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Abstract—The status of marine current tidal energy technology is the large scale energy farm philosophy, similar to wind
is currently in the research and development phase, with a f&  farms, based on very large numbers of unit current tidal
gﬁp'oyf.“egts and tests of ]Pmt(.’;yﬁefs “”der'wgy '”fSOGr\T/‘\‘f CO”’I"ES.' stream devices. However, there is still a gap in optimizing

ere is huge pressure for tidal farms to be o scale in . o . i
order to have a real, economically viable impact on renewall tidal stream farm designs to tackle the pro_blem which arises
energy utilization targets outlined for 2020. A route to achieving due to the presence of several hundred tidal stream devices
this is the large scale energy farm philosophy, similar to wid which inevitably introduces turbine to turbine interactio
farms, based on very large numbers of unit current tidal stream The application focus of this study is a new generation
devices. However, this in-mature technology developmen®aises ot hqrizontally operating device, the Momentum-Riverisi-
different research questions which lead to further problens in the MRL) turbi imed at deol ’ tori i block f
practical implem(.entati.on qf tidal stream. devices. Thus,. tle qim ( ) turbine, alme_ at deploymen _p”m‘_”m y as_ ocklarms
of the work described in this paper was (i) to formulate simplfied  rather than fences, in shallow estuaries with medium flovnsuc
parameterised analytic models of individual and clusters btidal ~as the Severn. Analytical and computational techniqueg hav
stream devices using the concept of linear momentum actuato peen used for many years to minimise the cost of experiments
disc theory, (ii) to perform a detailed calculations of the fow and have shown good success in supporting the design and

field of multiple turbines using the developed models, and if) ) ) .
to compare the analytic model results with the results calclated development of new devices. The analytical and computation

using a CFD based mmersed Body Force (IBF) model. This study Studies are often validated by small scale experiments in
has been mainly focused on a new device, Momentum-Reversal-order to use them for testing ideas in a large scale prior to
Lift (MRL), which is a cross flow type of tidal turbine developed jmplementation.

by Aquascientific Ltd. _ Analytical methods have been used in the study of a single
Several analytic models have been developed to describe the - - 7
flow characteristics downstream of the turbine, i.e. the wak and clusters ‘?f tidal turbines to understand the I'm't ofithe
velocity profile and to estimate the total power extraction fom POWer extraction as documented by [1-7]. A theoretical rhode
a tidal stream farm containing ideally tenth and hundreds of has also been developed by [8] to explore the efficiency of
devices. The developed models showed the capability to exav® arrays of turbines partially blocking a wide channel. These
the wake characteristics and to estimate the performance of onqytical studies have been mainly focused on a singlérerb
clusters of turbines taking in to consideration the influene of . : . - . -
turbine to turbine interactions. A small longitudinal spacing or turblr_1es conf!gured in the Sp&}nmse -dlrectlon and lacks
between turbines inflicted a massive energy shadowing that @ddressing the impact of wake interaction on downstream
affects the performance of downstream turbines. Based on #h turbines.
analysis of the influence of wake interaction, more than 91% |n addition, CFD tools have been commonly used to support
of the performance of an isolated turbine can be achieved Wit 0 geyelopment of tidal turbines by testing new ideas gdor
turbines spaced 20D apart. In addition, comparison of the wke . . ) L
velocity profiles and the power extraction calculated usingooth |mplemen.tat[|on [9]'_” is a useful tool for Pred'c“r_‘g thewlo
the analytic and CFD models showed reasonable agreement. ~ characteristics, the impact of the surrounding envirortraed
Index Terms—MRL, Analytic model, Wake interaction, Power the supporting structure on the performance of the devigg [1
extraction In general, CFD tools can investigate different issuestedla
to tidal turbines with low cost compared to experimental
studies [11], but the computational cost is still higherrntha
The status of marine current tidal energy technology the analytical approach. For a single turbine simulatidnis,
currently in the research and development phase, with a fpassible to employ more detailed CFD modelling techniques
deployments and tests of prototypes under-way in some coas-the computational demand is manageable with the current
tries. This emerging technology development raises @iffer computational resources. As the number of devices incsease
research questions which lead to further problems in tisech as the study of arrays of devices, the computational cos
practical implementation of tidal stream devices. Therea issignificantly increases.
huge pressure for tidal farms to be of GW scale in order to Thus most researchers employ moderate cost techniques
have a real, economically viable impact on renewable energiych as the actuator disc method to investigate the wake

utilization targets outlined for 2020. A route to achievithis interactions in arrays of turbines. Reference [12] usedhdél

|. INTRODUCTION



element and actuator disc method to study the wake interactdirection forming a cylindrical trace of streamlines toisgt

of a tidal stream farm with 5 rows of turbines configured ithe conservation of mass.

