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Abstract—The status of marine current tidal energy technology
is currently in the research and development phase, with a few
deployments and tests of prototypes under-way in some countries.
There is huge pressure for tidal farms to be of GW scale in
order to have a real, economically viable impact on renewable
energy utilization targets outlined for 2020. A route to achieving
this is the large scale energy farm philosophy, similar to wind
farms, based on very large numbers of unit current tidal stream
devices. However, this in-mature technology development raises
different research questions which lead to further problems in the
practical implementation of tidal stream devices. Thus, the aim
of the work described in this paper was (i) to formulate simplified
parameterised analytic models of individual and clusters of tidal
stream devices using the concept of linear momentum actuator
disc theory, (ii) to perform a detailed calculations of the flow
field of multiple turbines using the developed models, and (iii)
to compare the analytic model results with the results calculated
using a CFD basedImmersed Body Force (IBF) model. This study
has been mainly focused on a new device, Momentum-Reversal-
Lift (MRL), which is a cross flow type of tidal turbine developed
by Aquascientific Ltd.

Several analytic models have been developed to describe the
flow characteristics downstream of the turbine, i.e. the wake
velocity profile and to estimate the total power extraction from
a tidal stream farm containing ideally tenth and hundreds of
devices. The developed models showed the capability to examine
the wake characteristics and to estimate the performance of
clusters of turbines taking in to consideration the influence of
turbine to turbine interactions. A small longitudinal spacing
between turbines inflicted a massive energy shadowing that
affects the performance of downstream turbines. Based on the
analysis of the influence of wake interaction, more than 91%
of the performance of an isolated turbine can be achieved with
turbines spaced 20D apart. In addition, comparison of the wake
velocity profiles and the power extraction calculated usingboth
the analytic and CFD models showed reasonable agreement.

Index Terms—MRL, Analytic model, Wake interaction, Power
extraction

I. I NTRODUCTION

The status of marine current tidal energy technology is
currently in the research and development phase, with a few
deployments and tests of prototypes under-way in some coun-
tries. This emerging technology development raises different
research questions which lead to further problems in the
practical implementation of tidal stream devices. There isa
huge pressure for tidal farms to be of GW scale in order to
have a real, economically viable impact on renewable energy
utilization targets outlined for 2020. A route to achievingthis

is the large scale energy farm philosophy, similar to wind
farms, based on very large numbers of unit current tidal
stream devices. However, there is still a gap in optimizing
tidal stream farm designs to tackle the problem which arises
due to the presence of several hundred tidal stream devices
which inevitably introduces turbine to turbine interaction.

The application focus of this study is a new generation
of horizontally operating device, the Momentum-Riversal-Lift
(MRL) turbine, aimed at deployment primarily as block farms,
rather than fences, in shallow estuaries with medium flow such
as the Severn. Analytical and computational techniques have
been used for many years to minimise the cost of experiments
and have shown good success in supporting the design and
development of new devices. The analytical and computational
studies are often validated by small scale experiments in
order to use them for testing ideas in a large scale prior to
implementation.

Analytical methods have been used in the study of a single
and clusters of tidal turbines to understand the limit of their
power extraction as documented by [1–7]. A theoretical model
has also been developed by [8] to explore the efficiency of
arrays of turbines partially blocking a wide channel. These
analytical studies have been mainly focused on a single turbine
or turbines configured in the spanwise direction and lacks
addressing the impact of wake interaction on downstream
turbines.

In addition, CFD tools have been commonly used to support
the development of tidal turbines by testing new ideas priorto
implementation [9]. It is a useful tool for predicting the flow
characteristics, the impact of the surrounding environment and
the supporting structure on the performance of the device [10].
In general, CFD tools can investigate different issues related
to tidal turbines with low cost compared to experimental
studies [11], but the computational cost is still higher than
the analytical approach. For a single turbine simulations,it is
possible to employ more detailed CFD modelling techniques
as the computational demand is manageable with the current
computational resources. As the number of devices increases,
such as the study of arrays of devices, the computational cost
significantly increases.

Thus most researchers employ moderate cost techniques
such as the actuator disc method to investigate the wake
interactions in arrays of turbines. Reference [12] used a blade



element and actuator disc method to study the wake interaction
of a tidal stream farm with 5 rows of turbines configured in
the streamwise direction. This study showed that the power
coefficient of the second row was lower than the rest of the
devices due to huge wake interaction from the first row but
the turbines from the third row onwards showed better power
coefficients due to fast wake recovery within the array. Study
of a staggered configuration of arrays of devices by [13–15]
showed an acceleration of the bypass flows due to the venturi
created by the turbines which could improve the performance
of any downstream devices.

