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Abstract
The current work presents the analysis of six different blockage correction methods for axial-flow turbines from the literature
and compares them to a method proposed by the authors using blade-resolved CFD simulations. The analysis of the different
methods is performed by comparing the corrected blocked-flow thrust and power results of a tidal turbine to a quasi free-flow
condition, obtaining a quantitative measure of the error for every method at different blockages and tip-speed ratios. This
study shows that not every available method for blockage correction remains valid for the range of turbine thrusts that may
occur in blocked flows. Of the seven methods analysed, only three were found to provide a reliable estimate of the power and
thrust across the range of blockage and tip-speed ratios analysed in this paper, including the one proposed by the authors. Of
the remaining correction methods, those that could be used as a first approximation for low-blockage conditions are identified.
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List of symbols
σ Blade solidity ratio
N Number of blades
c Local chord length
r Local radial coordinate
R Blade radius
λ Tip-speed ratio
ω Rotational speed
U Undisturbed axial flow velocity
CP Power coefficient
P Turbine power
Q Turbine torque
CT Thrust coefficient
T Turbine thrust
ρ Fluid density
A Turbine swept area
U1 Velocity at the turbine plane
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a Axial induction factor
β Blockage ratio
C Channel cross-sectional area
P+/−
1 Static pressure at both sides of the turbine

plane according to the actuator disc theory
UT Tank or channel undisturbed flow velocity
UF Equivalent free-stream velocity
AR Cross-sectional area of the wake in a refer-

ence plane
AW Cross-sectional area of the wake where the

static pressure equalizes with the bypass
δF Empirical factor for the proposed blockage

correction method
U2 Velocity in the wake where static pressure

equalizes with the bypass
U3 Velocity in the bypass of the turbine plane
U4 Velocity in the bypass where static pressure

equalizes with the wake
EC X Normalised error for thrust and power
MAEX Average magnitude of the error values
γ Blade twist angle

1 Introduction

Blockage is the interaction effect between the flow past a
body and the surrounding boundaries in constrained flow
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conditions. Its effects have been discussed since the early
application of laboratories to study aero- and hydrodynamic
phenomena (Glauert 1933). Wind tunnels, towing tanks and
other fluid-dynamics laboratories are prone to induce interac-
tion effects not seen in full-scale open flows due to the close
proximity of the walls to the body. Blockage effects are also
present for full-scale hydrokinetic turbines where the swept
area of the turbines can represent a substantial fraction of the
tidal channel cross-sectional area. Blockage effects modify
the thrust and power performance of the turbines.

Blockage interaction effects are typically observed, in the
particular case of turbines, as an increase in both power and
thrust forceswhen compared to the open-flowcondition. This
is caused by different effects such as an increase in flow speed
around the body, a change of pressure in thewake, differences
in flow-development for lifting surfaces such as foil sections
or even longitudinal pressure gradients associated with the
tank boundary layer and fluid losses (Glauert 1933; Pope and
Harper 1966).

Early attempts to explain the behaviour of a turbine were
made by means of the one-dimensional actuator-disc theory.
This concept was employed to derive the energy extrac-
tion limit for an open-flow condition, set by a maximum
power coefficient CPmax = 16/27 known as the Lanchester–
Betz limit (Lanchester 1915; Betz 1920). These efforts were
expanded by Garrett and Cummins (2007) showing that the
maximum power coefficient for an actuator disk in a con-
strained flow is CPmax = 16/27(1 − β)−2, where β is the
blockage expressed as a ratio between the turbine swept area
and the channel cross-sectional area, showing that an increase
in power extraction is dependent on the blockage ratio.

A more complex approach to the problem of modelling
a turbine has been done by considering conservation of
linear and angular momentum in a series of concentric
annuli over the rotor swept area. The axial and tangential
forces of the turbine on the flow are determined by coupling
momentum theory with blade element theory by applying
bi-dimensional lift and drag curves as functions of angle of
attack for the turbine aerofoils. Overall turbine torque and
thrust are determined by integrating these forces across the
blade span. This approach is known as the Blade Element
Momentum method (BEM) (Glauert 1947), and has been
widely employed for turbine and propeller design and load
assessment (e.g. Hansen et al. 2006; Wang et al. 2016). The
traditional derivation does not consider blockage and is lim-
ited to steady two-dimensional analysis of the flow over the
aerofoils and thus extensions have been proposed to con-
sider effects such as tip-losses (see, e.g. Burton et al. 2001;
Wimshurst and Willden 2017), turbulent wake effects (e.g.
Buhl 2005), and even transient phenomena (e.g. Hansen et al.
2004). The effects of blockage have recently been incorpo-
rated into BEM theory by Vogel et al. (2018) by modifying
the linear momentum equations. The modified BEM theory

shows reasonable agreement to within 5% of comparable
blade resolved simulations.

Turbine modelling can also be carried out by means
of computational fluid dynamics (CFD) simulations. These
methods consist in obtaining numerical solutions to the
Navier–Stokes equations,with differentmodels of the physics
and resolution, both in spatial and temporal dimensions, pro-
viding insights about the devices and the surrounding fluid
as well. CFD models are capable of accounting for blockage
effects by directly modelling the flow itself, but at a high cost
in terms of time and computational effort.

Different approaches for modelling actual turbines have
been implemented within CFD codes such as actuator disks,
lines or CFD-BEM models. These are capable of providing
different levels of detail depending on the implementation
and requirements, ranging from simple wake simulations
to actual turbine design for particular cases (see, e.g. Shen
et al. 2012; Hunter et al. 2015; Schluntz and Willden 2015;
Wimshurst and Willden 2017). The most complex approach,
however, consists of fully blade-resolved simulations, where
the blade surfaces are modelled as solid boundaries. This
approach provides insights about the development of the flow
across both the chord and blade-span dimensions, accounting
inherently for effects such as spanwise flow, flow separation,
etc. (see, e.g. Tampier et al. 2017; Wimshurst and Willden
2016).