the streamwise direction. This study showed that the powerA recent development of the extension of LMADT analysis
coefficient of the second row was lower than the rest of ttie a tidal turbine constrained in a fluid flow between two rigid
devices due to huge wake interaction from the first row bstirfaces is presented by [1], though it could not address the
the turbines from the third row onwards showed better poweeformation of the free surface immediately downstream of
coefficients due to fast wake recovery within the array. $tudhe turbine. The analysis by [1] was later modified by [2] to
of a staggered configuration of arrays of devices by [13-18¢count for the deformation of the free surface and thisyanal
showed an acceleration of the bypass flows due to the ventsis can be applicable for a transverse array of turbineiglos
created by the turbines which could improve the performanspaced but stopped short of analysing the energy loss during
of any downstream devices. the mixing of the flow downstream of the turbine. The defor-

Experimental study of arrays of devices have been carrigwtion has also been observed by [20] during an experiment
out by [16, 17] and they showed that with a particular inteiavolving a horizontal axis marine current turbine represe
turbine spacing there is a potential of accelerated flonoreg)yi by a rotor disc. Reference [3] expanded the analysis to take
which can be used for high power production by deployinigto consideration the inevitable downstream mixing eftew
turbines on those regions. They have suggested that an sffscessfully developed a parametrised equation to estimat
set or staggered configuration would provide a better optite energy loss in the mixing zone. The researchers have
and allows a longitudinally closely packed devices to bigtroduced a blockage ratio to account for the blockageceffe
deployed with less wake interaction and possibly highergrowof turbines configured in the span-wise direction (transeer
extraction due to accelerated bypass flow. array of turbines).

Different configurations of devices were also studied by However, to our knowledge, the impact of turbine to turbine
[18] using CFD and experiments and the results showed hitferactions on the performance of downstream turbines has
influence of wake interaction on downstream devices if 4Pt been addressed, and it has been the focus of this study
appropriate longitudinal spacing between the rows is netiusto consider these interactions in the development of aicalyt

For economically viable tidal stream farms containing poglodels. The principles used by [3] to develop the analytic
sibly hundreds of devices even these simplified CFD method$dels for a single row of turbines were adapted in this
become unrealistic for task such as obtaining the indisidugfudy and have been used as a guide for the development
turbine locations and loading factors. One approach to-ovef parametrised analytic models taking into account theevak
coming the computational barrier is the use of simplifietiteractions between turbines. Fig. 1a shows a verticalepla
analytic models for the farm, then embed these into a lar§éa channel containing a single columnefturbines in the
scale computational model at the global fluid problem, e§jream-wise direction. The sketch also shows the labels of
a farm embedded in a tidal estuary. Such simplified analy&ch station used for the development of the analytic models
models are frequently used for propeller wind turbines. ~ Fig. 1b shows a horizontal plane of a channel sliced along the

Thus the aim of the work described in this paper is to formgentre ofn by m number of turbines in a tidal stream farm.
late simplified parametrised analytic models that consitiee The farm contains a regularly configured turbines of two rows
influence of wake interaction on the flow features and pow@pd three columns. o .
extraction of the MRL turbine and to compare with the results 1€ stations are mainly defined in-terms of velocity coef-
from CFD approach. Computational studies at individual arjt§i€nts and the velocity at the inlefi and 5 represent the
small clusters of turbines are exploited in order to advine @YPass velocity coefficients at different stationsrepresents

various issues in the analytic models building process. the velocity c_oefficien_t within the turbine housing. The dow
stream velocity coefficienty, represents the velocity profile

II. METHODOLOGY in the wake of a turbine and,,;, is the minimum value of
_ ) « in the wake region. The following assumptions have been
A. Analytical Modelling made to simplify the complexity of the problem:

The application of Linear Momentum Actuator Disc Theory « The bypass velocity coefficient all around the turbine
(LMADT) [19] to a tidal turbine in an open channel has been  housing is assumed equal.
widely developed in recent years considering a constrainede The velocities immediately upstream and downstream of
flows. To simplify the analytical modelling, the conventidn each turbine are assumed as equal.
axial flow tidal turbine is often assumed as a very thin cicul « A hydrostatic pressure was assumed at stations 11, 14,
disc of permeable membrane by several researchers where 1'4, and 24 shown in Fig. la
fluid flows through and around it. The fluid flow is assumed to « The MRL turbine is modelled as a thin rectangular plate
be one dimensional in the X- direction considering the cross through which the fluid flow passes.
flow velocities to be negligible as presented by [2]. Sinae th 1) Velocity Coefficients:Wake models have been exten-
turbine acts as a drag force, the fluid flow along the contrsively developed and used for investigating the wake of
volume slows as it flows through the turbine. As a result, thveind turbines. They have been first introduced by [19, 21]
local area on the downstream side of the turbine expand$ inahd subsequently ratified and improved to consider differen



