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Abstract: With the worldwide trend of controlling the utilization of fossil fuels inducing global climate change,
many efforts will have to be made on securing a sustainable energy supply. Tidal current is a concentrated
form of gravitational energy, its resource is significant, but limited locations. To effectively capture tidal cur-
rent energy from the sea, a group of tidal turbines should be formed and positioned with optimal size and
spacing for absorbing from multiple points. Thus, the flow field including turbines becomes a huge domain, a
so-called tidal farm. It can be very convenient technically and economically if a whole turbine farm is simu-
lated by means of actuator disc thoery. So, the analysis method using actuator discs coupled with a solution
of Reynolds Averaged Navier-Stokes (RANS) equations is adopted for actual tidal turbines. Actuator discs
have regions where similar forces imposed by actual turbines are applied to a flow. As working in group for-
mation, turbines naturally have interaction effects on one another. Therefore, the present paper investigate the
evaluation on the operating performance of tidal farm in terms of the mutual influence among turbine units
with various lateral and longitudinal spacing. Authors expect that results of the present study contribute to the
development of tidal farm for the future potential energy.
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Nomenclature p : density
a : induction factor 1 : viscosity
Aq : disc area (m2) *p@ : Reynolds stress
Cr : thrust coefficient
Cp : power coefficient 1. Introduction

D: turbine disc diameter (m)

The ocean, covering 70% of the Earth’s surface,
K : resistance coefficient

produces a vast amount of kinetic energy in the form
Si : momentum source

: thrust (N)

: water velocity (m/s)
U, : inflow velocity (m/s)
Uq : velocity at disc (m/s)
x : lateral distance (m)

of tides and waves. With the increasing prices for

_|

fossil fuels, a growing demand for electricity world-

C

wide, and increased concern with global warming
caused by carbon emissions as mentioned above,
ocean energy may soon find a place in the energy

marketplace. Few studies have been carried out to de-
y : longitudinal distance (m)
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termine the total global marine current resource, al-
though it is estimated to exceed 450 GW [1].
Locations with especially intense currents are found
around the British Islands and Ireland, between the
Channel Islands and France, in the Straits of Messina
between Italy and Sicily and in various channels be-
tween the Greek Islands in the Aegean. Other large
marine current resources can be found in regions
such as South East Asia together with Japan and
Korea, both the east and west coasts of Canada and
certainly in many other places around the globe that
require further investigation.

Tidal turbines are much like submerged windmills.
They are optimally located in the sea where there are
high tidal current velocities; the huge volumes of
flowing water turn the blades of the turbines, thereby
producing electricity. Unlike wind, these turbines
have the major advantage of predictability: not only
are tides far more constant than wind, but tidal pat-
terns can also be calculated years in advance. Thus, it
is possible to form a tidal turbine farm formation like
wind energy farm; hence tidal power can be captured
in large area at multiple points simultaneously.

Therefore, tidal farm is the interest of present pa-
per, where research is conducted to evaluate the tur-
bines' energy absorption rate as well as the rate of re-
storation of water Kinetic energy evaluate the rate of
energy absorption of turbines as well as the rate of
restoration of water Kkinetic energy. As working in ar-
rays, turbines naturally have interaction among them.
Previous studies have investigated on this interaction
for different longitudinal spacing between turbines
[2][3]. Therefore, this paper continues author's study
aimed for two objectives: to estimate tidal turbines
performance at different lateral spacing and to eval-
uate performance of a given staggered tidal farm
which consists of seven turbine units.

2. Numerical Methods
2.1 Actuator disc theory

Albert Betz (1885 - 1968), a German physicist and
a pioneer of wind turbine technology, introduced a
method to determine the limit power of extraction in
a fluid. That is the "Actuator Disc Theory", the meth-
od [3] for characterization of an actual tidal turbine
in a solution of Reynolds-averaged Navier-Stokes
equations. The application of the model in an infinite
volume of air is used in the analysis and design of
wind turbines. Since the flow of air in the atmos-
phere is different to that of a liquid constrained in an
open channel due to the air's negligible density, ac-
tuator disc theory can be applied for tidal turbines
with some modification and extra consideration.
Actuator disc play an important role in study of multi
turbine array. Thus, the flow field including turbines
becomes a huge domain, a so-called tidal farm. It can
be very convenient technically and economically if a
whole turbine farm is simulated by means of actuator
disc theory.