From an engineering perspective, blockage is relevant as
it changes significantly the conditions in which a turbine
operates, and corrections are likely to be required. Block-
age corrections may be required to translate laboratory-scale
experimental results to full-scale conditions, or to calculate
the expected power and loads on tidal turbines deployed in
blocked-flowconditions. For these reasons, the availability of
quick blockage correction methods that can be employed for
results obtained from different sources (experiments, CFD or
BEM) is valuablewhen assessingperformance andbehaviour
under different operational and deployment conditions.

The present work analyses a series of steady-state, blade-
resolved, Reynolds-averaged Navier–Stokes (RANS) CFD
simulations of a horizontal axis tidal turbine under different
blockage ratios representing conditions ranging from highly
blocked flow to quasi-open-water over a range of different
tip-speed ratios. The CFD results are used to compare the
blockage correction methods described by Glauert (1933),
Maskell (1963), Pope and Harper (1966), Mikkelsen and
Sørensen (2002), Bahaj et al. (2007) and Werle (2010) and
a correction method proposed by the authors by applying
them to the different blocked CFD results and comparing
them with those of the quasi open-flow condition.
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(a) Turbine frontal view and hydrofoil section
cuts.

(b) Spanwise solidity distribution.

(c) Spanwise twist distribution.

Fig. 1 Characteristics of the Sch15B tidal turbine (Schluntz and Willden 2015)

2 Analysis cases

A tidal turbine designed by Schluntz andWillden (2015) and
modified byWimshurst andWillden (2016) in the root region
was simulated under different operational conditions. This
rotor, referred to as Sch15B, was designed and optimised to
operate under a blockage ratio of β = 0.196, with β defined
as the ratio of the turbine swept area to the channel cross-
sectional area.

The Sch15B rotor is a three-bladed 20-m diameter turbine
developedwith a single RISØA1-24 aerofoil and a thickened
trailing edge from 25% to the span up to the tip, as described
inWimshurst andWillden (2016). A render of the full turbine
and its hydrofoil cross sections are shown for illustration
purposes in Fig. 1a. The hydrofoil section is centred at the
quarter-chord location and the blade has solidity σ and twist
γ distributions that are shown in Fig. 1b, c, respectively, with
the solidity defined as

σ = Nc/(2πr) (1)

from which N is the number of blades, c the local chord and
r the local radius.

Five sets of blockage simulations were prepared, with
β ∈ [0.01, 0.05, 0.10, 0.20, 0.40]. These cases cover a wide
range, from the quasi-open-flow condition (β = 0.01) (Gar-

Table 1 Blockage cases
simulated in this study

Blockage β Domain diameter
(m)

0.01 200.00

0.05 89.44

0.10 63.25

0.20 44.72

0.40 31.62

rett and Cummins 2007) to a highly blocked case (β = 0.40).
The blockage cases and the domain diameter are shown in
Table 1. For each blockage condition, the turbine was sim-
ulated at four different tip-speed ratios (defined in Eq. 2)
λ ∈ [4.0, 5.0, 6.0, 7.0]. This covers a range of likely operat-
ing conditions for tidal turbines limited by flow separation at
lower tip-speed ratios and cavitation inception at the higher
end (Wimshurst et al. 2018).

λ = ωR

U
(2)

Several quantities are extracted from the CFD simulations
to enable comparison with and between the different block-
age correction methods. Thrust and torque are obtained by
integrating the static pressures over the turbine surfaces, and
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then converted to non-dimensional power and thrust coeffi-
cients according to Eqs. 3 and 4, where ρ is the fluid density,
T is turbine thrust and the power P = Qω is product of the
rotor torque Q and rotational speed ω. U is the undisturbed
flow speed far upstream of the turbine and A is the rotor
swept area.

Cp = P
1
2ρAU

3
(3)

CT = T
1
2ρAU

2
(4)

In addition to these results, the axial induction factors a
are also obtained from the simulations, with a defined as

U1 = U (1 − a) (5)

where U1 is the average flow velocity at the turbine plane.
Rearranging the previous equation, a can be easily calculated
as

a = 1 − U1

U
(6)

The axial induction factor was extracted from the simulations
by obtaining the velocityU1 averaging the axial velocities in
annular sections located at 1.5 local chords upstream and
downstream from the turbine plane.

Finally, qualitative information is also obtained from the
CFD in the form of velocity profiles, providing insights about
the wake development and interaction effects between the
rotor and the boundaries.

3 Blockage correctionmethods

The blockage β is defined as the ratio of the cross-sectional
area of a tank or channel C where a turbine is operating and
the turbine swept area A:

β = A/C . (7)

Blockage correction methods typically seek to obtain a
relationship between the upstream tank velocity UT (see
Fig. 2) and the equivalent upstream velocityUF in free-flow
conditions where the turbine would be operating at the same
conditions such as angle of attack, mass-flux through the
rotor, turbine RPM and turbine thrust (Bahaj et al. 2007).
Most blockage correction methods are based on traditional
actuator disc theory adapted for the particular case of a
blocked flow and attempt to obtain an equivalent free-flow
velocity UF as function of different variables such as block-
age β, thrust coefficient CT , wake expansion or induction

factors. In this kind of approach, the turbine is represented as
an actuator disc across which a static pressure discontinuity
occurs, and thrust can be defined as in the following equa-
tion, where P+

1 and P−
1 are the average static pressures on

both sides of the actuator disc:

T = A(P+
1 − P−

1 ). (8)

Figure 2 represents the flow past an idealised turbine in a
blocked environment. The undisturbed flow velocity in the
blocked environment UT at the inlet is considered uniform
across the cross-sectional area of the tunnelC . Theflowspeed
reduces to U1 through the rotor at the turbine plane, and
by conservation of mass is accelerated to U3 in the bypass
region. At some distance downstream of the turbine plane
the area of the wake before mixing is defined as AW , with a
reduced flow speed U2, a recovered pressure P2, and a flow
speed in the bypass region that is further accelerated to U4.

