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A comparative study of power production
using a generic empirical model in a tidal

farm
Kabir B. Shariff and Sylvain S. Guillou

Abstract—This study presents a generic model for es-
timating the velocity deficit and turbulence intensity in
a tidal turbine farm. The proposed model considers a
range of ambient turbulence intensity, the rotor diameter-
to-depth ratio, and the rotor thrust coefficient in realistic
applications. We evaluate the power generation of a large-
scale tidal farm composed of 16 turbines in an in-line
and staggered configuration in an ideal channel similar
to the Alderney Race in the English Channel. The added
turbulence effect is taken into account when assessing the
velocity deficit in the farm. As supported by previous stud-
ies, the results show that the staggered array produces more
power than the rectilinear array. The staggered arrangement
benefits from flow acceleration and wide turbine spacing,
which improves wake recovery. According to the results,
the farm can be resized by decreasing the lateral spacing
in the rectilinear array and decreasing the longitudinal
spacing in the staggered array without affecting the farm’s
efficiency. The reduction in farm size will reduce cable costs
and provide an opportunity for future expansion. For the
tidal turbines in shallow water regions, the ratio of rotor
diameter to depth is shown to affect the power generated
by the turbines. The power produced in the farm decreases
with an increase in the rotor diameter-to-depth ratio due
to the limited wake expansion along the vertical plane.
This low-computational model can be useful in studying
the wake interaction of tidal turbine parks in different
configurations.

Index Terms—Tidal farm, empirical model, added turbu-
lence, actuator disc, power

I. INTRODUCTION

VER the last decade, the tidal energy industry

has recorded successful deployment and testing
of full-scale Tidal Stream Turbines (TST) at dedicated
test sites with single units reaching up to 1 MW output
[1]. TST is seeing a convergence in technology with the
majority of devices being developed being horizontal
axis turbines (HAT). For example, [2] reported that as
of 2020, over 80% of the active tidal stream devices
underwater are HAT. This industrial preference for
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Fig. 1: Illustration of TST farm layout. © Bureau Veritas

HAT results from matured technology of aesthetically
similar wind turbines, economics, and its high effi-
ciency. The next step towards commercialization is the
investigation of the turbine wake interaction in the
tidal array as depicted in Figure 1. The wake is a region
of disturbed flow behind a turbine that is associated
with a decrease in flow velocity and an increase in
turbulence. The wake induced on the downstream
turbine can reduce the output power and undermine
the structural integrity of turbine blades.

Multiple studies have been dedicated to investigat-
ing the wake effect in tidal farms with an emphasis on
velocity deficits. For instance, Nobel et al. [3] experi-
ment reported an increase in power extraction by three
scaled turbines in a staggered array. This results from
flow acceleration between the closely-spaced turbine
upstream. Mycek et al. [4] shows the performance
of the downstream turbine in tandem configuration
is affected at low ambient turbulence. Furthermore,
the effect of rotor diameter to depth (DH) ratio has
been studied [5]. The limited wake expansion along
the vertical plane may also affect the power produced
by the turbine downstream. As the reduced models
provide notable results, yet do not correctly replicate
the complexity of full-scale tidal turbines.

In addition, high-fidelity numerical simulation of
wake interaction in the tidal park has been carried
out by several authors using different turbine represen-
tations particularly the Actuator Disc Method (ADM)
and the Blade Element Momentum Theory (BEMT) [6]—-
[8]. These studies also show higher energy production
occurs at a minimal lateral spacing around 2 - 3 D while
maximizing the longitudinal spacing. The minimal lat-
eral spacing can accelerate the flow for the downstream
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turbine whereas the large longitudinal spacing ensures
flow recovery. For this reason, the staggered array
produces higher energy than the rectilinear array with
the same number of turbines in a particular site [9].
Although the numerical simulation provides excellent
results, the computational cost for large-scale farms is
yet expensive.

For this reason, researchers have devised a low
computational analytical/empirical model to estimate
the turbine wake. These models are developed from
self-similar flow characteristics and are mainly used for
estimating the far wake region. Over time, the analyti-
cal models have evolved from a simple top-hat model
[10] to more accurate artificial intelligence (AI) based
empirical models [11] to estimate the velocity deficit
in the wind farm. These analytical models require
calibration for highly turbulent shallow water tidal
turbines [12], [13]. However, these models do not take
into account the added turbulence in the wake which
may be non-negligible depending on the position of
the downstream turbine. For this reason, the authors
proposed an added turbulence model for a full-scale
tidal turbine [14] and later implemented the model
in a simple tidal park [15] in an ideal channel with
hydrodynamics similar to the Alderney Race.

