disc models is the hybrid viscous/inviscid model re-
cently developed at CNR-INM. This is an interactive
approach in which an inviscid-flow solver evaluat-
ing turbine perturbation is strongly coupled with a
Navier-Stokes solver describing the turbulent flow sur-
rounding the turbine. The inviscid flow is solved by
a Boundary Integral Equation Method (BIEM). The
methodology is valid to study the three-dimensional
flow around a turbine in an arbitrary onset flow. Invis-
cid flow assumptions are overcome by introducing an
original Viscous Flow Correction (VFC) model applied
to radial distributions of blade loads. The resulting
model is referred to as BIEM-VFC.

Compared to full-viscous flow models, the hybrid
Navier-Stokes/BIEM-VFC methodology allows to dra-
matically reduce the computational cost associated to
the numerical solution by CFD of the flow region
surrounding rotor blades solid walls. The capability of
this methodology to describe the interactions among
in-line rotors has been discussed in [9]. Although re-
sults are promising, it is apparent that the reliability
of this approach is largely affected by the capacity of
the inviscid-flow model to correctly describe turbine
loading and the perturbation induced to the surround-
ing flow. To this aim, BIEM-VFC validation studies
have been done by considering turbine performance
measurements from model tests as benchmark data,
and results presented in [10], [11].

Aim of the present work is to describe a more
comprehensive validation study where CFD is taken
as a virtual tank and full viscous flow simulations
provide a benchmark dataset. This allows to analyse in
details the capability of BIEM-VFC to correctly describe
rotor thrust and torque as well as local details of
turbine flow over a range of operating conditions. This
includes pressure distribution and wall streamlines on
the blades surface, and the path of trailing vortices
shed in the rotor wake. The CFD model used in the
study is a general purpose Navier Stokes solver in-
house developed at CNR-INM over more than two
decades and extensively validated for a wide range of
hydrodynamics problems [12].

In the present analysis, steady flow RANS sim-

IDAL turbines operate in flows characterized by
strong turbulence, shear and vortical structures

covering a large range of scales [1]. This affects hy-
drodynamic performance and structural integrity, as
well as the dynamics of rotor wakes in arrays [2].
Computational Fluid Dynamics (CFD) models based
on the numerical solution of the Navier-Stokes equa-
tions provide the most general approach to describe
turbine hydrodynamics in viscous, turbulent flows.
Recent literature (see, e.g., [3], [4]) demonstrates that
CFD simulations can be used as virtual flume tank
experiments in which both turbine global performance
as well as details of the interaction between turbine and
the surrounding flow are obtained. This is achieved at
computational costs that are unaffordable for design
applications when a complex configuration has to be
studied, as in the case of turbine arrays or clusters [5].
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ulations describe a single horizontal-axis turbine in
uniform onset flow. A three-bladed turbine designed
by Schottel Hydro for installation on floating plat-
forms [13] is taken as case study. This turbine has been
the subject of extensive experimental work at model
scale through tests in flume and towing tanks and at
near scale in a tidal site [14]. Results from flume tank
tests [15] provide additional benchmark data.

In the following, the BIEM-VFC methodology is
described with details of the viscosity correction and
trailing vorticity models. The RANS model used to pro-
vide benchmark data is also briefly described. Results
of the validation study are presented by considering
a range of turbine operating conditions from attached
blade flow to stall. Limits of applicability of BIEM-VFC
and accuracy of results are discussed.

II. THE INVISCID-FLOW MODEL BY BIEM

The inviscid-flow model proposed here is based
on a Boundary Integral Equation Method (BIEM).
The methodology is widely used for the hydrody-
namic analysis of marine propulsors and the PRO-INS
solver developed at CNR-INM has been applied to the
analysis of propeller performance and cavitation, see
e.g., [17], and [18].

Recently, the methodology has been extended to
the hydrodynamic analysis of marine current turbines,
and results of validation studies are described in [10],
[11]. The extension from propulsion to energy gen-
eration devices implies the introduction of dedicated
modelling to describe trailing vorticity dynamics and
to account for viscosity effects when turbine blades
undergo flow separation and stall.

Inviscid-flow modelling assumptions yield that a
scalar potential ϕ can be introduced to represent the
perturbation velocity induced by a turbine as an irro-
tational field v = ∇ϕ. Navier-Stokes equations are then
dramatically simplified to obtain, in incompressible
flow conditions, that the mass conservation equation
yields the Laplace equation for the velocity poten-
tial, while momentum conservation reduces to the
Bernoulli equation

∂ϕ

∂t
+

1

2
‖∇ϕ+ v

I
‖2 +

p

ρ
+ gz0 =

1

2
‖v

I
‖2 +

p0
ρ
, (1)

where p0 is the free-stream reference pressure and gz0
is the hydrostatic head. Quantity v

I
= v0 + Ωex × x is

the inflow velocity at point x as seen from an observer
fixed with blades rotating at angular velocity Ω about
an axis parallel to the unit vector ex. Quantity v0

denotes the onset flow velocity field, taken as an input.
In case of a turbine aligned to an uniform onset flow
at speed V , it is v0 = V ex.