The true fluid flow passing around and through a
tidal turbine is governed by the Reynolds-averaged
Navier-Stokes (RANS) equations. They are time-
averaged equations of motion for fluid flow. Thus,
combining the law of conservation of mass with the
transport theorem yields the continuity equation and

is written as:
oU; 1
ox, =0 ( )

i

The momentum equation expresses Newton's second
law of motion for a fluid flowing through a finite
control volume. This study is steady state analysis, so
the equation is:
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Reynolds stress —pu,u; is resolved by turbulence

model. S; represents the immersing effect of turbine
at disc region and is calculated as follow:

K
S =25 Uil U &)

______________________ Boundary |

I
I
I
- :
I
I
I
Figure 1: Actuator disc demonstration

Resistance coefficient of turbine is found to be 2
for most practical case [4]. K = 0 corresponds to free
flow state, or no turbine is submerged into the
stream. K = 4 corresponds to break-state, meaning
turbine is unable to rotate or no water passes through
the disc.

The actuator disc is applied a constant resistance to
the incoming flow. This resistance causes a thrust to
be imposed on the flow and this thrust should be
similar to that imposed by the turbine simulated. For
a turbine, thrust will vary based on the incoming
flow, geometry, pitch of the blades, and rotational
speed. For an actuator disc, thrust depends on its re-
sistance coefficient and the inflow velocity, this is
shown as:

];:KgUi(d)|Ui(d)|Ad @

The turbine is then typically characterized in terms of
its thrust coefficient, which is defined as:

T
Cr= T ©®)
E/)UOAd

By characterizing an actuator disc with a given Cr
which features a real turbine's characteristic, the disc

becomes a represented tidal turbine. Therefore, results
from actuator disc simulation can be used to evaluate
real turbine's performance with acceptable accuracy

[21.

2.2 Calculation conditions

Initial input parameters are listed in Table 1. This
calculation domain is made for a scale scenario with
Froude number, Fr = 0.175. Thus, it is corresponded
to an actual model of 10m turbine in a 30m water
depth channel with mean inflow velocity of 3m/s.
Typical value of Froude number for full scale chan-
nels are within 0.1 - 0.2, and value less than 0.5 gen-
erally ensure stable flow when there are no obstacles
in water column [5].

Boundary conditions are as follows:

Inlet: Cartesian normal speed. Since the flow is af-
fected by seabed surface roughness, the velocity has
gradient characteristic as defined by 1/10th power
law. Initial water level is set to 0.3m.

Outlet: Static pressure.

Sidewall: Free slip wall boundary.

Bed plane: As real sea bed is rough surface. So
nonslip wall is defined for this boundary.

Disc front and rear walls: Free slip walls with flux
sources.

Disc cylinder: Free slip wall.

Free surface: Volume of fluid model [6][7].

Simulation using ANSYS CFX [8] is done in
steady state. Turbulence model k- e is used since it
is the most commonly used of all the turbulence
models in CFD [9]. For steady state calculations, max
integration is set to 4,000 to ensure convergence with
convergence criteria of 1x107°,

The axial induction (sometimes called interference)
factor, a, is defined as the fractional decrease in wind
velocity between the free stream (upwind) and the ro-
tor plane:
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a=1—— (6)

As a increases from zero, the downwind flow
speed steadily decreases until, a = 1/2, meaning that
the rotor has completely stopped and the simple theo-
ry is no longer applicable. According to Betz theory,
turbine reaches maximum power efficiency at a =
1/3, corresponds to Cr = 0.89 [10].

Table 1 Initial calculation conditions

Parameters Values

Domain size 8m(L)x1m(W)x0.5m(H)
Disc diameter 0.1m

Disc thickness 0.004m

Froude number 0.175

Reynolds number 3.5x10*

1

Inflow velocit —oal Y |1

y 0, 0.3( ; 15) (mhs)
Induction factor a=1/3
Thrust coefficient Cr = 0.89

3. Results and Discussions

3.1 Lateral turbine array

The previous section stated that the longitudinal
spacing has major influence to turbine. Turbines in ti-
dal farm are also positioned laterally, so the influence
of lateral spacing should as well be evaluated.
However, since the lateral array turbines do not share
the same inline stream, the lateral spacing is much
shorter than longitudinal spacing. Lateral spacing is
set just to avoid disturbance effect of turbines due to
their downstream wakes.