] : ! ! ! recovering region where the velocity recovers back to itgin
Pu | Puj [ Pon; condition. Fig. 2 shows these two processes and the wake
' [ . . . . .
i i R S velocity coefficient function has been developed based i@n th
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gl o vonn i CminOU
. Z - == ;
i ! L F i /_\N
e o - ;
— !
i\ pu ! Pu! pont i |
E : : Near turbine region Recovering region |
i i i i
14 174 2 :
._“""-L_ '
(a) Vertical plane \/"
L x i

Xo

1"13| Tas I Fig. 2: Schematic representation of the Near turbine andveing
processes regions
downstream of the turbine until the point where the minimum
E:> T”' T I velocity occurs. The recovering region, which starts frdra t
minimum velocity, covers the rest of the wake region untd th
downstream turbine.

z Tﬂl T31' The near turbine region has been excluded by several
T_,x Rows (1) researches in the investigation of the wake charactesistic
wind turbines. However, it is important to include this @gi

(b) Horizontal plane so that the wake velocity profile of the whole wake region

Fig. 1: Sketch and notation of tidal turbine model in an opearmel €an be fully understood. The wake model is derived from the
section concept of conservation of mass across a control volume in
the near turbine region as shown in Fig. 3. Assuming that

Columns ()

constraints by several researchers [22—-25]. A commonlg use . r/
wake model in the investigation of the wake characteristics Tirby:
of wind turbines was developed by [23, 24], but excludes the \ sy T e
near turbine region of the wake. This wake model has been Ir ~
adapted in this study to represent the recovering regioangiv B P — ; —=
in Fig. 2. ‘ >y
The wake of a tidal turbine has complex flow features and i
depends on the loading of the turbine. In this study, the wake \I
profile is represented bw(z) function. This function has = S~

several minima and maxima points if the flow is turbulentiy 3. schematic representation of the wake region neatutiéne
and helps to define the velocity profile on the downstream 019

any turbine which can be described as: the momentum is conserved in the near turbine region and
(1) applying the continuity equation on the control volume show

in Fig. 3, the continuity equation of the near turbine reg®n
where,u () is the downstream velocity profile which is repreyritten as:

sented byuy (z) andug(z) in the near turbine and recovering Auy = An(x)uy () ©)
regions respectively as shown in Fig. 2. The function can

be defined in terms of the mixing length and/or the spaci
between turbinesy , as:

ug(z) = a(z)u

ereuy(x) is the velocity at the near turbine regioA, is
the swept area of the turbinely(z) is the expanded area
_ downstream of the turbine in the near turbine regions= yu
a= f(z, Pp) (2) is the velocity at the turbine. The MRL turbine is a cross

where: P, is set of M parameters. The velocity coef“ficientIOW type of tidal turbine and the swept area is calculated
values should be within the range,.. < » < 1 and considering its length and diameter. Therefore, area of the
min

a(z) < 1. This a(z) function can be termed as wakglrbine; 4 , can be defined as:

velocity coefficient as it defines the velocity profile at the A=2Lr (4)
wake region. The wake region is affected by two processe
The first process occurs in the near turbine region where @
velocity value decreases and the second process occurs in th An(z) =2Lry (5)

I'Sled the area of the expanding wake can be defined as:



where:r is half of the diameter(= D/2), ry is half of the value ofur(z), the wake model of the recovering process can
diameter of the expanding wake as shown in Fig. 3, &nd be written as:

is length of the turbine. It is assumed that the wake expands 2(1— )

linearly and the radius of this expanding wake can be defined up(x) =u (1 - wix’yzo) (10)

as: T

N =T+ @x ®) Asz = oo,ur(r) = wu. Equation 10 is a definition of

where:x is the mixing length scale and/or the spacing betweé'i)le Wa}ke model for any upstream turbine. However., in qrder
the turbines, and, is the wake spreading or entrainmenti® define the wake model of several rows of turbines in a
constant. Thus, substituting these variables in Equatiand lidal stream farm, the above equation can be easily modified

solving for the value ofiy (), the wake model equation cantak'ng into conS|derz_it|0n the effect of wake interaction on
be written as: the downstream turbines. The wake model downstream of the

second row of the turbines is therefore defined as:
Lo

120 N (o 20
U2R = U z—x T —x (11)
Combining Equations 1 and 7, the wake velocity coefficient L+ == 1+ pomer—20
function (v (z)) in the near turbine region can be written as; . ) i
Similarly for n turbines, the wake velocity profile of the”
=1 il (8) turbine in the recovering region can be defined as:
+ 7