For each blockage correction method, a relation between
the tank velocityUT and a corresponding free-stream veloc-
ity UF is given, leading to the following corrections for λ,
CT and CP determined for blocked conditions:

λc = λ
UT

UF
(9)

CTc = CT

(
UT

UF

)2

(10)

CPc = CP

(
UT

UF

)3

(11)

where the subscript c is denotes corrected or equivalent free-
flow values. In the following sections, each of the blockage
correction methods is presented and briefly discussed.

3.1 Glauert (1933)

The blockage correction of Glauert (1933), intended initially
for aircraft propellers, considers an equivalent free-stream
velocity at equal thrust in the tank or wind tunnel. The result-
ing correction:

UT

UF
=

(
1 + β CT

4
√
1 − CT

)−1

(12)

can be used for propellers and turbines, but is limited to thrust
coefficients CT < 1. This can be problematic for highly
loaded turbines such as tidal turbines where CT can be sig-
nificantly greater than unity, and thus limits the applicability
of the method for tidal applications.
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Fig. 2 Diagram of flow past an
actuator disc in a blocked
environment
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3.2 Maskell (1965)

In 1965, Maskell (1963) proposed a blockage correction
method for bluff bodies, which has also been used for tur-
bines and aerodynamic profiles. The blockage correction:

UT

UF
=

√
1 − β CT (1 − k2)−1 (13)

with (1 − k2)−1 = −Cpb, the base-pressure coefficient as
defined in Maskell (1963). Maskell recommended an empir-
ical value of 2.5 for the (1 − k2)−1term due to its relatively
small variation over the range of blockage ratios covered
in that study. Due to the large range of blockage ratios in
the present study, a linear regression was made from the
data presented in the original reference giving (1 − k2) =
0.3551− 5.1050β. Other modifications to the (1− k2) term
have been proposed for other geometries or different aspect
ratios, e.g. Mercker (1986) Hackett and Cooper (2001) and
Leuschen and Mebarki (2012).

3.3 Pope and Harper (1966)

Pope and Harper (1966) presented a blockage correction
which has been widely used for low-speed wind tunnel tests
for blockages β from 1 to 10%. The correction

UT

UF
= 1

1 + εt
(14)

utilises an empirical factor εt to account for blockage effects.
The authors suggest εt = 1/4β, although this does not nec-
essarily apply to all geometries or for complex wake flows.

3.4 Mikkelsen and Sørensen (2002)

In 2002, Mikkelsen and Sørensen (2002) presented a block-
age correction method specifically applied to wind turbines.

The correction

UT

UF
= 1

u + CT
4u

(15)

where u = 1−a. This correction requires the induction factor
a, which can be obtained directly fromCFD simulations such
as those described in Sect. 2 or indirectly from the thrust coef-
ficient. The latter can be calculated from momentum theory
for low thrust coefficients, but has to be corrected empiri-
cally for larger thrust coefficients, as described for example
in Burton et al. (2001).

3.5 Bahaj et al. (2007)

Bahaj et al. (2007) presented a blockage correction method
based on an actuator disc model. The correction

UT

UF
= U1/UT

(U1/UT )2 + CT /4
(16)

is solved iteratively, with the term U1 obtained from con-
tinuity arguments as described in Bahaj et al. (2007). The
method only requires blockage and and thrust information
(β and CT ), and has been used for hydrokinetic turbines by
several authors, e.g. Fontaine et al. (2013), Cavagnaro and
Polagye (2014) and Tampier et al. (2017).

3.6 Werle (2010)

Werle (2010) presented a blockage correction, aimed as an
easily applicable correction for measurements near the max-
imum extractable power. The correction

UT

UF
= 1 − β (17)

only requires the blockage β, but should not be used to cor-
rect CT and CP as for the other methods as described in
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Eqs. 10 and 11. Alternatively, Werle proposes the following
corrections for CT and CP :

CTc = (1 − β)2

1 + β
CT (18)

CPc = (1 − β)2CP (19)

It should be noted that Werle recommended this approach
only as a reasonable first approximation near the maximum
power coefficient.

3.7 Continuity correction

A correction based on continuity arguments and CFD sim-
ulations is proposed by the authors to provide a comparison
with the correction methods listed above and to expand the
capabilities of the methods available from the literature by
introducing an empirical factor.

We are looking for a free-stream velocityUF whichwould
give us an equivalent thrust to that of the blocked-flow con-
dition in an unconstrained flow. The effect of blockage is to
increase turbine thrust for a given through turbine flow speed,
thusUF > UT . We also know that the velocity in the bypass
between the wake and tunnel, downstream of the turbine, is
greater thanUT , so we assume that there is an arbitrary plane
where the velocity in the bypass would be equal to UF .

Then we can define the cross-sectional area of the wake
in this reference plane as

AR = A + δF A (20)

⇒ AR = A(1 + δF ) (21)

where δF is an empirical factor. Values for δF vary such that
if δF = 0, AR = A, and if AR = AW , then δF = AW /A−1.