In this study, the model is generalized to take into ac-
count a range of rotor DH ratios, thrust coefficient, and
ambient turbulence intensity. The power production
at different tidal farm configurations is studied and
compared at different turbine rotor DH ratios. The rest
of the paper is organized as follows; section II presents
the numerical model used to generate the reference
data. The generic empirical model is presented in
section III. The tidal farm is introduced in section IV,
Results are presented and discussed in section V and
the paper ends with concluding remarks.

II. NUMERICAL MODEL
A. Actuator Disk model

The tidal turbine rotor is represented by a uniform
actuator disc method in OpenFOAM. The ADM repli-
cates the energy extraction by the turbine through
a momentum exchange that creates a pressure jump
across the disc. The thrust force applied on the disc
region is evaluated as Eq. (1):

1
T = 3 pK AU? 1)

where p is fluid density, K is the resistance coefficient,
A is the frontal surface area and U, is the velocity
at the disc location. This approach of simulating tidal
turbines proposed by Harrison et al. [16] is used ex-
tensively in the literature for studies attentive to far
wake region [7], [8], [17]. Details of the numerical
model developed and its validation can be found in
the previous work of the authors [14], [15].

III. EMPIRICAL MODEL

In this section, a generalized low computational
model is proposed to estimate the velocity deficit and
turbulence intensity in the wake of a turbine.
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A. Wake radius model

Previously, the authors [15] proposed a model for
estimating the wake radius of the turbine at different
ambient turbulence for a DH40 (i.e. 40% rotor diameter
to depth ratio). However, in shallow water, the rotor
diameter-to-depth ratio affects the turbine wake radius
as shown in Figure 2. The wake radius is evaluated
using the Full-Width Half Maximum (FWHM) of a
standard Gaussian function as presented by the au-
thors in [15]. The generalized wake radius is expressed
as Eq. (2):

16

14+
121

15 20 25 30 35 40
x/D

Fig. 2: Comparison of numerical and empirical normal-
ized wake radius at different rotor diameter to depth
ratio.
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where x, xg, and D is the downstream distance, the
turbine position downstream, and the rotor diameter
respectively. The terms a and b are coefficients depend-
ing on I.sy, the effective turbulence expressed in Eq.
(4) and D/H, the rotor diameter-to-depth ratio.

B. Velocity deficit model

To estimate the wake velocity of the tidal turbine,
the wake radius model is substituted in the Jensen
model [10]. The top-hat shape profile of the Jensen
model estimates the average velocity in the wake,
however, the numerical data provides the minimum
wake velocity in the form of a Gaussian profile. In the
present model, we propose to use directly a Gaussian
model and then estimate directly the velocity deficit
in the wake without using a correction coefficient as
proposed by Lo Brutto et al. [18]. The velocity deficit
is then expressed as Eq. (3):
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where yo and 2y are the turbine coordinates along y,
the spanwise and z, the vertical directions, respectively.
Cr is the thrust coefficient, r, is the wake radius
downstream and ry is the rotor radius. The exponential
function provides the Gaussian shape profile along the
lateral plane.

C. Turbulence intensity model

The turbulence intensity in turbine wake is ex-
pressed by Quarton and Ainsle [19] as:

Lg = (13+12)"° (4)

where I.¢; is the effective turbulence in the wake, I
is the ambient turbulence and I, is the added turbu-
lence by the rotor. Assuming the ambient turbulence is
stable in the flow, it is, therefore, sufficient to propose
added turbulence model to evaluate the turbulence in
the flow.

An added turbulence model of a full-scale turbine
has been developed by the authors [15]. For a generic
model, the added turbulence is expressed in Eq. (5)

I _c<x—x0>d e _(yo—y)2+(Zo—Z)2)

&
)
D

¢ = 0.407 (H) CH8 +0.179, d=0.6811y + 0.472

where xg, yo, and 2 are the turbine coordinates along
z, the streamwise, y, the spanwise, and z, the vertical
directions, respectively. ¢ and d are coefficients relat-
ing to non-dimensional rotor diameter to depth ratio
(D/H) and the ambient turbulence I. Cr is the thrust
coefficient, r,, is the wake radius downstream and r
is the rotor radius.
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Fig. 3: Comparison of the empirical and experimental
velocity deficit (left) and turbulence intensity (right) at
different rotor DH ratios.
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Fig. 4: Schematic of tidal farm array showing different
turbine configurations in a farm.

The generic model shows acceptable results in the far
wake for the velocity deficit and turbulence intensity
compared to experimental data at different rotor DH
ratios as shown in Figure 3. Thus, the generalized
model can be applied in the turbine park with rather
good results in the far wake.