Th i ion i i 2(1-7) 20—y "7V
e recovering region is the second region of the wakey, ., =y (1 _ 7) (1 _ 7)
of the turbine. Fig. 4 shows the wake model, which has 1+ e 1 - pfmar=sa

been widely used by several researchers in the wind ener , . . , (12).
technology. The schematic diagrams of the near turbine a\f’?é/ere’wmw is the maximum mixing length or turbine spacing.
recovering regions appears to be contradicting as both stap€ ©utiet velocity of upstream turbine at the maximum tur-
at the turbine with different velocity values,(,;, andu,). PIN€SPacingis used as an inlet to the downstream turbiris. Th
However, in order to simplify the problem the near turbini Why the multiplying factgr n EquaFlons 11 fand 12 Sh(.)u.ld
region has been assumed negligible in the developmentb(ﬁ‘ ca_IcuIated at the maximum turbme spacing. Combllnlng
the wake velocity profile for the recovering region and thisduations 1 and 10, the wake velocity coefficient of a single

region has been represented by the wake model developed'f5pine in the recovering region can be written as:

an(x)

wind turbines by [23, 24]. Assuming that the momentum is 2(1 —
_ (1-9)
- —- +(‘D T
- vol -
. e controlvolume =S Similarly, the wake velocity coefficient of the’” turbine can
Turbine - - i
— e =+ ox be defined as:
T i (n—1)
- 2(1— 2(1—
..................... S ap(e)=(1- 20 ) (0 20-9)
i 14 pi=to 1+ pimaz=to
:uR (14)
i Based on the analytic models developed for the two re-
i gions, a combined equation that can define the wake region
X —— of the two processes given in Fig. 2 can be formulated

using a transition point where the minimum velocity occurs
(ug(x) = un(z) = ur(z)). At the transition point, the down-
stream distance from the turbine is considered@srhis dis-
conserved in the wake region shown in Fig. 4, the continuitsince can be obtained empirically by combining Equations 8

equation at the inlet and outlet of the control volume isterit and 13, and with some manipulation, it can be written as:
as:

Fig. 4. Schematic wake model of the recovering region

Atmin + (Ar(@) — Au = Ap(2)ur(z) ) o= =) (15)

_ - _ _ p(2v—1)
where: u,,;, is the minimum velocity at a distance af; ) o . )
downstream of the turbinez(z) is the velocity profile in With the mixing length of the transition point known, the veak
the recovering regionAx(z) is the expanding area in theVelocity coefficient profile of a single turbine can be obéain
recovering region given ad («) = 2Lrx. According to the 1O the two processes as:

Betz theory, the minimum velocity downstream of a turbine v ifr <z
. . S - . . T+pZ = L0
is given asum,i, = (1 —2a)u wherea = (1 — ). Thus, a(z) = T (1) ) (16)
substituting these variables in Equation 9 and solving lier t T lre=o if > o



Using similar procedures, the wake velocity coefficientha t for the bypass velocity coefficient enables us to calculdlte a

nt" turbine can be defined as: the other velocity coefficients and the power extractiomfro
(n—1) a tidal stream farm.
7oz (- %) 2) Mathematical Formulation of Power ExtractioriThe
it . < N B flow given in Fig. 1 has been analysed considering the as-
a(z) = =0 (n—1) sumptions outlined in the previous section and based on the
<1 _ 20—y > <1 _ 20y > principles used by [3]. Bernoulli's equation is not valid@ss
e Lpmman=—=0 each turbine but it can be applied from far field toward the
if 2> 2o turbines to obtain the head difference due to the discoityinu