Defining the wake velocity in this reference plane as UR

and then applying the continuity equation:

UR AR = U1A (22)

Using Eq. 5, we can then define UR as

UR = UT (1 − a)

(1 + δF )
(23)

Following continuity in the bypass flow, and recalling that
in this reference plane the velocity in the bypass is equal to
UF , then

U3(C − A) = UF (C − AR) (24)

which, using Eqs. 7 and 21, can be rearranged as

UF = U3

[
1 − β

1 − β(1 + δF )

]
(25)

Fig. 3 Mesh of the turbine
surfaces

Then through a continuity balance between the turbine
plane and the channel inflow, and using the definition of
Eq. 25:

UTC = U1A +U3(C − A) (26)

⇒ UT [C − (1 − a)A] = UF
(C − A)[

1−β
1−β(1+δF )

] (27)

Finally, Eq. 27 can be rearranged to define the correction
factor as

UT

UF
= 1 − β(1 + δF )

1 − β(1 − a)
(28)

As for theMikkelsen and Sørensen (2002) correction, this
method requires the induction factora, which can be obtained
directly from CFD simulations or estimated empirically. The
influence of the empirical factor δF will be analysed in more
detail in Sect. 6.

4 Error definition

To assess the performance of the different methods, the
blockage-corrected results were analysed and compared to
a quasi free-flow condition, with error metrics as defined
below. The β = 0.01 simulations represented the case of
quasi-free-flow condition as blockage effects are described
as negligible once β becomes smaller than 2% (Garrett and
Cummins 2007).

For the analysis, the normalised error is calculated as

ECX = CXc − CX0

CX0
(29)
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Table 2 Mesh sensitivity analysis for the stationary domain

Mesh nc ai Thrust Power

CT (–) ER(%) CT ext (–) eext(%) CP (–) ER(%) CT ext (–) eext(%)

Coarse 0.42 M 1.00 1.01702 – 1.01611 −0.08881 0.34476 – 0.34365 −0.32267

Medium 2.52 M 1.82 1.01613 −0.0878 1.01611 −0.00101 0.34410 −0.19055 0.34365 −0.13188

Fine 26.58 M 4.00 1.01617 0.0040 1.01611 −0.0049 0.34369 −0.11961 0.34365 −0.01225

where the subscript X corresponds to thrust or power (T
or P), subscript c corresponds to the corrected results, and
subscript 0 to the unblocked results (β = 0.01). The relative
error is obtained for each method along the corrected range
of λc for each blockage ratio. The reader should note that
the tip-speed ratio is corrected by the different methods in
addition to the power and thrust coefficients. To obtain the
corresponding CX0 values for the quantification of error, a
third-order spline interpolation was employed to estimate the
unblocked values at λc. A global overview of error for each
methodwas obtained from the averagemagnitude of the error
values for ECT and ECP :

MAEX = ∣∣ECX

∣∣ (30)

5 Numerical methods

5.1 Reynolds-averaged Navier–Stokes equations

The dataset for this study was obtained by numerically
solving the steady-state Reynolds-averaged Navier–Stokes
equations (RANS) under constant density and constant tem-
perature assumptions (Ferziger and Peric 2001) using the
commercial software ANSYS Fluent 19.0. The multiple ref-
erence frame (MRF) model introduced by Luo et al. (1994)
was employed to model the turbine rotation under steady-
state conditions.

This approach allows the flow behaviour to be predicted
using two rotating frames of reference, one that rotates at
the turbine speed and the second one being stationary. The
velocities, under this model, are defined in terms of the abso-
lute velocity v, the relative velocity vr and the whirl velocity
ur = ω × r, with ω the rotational speed and r the position
vector relative to the centre of the local frame of reference.
These quantities are related as

vr = v − ur (31)

The governing equations are a modified version of the
Navier–Stokes equations that include centrifugal and Cori-
olis acceleration terms. In a relative velocity formulation
(Fluent 2018), these can be written as

∇ · vr = 0 (32)
∂

∂t
(ρ�vr ) + ∇ · (ρ�vr �vr ) + ρ(2 �ω × �vr + �ω × ( �ω × �r))

= −∇ p + ∇ · �T + �F (33)

where t is the time variable, ρ the flow density, p the static
pressure, T the stress tensor and F the external body forces.

Equations 32 and 33 are solved in each region. If the region
is stationary (ω = 0), the equations are reduced to their sta-
tionary form.At the interfaces between regionswith different
reference frames, an implicit coupling is performed using
Eq. 31, transforming the velocities and velocity gradients to
a common reference frame, while scalar quantities remain
invariant.

The k−ω SST turbulence model described by Menter
(1994), with the model coefficients updated as described in
Menter et al. (2003), was employed to close the RANS equa-
tions. The k−ω SST turbulence model has been found to
compare well to higher order turbulence closures in numer-
ical studies and experiments of turbines (Abolghasemi et al.
2016; Shives andCrawford 2016). The non-dimensional wall
distance y+ was maintained in the wall-modelling range
(y+ ∈ [30, 300]) near fluid boundaries by appropriately scal-
ing the size of wall-adjacent cells.

To solve the discretised problem,we employed a pressure-
based coupled solver, as described in Fluent (2018). Con-
vergence was achieved after 15,000–20,000 iterations, with
reduction of the continuity and velocity residual by at least
six orders of magnitude, and five orders of magnitude for the
turbulence scalars.

5.2 Computational domain andmesh study

A solution domain that exploits the azimuthal symmetry of
the problem was defined using periodic boundary conditions
requiring only one third of the problem to be modelled. The
120◦ wedge consists in two structured mesh subdomains
referred to as the rotatory and stationary subdomains. The
meshes were built using ICEM 19.0.