Experimental study of arrays of devices have been carried
out by [16, 17] and they showed that with a particular inter-
turbine spacing there is a potential of accelerated flow regions
which can be used for high power production by deploying
turbines on those regions. They have suggested that an off-
set or staggered configuration would provide a better option
and allows a longitudinally closely packed devices to be
deployed with less wake interaction and possibly higher power
extraction due to accelerated bypass flow.

Different configurations of devices were also studied by
[18] using CFD and experiments and the results showed high
influence of wake interaction on downstream devices if an
appropriate longitudinal spacing between the rows is not used.

For economically viable tidal stream farms containing pos-
sibly hundreds of devices even these simplified CFD methods
become unrealistic for task such as obtaining the individual
turbine locations and loading factors. One approach to over-
coming the computational barrier is the use of simplified
analytic models for the farm, then embed these into a large
scale computational model at the global fluid problem, e.g
a farm embedded in a tidal estuary. Such simplified analytic
models are frequently used for propeller wind turbines.

Thus the aim of the work described in this paper is to formu-
late simplified parametrised analytic models that considers the
influence of wake interaction on the flow features and power
extraction of the MRL turbine and to compare with the results
from CFD approach. Computational studies at individual and
small clusters of turbines are exploited in order to advice on
various issues in the analytic models building process.

II. M ETHODOLOGY

A. Analytical Modelling

The application of Linear Momentum Actuator Disc Theory
(LMADT) [19] to a tidal turbine in an open channel has been
widely developed in recent years considering a constrained
flows. To simplify the analytical modelling, the conventional
axial flow tidal turbine is often assumed as a very thin circular
disc of permeable membrane by several researchers where
fluid flows through and around it. The fluid flow is assumed to
be one dimensional in the X- direction considering the cross
flow velocities to be negligible as presented by [2]. Since the
turbine acts as a drag force, the fluid flow along the control
volume slows as it flows through the turbine. As a result, the
local area on the downstream side of the turbine expands in all

direction forming a cylindrical trace of streamlines to satisfy
the conservation of mass.

A recent development of the extension of LMADT analysis
to a tidal turbine constrained in a fluid flow between two rigid
surfaces is presented by [1], though it could not address the
deformation of the free surface immediately downstream of
the turbine. The analysis by [1] was later modified by [2] to
account for the deformation of the free surface and this analy-
sis can be applicable for a transverse array of turbines closely
spaced but stopped short of analysing the energy loss during
the mixing of the flow downstream of the turbine. The defor-
mation has also been observed by [20] during an experiment
involving a horizontal axis marine current turbine represented
by a rotor disc. Reference [3] expanded the analysis to take
into consideration the inevitable downstream mixing effect and
successfully developed a parametrised equation to estimate
the energy loss in the mixing zone. The researchers have
introduced a blockage ratio to account for the blockage effect
of turbines configured in the span-wise direction (transverse
array of turbines).

However, to our knowledge, the impact of turbine to turbine
interactions on the performance of downstream turbines has
not been addressed, and it has been the focus of this study
to consider these interactions in the development of analytic
models. The principles used by [3] to develop the analytic
models for a single row of turbines were adapted in this
study and have been used as a guide for the development
of parametrised analytic models taking into account the wake
interactions between turbines. Fig. 1a shows a vertical plane
of a channel containing a single column ofn turbines in the
stream-wise direction. The sketch also shows the labels of
each station used for the development of the analytic models.
Fig. 1b shows a horizontal plane of a channel sliced along the
centre ofn by m number of turbines in a tidal stream farm.
The farm contains a regularly configured turbines of two rows
and three columns.

The stations are mainly defined in-terms of velocity coef-
ficients and the velocity at the inlet.β and β

′

represent the
bypass velocity coefficients at different stations.γ represents
the velocity coefficient within the turbine housing. The down-
stream velocity coefficient,α, represents the velocity profile
in the wake of a turbine andαmin is the minimum value of
α in the wake region. The following assumptions have been
made to simplify the complexity of the problem:

• The bypass velocity coefficient all around the turbine
housing is assumed equal.

• The velocities immediately upstream and downstream of
each turbine are assumed as equal.

• A hydrostatic pressure was assumed at stations 11, 14,
1’4, and 24 shown in Fig. 1a

• The MRL turbine is modelled as a thin rectangular plate
through which the fluid flow passes.