) ) ) (17) by the turbines.
At n =1, Equation 17 is equal to Equation 16. The analytical modelling starts with a single turbine and
‘The entrainmeng is an empirical formula which has beeng hen expanded to a tidal stream farm containing two rows
widely utilized in wind turbine technologies. Based on [26L ,rbines by a subsequent coupling of the inlet and outlet

the entrainment constant has been determined by experimeifjitions. The side effects have been taken into congidera

whereyp = 0.04 for offshore wind turbines, and = 0.075 for  yhrq,gh the bypass velocity coefficient in order to incogter
onshore wind turbines. Others have used an empirical f@mul ,onsverse array of turbines (span-wise direction). This

which is dependent on the surface roughness of the site @ndifyiiging process brings the idea of creating a tidal stream
hub height of the turbines [23, 24]. In this study, the enwaii 51y containing ideally hundreds of turbines in the stream-

formula has been adapted and is given as: wise and span-wise directions taking into consideratian th

C impact of turbine to turbine interactions on their perfonoe.
¥ ( . ) (18) The development of the parametrised analytic models has bee
In(Z . N
Zo based on the labels and parameters given in Fig. 1.

where: z is the position/height of the centre of the turbine, The analytical models developed by [3] for a single row
z, is the surface roughness of the site where the turbines &feturbines have been directly adapted as summarised below.
deployed,C is a constant. In the case of wind turbinés= APplying Bernoulli's equations in the fluid flow along the
0.5 however for tidal turbines this value is not expected to H&rbine tube between stations 11 and 12 gives:
the same and different value have been tested by comparing 1, 1 5
with CFD results and the value which gave better agreement h+ @u = haat + @u v (22)
was selected. . . , ,

The bypass and turbine velocity coefficients are assumggtiarly, the Bernoulli's equation between stations 18 44

constant throughout the farm and have the same effect in eftflven as:

of the turbines. Applying Bernoulli, continuity and momennt 1 59 1 5,
conservation equations between stations 11 and 14 yields GE 20" T T fa + g " Fmin (23)
the.foII_owing two relations: (Refer to [3] for more detailed(:ombining Equations 22 and 23, the head difference at statio
derivations). 11 and 14 is defined as:
By 1— By u? 1
(1 — (Oémm + ﬂ )) = ﬂ (6 - 1) (19) h— h14 = h12t - hlgt + %’U/Q (agnzn — 1) (24)
(B — 1)3 Applying Bernoulli in the bypass flow between stations 11 and
2 (B + amin) — BEG = 14 gives:
7= (ﬁ?—ﬂlgﬂ et (20) Bt u? = by + —u?f? (25)
4+ Qmin B qu o qu

Combining Equations 19 and 20, a quadratic equation detie-arranging Equation 25, the head difference between sta-
nition for the bypass velocity coefficient can be formulatetions 11 and 14 can be written as:
as:

1
h—hyy=—u®(B?-1 2
2 14 2gu (5 ) (26)
LB+ 200, F2B% — (2 - 2B + F?) 52 L _ . .
2 combining Equations 24 and 26, the head difference at statio
— (4amin + 200min F? — 4) B 12 and 13 can be defined as:
F? 1
+ (7 + d0min — 2Bad,;, — 2) =0 (21) hiat — hige = 2—u2 (B = a2in) (27)
g
where: F,. = Lh is the upstream Froude number, aRdis The thrust loading; is defined by the head differences along

the blockage ratio. The blockage ratio is equal to the ratio the control volume normal to the turbine and can be written
the sum of the area of turbines in the same re\,{,;) to the as:
cross-sectional area of the channBl € A, /bh). Solving Fi1 = pg (hi2t — hist) A1x (28)



where A;; is the swept area of the turbine in the first row andhere A, is the swept area of the turbine in the second row
first column. Substituting Equation 27 into Equation 28 giveand first column. Substituting Equation 37 into Equation 38,

the thrust loading as: the thrust loading can be defined as:
1 1 /
F11 = ipUQ (ﬂQ — afnln) All (29) F21 = ipUQ (6 2(ﬁ2 - 1) - a2(a2min - 1)) A21 (39)

and the power extracted by the turbine can be calculated a&d the power extracted by the turbine can be calculated as:

1 1 /
Py = yukby; = §PU37 (8% = alin) A (30) o1 =7ull = 3Py (ﬁ (B = 1) — o (e 1)) Az

(40)
The total power extracted from the first row of turbines can The total power extracted by the second row of turbines can
be obtained by: be then calculated considering the number of turbines in the

spanwise direction as:

P ow2 = T (%plﬁ’y (5/2(52 - 1) - QQ(QQmin - 1)) A>

where: A is the swept area of each turbine assuming the same "
size of devices in the tidal stream farm and is the total o ) ) (41)
number of turbines in the first row row. Keep in mind thal "& power coefficient(,) of a single turbine from the second
the side effects in the lateral spacing are accounted fohey {OW can be extracted from Equation 41 and is defined as:
bypass veloci_ty coefficientd) in th_e equation. _ Cp =~ (B/Q(ﬁQ 1) —a?(a?,, — 1)) (42)