The rotatory domain was based on the work presented by
Wimshurst and Willden (2016). The turbine blade was mod-
elled with 128 cells over the chord, and 110 in the span-wise
direction, remaining within the mesh-independent region.
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Fig. 4 Longitudinal cut of mesh

Fig. 5 Detailed view of blade cross-sectional mesh

Fig. 6 Thrust (a) and power (b) coefficient variation with blockage ratio and tip-speed ratio extracted from the CFD simulations

The domain follows a Y-Mesh topology, resulting in approx-
imately 4.2 million cells for the 120◦ wedge. The mesh on
the blade surface is shown in Fig. 3.

A mesh sensitivity study also analysed the influence of
different parameters inside the O-grid layer surrounding the
blade (see Fig. 5) was presented by Zilic de Arcos et al.
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Fig. 7 Axial velocities at λ = 7.0 in a slice located at the centre
turbine plane. Top cases, from left to right: blockage conditions of
β ∈ [0.40, 0.20, 0.10, 0.05], respectively. Below, the transverse slice
for β = 0.01. The flow direction is into the page

(2019). In particular, the number of layers of the O-grid
around the profile nl , the thickness of the first layer �Y and
the growth rate Gr were studied. Following Zilic de Arcos
et al. (2019), a growth rate of 1.05, 25 layers and a first-layer
thickness of 2.5 × 10−4 m were selected for the analy-
sis due to the low mesh sensitivity as well as avoiding the
buffer region between the wall-modelling and wall-solving
approaches (5 < y+ < 30). The rest of the domain was
adjusted accordingly to provide smooth transitions with the
O-grid region.

The mesh in the stationary domain follows an azimuthal
O-grid strategy. Considering that the interest of this study
is placed on the forces over the blade, the resolution of
the stationary domain is of lower importance. Nonethe-
less, a mesh independence study was performed using the
model described in this study by simulating three meshes
with different numbers of cells nc. The mesh convergence
assessment method presented by Celik and Karatekin (1997)
was employed to determine that the meshes are within the
asymptotic convergence region. Specifically, evaluating the
parameter R (Eq. 34) for the thrust and power coefficients
indicates that thrust displays an oscillatory convergence
(R < 0) whereas power shows a monotonic convergence
(0 < R < 1).

R = F2 − F3
F1 − F2

(34)

with Fi being the thrust or power coefficient values and the
subindex i = 1, 2, 3 indicating the coarse, medium and fine
meshes, respectively.

Following this analysis, the mesh convergence method
uses Richardson’s extrapolation to approximate the analysed
quantity Fext in the limit where the mesh typical size hi is
zero, based on the apparent order of the method n and the
refinement ratios ai such that

n = | ln[(F2 − F3)/(F1 − F2)]/ ln(a2) − f (n)| (35)

f (n) = ln
[(

(a3/a2)
n − 1

)
/
(
an2 − 1

)]
/ ln(a2) (36)

Fext = (
an2 F1 − F2

)
/
(
an2 − 1

)
(37)

Finally, the discretization error is described as

eext = (Fext − Fh)/Fext (38)

Notice that, due to the oscillatory convergence of thrust,
a sign change is used in Eq. 35 according to Celik and
Karatekin (1997).

A detailed discussion of this grid-convergence assessment
methodology, as well as the relationship between eext and the
grid-convergence index (Roache 1994) can be found in Celik
and Karatekin (1997). The results of the mesh convergence
forCT andCP , aswell as the relative error ER and the extrap-
olated error eext according to the described methodology are
provided in Table 2.

Considering the mesh sensitivity analysis results, the
medium-resolution configuration was deemed sufficient and
was employed for the rest of the analysed cases. A longitu-
dinal cut of this mesh can be seen in Fig. 4.

The boundary conditions were configured following
(Wimshurst andWillden2016): turbine surfaceswere defined
as no-slip smooth walls; the inlet defined with a steady uni-
form inflow velocity of 4.5 m/s, a turbulent length scale of
0.70 times the turbine diameter and a turbulent intensity of
10%; the outer boundary as a symmetry condition to model
a frictionless wall; the outlet defined by a constant pres-
sure equal to the undisturbed flow; and axial symmetry was
exploited using non-conformal periodic boundary conditions
on the walls of the 120◦ wedge (Fig. 5).

The modelling approach based on the k − ω SST tur-
bulence model, the periodic symmetry condition, the MRF
steady-state approach, the boundary conditions and other
model characteristics have been previously validated through
comparison of the simulated results of the MEXICO rotor
to the experiments published by Schepers et al. (2012) and
Boorsma and Schepers (2014) in terms of spanwise force
distribution and sectional pressure distributions, showing a
good agreement for both quantities. The full details of this
study are presented in Wimshurst and Willden (2017).
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Fig. 8 Axial velocities at λ = 7.0 in a longitudinal slice. From top to bottom, blockage cases β ∈ [0.40, 0.20, 0.10, 0.05, 0.01], respectively. The
flow direction is from right to left
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6 Results and discussion

6.1 Uncorrected CFD results for blockage variation

As discussed in Sect. 2 and detailed in Table 1, CFD simu-
lations were carried out for a blockage range from 0.01 ≤
β ≤ 0.40. Figure 6 shows the thrust and power coefficients
for each blockage condition as functions of the uncorrected
tip-speed ratio λ. The lowest blockage ratio (β = 0.01) is
considered as a quasi-free-flow condition and is used as a
reference to benchmark the correction methods.

Transverse and streamwise contours of the axial velocity
for the different blockage ratios are presented in Figs. 7 and
8 at a tip-speed ratio of λ = 7.0. It can be observed from
these figures that the flow in the bypass region is acceler-
ated as blockage increases. The mass flux through the rotor
also increases with blockage ratio when λ is held constant
as there is greater resistance to acceleration of the bypass
flow in constrained flows. The greater shear stress developed
between the bypass and through-turbine flows means that
there is greater recovery of the flow speed in the wake of
the turbine as blockage increases at comparable streamwise
positions.