1) Velocity Coefficients:Wake models have been exten-
sively developed and used for investigating the wake of
wind turbines. They have been first introduced by [19, 21]
and subsequently ratified and improved to consider different



(a) Vertical plane

(b) Horizontal plane

Fig. 1: Sketch and notation of tidal turbine model in an open channel
section

constraints by several researchers [22–25]. A commonly used
wake model in the investigation of the wake characteristics
of wind turbines was developed by [23, 24], but excludes the
near turbine region of the wake. This wake model has been
adapted in this study to represent the recovering region given
in Fig. 2.

The wake of a tidal turbine has complex flow features and
depends on the loading of the turbine. In this study, the wake
profile is represented byα(x) function. This function has
several minima and maxima points if the flow is turbulent
and helps to define the velocity profile on the downstream of
any turbine which can be described as:

ud(x) = α(x)u (1)

where,ud(x) is the downstream velocity profile which is repre-
sented byuN (x) anduR(x) in the near turbine and recovering
regions respectively as shown in Fig. 2. The function can
be defined in terms of the mixing length and/or the spacing
between turbines,x , as:

α = f(x, Pm) (2)

where:Pm is set of M parameters. The velocity coefficient
values should be within the rangeαmin < γ < 1 and
α(x) ≤ 1. This α(x) function can be termed as wake
velocity coefficient as it defines the velocity profile at the
wake region. The wake region is affected by two processes.
The first process occurs in the near turbine region where the
velocity value decreases and the second process occurs in the

recovering region where the velocity recovers back to its initial
condition. Fig. 2 shows these two processes and the wake
velocity coefficient function has been developed based on this
Figure. The near turbine region covers a very small distance

Fig. 2: Schematic representation of the Near turbine and recovering
processes regions

downstream of the turbine until the point where the minimum
velocity occurs. The recovering region, which starts from the
minimum velocity, covers the rest of the wake region until the
downstream turbine.

The near turbine region has been excluded by several
researches in the investigation of the wake characteristics of
wind turbines. However, it is important to include this region
so that the wake velocity profile of the whole wake region
can be fully understood. The wake model is derived from the
concept of conservation of mass across a control volume in
the near turbine region as shown in Fig. 3. Assuming that

Fig. 3: Schematic representation of the wake region near theturbine

the momentum is conserved in the near turbine region and
applying the continuity equation on the control volume shown
in Fig. 3, the continuity equation of the near turbine regionis
written as:

Aut = AN (x)uN (x) (3)

where:uN(x) is the velocity at the near turbine region,A is
the swept area of the turbine,AN (x) is the expanded area
downstream of the turbine in the near turbine region,ut = γu
is the velocity at the turbine. The MRL turbine is a cross
flow type of tidal turbine and the swept area is calculated
considering its length and diameter. Therefore, area of the
turbine,A , can be defined as:

A = 2Lr (4)

and the area of the expanding wake can be defined as:

AN (x) = 2LrN (5)



where:r is half of the diameter (r = D/2), rN is half of the
diameter of the expanding wake as shown in Fig. 3, andL
is length of the turbine. It is assumed that the wake expands
linearly and the radius of this expanding wake can be defined
as:

rN = r + ϕx (6)

where:x is the mixing length scale and/or the spacing between
the turbines, andϕ is the wake spreading or entrainment
constant. Thus, substituting these variables in Equation 3and
solving for the value ofuN(x), the wake model equation can
be written as:

uN(x) = u

(

γ

1 + ϕx
r

)

(7)

Combining Equations 1 and 7, the wake velocity coefficient
function (αN(x)) in the near turbine region can be written as:

αN (x) =
γ

1 + ϕx
r

(8)

The recovering region is the second region of the wake
of the turbine. Fig. 4 shows the wake model, which has
been widely used by several researchers in the wind energy
technology. The schematic diagrams of the near turbine and
recovering regions appears to be contradicting as both start
at the turbine with different velocity values (umin and ut).
However, in order to simplify the problem the near turbine
region has been assumed negligible in the development of
the wake velocity profile for the recovering region and this
region has been represented by the wake model developed for
wind turbines by [23, 24]. Assuming that the momentum is

Fig. 4: Schematic wake model of the recovering region

conserved in the wake region shown in Fig. 4, the continuity
equation at the inlet and outlet of the control volume is written
as:

Aumin + (AR(x)−A)u = AR(x)uR(x) (9)

where: umin is the minimum velocity at a distance ofx0

downstream of the turbine,uR(x) is the velocity profile in
the recovering region,AR(x) is the expanding area in the
recovering region given asAR(x) = 2LrR. According to the
Betz theory, the minimum velocity downstream of a turbine
is given asumin = (1− 2a)u where a = (1 − γ). Thus,
substituting these variables in Equation 9 and solving for the

value ofuR(x), the wake model of the recovering process can
be written as:

uR(x) = u

(

1−
2 (1− γ)

1 + ϕx−x0

r

)

(10)

As x ⇒ ∞, uR(x) ⇒ u. Equation 10 is a definition of
the wake model for any upstream turbine. However, in order
to define the wake model of several rows of turbines in a
tidal stream farm, the above equation can be easily modified
taking into consideration the effect of wake interaction on
the downstream turbines. The wake model downstream of the
second row of the turbines is therefore defined as:

u2R = u

(

1−
2 (1− γ)

1 + ϕx−x0

r

)(

1−
2 (1− γ)

1 + ϕxmax−x0

r

)

(11)

Similarly for n turbines, the wake velocity profile of thenth

turbine in the recovering region can be defined as:

unR = u

(

1−
2 (1− γ)

1 + ϕx−x0

r

)(

1−
2 (1− γ)

1 + ϕxmax−x0

r

)(n−1)

(12)
where,xmax is the maximum mixing length or turbine spacing.
The outlet velocity of upstream turbine at the maximum tur-
bine spacing is used as an inlet to the downstream turbine. This
is why the multiplying factor in Equations 11 and 12 should
be calculated at the maximum turbine spacing. Combining
Equations 1 and 10, the wake velocity coefficient of a single
turbine in the recovering region can be written as:

αR(x) = 1−
2 (1− γ)

1 + ϕx−x0

r

(13)

Similarly, the wake velocity coefficient of thenth turbine can
be defined as:

αR(x) =

(

1−
2 (1− γ)

1 + ϕx−x0

r

)(

1−
2 (1− γ)

1 + ϕxmax−x0

r

)(n−1)

(14)
Based on the analytic models developed for the two re-

gions, a combined equation that can define the wake region
of the two processes given in Fig. 2 can be formulated
using a transition point where the minimum velocity occurs
(ud(x) = uN(x) = uR(x)). At the transition point, the down-
stream distance from the turbine is considered asx0. This dis-
tance can be obtained empirically by combining Equations 8
and 13, and with some manipulation, it can be written as:

x0 =
r(1 − γ)

ϕ (2γ − 1)
(15)

With the mixing length of the transition point known, the wake
velocity coefficient profile of a single turbine can be obtained
from the two processes as:

α(x) =

{ γ
1+ϕ x

r

if x ≤ x0

1− 2(1−γ)

1+ϕ
x−x0

r

if x ≥ x0
(16)



Using similar procedures, the wake velocity coefficient of the
nth turbine can be defined as:

α(x) =



































γ
1+ϕ x

r

(

1− 2(1−γ)

1+ϕ
xmax−x0

r

)(n−1)

if x ≤ x0
(

1− 2(1−γ)

1+ϕ
x−x0

r

)(

1− 2(1−γ)

1+ϕ
xmax−x0

r

)(n−1)

if x ≥ x0

(17)
At n = 1, Equation 17 is equal to Equation 16.

The entrainmentϕ is an empirical formula which has been
widely utilized in wind turbine technologies. Based on [26],
the entrainment constant has been determined by experiment
whereϕ = 0.04 for offshore wind turbines, andϕ = 0.075 for
onshore wind turbines. Others have used an empirical formula
which is dependent on the surface roughness of the site and the
hub height of the turbines [23, 24]. In this study, the empirical
formula has been adapted and is given as:

ϕ =
C

ln
(

z
zo

) (18)

where: z is the position/height of the centre of the turbine,
zo is the surface roughness of the site where the turbines are
deployed,C is a constant. In the case of wind turbines,C =
0.5 however for tidal turbines this value is not expected to be
the same and different value have been tested by comparing
with CFD results and the value which gave better agreement
was selected.

The bypass and turbine velocity coefficients are assumed
constant throughout the farm and have the same effect in each
of the turbines. Applying Bernoulli, continuity and momentum
conservation equations between stations 11 and 14 yields
the following two relations: (Refer to [3] for more detailed
derivations).