The analytical models for a single row of turbines were
expanded to include a second row of turbines taking into con-The influence of wake interaction is accounted for by dhe
sideration the impact of wake interaction from the upstreafanction discussed previously by varying the spacing betwe
turbines on the performance of downstream turbines. Usitige rows of turbines. The velocity coefficieit is unknown
the same approach as before, applying Bernoulli's prieciphnd the results from a series of CFD simulations have been
in the fluid flow along the turbine tube at stations 1'4 and 2@sed to estimate this value in order to reduce the number of

min

1
Prow1 = myulh = mgp,u?,y (52 - ) A (31)

gives: parameters involved in the analytical building processe Th
hyra + —a2u? = hogy + ——n?0?u? (32) formulation of the analytical models so far have been lichite
2 29 for the power extraction from ideally hundreds of columns
and similarly at stations 23 and 24, the Bernoulli's equatio and two rows of turbines however a further work will focus
can be defined as: on expanding these models to include for hundreds of rows of
1 1 turbines.
2,22 2 2.2
Pzt + 297 atu” = haa F an””"a “ (33) B. CFD modelling
Combining Equations 32 and 33, the head difference at statio Most researchers accept that simple momentum sink zone
1'4 and 24 is written as: models such as the actuator disc methods are crude and make

1 it difficult to incorporate energy loss processes. Howetray
hig — hog = hooy — hage + —u?a® (al,;, — 1) (34) are one of the few computationally realistic approaches for
2g ST . - .
. . o . gaining insight into the behaviour of substantial clustefs
applying Bernoulli's principle in the bypass flow betweemjevices. This study builds upon this accepted methodolggy b

stations 1'4 and 24 gives: incorporating additional geometric features that inducergy
1y 1 o iy g absorption from the flow which also lead to a downstream
hyrg + %ﬁ u” = hag + %ﬁ B u (35) wake structure intended to reflect more closely those of the

real turbines than simple momentum sink zone models. In
where:1 < 3 < B. Re-arranging Equation 35, the headhis study, a different tidal turbine modelling method edll
difference between stations 1'4 and 24 can be written as: Immersed Body Force (IBF$ employed. This IBF model have
1 5o /o been used to investigate different issues of the MRL turbine
hira —hoa = g“ B2 1) (36) as documented by [14, 27].

. . . . For the IBF approach, a forcing function per unit volume
combining Equations 34 and 36, the head difference at 8&LiQy e plades §;) representing the resistance by the turbine
22 and 23 can be defined as: against the flow is used to create momentum change. The force
2 (6’2(62 ~1)—a?(ad,, — 1)) 37) function was imposed in the NS equations and a code was

men developed by considering drag§p) and lift (FrL) resistance
gorces applied by the blades on the fluid flow as shown in Fig.
5.

1
haot — hazy = %U
The thrust loadingry; can be defined by the head differenc

at stations 22 and 23 as: _ i )
The force applied by the vertical blade was considered

Fy1 = pg (haot — hast) Aoy (38) entirely as a drag resistance force while the other two lslade



have both drag and lift resistance forces. The forcing fonct  In most of the actuator disc methods, the turbine is modelled
can be defined as: using a porous disc that provides axial resistance coeificie
F—Fpp 4 F (43) Ky, to_the incoming fI_ow. T_he thrust _force _is related to_the

b= T RD TS RL dynamic head at the disc using the axial resistance coeffjcie
The IBF model comprises two parts: sometimes called the loss factor, as:

1) A set of resistance forces seated on the cells correspond-
ing to the fixed blade positions.

2) Aforce ring designed to represent the effect of the majpnere, 4 is the projected area of the turbine amgis the
turbine vortex as shown in Fig. 5. 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:

1 —
T=Kyp §pAu§ (44)

P =Tu; (45)
- Equation 44 has been used to calculate the thrust force by
% several researchers working on tidal turbines as documente
| in [28-31]. The thrust coefficientyr, is defined using the
Z thrust experienced by the turbine and the thrust force @izl
= in the upstream flow as:

T
Cr=——5 46
=T (46)