6.2 Proposedmethod

As mentioned in Sect. 3.7, the proposed continuity method
requires an empirical correction factor δF . For this study,
two different cases were evaluated: one with δF defined as a
function of β and another one where δF = 0.1 is considered
constant for all the different cases.

The curve shown in Fig. 9 shows the function δF = f (β)

that minimises the mean average error defined in Sect. 4 at
each blockage ratio across the full range of tip-speed ratios.

6.3 Results with blockage correction

The presented results for β = 0.01 to 0.40 were corrected
using each one of the presentedmethods, as shown in Fig. 10.
This set of graphs gives a first overview of the effectiveness
of each one of the methods. Notice that, for the Glauert cor-
rection, results are shown only when CT < 1.

6.4 Error analysis

The results for the error are shown in Table 3 for each correc-
tion method and in Fig. 11 with the power and thrust errors
plotted as functions of both λc and β.

FromTable 3, it can be observed that the proposedmethod
displays the smallest error both if used with the optimum
δF (β) or the constant δF = 0.1 value, followed closely by
Bahaj’s and Mikkelsen and Sørensen methods.

Fig. 9 Optimum values of the empirical factor δF for the proposed
method as a function of the blockage ratio β

Pope and Harper and Maskell corrections also display an
acceptable performance if a low blockage is considered. For
the Glauert method, even if only results where CT < 1 are
considered, a higher total error can be observed. The Werle
method, as proposed in Werle (2010), also demonstrates a
high level of error, and is, therefore, not recommended as a
correctionmethod for any blockage and tip-speed ratio range.

To study the dependency of the mean absolute error over
blockage β and reference tip-speed ratio λ, results were plot-
ted over these variables, respectively.1 In Fig. 11, MAET and
MAEP are shown, each as a function of β and λ, for each
correction method.

The results were only plotted up to 15% error, considering
that methods providing larger errors should not be taken into
account for blockage correction. Therefore, most of Werle’s
correction points exceed the plotting range. Also, the Glauert
correction, due to the limited number of data points available,
was omitted on this comparison.

From the plots, a blockage dependency is observed for
both MAET and MAEP on most methods (Fig. 11), which
can be expected considering that larger corrections are nec-
essary for higher blockage ratios.

The Maskell correction shows a more complex depen-
dency of blockage (Fig. 11). This becomes evident from
Fig. 10, where an overestimation ofCTc andCPc is observed
for β = 0.4, contrary to the small underestimation which can
be observed for the remaining blockage ratios.

Regarding the Pope andHarper correction, a blockage and
tip-speed ratio dependency is observed. This method, despite
its simplicity, could be useful as an estimation for relatively
small blockage values.

1 For convenience,MAEX vs.λ results are not plotted over the corrected
tip-speed ratio λc of eachmethod, but over the reference, unblocked tip-
speed ratio λ from 4 to 7.
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Fig. 10 Blockage corrected thrust and power coefficients CTc and CPc. Free-flow reference values (β = 0.01) are given in black for CT and CP
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Table 3 Mean absolute errors
MAEX and standard deviations
σ of the error for the thrust and
power coefficient corrections

MAET (%) MAEP (%) σET σET

Glauert 14.14 23.49 11.30 18.23

Maskell 4.33 9.42 4.10 9.34

Pope and Harper 5.98 13.89 7.68 18.39

Mikkelsen and Sørensen 2.03 4.23 0.96 1.59

Bahaj 2.01 3.94 1.23 2.26

Werle 23.55 14.18 18.98 12.88

Proposed method (δF = 0.1) 1.99 3.71 2.39 3.89

Proposed method (δF = f (β)) 1.09 2.02 1.66 3.62

Fig. 11 Thrust and power coefficient mean absolute error MAET andMAEP as functions of the blockage β (top) and the tip-speed ratio λ (bottom)

TheMikkelsen andSørensen correction shows, in addition
to a small value of MAET and MAEP , a very small β- and
λ-dependency along with the smallest dispersion of all meth-
ods (Table 3), and is, therefore, recommended as a suitable
blockage correctionmethod for a wide range of blockage and
tip-speed ratios, especially if results of induction factors are
available and must not be estimated.

For the Bahaj correction method, a relatively small β and
λ dependency can be observed, with a relatively small overall
error for both thrust and power coefficient corrections. Con-
sidering that this correction only requires β and CT from
experiments (or computations), it can be especially suitable
for practical applications as no induction factors are required.

The method proposed in our work is shown for two cases
of the empirical factor, with δF = 0.1 and δF = f (β).
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These have a similar behaviour, with the β-dependent δF
case showing a relatively small improvement in the accuracy
of the prediction over the constant δF case. Both cases dis-
play higher levels of error at the highest blockage condition,
although the magnitude of the error is similar to the Bahaj
and Mikkelsen and Sørensen methods.

The inclusion of the empirical factor is also interesting
from a different perspective. Systematic series of δF could
be developed for, not only different blockage conditions, but
also different channel shapes and aspect ratios, something
that is not considered by any of the presented methods. Addi-
tional evaluation is required to further validate the proposed
correction method.

7 Conclusions

The use of a RANS-CFD tool to model the performance of
a hydrokinetic turbine over a wide range of blockage condi-
tions can provide useful data to analyse existing blockage
correction methods, propose improvements to these or to
develop new methods for specific applications.

From the presented results, the authors recommend the use
of the Mikkelsen and Sørensen method for the correction of
the blockage for horizontal axis turbines subject to experi-
mental test or numerical simulations under conditions similar
to the presentedhere, considering its lowerror, lowdispersion
and low dependency on β and λ. If the induction factors are
not available, the Bahaj correction is recommended instead,
as it shows an even smaller error than the previous method
but a larger spread on the corrected results. Despite show-
ing very encouraging results, the proposed method should
be validated for other application cases before it can be rec-
ommended for its general use.