The Laplace equation for ϕ is solved via a boundary
integral formulation [19] where problem unknowns
are distributed on the body surface and on its trailing
wake. By potential flow theory for lifting bodies, the
trailing wake denotes a zero-thickness layer where
vorticity generated by lifting bodies is shed into the
downstream flow. Assuming vanishing perturbation
at infinite distance, the following boundary integral

representation for ϕ at an arbitrary field point x is
obtained for a turbine with Z blades

E(x)ϕ(x) =

∫
S

T

(
∂ϕ

∂n
G− ϕ∂G

∂n

)
dS(y)

−
∫
S

W

∆ϕ
∂G

∂n
dS(y). (2)

where S
T

denotes the turbine solid boundary combin-
ing blades surface S

B
=
∑
i SBi

(i = 1, ..Z) and the
nacelle surface S

N
, while S

W
=
∑
i SWi

denotes the
trailing wake. Quantity n is the unit normal to these
surfaces, pointing outward on solid boundaries and
from pressure to suction sides at blade trailing edges
to define the orientation on the wake. The symbol ∆
in Eq. (2) is used to denote discontinuity of velocity
potential across the trailing wake surface, while E(x)
is a function that makes the same equation to be valid
for points x on the body surface (E = 1/2) or inside the
fluid domain, E = 1. Moreover, quantities G, ∂G/∂n
are unit source and dipoles in the unbounded three-
dimensional space and depend only from the mutual
position between the collocation point x and the in-
fluencing point y on the boundary surfaces. A dis-
tinguishing feature of the present formulation is that
analytical expressions from [19] are used to evaluate
the exact contributions of source and dipole terms on
hyperboloidal quadrilateral surface elements.

Equation (2) is solved with an impermeabilty con-
dition on solid boundaries, ∂ϕ/∂n = −v

I
· n, and by

imposing on the wake surface that vorticity generated
on blades is convected downstream. This turns into a
condition of the type ∆ϕ(x

W
, t) = ∆ϕ(x

TE
(t − ∆t)),

where ∆t is the convection time between a wake point
x

W
and the shedding point x

TE
at blade trailing edge.

A numerical solution of the Laplace problem for ϕ
is obtained by discretizing surfaces S

B
and S

N
into

quadrilateral elements and imposing impermeability
conditions for given onset flow. Enforcing discretized
Eq. (2) at centroids of solid boundary elements, a linear
set of algebraic equations is obtained.

Once the velocity potential is known, the Bernoulli
Eq. (1) is used to determine the pressure distribution
and the normal stress (pn) acting on turbine solid walls
(blade and nacelle). Tangential stress fτ is related to vis-
cous friction τ that is missing in the inviscid-flow BIEM
solution. Under attached flow conditions, an estimate
of τ can be determined through the analogy with a
flat plate at zero angle of attack in a fully developed
turbulent flow at given Reynolds number [10].

Integrating on blades surface, turbine thrust T and
torque Q follow

T =
Z∑
i=1

∫ R

Rh

f ′xdr =

∫
S

B

(−pn + fτ ) · ex dS,

Q =
Z∑
i=1

∫ R

Rh

f ′t r dr =

∫
S

B

x× (−pn + fτ ) · ex dS (3)

where R,Rh are, respectively, blade and hub radius.
In the expressions above, quantities f ′x and f ′t are
introduced to define radial distributions along blade of,
respectively, axial and tangential hydrodynamic forces.
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Based on the formulation outlined above, further
modelling is introduced to determine the trailing wake
surface S

W
in Eq. (2), and a correction of blade loads in

Eq. (3) taking into account for the effects of boundary
layer separation and stall.

A. Trailing wake model

A simple approach typically used in BIEMs is to
approximate S

W
with an helicoidal surface whose axial

pitch and radial expansion or contraction is defined
through semi-empirical or analytical assumptions.

Here, a more physically consistent formulation is
proposed in which the actual shape of the wake is
determined as a part of the flowfield solution by BIEM.
Starting from an initial guess of S

W
, the location of

nodes of the discretized wake surface is updated by
imposing that wake points are shed according to the
velocity field resulting from the onset flow and the
turbine induced perturbation. The latter is evaluated
from a representation of the perturbation velocity ∇ϕ
obtained by taking the gradient of Eq. (2) (with E = 1)

vw(x) =

∫
S

T

[
∂ϕ

∂n
∇xG− ϕ∇x

(
∂G

∂n

)]
dS(y)

−
∫
S

W

∆ϕ∇x

(
∂G

∂n

)
dS(y) (4)

where symbol ∇x denotes the gradient operator acting
on a wake point x. Once the velocity potential ϕ on the
solid surface S

T
is known from the solution of Eq. (2),

quantities in the right-hand side in Eq. (4) are known
and the perturbation velocity vw at any field point in
the wake can be determined. The numerical evaluation
of the above expression implies a specific treatment of
the gradient of dipole contributions over the wake to
avoid contributions tending to infinity as the distance
between the influencing point y and the collocation
point x reduces to zero. A robust formulation is ob-
tained by recasting the dipole gradient on a surface
element SWn

through the Biot-Savart law [17]

∇x

∫
SWn

∂G

∂n
dS(y) =

1

4π

∮
∂SWn

(xc − y)× dy
‖xc − y‖3

, (5)

where xc denotes the wake surface element centroid.
The velocity distribution resulting from Eqs. (4) and (5)
is interpolated at wake grid nodes. Furthermore, the
axial position of the tip vortex, corresponding to wake
grid nodes shed at blade tip, is updated by imposing
shedding at velocity obtained by averaging freestream
velocity outside the streamtube, v0 = V ex, and the
mean axial velocity evaluated by Eq. (4) inside the
streamtube. Such a tip-vortex sheeding model follows
the roll bearing analogy proposed by Okulov & Sørensen
in [20]. The resulting trailing wake model generalizes
the formulation introduced in [10], which is used here
to determine an initial guess of the wake shape. A
trailing wake shape consistent with the perturbed flow-
field around the turbine is then obtained by iteratively
solving Eqs. (2) and (4) as described.