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

P

 TpAui

- Cp (47)
Fig. 5: lllustration of body forces applied by each blade andular
section The operating point of the MRL turbine is obtained by varying
the value of F,. Thus an empirical relationship between
The parametersizp and Fz.) represent the associated resisne resistance forcer),, and the resistance coefficier;
tances against the incoming flow. This type of representatio nas peen established as shown in Equation 48 in order to
has several advantages as summarised below: employ Equation 47 for the calculation of the performance of
o It reduces the requirement of mesh resolution at thgdividual turbines in the farm.
surface because there is no physical presence of the B 0.187F,
blades in the model, which minimises the requirement Ky =0.48¢ (48)

of fine meshing to treat the blade surface and fluighe formulation of this relationship is important as the &qu

int_eractiqn. _ _ ~ tions used to calculate the performance of the turbine are
« Itis applied in a volume which creates complex motiongeveloped based on the resistance coeffici&nt, while the
within the turbine housing IBF model is developed based on the resistance fdrgeThis

« The geometric features lead to downstream wake strigtationship was established using a detailed calculatidhe
tures intended to reflect more closely those of the regbwer coefficients of a single turbine using conservation of

turbines. o _ _ linear momentum approach.
o It aI_Iows application of both drag and _Il_ft resistances 1) Computational set-upThe domain size extends 51D
against the flow based on the blade position. (10.2 m) longitudinal distance, 25.3D (5.06 m) laterallydan

The resistance force is the input parameter required in téh an overall height of 10.3125D (2.0625 m). The initial
IBF modelling approach. This resistance force can be usedcnditions for the simulation weree = 1 up to 7.3125D,
calibrate the energy extraction which inevitably depenmasru o = 0 above this level, representing a water level of 7.3125D
the inflow conditions. Given that the turbines interact witfrom the ground with the rest of the domain occupied by air.
each other these inlet conditions are themselves unknowrTat phases were used as the simulation was carried out with
the start of the calculation which makes it difficult to apply free surface using volume of fluid (VOF) interface tracking
the correct resistance force to each of the downstream rownoéthod.
turbines. However, due to the downstream turbine operating The turbine has an overall diameter of D = 0.20 m and a
the wake of upstream turbines, the resistance force apfaiedength of L = 0.22 m. The blades have maximum thickness and
the downstream turbines should be different and it was rdiuachord length of 1.7 cm and 9.5 cm respectively and the same
arbitrarily by 10% from the resistance force of the upstreasize of turbines have been used in the farm. These turbines
turbine. were positioned 2D below the free surface.



Large Eddy Simulation (LES) modelling technique was useaf turbines in the spanwise direction. However, this reggir
for the CFD calculation. The sub-grid scale stresses weappropriate lateral spacing based on the size of the twsbine
modelled using one-equation eddy viscosity model which is avoid the wake interaction between the turbines in the
commonly used in the simulation of turbulent flows. Thepanwise direction. The wake interaction can also be adoide
OpenFOAM finite volume CFD code software package wds increasing the longitudinal spacing although therevisgbs
employed to perform the simulations. Th¢7" power law space constraint which needs to be optimised.
velocity profile, which is an approximate tidal velocity fite To obtain a clear picture of the velocity profile, a one-
developed by assuming a power law, was used for the intitnensional velocity dataset was extracted along the retrea
and a buoyant pressure boundary condition was used for bdifection through the centre of the turbines in column 2

the inlet and outlet of the computational domain. from Fig. 7. Fig. 8 shows comparison of the wake velocity
profiles calculated using both the analytical and CFD models

Ill. RESULTS AND DISCUSSIONS A discontinuity of the velocity profile on the upstream of kac
A. Flow Field Analysis row can be observed for the analytical result. The main reaso

Fig. 6 shows the velocity contours of two rows and si 2
gle column turbine configuration. The longitudinal spacin
between the turbines (rows) is 20D. It is clear from the vigjoc
contour that there is a huge interaction of the wake of upatre
turbine with the downstream turbine which has a direct inhpa
on the performance of the downstream turbine. t

that the analytical velocity wake profile model is develdp

r the wake regions of each turbine or row and it only extends
p to the local incident region of each downstream turbine.
The CFD model result has faster convergence immediately
ownstream of the turbine (near turbine region) compared to
e analytic model calculated with the constant valuies 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 valug, 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 becaus
it is obvious that turbines could not be employed as close as
the near turbine region as the flow is significantly affectgd b
the upstream turbine though it is good to have full picture of
) o ) ) the velocity profile on the whole mixing region.