It is also recommended, considering the presented results,
to avoid using the Werle and Glauert methods, providing
that other simple and more reliable methods such as those
by Maskell or Pope and Harper are available, when quick
preliminary corrections at low blockages are required.

Caution must be taken as this study only addressed the
problemof homogeneous blockage. Futurework should anal-
yse series of different blockage ratios for different turbines,
tank sections (e.g. rectangular sections) or other arrange-
ments such as non-cylindrical channels. The proposedmodel,
with its empirical component, could be a viable option to
address the problem of non-homogeneous blockage.

Acknowledgements This work was supported in part by CONI-
CYT PFCHA/BECAS CHILE DOCTORADO EN EL EXTRANJERO
2016/72170292 and by MERIC (Marine Energy Research and Innova-
tion Center, Chile). The authors would like to acknowledge the use of
theUniversity ofOxfordAdvancedResearchComputing (ARC) facility
in carrying out this work; https://doi.org/10.5281/zenodo.2255.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, youwill need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

Abolghasemi MA, Piggott MD, Spinneken J, Viré A, Cotter CJ, Cram-
mond S (2016) Simulating tidal turbines with multi-scale mesh
optimisation techniques. J Fluids Struct 66:69–90

Bahaj AS, Molland AF, Chaplin JR, Batten WMJ (2007) Power and
thrust measurements of marine current turbines under various
hydrodynamic flow conditions in a cavitation tunnel and a tow-
ing tank. Renew Energy 32(3):407–426. https://doi.org/10.1016/
j.renene.2006.01.012

Betz A (1920) Das maximum der theoretisch möglichen ausnützung
des windes durch windmotoren. Zeitschrift für das gesamte
Turbinenwesen 20

Boorsma K, Schepers J (2014) New mexico experiment: Preliminary
overviewwith initial validation. Tech. rep, EnergyResearchCentre
of the Netherlands (ECN)

BuhlML (2005)Anewempirical relationship between thrust coefficient
and induction factor for the turbulent windmill state a new empir-
ical relationship between thrust coefficient and induction factor
for the turbulent windmill state. Technical Report NREL/TP-500-
36834

Burton T, Sharpe D, Jenkins N, Bossanyi E (2001) Wind energy hand-
book, vol XXXIII. Wiley, New York. arXiv:1011.1669v3

Cavagnaro R, Polagye B (2014) An evaluation of blockage corrections
for a helical cross-flow turbine. In: Proceedings of the 3rd Oxford
tidal energy workshop, Oxford, UK, pp 7–8

Celik I, Karatekin O (1997) Numerical experiments on application of
Richardson extrapolation with nonuniform grids. J Fluids Eng
119(3):584–590. https://doi.org/10.1115/1.2819284

Ferziger J, Peric M (2001) Computational methods for fluid dynamics.
Springer, Berlin, Heidelberg

Fluent A (2018) Ansys fluent theory guide 19.0. ANSYS, Canonsburg
Fontaine AA, Straka WA, Meyer RS, Jonson ML (2013) A 1:8.7

scale water tunnel verification & validation test of an axial
flow water turbine. Tech. Rep. 9, Applied Research Labo-
ratory, Pennsylvania State University. https://doi.org/10.1017/
CBO9781107415324.004

Garrett C, Cummins P (2007) The efficiency of a turbine in a tidal
channel. J Fluid Mech 588:243–251. https://doi.org/10.1017/
S0022112007007781

Glauert H (1933) Wind tunnel interference on wings, bodies and
airscrews. Aeronaut Res Comm 1566:1–52

Glauert H (1947) The elements of aerofoil and airscrew theory. Cam-
bridge University Press, Cambridge

Hackett JE,CooperKR (2001)Extensions toMaskell’s theory for block-
age effects on bluff bodies in a closed wind tunnel. Aeronaut J
105(1041–1050):409–418

Hansen MH, Gaunaa M, Aagaard Madsen H (2004) A Beddoes–
Leishman type dynamic stall model in state-space and indicial

123

https://doi.org/10.5281/zenodo.2255
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.renene.2006.01.012
https://doi.org/10.1016/j.renene.2006.01.012
http://arxiv.org/abs/1011.1669v3
https://doi.org/10.1115/1.2819284
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/S0022112007007781
https://doi.org/10.1017/S0022112007007781


Journal of Ocean Engineering and Marine Energy

formulations. Risoe-R, no 1354(EN). Forskningscenter Risoe,
Denmark

Hansen MO, Sørensen JN, Voutsinas S, Sørensen N, Madsen HA
(2006) State of the art in wind turbine aerodynamics and aeroelas-
ticity. Prog Aerosp Sci 42(4):285–330. https://doi.org/10.1016/j.
paerosci.2006.10.002

Hunter W, Nishino T, Willden RHJ (2015) Investigation of tidal turbine
array tuning using 3D Reynolds-averaged Navier–Stokes simula-
tions. Int J Mar Energy 10:39–51. https://doi.org/10.1016/j.ijome.
2015.01.002

Lanchester FW (1915) A contribution to the theory of propulsion and
the screw propeller. J Am Soc Naval Eng 27(2):509–510. https://
doi.org/10.1111/j.1559-3584.1915.tb00408.x

Leuschen J, Mebarki Y (2012) Examination of the Maskell III block-
age correction technique for full scale testing in the NRC 9-meter
wind tunnel. SAE Int J Commer Veh 5:640–649. https://doi.org/
10.4271/2012-01-2047

Luo J, Issa R, Gosman A (1994) Prediction of impeller-induced flow
in mixing vessels using multiple frames of reference. Chem Symp
Ser 136:549–556