B. Viscous flow correction to blade loads
The inviscid flow methodology described above fails

to describe turbine loads when blade boundary layer
undergoes separation and stall. This condition is typi-
cal for hydrokinetic turbines when the Tip Speed Ratio
(TSR) reduces below the maximum torque point. A
simple methodology has been developed in [10] to
correct radial distributions of blade loads. To this aim,
sectional lift and drag forces evaluated by BIEM under
inviscid flow assumptions are compared with forces
generated on two-dimensional (2D) profiles represen-
tative of blade sections and operating at same angle of
attack and Reynolds number of blade sections. The ap-
proach is referred to as Viscous Flow Correction (VFC).

By isolating contributions from S
W

in Eq. (4), the ve-
locity ∆vw induced by the trailing vorticity in the wake
can be evaluated. Axial and tangential components of
∆vw are used to determine the direction of the actual
flow incoming to the blades and the effective angle of
attack αe at each blade section, as sketched in Fig. 1,
where φ denotes the blade pitch

The difference between the effective angle of attack
and the nominal angle of attack where vw

e is used.
In the present model, the X-Foil code by Drela [21]
is used to predict lift and drag. This solver, largely
used in the analysis of wind and tidal turbines by
Blade Element methods (BEM), is based on a BIEM
for two-dimensional flows combined with an integral
boundary layer solver to predict hydrodynamic loads
for attached as well as separated flow including stall.

For a given turbine operating point, flow conditions
on blade section at radius r are then determined in
terms of radial distributions of the effective angle of
attack αe and of the local Reynolds number

Rer = cV
I
/ν = c

√
(v0 · ex)2 + (Ωr)2/ν (6)

with c denoting blade chord and ν the kinematic
viscosity of water.

Sectional lift dL
2D

and drag dD
2D

evaluated by
X-Foil are compared with corresponding quantities
evaluated under inviscid flow conditions, denoted as

Fig. 1. Inflow velocity components and hydrodynamic
force components on turbine blade section at radius r.

components
are neglected is representative of three-dimensional
flow effects at blade sections. Then, an approximated
evaluation of lift and drag generated at a given blade
section at radius r can be obtained from a 2D model
provided that the effective angle of attack α
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( )
2Dinv

, and including skin friction contribution by
the flat plate analogy as described above. Then, ex-
pressions of correction factors relating viscous-flow and
inviscid-flow sectional loads are obtained as follows

K
D

(r) = dD
2D
/dD

2Dinv
, (7)

K
L

(r) = dL
2D
/dL

2Dinv

and sectional lift and drag by BIEM are recast as

dL̂p = K
L

dLp, dD̂p = K2
L

dDp (8)

dL̂τ = K
D

dLτ , dD̂τ = K
D

dDτ

where symbol (̂ ) labels viscous-flow corrected quanti-
ties. In the above expressions, quantities Lp, Lτ denote
lift contributions from BIEM obtained by integrating,
respectively, normal stress (pressure) and tangential
stress (friction). Same meaning holds for drag compo-
nents Dp, Dτ . Finally, denoting γ = αe + φ (Fig. 1),
viscous flow corrected radial distributions of axial and
tangential forces follow (compare with Eq. (3))

f̂ ′x = sin γ
(

dD̂p + dD̂τ

)
+ cos γ

(
dL̂p + dL̂τ

)
(9)

f̂ ′t = − cos γ
(

dD̂p + dD̂τ

)
+ sin γ

(
dL̂p + dL̂τ

)
A key limitation of the BIEM-VFC model is that

viscosity correction applies only to radial distributions
of blade loads while no correction is given for local
distributions of normal and tangential stress acting
over the blades surface. This aspect will be discussed
in Section V where results by the present methodology
are compared with flowfield predictions by the full
viscous-flow solver described in the following section.

III. VIRTUAL TOWING TANK: RANS

Removing the simplifying assumptions of inviscid,
irrotational flow, turbine hdrodynamics can be anal-
ysed under general mass and momentum conservation
equations and the effects of flow viscosity and turbu-
lence on turbine flow and performance are investigated
in details. In the present study, the numerical simula-
tion of the flow field is performed by the integration
of the Reynolds–Averaged Navier–Stokes equations
written in non-dimensional form in the frame of ref-
erence fixed to the rotating blades in terms of absolute
velocity:

(u− Ωex × r)∇u +∇p−∇ · τ = 0

where u is the absolute velocity in the intertial frame
of reference, r = x − x0 is the position of point x
with respect to x0, τ = νT

(
∇u +∇uT

)
the stress

tensor, νT = 1/Re + νt, νt being the turbulent viscosity
calculated by the Spalart & Allmaras model [22] and
Re the Reynolds number (later defined).