IV. TIDAL FARM

In this study, two basic tidal farm configurations rec-
tilinear and staggered comprising N turbines (N = 16)
in an ideal channel are illustrated in Figure 4. The
rotor diameter (D) is 20 m. The choice of turbine size
is inspired by the AR2000 Simec-Atlantis TST. The
turbines are assumed to perform at Betz operating con-
ditions. The turbine spacing is S, = 7D and S, = 4D
respectively to ensure flow recovery and benefits from
accelerated flow from the upstream turbines. In the
ideal farm, the ambient turbulence intensity of 10%,
and the mean flow of 2.8 m/s. This hydrodynamic
condition is similar to the flow in the Alderney Race
[22].

A. Turbine array interaction

In a turbine farm, the wake of the upstream tur-
bine can affect the energy output of the downstream
turbine. The evaluation of wake interaction becomes
necessary to estimate the energy production on the
farm correctly. Different superposition methods have
been used in the literature to estimate the wake-turbine
interaction [23]. In this paper, the Sum of Square
method is used to evaluate the velocity deficit and tur-
bulence intensity in the form of kinetic energy deficit
and turbulence energy for the interacting turbines as
Eq. (6):
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where Aoyeriap is the overlap area between the ex-
panded wake area A,, of the upstream turbine and the
rotor swept area of the downstream rotor A, evaluated
in Eq. (7). The three main interactions are illustrated in
Figure 5.

The wake overlap area is calculated as follows:

0, if Tw+ro<y
onerlap = Ao, Zf Tw—To2Y (7)

Apartial, otherwise

Apartial is the intersecting area between the wake
area A,, and the rotor swept area Ay as shown in Figure
6. The wake intersection area Apqrtiq is calculated by
[24] as Eq. (8):

in(26,, in(26,
onerlap = 7'3, <9w - Sln(2)> + T(QJ (97’ - SIH(Q))

where 6, and 6, are the angles of the wake intersection
arc and rotor intersection arc respectively and can be
respectively expressed as:
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Figure 7 describes the organigram chart of the
generic empirical model. The mean added turbulence
intensity at the turbine position is accounted for in
evaluating the wake radius hence, the velocity deficit
in the farm.

V. RESULTS AND DISCUSSION

Figures 8 compares the numerical and analytical
results at different array configurations. The turbines
upstream produced maximum power because they
are not affected by the wake interaction. The turbine
downstream produces lower power due to the wake
interaction in the farm. This is consistent with the
numerical results as shown in Figure 8. The power
extracted by a turbine is calculated as Eq (10):

1 ,
P = 5pcpAUi3 (10)

where p is the water density, Cp is the power coeffi-
cient, A is the cross-sectional area evaluated as 7wD/4
and U; is the incoming velocity for turbine 7;. For
the rectilinear configuration, the turbine downstream
is fully in the wake of the upstream turbines. The wake
interaction is evaluated as presented in Figures 5b.
The rectilinear array (Figures 8a and 8c) identify each
turbine row independently as having no interaction
between turbine rows whereas the staggered configu-
ration shows the wake interaction in both longitudinal
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and lateral directions as indicated in Figures 8b and
8d. The numerical and empirical power produced by
each turbine is compared in Figure 9. In the numerical
model, the power is evaluated at a location 1.5 D
away from the turbine before the pressure jump begins
to develop. The empirical model underpredicts the
numerical power in the farm by 2.5%.

A comparison of power produced by each turbine
in the rectilinear and staggered array using the em-
pirical model is presented in Figure 10. It is noted
that the upstream turbine produces identical power
output irrespective of the turbine configuration. For the
rectilinear array, the power produces from turbine T}
- Ty decreases due to the cumulative wake effect. The
downstream turbine is affected by the wake, therefore,
producing less power. Similarly, for a staggered array,
the turbine downstream produces less power due to
the wake effect, however significantly higher than a
similar turbine in a rectilinear array. For instance; a
turbine 73 with a double turbine spacing in staggered
produces 23.6% more power than a corresponding T3
in a rectilinear array. The wide turbine spacing allows
a substantial recovery velocity deficit in the flow.