(

1−

(

Bγ

αmin

+
1−Bγ

β

))

=
u2

2gh

(

β2
− 1

)

(19)

γ =

2 (β + αmin)−
(β − 1)

3

Bβ (β − αmin)

4 + (β2−1)
αminβ

(20)

Combining Equations 19 and 20, a quadratic equation defi-
nition for the bypass velocity coefficient can be formulated
as:

F 2
r

2
β4 + 2αminF

2
r β

3
−
(

2− 2B + F 2
r

)

β2

−
(

4αmin + 2αminF
2
r − 4

)

β

+

(

F 2
r

2
+ 4αmin − 2Bα2

min − 2

)

= 0 (21)

where:Fr = u√
gh

is the upstream Froude number, andB is
the blockage ratio. The blockage ratio is equal to the ratio of
the sum of the area of turbines in the same row (Atotal) to the
cross-sectional area of the channel (B = Atotal/bh). Solving

for the bypass velocity coefficient enables us to calculate all
the other velocity coefficients and the power extraction from
a tidal stream farm.

2) Mathematical Formulation of Power Extraction:The
flow given in Fig. 1 has been analysed considering the as-
sumptions outlined in the previous section and based on the
principles used by [3]. Bernoulli’s equation is not valid across
each turbine but it can be applied from far field toward the
turbines to obtain the head difference due to the discontinuity
by the turbines.

The analytical modelling starts with a single turbine and
is then expanded to a tidal stream farm containing two rows
of turbines by a subsequent coupling of the inlet and outlet
conditions. The side effects have been taken into consideration
through the bypass velocity coefficient in order to incorporate
a transverse array of turbines (span-wise direction). This
building process brings the idea of creating a tidal stream
farm containing ideally hundreds of turbines in the stream-
wise and span-wise directions taking into consideration the
impact of turbine to turbine interactions on their performance.
The development of the parametrised analytic models has been
based on the labels and parameters given in Fig. 1.

The analytical models developed by [3] for a single row
of turbines have been directly adapted as summarised below.
Applying Bernoulli’s equations in the fluid flow along the
turbine tube between stations 11 and 12 gives:

h+
1

2g
u2 = h12t +

1

2g
u2γ2 (22)

similarly, the Bernoulli’s equation between stations 13 and 14
is given as:

h13t +
1

2g
u2γ2 = h14 +

1

2g
u2α2

min (23)

Combining Equations 22 and 23, the head difference at station
11 and 14 is defined as:

h− h14 = h12t − h13t +
1

2g
u2

(

α2
min − 1

)

(24)

Applying Bernoulli in the bypass flow between stations 11 and
14 gives:

h+
1

2g
u2 = h14 +

1

2g
u2β2 (25)

Re-arranging Equation 25, the head difference between sta-
tions 11 and 14 can be written as:

h− h14 =
1

2g
u2

(

β2
− 1

)

(26)

combining Equations 24 and 26, the head difference at stations
12 and 13 can be defined as:

h12t − h13t =
1

2g
u2

(

β2
− α2

min

)

(27)

The thrust loadingF11 is defined by the head differences along
the control volume normal to the turbine and can be written
as:

F11 = ρg (h12t − h13t)A11 (28)



whereA11 is the swept area of the turbine in the first row and
first column. Substituting Equation 27 into Equation 28 gives
the thrust loading as:

F11 =
1

2
ρu2

(

β2
− α2

min

)

A11 (29)

and the power extracted by the turbine can be calculated as:

P11 = γuF11 =
1

2
ρu3γ

(

β2
− α2

min

)

A11 (30)

The total power extracted from the first row of turbines can
be obtained by:

Prow1 = mγuF11 = m
1

2
ρu3γ

(

β2
− α2

min

)

A (31)

where:A is the swept area of each turbine assuming the same
size of devices in the tidal stream farm andm is the total
number of turbines in the first row row. Keep in mind that
the side effects in the lateral spacing are accounted for by the
bypass velocity coefficient (β) in the equation.

The analytical models for a single row of turbines were
expanded to include a second row of turbines taking into con-
sideration the impact of wake interaction from the upstream
turbines on the performance of downstream turbines. Using
the same approach as before, applying Bernoulli’s principle
in the fluid flow along the turbine tube at stations 1’4 and 22
gives:

h1′4 +
1

2g
α2u2 = h22t +

1

2g
γ2α2u2 (32)

and similarly at stations 23 and 24, the Bernoulli’s equations
can be defined as:

h23t +
1

2g
γ2α2u2 = h24 +

1

2g
α2
minα

2u2 (33)

Combining Equations 32 and 33, the head difference at station
1’4 and 24 is written as:

h1′4 − h24 = h22t − h23t +
1

2g
u2α2

(

α2
min − 1

)