As boundary condition, at solid walls the velocity
of the fluid is set equal to the local wall velocity, i.e.
u = Ωex × r, at the inflow the velocity is set to the
value of the undisturbed flow, u = v0, whereas at the
outflow the velocity is extrapolated from inner points.

The numerical integration of the governing equa-
tions (10) is performed by means of an in–house solver
thoroughly described in [23] and in the references

therein cited. The methodology is briefly reviewed here
for the sake of completeness.

The numerical algorithm is based on a finite volume
technique with pressure and velocity co–located at cell
centers. The computational domain is partitioned into
structured blocks each one subdivided into hexahe-
drons. Conservation laws are then applied to each
hexahedron:

6∑
i=1

∫
Si

u · n dS = 0

∂

∂t

∫
V
u dV +

6∑
i=1

∫
Si

(Fc −Fd) · n dS = 0

(10)

where Si is the i-th face of the generic finite volume V
and the fluxes are decomposed into a convective part
Fc and a diffusive term Fd.

A standard second order centered scheme is used for
the computation of viscous terms, whereas a centered
fourth–order scheme has been applied for the compu-
tation of Eulerian terms. Because of the treatment of
the viscous terms, the scheme is formally second order
accurate in space, although previous numerical experi-
ence proved that using a high order approximation of
Eulerian terms can remarkably reduce the actual error.

The physical time–derivatives are approximated by a
second order accurate, three-point backward finite dif-
ference formula. The resulting scheme is fully implicit
in time and a dual time stepping approach is adopted
for its integration.

The equations are discretized on a block struc-
tured grid with partial overlapping. This approach
renders domain discretization and grid quality control
much easier than with structured meshes with abutting
blocks when dealing with complex geometries like the
one under investigation. High performance computing
is achieved by a hybrid shared (OMP) and distributed
(MPI) memory parallelization.

IV. TEST CASE AND NUMERICAL SET-UP

The case study selected for the present analysis is
a three-bladed fixed-pitch horizontal-axis turbine de-
signed by Schottel Hydro GmbH for installation on
floating platforms [13]. This turbine has been the sub-
ject of comprehensive experimental studies at model
scale (diameter D = 0.5 and 1.5 m) and at full scale [14],
[15]. Main turbine geometry data are described in [16]
and summarized in Table I, while Fig. 2 shows the D =
0.5 m model and set-up in the depressurised flume
tank at CNR-INM for performance measurements in
uniform onset flow (v0 = V ex).

Model test results are used as benchmark in the
comparison between numerical predictions by RANS
and BIEM-VFC discussed in the following section. Test
conditions correspond to onset flow speed V = 2m/s
and tip speed ratio λ = ΩR/V from 1 to 10 (with
R = D/2). Turbine performance is presented as thrust,
torque and power coefficients,

C
T

=
T

1
2ρAV

2
, C

Q
=

Q
1
2ρAV

2R
, C

P
=

ΩQ
1
2ρAV

3
(11)
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while the pressure distribution over the blade surface
is given in terms of the pressure coefficient cp

cp = (p− p0) /
1

2
ρV 2

I
(12)

where V
I

=
√
V 2 + (Ωr)2 is the nominal inflow speed

at radius r along blade span.

Diameter D [m] 0.50
Pitch ratio, r/R = 0.7 P0.7/D [-] 0.30
Area ratio AE/A0 [-] 0.14
Chord length, r/R = 0.7 c0.7

h/D [-] 0.10

Blade and nacelle surfaces have been discretized into
quadrilateral elements and surface meshes are built
using an in-house software. Discretization parameters
have been chosen on the basis of a grid sensitivity
study on tidal turbines discussed in [10]. Specifically,
each blade is discretized into 36 elements chordwise
from leading to trailing edges, and 30 elements span-
wise, with grid refinement at blades leading edge and
tip. The nacelle grid is automatically generated once
the blade root is discretized and in the present case
this results into 42 and 54 elements, respectively, in
circumferential and longitudinal directions. Finally, the
wake surface shed by each blade is discretized into 30
elements along radius and 60 elements streamwise per
revolution, while 10 revolutions in total are considered.
Details of the grid built around the nacelle and in the
blade root region are shown in Fig. 3.

Turbine performance in uniform onset flow is stud-
ied by steady flow calculations in the frame of refer-
ence fixed with rotating blades. Taking advantage of
geometry and flow symmetry, discretization param-
eters above result into a linear problem with 3024
unknowns. The numerical solution for a single tip
speed ratio λ with imposed wake geometry takes less
than 30 seconds of CPU time on a 2.6 GHz single-core
processor. If the wake alignment procedure is used,
the CPU time grows proportionally to the number of
iterations. For the numerical solutions described in the
present work, the iterative procedure converges in 15
to 25 steps with slower convergence at high tip speed
ratio where trailing wake effects are stronger, as it will
be discussed later.

Akin BIEM, RANS simulations are performed in a
frame of reference fixed with rotating blades, but in
this case a time-marching solution is calculated. The
time step is chosen to have a rotation of two degrees
for the propeller (dt = 0.014373) per integration step.
All quantities are cast in non–dimensional form.