Maskell EC (1963) A theory of blockage effects on bluff bodies and
stalled wings in a closed wind tunnel. No. ARC-R/M-3400. Aero-
nautical Research Council, London

Menter FR (1994) Two-equation eddy-viscosity turbulence models for
engineering applications. AIAA J 32(8):1598–1605

Menter FR, Kuntz M, Langtry R (2003) Ten years of industrial
experience with the SST turbulence model. Turbul Heat Mass
Transf 4(4):625–632. https://doi.org/10.4028/www.scientific.net/
AMR.576.60

MerckerE (1986)Ablockage correction for automotive testing in awind
tunnel with closed test section. J Wind Eng Ind Aerodyn 22(2–
3):149–167. https://doi.org/10.1016/0167-6105(86)90080-2

Mikkelsen R, Sørensen JN (2002) Modelling of wind turbine blockage.
In: 15th IEA symposium on the aerodynamics of wind turbines,
FOI Swedish Defence Research Agency

Pope A, Harper J (1966) Low-speed wind tunnel testing. Wiley, New
York

Roache PJ (1994) Perspective: a method for uniform reporting of grid
refinement studies. J Fluids Eng 116(3):405–413. https://doi.org/
10.1115/1.2910291

Schepers J, BoorsmaK, Cho T, Gomez-Iradi S, Schaffarczyk P, Jeromin
A, Lutz T, Meister K, Stoevesandt B, Schreck S et al (2012) Final
report of IEA task 29, Mexnet (phase 1): analysis of Mexico wind
tunnel measurements. IEA

Schluntz J, Willden RHJ (2015) The effect of blockage on tidal turbine
rotor design and performance. Renewable Energy 81:432–441

Shen WZ, Zhu WJ, Sørensen JN (2012) Actuator line/Navier–Stokes
computations for the MEXICO rotor: comparison with detailed
measurements. Wind Energy 15(5):811–825. https://doi.org/10.
1002/we.510

Shives M, Crawford C (2016) Adapted two-equation turbulence clo-
sures for actuator disk RANS simulations of wind & tidal turbine
wakes. Renew Energy 92:273–292

Tampier G, Troncoso C, Zilic F (2017) Numerical analysis
of a diffuser-augmented hydrokinetic turbine. Ocean Eng
145(September):138–147. https://doi.org/10.1016/j.oceaneng.
2017.09.004

Vogel CR,Willden RHJ, HoulsbyGT (2018) Blade elementmomentum
theory for a tidal turbine. Ocean Eng 169:215–226

Wang L, Liu X, Kolios A (2016) State of the art in the aeroelasticity of
wind turbine blades: aeroelastic modelling. Renew Sustain Energy
Rev 64:195–210. https://doi.org/10.1016/j.rser.2016.06.007

Werle MJ (2010) Wind turbine wall-blockage performance correc-
tions. J Propuls Power 26(6):1317–1321. https://doi.org/10.2514/
1.44602

Wimshurst A,Willden RHJ (2016) Computational analysis of blockage
designed tidal turbine rotors. In: Progress in renewable energies
offshore: proceedings of 2nd international conference on renew-
able energies, pp 587–597

Wimshurst A, Willden RHJ (2017) Extracting lift and drag polars
from blade-resolved computational fluid dynamics for use in actu-
ator line modelling of horizontal axis turbines. Wind Energy
20(5):815–833. https://doi.org/10.1002/we.2065

Wimshurst A, Vogel CR,Willden RHJ (2018) Cavitation limits on tidal
turbine performance. Ocean Eng 152(February):223–233

Zilic de Arcos F, Vogel CR, Willden RHJ (2019) Hydrodynamic mod-
elling of flexible tidal turbine blades. In: Proceedings of the 13th
European wave and tidal energy conference, Napoli

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

123

https://doi.org/10.1016/j.paerosci.2006.10.002
https://doi.org/10.1016/j.paerosci.2006.10.002
https://doi.org/10.1016/j.ijome.2015.01.002
https://doi.org/10.1016/j.ijome.2015.01.002
https://doi.org/10.1111/j.1559-3584.1915.tb00408.x
https://doi.org/10.1111/j.1559-3584.1915.tb00408.x
https://doi.org/10.4271/2012-01-2047
https://doi.org/10.4271/2012-01-2047
https://doi.org/10.4028/www.scientific.net/AMR.576.60
https://doi.org/10.4028/www.scientific.net/AMR.576.60
https://doi.org/10.1016/0167-6105(86)90080-2
https://doi.org/10.1115/1.2910291
https://doi.org/10.1115/1.2910291
https://doi.org/10.1002/we.510
https://doi.org/10.1002/we.510
https://doi.org/10.1016/j.oceaneng.2017.09.004
https://doi.org/10.1016/j.oceaneng.2017.09.004
https://doi.org/10.1016/j.rser.2016.06.007
https://doi.org/10.2514/1.44602
https://doi.org/10.2514/1.44602
https://doi.org/10.1002/we.2065

	Numerical analysis of blockage correction methods for tidal turbines
	Abstract
	1 Introduction
	2 Analysis cases
	3 Blockage correction methods
	3.1 Glauert (1933)
	3.2 Maskell (1965)
	3.3 Pope and Harper (1966)
	3.4 Mikkelsen and Sørensen (2002)
	3.5 Bahaj et al. (2007)
	3.6 Werle (2010)
	3.7 Continuity correction

	4 Error definition
	5 Numerical methods
	5.1 Reynolds-averaged Navier–Stokes equations
	5.2 Computational domain and mesh study

	6 Results and discussion
	6.1 Uncorrected CFD results for blockage variation
	6.2 Proposed method
	6.3 Results with blockage correction
	6.4 Error analysis

	7 Conclusions
	Acknowledgements
	References