A small tidal farm containing six turbines based on the the yelocity profile in the recovering region calculatedhwit
turbine configuration given in Fig. 1 was constructed to 8Vea constant value{’ — 1.5, showed faster wake recovery
tigate the blockage effect on the flow field and performan¢geen 6D and 15D but showed good agreement around the
of individual turbines. Fig. 7 shows the velocity contour ofy4 incident region of the second row. However, the wake
six turbines configured in two rows and three columns. Tr}@covery of the velocity in the wake region of the second
longitudinal spacing between the rows is 15D while the &lter o, showed small difference between 21D and 26D with the
spacing be_twee_n the turblqes is 6D. The wake of the UpSt_re%?ocity profile from the CFD result showed higher value from
row of turbines interacts with the downstream row of turbine;gy gwards. The constant vald® has huge impact on the
which affects the performance of the downstream rows.  cjcyjation of the velocity profile using the analytical nebd
and changing its value can minimise the differences observe
with the CFD result. Thus careful selection of this constant
value is important and future work will focus on experiménta
works to obtain universally applicable value for tidal tunds
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 significa
impact on the calculation of power extraction from tidaésim
farms because of the greater freedom that gives to vary the

x/D

Fig. 6: Velocity contours of two turbine configurations

o
o

z/D

T 0 20 10 a0 50 spacing in order to minimise the influence of wake interaxctio
XD on the performance of downstream turbines. It also provides
Fig. 7: Velocity contours of regularly configured six turbisimula- a potential option of using these wake models as an input
tions function for optimisation of the location of the devices for

higher power extraction.
The wake interaction can be minimised by using off-set .
turbine configurations, which could improve the cumulativB- Power Analysis
power extraction by utilising the accelerated flow regions The power extraction of the two turbines configured in a
observed due to the venturi flow created by the presengiagle column at 20D turbine spacing (Fig. 6) was calculated
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Fig. 8: Comparison of velocity profiles through the centreoné 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 0.80 - .

turbine which may be affected by the blockage of downstream - 0.70 7 t n. -

i 0.60 - Analytical
turbine. However, the power extracted by the downstream 050 | l ' Column3, cFD
turbine is much lower than the power extracted by an isolated 0.40 | Column 2, CFD
turbine. This is an indication that the given turbine spgcin cowl o Columni, CFO
is not enough to avoid the wake interaction that affects the Row2
performance of the downstream turbine. Note that all the Row 1 Row 2
power extraction discussed in this study are excluding the [column1, cFp 0.672 0.543
power loss during re-mixing in the wake regions. This arialys |Celumn2, CFD 0.665 0.535
showed that more than 91% of the performance of an isolated (> * <=2 oo oo
turbine can be achieved from any downstream turbines space(—— : :

20D apart_ln the streamwise dlrectlpn. . Fig. 9: Comparison of power coefficients of the individuatbines
Comparison of the power extraction using both the analylyjcylated using both modelling methods

ical and CFD models from two rows and three columns of
turbines is shown in Fig. 9. Note that the results of one colum

of tgrbines are shown from the analytical m_odel because ﬁéper are from an early stage project work which is mainly
similar values for the other columns of_turbmes. The _res%cused on optimisation of tidal stream farms and more &itur
clearly shows that the downstream turbines are experignciflorks are certainly required in order to improve fidelity of

massive energy shadowing from the upstream turbines dugg@ geyeloped models and on expanding the model to include

the wake interaction that affects the local incident veocigqyeral rows of turbines.

restl)J_Itlng n Iak Iov;/] powerl e>;tract|ohn frgml the Idownstrigm The developed models showed the capability of examining

wr flpes. pm eht € reslu t‘? romht € SI:’]g.e ICO ugml turbing e \vake velocity profiles and estimating the performance of

cortllgluratlons,t (;resu ts rogn It_et;iniytlca rr;o eb_am)eaarrays of turbines taking in to consideration the influence

to be owert ant gCFD modet in oth rows of tur INES. of wake interactions. A small longitudinal spacing between
There is also an indication that the power extraction fro_'ﬁ]lrbines inflicted a massive energy shadowing that afféas t

individual turbines in the same row from the CFD model i§¢tormance of downstream turbines. Based on the analysis
different in contrary to the results from the analytical rabd of the influence of wake interaction, more than 91% of the

This is purely because of the blocl_<age effect which is probaly e formance of an isolated turbine can be achieved with
pot well captured by the gnalytlcal quel. Thus a furth {irbines spaced 20D apart. In addition, comparison of tHewa
|mpr_ove_ment of the _ar_lal_ytlcal mod_els is required in futur\‘?elocity profiles and the power extraction calculated u&iath
studies in order to minimise these differences. the analytic and CFD models showed reasonable agreement.

IV. CONCLUSION
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