The boundary layer is fully resolved, the first point
being set at a distance from the wall such that y+ <
1 in wall unit. The whole grid has 41M cells in total
and the relative weight of grid blocks is detailed in
table II. Results discussed in the present paper refer
to the medium grid level, while computations on the
finest mesh are in progress. Computations are carried
out on a parallel machine (processors Intel Xeon 3GHz)
by hybrid 4 MPI and 2 OMP processes. About 60 hours

Fig. 2. The Schottel Hydro model turbine during per-
formance tests in the flume tank at CNR-INM.

Both viscous-flow and inviscid-flow simulations de-
scribe a single turbine in an unbounded uniform flow.
For each flow condition, the Reynolds number is the
same as in model tests. The three-dimensional model
considered in both RANS and BIEM simulations repro-
duce the geometry of the D = 0.5 m physical model.
The only exception is that in the BIEM grid blade
root sections have streamlined shape while the actual
geometry presents thick sections with blunt trailing
edge, see Fig. 3. It should be noted that both RANS and
BIEM three-dimensional models present a finite length
nacelle, while in the physical model the rotor boss
is connected downstream to a dynamometer inside a
gondola supported by a stanchion, see Fig. 2.

[m] 0.04
Rake ε [m] 0.00
Skew angle θ [deg] 5.45
Number of blades Z [-] 3
Hub diameter ratio d

TABLE I
MODEL TURBINE MAIN GEOMETRYPARAMETERS

Fig. 3. Detail of blade roots and nacelle in the 3D mod-
els used in RANS (left) and BIEM (right) simulations.

C. BIEM: numerical set–up

D. RANS: numerical set–up

Figure 4 shows the building blocks of the mesh. For
each blade and for both the fore and the aft parts of
the hub, “O-grid” topology is chosen. In particular, the
blade is discretized by two overlapping ”O-grid” used
for the main body (from the blade root to r/R=0.95)
and the tip. The near field of the wake is discretized
with two adjacent cartesian blocks. The block covering
the turbine has a finer grid in order to achieve the
best overlap with grid blocks around the blades. The
remaining part of the mesh is made by concentric
toroidal blocks covering the whole domain.
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(a) Overview of RANS grid blocking layout

GRID ELEMENTS

rotor blades 8M (19.5%)
rotor hub 1M (2.0%)
near field (propeller) 18M (43%)
medium field (wake) 11M (27%)
far field (background) 3M (6%)
total 41.00M

corresponding to 15 turbine revolutions are required to
achieve a complete stabilization of loads and wakefield.

V. NUMERICAL RESULTS

Turbine performance in uniform onset flow is stud-
ied by BIEM and BIEM-VFC and results are analysed
by comparing with full viscous flow simulations by
RANS and, limiting to global performance, with exper-
imental data. Measurements from flume tank tests [15]
provide mean values as well as standard deviation
of thrust and torque over a Tip Speed Ratio (λ or
TSR) range from 0 to 10. BIEM and BIEM-VFC results
span from TSR 1 to 10 with 0.5 step, while RANS
calculations are limited to TSR values 2, 3, 4, 5, 6, 8.

Turbine loads predicted by BIEM under inviscid-
flow assumptions are corrected to account for viscosity
effects as decribed in Section II-B. Main results of the
VFC procedure applied to the present case study are
briefly outlined here. The inviscid-flow solution is used
to estimate radial distributions of the effective angle of
attack αe and of the Reynolds number Rer at blade
sections. Considering the variability of these quantities
over the TSR range of interest, contour maps shown in
Fig. 5 are obtained.

e

(left) and of Reynolds number Rer (right) evaluated by
BIEM as a function of radius r and of tip speed ratio
(TSR).

L,KD are determined at each blade
section, and radial loads by inviscid-flow BIEM are
corrected using Eqs. (8) and (9). Distributions of cor-
rection factors KL,KD at relevant angle of attack and
Reynolds number are shown in Fig. 7.

Turbine thrust, torque and power coefficients cal-
culated by inviscid-flow BIEM and by BIEM-VFC are
plotted in Fig. 8 and compared with results by RANS
and by model tests.

(b) Close-up in the near field 

Fig. 4. RANS grid topology

TABLE II
DISTRIBUTION OF COMPUTATIONAL CELLS

Fig. 5. Radial distribution of effective angle of attack α

A two-dimensional (2D) profile corresponding to the
turbine blade section at 70% of radius is taken as
representative of the hydrodynamic characteristics of
all sections. Profile polar curves are determined over
effective angle of attack and Reynolds number ranges
in Fig. 5. Results are shown in Fig. 6, where for angle
of attack below 15 degrees, lift and drag are predicted
by X-Foil, while at higher incidence the extrapolation
procedure described in [11] is applied. Using Eqs. (7),
correction factors K

Fig. 6. Lift (left) and drag (right) curves of turbine blade
section at 70% of span. X-Foil predictions between -5
and 15 degrees and extrapolated data between 15 and
35 degrees.
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L
, left) and drag (K

D
, right) as a function of radius

r and of TSR .

Torque coefficient C
Q

The sudden transition from attached blade flow to
stall when TSR reduces from 4 to 3 is less apparent in
power and thrust curves, bottom Fig. 8. For these quan-
tities, RANS reproduces experimental data with good
accuracy. The only exception is power at TSR between
3 and 4 where stall delay described above determines
overestimated predictions of measured power, while
the effect on thrust is negligible. The inclusion of
viscous flow correction on BIEM determines very good
predictions of thrust and torque between TSR 3 and 7.5.
The same correction at lower TSR provides satisfactory
results for power, while viscosity correction on thrust
is overestimated.