The cumulative power produced by N turbines in
the farm is evaluated as Eq. (11):

N
Pfar'm - ZPZ (11)
=i

The total produced in the rectilinear and staggered
farm is 22.1 MW and 28.1 MW respectively. For an
identical farm size, this study shows the staggered
array produces 6 MW power higher than the rectilinear
configuration. This is consistent with previous tidal
farm studies [6], [7]. The added turbulence effect is
higher in the rectilinear configuration as presented in
Figure 11. The results show the added turbulence effect
is significant in a rectilinear array as a consequence of
limited turbine spacing. The turbulence intensity of the
turbine downstream in the staggered array is largely
recovered due to sufficient turbine spacing. The farm
efficiency 1fq,m is defined as the ratio between the total
power output from all turbines in a farm Pt4,, and the
maximum power P2 if they operate in unperturbed

arm
conditions.
P farm

P'ﬂlaI

farm

Nfarm =

The farm efficiency for the rectilinear and staggered
array is 69.1% and 87.8% respectively.

It is noted that in the in-line configuration, the
lateral spacing S, between turbines row can be reduced
without affecting the efficiency of the farm. But, what is
the minimal turbine spacing that barely diminishes the
output power? The lateral spacing S, is reduced from
4D to 2D while maintaining the longitudinal spacing
of 7D as shown in Figure 12. The cumulative power
in the farm remains 22.1 MW for the different lateral
spacing. However, a wake interaction effect is spotted
between the turbine rows. In reality, there may be some
slight difference as the model evaluate the power using
the centerline velocity instead of the average velocity
across the rotor. In the staggered array, Figure 13
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Fig. 7: Organigram chart for the generalized empirical
model

compares the velocity contour for longitudinal spacing
S, reduction from 7D to 5D (i.e. the effective inline
spacing is reduced from 14D to 10D). The total power
extracted from the farm dropped from 28.1 MW to 27.1
MW. The 3.1% reduction in efficiency can be tolerated
in regard to the reduction in the farm size. Reducing
the farm size whilst maintaining efficiency is essential
because it will drastically reduce cable costs and will
present an opportunity for future expansion of the
farm.

The effect of the rotor DH ratio is also investigated.
The DH ratio is the area the rotor covers along the
vertical plane. The rotor wake recovery is affected by
the bypass flow. Bypass flow is a region around the
turbine with ambient flow conditions. The momentum
exchange by the rotor reduces the velocity of flow
creating a wake that propagates downstream. Figure 14
shows at a low rotor diameter to depth ratio, the wake
expansion is higher and the interaction is higher. The
power produced by the downstream turbine decreases
with an increase in DH ratio as shown in Figure 15.
The total farm power Pyq.n, at DH20, DH40, and DH60
is 29.8 MW, 28.1 MW, and 26.9 MW respectively. In a
low rotor diameter-to-depth ratio (i.e. DH20), the wake
recovery process is faster as the flow in the bypass
region is sufficient to cause mixing between the low
velocity at the rotor’s core and the ambient flow in
the bypass region. However, at a high DH ratio (i.e.
DH60), the velocity deficit along the rotor is substantial
compared to the free stream flow in the bypass region,
therefore lagging the wake recovery to the upstream
condition. This implies that for an identical turbine
size, the power extracted can vary with the channel
depth.

VI. CONCLUSION

This study proposed a generic empirical model to
predict the velocity deficit and turbulence intensity in
turbine farms. The new model account for wake added
turbulence intensity effect and the wake interaction in
the farm. Profiting from the turbine arrangement, the
staggered array produces about 6 MW power higher
than the rectilinear array under the same condition.
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Fig. 8: Comparison of numerical (top) and modeled (bottom) normalized velocity contour in rectilinear and

staggered array configuration in a farm at DH40.
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Fig. 9: Comparison of numerical (solid line) and em-
pirical (dash line) power produced by turbines in
rectilinear and staggered array at DH40.

The increase in power is attributed to sufficient wake
recovery in the former configuration. The comparison
with different turbine spacing has shown that the rec-
tilinear and staggered array can benefit from reduced
lateral and longitudinal spacing without affecting the
efficiency of the farm. Also, the result obtained shows
that in shallow water, the channel depth can affect the
overall power production in a farm. An increase in
power is observed at DH20, this results from sufficient
wake expansion at a low rotor diameter-to-depth ratio.
The power produces in the farm considered here is
at 10% ambient turbulence. An increase in turbulence

" [ Rectiinear [ Staggered

0.5
12 3 45 6 7 8 9 10 11 12 13 14 15 16

Turbines
Fig. 10: Power produced by turbines at different array
configurations evaluated using the empirical model in
the farm at DH40.

enhance recovery which may allow harnessing more
power [25]. This generic model can provide insight into
the power production in tidal farms under different
conditions. The effect of ambient conditions on the
turbine farm will be presented in the subsequent work
of the authors. The next step is to validate the model
with a full-scale pilot farm and then optimize the
turbine position for maximum power production using
a multi-objective algorithm.
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Fig. 11: Normalized turbulence intensity contour at different array configurations at DH40.
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