(34)

applying Bernoulli’s principle in the bypass flow between
stations 1’4 and 24 gives:

h1′4 +
1

2g
β

′2u2 = h24 +
1

2g
β2β

′2u2 (35)

where: 1 ≤ β
′

< β. Re-arranging Equation 35, the head
difference between stations 1’4 and 24 can be written as:

h1′4 − h24 =
1

2g
u2β

′2
(

β2
− 1

)

(36)

combining Equations 34 and 36, the head difference at stations
22 and 23 can be defined as:

h22t − h23t =
1

2g
u2

(

β
′2(β2

− 1)− α2(α2
min − 1)

)

(37)

The thrust loadingF21 can be defined by the head difference
at stations 22 and 23 as:

F21 = ρg (h22t − h23t)A21 (38)

whereA21 is the swept area of the turbine in the second row
and first column. Substituting Equation 37 into Equation 38,
the thrust loading can be defined as:

F21 =
1

2
ρu2

(

β
′2(β2

− 1)− α2(α2
min − 1)

)

A21 (39)

and the power extracted by the turbine can be calculated as:

P21 = γuF21 =
1

2
ρu3γ

(

β
′2(β2

− 1)− α2(α2
min − 1)

)

A21

(40)
The total power extracted by the second row of turbines can

be then calculated considering the number of turbines in the
spanwise direction as:

Prow2 = m

(

1

2
ρu3γ

(

β
′2(β2

− 1)− α2(α2
min − 1)

)

A

)

(41)
The power coefficient (Cp) of a single turbine from the second
row can be extracted from Equation 41 and is defined as:

Cp = γ
(

β
′2(β2

− 1)− α2(α2
min − 1)

)

(42)

The influence of wake interaction is accounted for by theα
function discussed previously by varying the spacing between
the rows of turbines. The velocity coefficientβ

′

is unknown
and the results from a series of CFD simulations have been
used to estimate this value in order to reduce the number of
parameters involved in the analytical building process. The
formulation of the analytical models so far have been limited
for the power extraction from ideally hundreds of columns
and two rows of turbines however a further work will focus
on expanding these models to include for hundreds of rows of
turbines.

B. CFD modelling

Most researchers accept that simple momentum sink zone
models such as the actuator disc methods are crude and make
it difficult to incorporate energy loss processes. However,they
are one of the few computationally realistic approaches for
gaining insight into the behaviour of substantial clustersof
devices. This study builds upon this accepted methodology by
incorporating additional geometric features that induce energy
absorption from the flow which also lead to a downstream
wake structure intended to reflect more closely those of the
real turbines than simple momentum sink zone models. In
this study, a different tidal turbine modelling method called
Immersed Body Force (IBF)is employed. This IBF model have
been used to investigate different issues of the MRL turbine
as documented by [14, 27].

For the IBF approach, a forcing function per unit volume
of the blades (Fb) representing the resistance by the turbine
against the flow is used to create momentum change. The force
function was imposed in the NS equations and a code was
developed by considering drag (FRD) and lift (FRL) resistance
forces applied by the blades on the fluid flow as shown in Fig.
5.

The force applied by the vertical blade was considered
entirely as a drag resistance force while the other two blades



have both drag and lift resistance forces. The forcing function
can be defined as:

F b = FRD + FRL (43)

The IBF model comprises two parts:
1) A set of resistance forces seated on the cells correspond-

ing to the fixed blade positions.
2) A force ring designed to represent the effect of the main

turbine vortex as shown in Fig. 5.

Fig. 5: Illustration of body forces applied by each blade andannular
section

The parameters (FRD andFRL) represent the associated resis-
tances against the incoming flow. This type of representation
has several advantages as summarised below:

• It reduces the requirement of mesh resolution at the
surface because there is no physical presence of the
blades in the model, which minimises the requirement
of fine meshing to treat the blade surface and fluid
interaction.

• It is applied in a volume which creates complex motions
within the turbine housing

• The geometric features lead to downstream wake struc-
tures intended to reflect more closely those of the real
turbines.

• It allows application of both drag and lift resistances
against the flow based on the blade position.

The resistance force is the input parameter required in the
IBF modelling approach. This resistance force can be used to
calibrate the energy extraction which inevitably depends upon
the inflow conditions. Given that the turbines interact with
each other these inlet conditions are themselves unknown at
the start of the calculation which makes it difficult to apply
the correct resistance force to each of the downstream row of
turbines. However, due to the downstream turbine operatingon
the wake of upstream turbines, the resistance force appliedto
the downstream turbines should be different and it was reduced
arbitrarily by 10% from the resistance force of the upstream
turbine.