As already observed for torque (and hence for
power), thrust is overestimated at very high TSR. In or-
der to explain these discrepancies, global performance
data from model tests are not helpful, while the com-

parison of flow quantities predicted by BIEM-VFC and
by RANS makes possible an in-depth analysis. Three
representative operating conditions are identified for
this analysis: attached flow at maximum power point
(TSR = 5) and at high speed (TSR = 8), and turbine stall
at TSR = 2.

As described in Section II-B, it is important to stress
here that the viscous-flow correction applies only to
radial distributions of loads integrated at blade sections
and hence pressure distributions by BIEM and by
BIEM-VFC are equivalent regardless of the TSR con-
sidered. Figure 9, present contour maps of the pressure
coefficient cp defined in Eq. (12) evaluated by BIEM and
by RANS for the two cases TSR = 5 and 8. A very good
agreement between the two solutions is apparent for
both TSR cases on blade suction and pressure sides.
Significant discrepancies are localised only at blade
root, where solid wall geometry considered in RANS
and BIEM grids differ, as shown in Fig. 3.

(a) BIEM, TSR=5 (b) RANS, TSR=5

p

E. Attached flow: TSR = 5 and 8

Results of turbine performance discussed above
highlight that for TSR = 5 and higher, blade flow
is mostly attached and the viscous-flow correction to
blade loads is small. Under attached flow conditions,
the pressure on a lifting surface is not affected by
viscosity and the Bernoulli Equation (1) is valid. Hence,
blade pressure distributions predicted by inviscid-flow
BIEM can be compared with the RANS solution.

Fig. 7. Correction factors for radial contributions to
lift (K

(top Fig. 8) is analysed first, in
that its variability with respect to TSR allows to clearly
identify two regions with distinct phenomenologies
affecting turbine performance. Results of model tests
show that torque increases as TSR reduces from 10 to
3.5, while further reductions of TSR correspond to an
abrupt torque loss. This trend reveals that blade flow
is mostly attached for TSR higher than 3.5-4, while
viscosity-induced separation and stall effects become
more and more important as TSR reduces from 3.5
to zero. As expected, inviscid-flow results by BIEM
completely miss the effects of flow separation and stall
and predicted torque presents an unphysical trend at
TSR below 3.5. In contrast to this, transition from at-
tached flow to stall is fairly captured by the BIEM-VFC
model. In particular, comparing inviscid-flow results
with those including the viscous-flow correction, it
may be noted that viscosity effects on torque become
non negligible at TSR lower than 5, and BIEM-VFC
predicts a significant torque drop between TSR 2.5
and 3. Full viscous flow solutions by RANS are in
good agreement with measurements except for case
TSR = 3, where predicted torque is significantly higher
than the experimental value and very close to inviscid-
flow BIEM results. This can be explained by a delayed
prediction of massive separation and stall on blades
as flow conditions vary from high to low TSR. At
TSR = 4 and higher, BIEM-VFC results are in good
agreement with both model tests and RANS, while
torque is overestimated at very high TSR.

distribution on blade
suction side (left) and pressure side (right): BIEM and
RANS solutions compared.

(c) BIEM, TSR=8 (d) RANS, TSR=8

Fig. 9. Pressure coefficient c
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A quantitative comparison of pressure distributions
on blade sections at radius r/R = 0.7, 0.9 is shown
in Fig. 10. Plots confirm that discrepancies between
distributions by BIEM and by RANS solutions are very
small. In particular, negative pressure peaks at blade
leading edge by the two models are fully comparable,
while differences are localised in the trailing edge
region, where BIEM overestimates the pressure gap
between suction and pressure sides. This determines
local higher blade loading contributions that are ex-
pected to have a larger effect at high TSR, where blades
tend to be unloaded. This may explain overestimated
thrust and torque at high TSR observed in Fig. 8. The
analysis of the BIEM solution highlights that pressure
distributions at blade trailing edge can be significantly
improved by local refinement of the grid used in
present calculations.

p distribution at blade
section r/R = 0.7 (left) and r/R = 0.9 (right) at TSR = 5
(top) and TSR = 8 (bottom). BIEM and RANS solutions
compared.

The presence of attached flow throughout the blade
surface in the two operating conditions at TSR = 5,
8 is confirmed by flow streamlines at solid wall. The
TSR = 5 case is illustrated in Fig. 11 as representative
of attached flow conditions. In both RANS and BIEM
solutions, streamlines run at almost constant radius
over all blade span. As expected, cross flow compo-

nents are present at blade tip where flows from blade
pressure and suction sides merge and form the tip
vortex. Significant cross flow is also noted in the RANS
solution at blade root, while this is almost negligible
from BIEM. As already mentioned, a quantitative com-
parison of flow quantities at blade root is impossible
due to differences in the geometry used in BIEM and
RANS grids.

(a) BIEM (b) RANS

Although blade flow shows small cross flow compo-
nents, three-dimensional effects exist and are related
to the velocity perturbation induced by the trailing
vorticity path shed at blade trailing edge and tip.
The impact of trailing vorticity on blade flow can be
analysed by comparing radial distributions of nominal
and effective angles of attack, respectively, α0 and αe
as defined in Section II. Figure 12 compares α0 and αe
distributions along blade span for cases TSR = 5 and 8.
The velocity perturbation induced by trailing vorticity
determines a reduction of the angle of attack that varies
from few degrees at blade tip to 5-10 degrees at root
and for a given radial position along the span grows
with blade loading.

Results above show that under attached boundary
layer conditions, cross flow velocity components are
generally small. Then, the flow at a blade section at
given radius r can be approximated by a 2D flow about

Fig. 8. Turbine performance curves predicted by BIEM, BIEM-VFC compared with RANS and model test results
from [15]. From left to right: torque, power, thrust coefficients.

Fig. 10. Pressure coefficient c

Fig. 11. Streamlines at solid wall on blade suction side
(left) and pressure side (right) at TSR = 5: BIEM and
RANS solutions compared.
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p by RANS with both BIEM and X-Foil.
Differences observed at TSR = 3 (top left Fig. 13) reveal
that some flow separation effects on blade suction
side are captured by the 3D RANS solution that are
neglected by the 2D X-Foil solution. Apart from these
small differences, the comparison demonstrates that
under attached or weakly separated flow conditions,
blade pressure distributions can be reasonably approx-
imated by 2D flow solutions provided that the effective
angle of attack accounting for 3D flow effects is used.
When massive flow separation and stall occurs, such
a correspondence between 2D and 3D flow disappears
as described in the following subsection.

p distribution at blade
section r/R = 0.7 and TSR values 3, 4, 5, 8. Turbine
flow solutions by BIEM and RANS compared with 2D
flow simulations by X-Foil.

To complete the analysis of BIEM and BIEM-VFC
in conditions where the blade surface is free from
massive flow separation, results of the trailing wake
model described in Section II-A are briefly discussed.
Regarding this aspect, it is worth noting that the
present inviscid flow model strongly depends from the
definition of the wake surface S

W
being used in the

numerical solution of Eqs. (2) and (4). The accuracy of
trailing wake modelling is then fundamental for the
BIEM solution per se and to correctly determine the
effective angle of attack that is used in the viscous
flow correction model as described in II-B. The impact
of trailing wake modelling on the BIEM or BIEM-VFC
solution is particularly strong at high TSR, where the
out-of-plane component of the wake shedding velocity
is proportionally small and wake vortices in the near
wake stand very close to the rotor blades. Numerical
studies not reported here have demonstrated that using
a prescribed wake model with inaccurate definition of
axial and radial position of shed vorticity may turn
into wrong predictions of turbine power of 20-30% and
more at medium/high TSR.

The comparison of the trailing wake surface pre-
dicted by BIEM with the wake field obtained from
RANS simulations allows to analyse the capability of
BIEM to provide a physically consistent description
of the vorticity path shed downstream of the tur-
bine. To this purpose, Fig. 14 presents the out-of-plane
vorticity field evaluated by RANS on a longitudinal
plane through the turbine axis and the wake surface
S

W
evaluated by the BIEM trailing wake model. For

the sake of clarity only the S
W

portion shed by one
blade and truncated after four revolutions is plotted.
Flow conditions at TSR 5 and 8 are considered. At
first glance, the impact of TSR on the wake shedding
velocity mentioned above is apparent. At TSR = 5, the
first two revolutions of the BIEM wake surface are
consistent with the location of the tip vortex resulting
from the RANS solution. In particular, the radial expan-
sion of the wake is correctly described, while the axial
shedding is slightly slower than in the RANS solution.
Downstream of two wake revolutions, vorticity in the
tip vortex region is diffused in the RANS solution
and only the agreement between radial expansion of
the streamtube predicted by BIEM and RANS can be
assessed. At higher TSR, bottom Fig. 14, blade loading
reduces and hence trailing vorticity is weaker. From
the RANS solution only the first wake revolution can
be clearly distinguished from the vorticity field and in
this region the trailing wake model by BIEM correctly
predicts both axial shedding and radial expansion.

The analysis of results by BIEM with respect to
RANS is now extended to the case of blade flow charac-
terized by strong vicosity effects. Results of turbine per-
formance in Fig.8 reveal that at TSR = 2 turbine blades
undergo massive flow separation and stall. In such
conditions, the viscous flow correction (VFC) model
described in Section II-B provides an estimate of flow
separation and stall effects on the radial distribution

F. Stalled flow: TSR = 2

Fig. 12. Nominal and effective angle of attack (AoA)
distributions along blade span at TSR = 5 and 8.

the same section at angle of attack equal to the effective
angle of attack at radius r from the BIEM solution. The
correspondence between 3D blade flow and 2D flow at
equivalent angle of attack can be analysed by comparing
pressure distributions by BIEM with those obtained by
the 2D X-Foil solver. Representative results for blade
section at r/R = 0.7 and TSR = 3, 4, 5, 8 are shown
in Fig. 13. As expected, BIEM and X-Foil predictions
are very similar, except for the leading edge region
where laminar flow is found by the X-Foil solution.
Blade pressure predictions by RANS are also plotted
for comparison. Recalling performance curves in Fig 8,
these TSR values correspond to globally attached flow
conditions in RANS simulations and there is a general
agreement of C

Fig. 13. Pressure coefficient c
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of blade loads evaluated by the inviscid-flow BIEM. As
already mentioned, in the present version of the model,
the viscous flow correction has no effect on velocity
and pressure distributions by BIEM and hence compar-
isons with RANS at TSR = 2 are presented here only
to identify the range of validity of the methodology.