In most of the actuator disc methods, the turbine is modelled
using a porous disc that provides axial resistance coefficient,
KL, to the incoming flow. The thrust force is related to the
dynamic head at the disc using the axial resistance coefficient,
sometimes called the loss factor, as:

T = KL

1

2
ρAu2

t (44)

where,A is the projected area of the turbine andut is the
streamwise average velocity normal to the disc. The power re-
moved from the flow by the presence of the device is therefore
defined using the thrust force and the average velocity as:

P = Tut (45)

Equation 44 has been used to calculate the thrust force by
several researchers working on tidal turbines as documented
in [28–31]. The thrust coefficient,CT , is defined using the
thrust experienced by the turbine and the thrust force available
in the upstream flow as:

CT =
T

1
2ρAu

2
∞

(46)

Similarly, the power coefficient,CP , can be defined using the
power removed from the flow by the device and the kinetic
flux available in the upstream flow as:

CP =
P

1
2ρAu

3
∞

(47)

The operating point of the MRL turbine is obtained by varying
the value of Fb. Thus an empirical relationship between
the resistance force,Fb, and the resistance coefficient,KL

, has been established as shown in Equation 48 in order to
employ Equation 47 for the calculation of the performance of
individual turbines in the farm.

KL = 0.48e0.187Fb (48)

The formulation of this relationship is important as the equa-
tions used to calculate the performance of the turbine are
developed based on the resistance coefficient,KL, while the
IBF model is developed based on the resistance force,Fb. This
relationship was established using a detailed calculationof the
power coefficients of a single turbine using conservation of
linear momentum approach.

1) Computational set-up:The domain size extends 51D
(10.2 m) longitudinal distance, 25.3D (5.06 m) laterally and
with an overall height of 10.3125D (2.0625 m). The initial
conditions for the simulation wereα = 1 up to 7.3125D,
α = 0 above this level, representing a water level of 7.3125D
from the ground with the rest of the domain occupied by air.
Two phases were used as the simulation was carried out with
a free surface using volume of fluid (VOF) interface tracking
method.

The turbine has an overall diameter of D = 0.20 m and a
length of L = 0.22 m. The blades have maximum thickness and
chord length of 1.7 cm and 9.5 cm respectively and the same
size of turbines have been used in the farm. These turbines
were positioned 2D below the free surface.



Large Eddy Simulation (LES) modelling technique was used
for the CFD calculation. The sub-grid scale stresses were
modelled using one-equation eddy viscosity model which is
commonly used in the simulation of turbulent flows. The
OpenFOAM finite volume CFD code software package was
employed to perform the simulations. The1/7th power law
velocity profile, which is an approximate tidal velocity profile
developed by assuming a power law, was used for the inlet
and a buoyant pressure boundary condition was used for both
the inlet and outlet of the computational domain.

III. R ESULTS AND DISCUSSIONS

A. Flow Field Analysis

Fig. 6 shows the velocity contours of two rows and sin-
gle column turbine configuration. The longitudinal spacing
between the turbines (rows) is 20D. It is clear from the velocity
contour that there is a huge interaction of the wake of upstream
turbine with the downstream turbine which has a direct impact
on the performance of the downstream turbine.

Fig. 6: Velocity contours of two turbine configurations

A small tidal farm containing six turbines based on the
turbine configuration given in Fig. 1 was constructed to inves-
tigate the blockage effect on the flow field and performance
of individual turbines. Fig. 7 shows the velocity contour of
six turbines configured in two rows and three columns. The
longitudinal spacing between the rows is 15D while the lateral
spacing between the turbines is 6D. The wake of the upstream
row of turbines interacts with the downstream row of turbines
which affects the performance of the downstream rows.

Fig. 7: Velocity contours of regularly configured six turbine simula-
tions

The wake interaction can be minimised by using off-set
turbine configurations, which could improve the cumulative
power extraction by utilising the accelerated flow regions
observed due to the venturi flow created by the presence

of turbines in the spanwise direction. However, this requires
appropriate lateral spacing based on the size of the turbines
to avoid the wake interaction between the turbines in the
spanwise direction. The wake interaction can also be avoided
by increasing the longitudinal spacing although there is always
space constraint which needs to be optimised.