Passing from attached flow to stall, the topology of
the flow on the blade surface changes dramatically,
with occurrence of strong flow components directed
spanwise along the blade. This phenomenology typi-
cal of finite-span lifting surfaces undergoing massive
separation and stall is clearly illustrated by solid wall
streamlines in right Fig. 15 where RANS results are
plotted. In particular, separated flow spans from root
to tip on the blade suction side, while the flow remains
attached on the pressure side. As expected, in this case
the BIEM solution is very similar to those obtained at
higher TSR under attached flow conditions (Fig. 11)
and streamlines are directed chordwise throughout the
blade surface. In the BIEM solution, cross flow distor-
tion is limited to the tip where, neglecting viscosity

effects, an unphysical strong tip vortex is formed.

(a) BIEM (b) RANS

The effects of massive separation on the blade sur-
face determines very different pressure distributions
from RANS and BIEM predictions, as shown in Fig. 16.
As already apparent from streamlines, flow separation
occurs only on blade suction side, while the boundary
layer is mostly attached on the suction side. It is
interesting to observe that also in the stalled turbine
condition, Cp predictions by BIEM are comparable with
those by RANS in blade surface regions where the flow
is attached. This is confirmed by pressure distributions
at blade sections r/R = 0.7 and 0.9 in Fig. 17. From
these plots it may be noted that flow separation at
leading edge suction side prevents the formation of
a strong negative pressure peak that is present in
inviscid-flow calculations by BIEM. On the pressure
side, BIEM and RANS solutions are very similar.

p distribution on blade
suction side (left) and pressure side (right) at TSR=2:
BIEM and RANS solutions compared.

VI. CONCLUDING REMARKS

Fig. 15. Streamlines at solid wall on blade suction
(left)and pressure side (right) at TSR = 2: BIEM and
RANSsolutions compared.

Fig. 14. Turbine wake flow. Axial vorticity distribution
over a longitudinal plane by RANS and trailing wake
surface shed by one blade from the BIEM solution.
TSR = 5 (top) and TSR = 8 (bottom).

(a) BIEM (b) RANS

Fig. 16. Pressure coefficient c

The assessment of a tidal turbine hydrodynamics
model based on a Boundary Integral Equation formu-
lation with viscous flow correction (BIEM-VFC) has
been addressed. In particular, a validation study based
on experimental data combined with results of CFD
simulations has been performed. While model tests
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p distribution at blade
section r/R = 0.7 (left) and r/R = 0.9 (right). BIEM
and RANS solutions at TSR = 2 compared.

provide information on global turbine performance,
the numerical solution by CFD allows to perform an
in-depth analysis where local flow quantities by BIEM-
VFC can be compared and the physical consistency of
the solution investigated.

An in-house developed RANS solver has been used
in the study and a three-bladed horizontal axis tidal
turbine designed by Schottel Hydro has been con-
sidered as test case. Numerical results by BIEM-VFC
have been analysed in terms of turbine thrust, torque
and power over a full range of operating conditions
in uniform onset flow. In addition to this, pressure
distributions and flow streamlines over the blade sur-
faces have been analysed by comparing results by
BIEM-VFC with RANS simulations. Similarly, trailing
wake modelling by BIEM-VFC has been analysed with
respect to shed vorticity predictions by RANS.

Main findings can be summarised as follows:
• BIEM-VFC provides reliable predictions of turbine

thrust and power over a range of operating con-
ditions where viscosity effects are significant but
blades are free from massive separation and stall;

• in this condition, pressure distribution and stream-
lines on the blade surface by BIEM-VFC are fully
validated against results by RANS;

• similarly, trailing wake modelling allows to cor-
rectly describe both axial shedding and radial
expansion of shed vorticity;

• when the turbine blades are in stall, the viscous
flow correction model correctly describes the ef-
fects of massive flow separation on power, while
a trend to overestimate thrust loss at very low tip
speed ratio (TSR) is observed;

• in this condition, pressure distribution and stream-
lines by BIEM-VFC completely miss separated
flow effects but agreement with RANS is still good
considering blade surface regions where the flow
remains attached or weakly separated.

For the present case study, the peak power condition
occurs at TSR between 4 and 6, and stall-induced per-
formance loss occurs at TSR 3 and lower. Results of the
validation study highlight that BIEM-VFC predictions
of both global and local flow quantities are comparable
with those from a full viscous flow solution for TSR
higher than 3. In this range of operating conditions,
BIEM-VFC can be used to determine local flow infor-
mation that are typically missing in fast turbine hy-
drodynamics solvers based on Blade Element Methods.
As example, blade pressure distributions can be used

to investigate turbine cavitation inception as well as to
provide hydrodynamic loading distributions necessary
for fluid-structure interaction studies. For TSR condi-
tions corresponding to blade stall, BIEM-VFC provides
realistic estimates of global turbine loads, while no
information can be derived for local flow quantitities.

Further BIEM-VFC model assessment studies based
on comparisons with CFD results will be performed to
achieve a comprehensive understanding of the range
of applicability of the methodology as an accurate
and computational efficient turbine analysis and design
tool. Work is also underway to generalize the viscosity
correction model in order to have a strong coupling
with the iterative trailing wake alignment procedure
presented in this study.
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