To obtain a clear picture of the velocity profile, a one-
dimensional velocity dataset was extracted along the stream
direction through the centre of the turbines in column 2
from Fig. 7. Fig. 8 shows comparison of the wake velocity
profiles calculated using both the analytical and CFD models.
A discontinuity of the velocity profile on the upstream of each
row can be observed for the analytical result. The main reason
is that the analytical velocity wake profile model is developed
for the wake regions of each turbine or row and it only extends
up to the local incident region of each downstream turbine.

The CFD model result has faster convergence immediately
downstream of the turbine (near turbine region) compared to
the analytic model calculated with the constant value,C = 1.5,
in both rows. The results from the analytic wake model in the
near turbine region can be increased its convergence with an
increase of the constant value,C, which gives the possibility
of good agreement with the CFD result. However, estimating
the wake velocity coefficient in the near turbine region may
not be as important as the one in the recovering region because
it is obvious that turbines could not be employed as close as
the near turbine region as the flow is significantly affected by
the upstream turbine though it is good to have full picture of
the velocity profile on the whole mixing region.

The velocity profile in the recovering region calculated with
the constant value,C = 1.5, showed faster wake recovery
between 6D and 15D but showed good agreement around the
local incident region of the second row. However, the wake
recovery of the velocity in the wake region of the second
row showed small difference between 21D and 26D with the
velocity profile from the CFD result showed higher value from
26D onwards. The constant valueC has huge impact on the
calculation of the velocity profile using the analytical model
and changing its value can minimise the differences observed
with the CFD result. Thus careful selection of this constant
value is important and future work will focus on experimental
works to obtain universally applicable value for tidal turbines
based on the experiences from the wind turbine technologies.

Defining the wake velocity profile model using the spacing
(mixing length scale) between rows of turbines has significant
impact on the calculation of power extraction from tidal stream
farms because of the greater freedom that gives to vary the
spacing in order to minimise the influence of wake interaction
on the performance of downstream turbines. It also provides
a potential option of using these wake models as an input
function for optimisation of the location of the devices fora
higher power extraction.

B. Power Analysis

The power extraction of the two turbines configured in a
single column at 20D turbine spacing (Fig. 6) was calculated



Fig. 8: Comparison of velocity profiles through the centre ofone column of turbines

using both the analytic and CFD models. The power extracted
by the upstream turbine showed almost the same value by
both models but slightly less than the power from an isolated
turbine which may be affected by the blockage of downstream
turbine. However, the power extracted by the downstream
turbine is much lower than the power extracted by an isolated
turbine. This is an indication that the given turbine spacing
is not enough to avoid the wake interaction that affects the
performance of the downstream turbine. Note that all the
power extraction discussed in this study are excluding the
power loss during re-mixing in the wake regions. This analysis
showed that more than 91% of the performance of an isolated
turbine can be achieved from any downstream turbines spaced
20D apart in the streamwise direction.

Comparison of the power extraction using both the analyt-
ical and CFD models from two rows and three columns of
turbines is shown in Fig. 9. Note that the results of one column
of turbines are shown from the analytical model because of
similar values for the other columns of turbines. The result
clearly shows that the downstream turbines are experiencing
massive energy shadowing from the upstream turbines due to
the wake interaction that affects the local incident velocity
resulting in a low power extraction from the downstream
turbines. Unlike the results from the single column turbine
configurations, the results from the analytical model appears
to be lower than the CFD model in both rows of turbines.

There is also an indication that the power extraction from
individual turbines in the same row from the CFD model is
different in contrary to the results from the analytical model.
This is purely because of the blockage effect which is probably
not well captured by the analytical model. Thus a further
improvement of the analytical models is required in future
studies in order to minimise these differences.

IV. CONCLUSION

Analytic models have been developed to describe the flow
profiles downstream of the turbines and to estimate the total
power extraction of a tidal stream farm containing two rows
and three columns of turbines. The results discussed in this

Fig. 9: Comparison of power coefficients of the individual turbines
calculated using both modelling methods

paper are from an early stage project work which is mainly
focused on optimisation of tidal stream farms and more future
works are certainly required in order to improve fidelity of
the developed models and on expanding the model to include
several rows of turbines.

The developed models showed the capability of examining
the wake velocity profiles and estimating the performance of
arrays of turbines taking in to consideration the influence
of wake interactions. A small longitudinal spacing between
turbines inflicted a massive energy shadowing that affects the
performance of downstream turbines. Based on the analysis
of the influence of wake interaction, more than 91% of the
performance of an isolated turbine can be achieved with
turbines spaced 20D apart. In addition, comparison of the wake
velocity profiles and the power extraction calculated usingboth
the analytic and CFD models showed reasonable agreement.
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