The calculation domain for lateral positioned tur-
bine array adopted hexa mesh style which consists of
one million nodes (Figure 2). The domain is shown
in Figure 3. Simulation is done for three cases corre-
sponding to three different lateral spacings: 2.0D,
25D and 3.0D. Domain size is
8m(L)x1m(W)x0.5m(H) which is large enough to po-
sition three discs inline along the width in all cases.

Q0 o Z_

Figure 2: Mesh formation of lateral array

Outlet

T L
o~

Bed Plane

> Side Wall

Figure 3: Calculation domain of lateral array

In this simulation, turbines are numbered No. 1,
No. 2 and No. 3 from left to right as marked in
Figure 3.

Flow visualization in horizontal view (XY plane) is
shown in Figure 4. According to the flow pattern,
three cases show the similar velocity contours of wa-
ter and air. In 3D lateral spacing case, there is a
small fluctuation of air velocity at inlet, but this is
not considered as an influence to the turbine group's
performance since there is no abnormal variation in
water velocity. These contours generally present the
flow pattern in term of visualization.

Figure 5 shows the velocity deficit along the cen-
terline of turbines at different lateral spacings. For
2D lateral spacing, turbine No. 2 obtains the highest
power coefficient, Cp, = 49.48%, the two remaining
have the same lower value, Cp;y = Cps = 49.23%.
Since turbine No. 2 absorbed more power, its restora

Journal of the Korean Societ of Marine Engineering, Vol. 37, No. 3, 2013. 5 269



A. D. Hoang - C. J. Yang

(@) 2.0D

(b) 2.5D

o 3 @
I L L 1 ! ! 1 1 !

ad & & o O P
Q§ Q(S@ © & SRS a'éb o¥ > a'-ﬁ 0.;?’
.

Water Velocity [me*1]

(c) 3.0D
Figure 4: Flow visualization of lateral array

tion is slower than the rest (Fig. 5a), but all of them
show the similar restoration characteristic at far wake
location, from 60D to 70D. Maximum restoration
reaches 96% at 70D downstream location.

When the lateral spacing is increased to 2.5D, the
three turbines get their power coefficients Cp; =
49.25%, Cp, = 49.48% and Cps = 49.33%,
respectively. The difference in power efficiency is
relatively reduced but clarified deficit of the three tur-
bines is still visible in Fig. 5b. The restoration of the
three is almost the same and also reaches 96% at
70D.

When the lateral spacing is increased to 3D, all
three turbines almost have the same deficit curve.
Their power coefficients all reach 49.48%.Thus, these
results show that 3D lateral spacing is wide enough
to minimum mutual influence between the lateral ar-
ray turbines. And in this arrangement, fully restora-
tion is visible at 70D downstream location. But in
fact, it is uneconomical to arrange turbine array with
longitudinal spacing up to 70D. Instead, the range

0.5 4 — Tulinzl — Tubine2

x/D
(a) 2.0D

0.5 4 — Tulinzl — Tubine2

x/D
(b) 2.5D
11
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0.9 ///
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0=
T T T T T T T T 1
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(c) 3.0D

Figure 5: Deficit along the centerline in lateral
array

from 20D to 30D in previous study is claimed to be
long enough for longitudinal spacing, with thin this
value high restoration rate of about 80-90% is avail-
able and acceptable. Therefore, more spacing is saved
for other arrays.

Thus, according to these results, all cases are se-
lectable since the lateral influence is not as consid-
erable as compared to longitudinal case. 3D is found
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to be the optimum lateral spacing in current study but
2.0D will be more advantageous in narrow channels.

3.2 Staggered turbine array

Staggered formation is a well known formation in
which elements are at different levels and are not
abreast of each other. This is to ensure the safe inter-
action among elements in some group operation.
Staggered formation can be applied to tidal turbine
farm and it is claimed as an effective formation for
the longterm stable operation of tidal turbines.

Previous study has shown that 3D lateral spacing
and 20D-35D longitudinal spacing are enough to en-
sure the stable operation of turbines and minimum the
disturbance effects between them [2]. Thus, these set-
tings are applied in staggered formation simulation. In
detail, the number of turbine is chosen to be seven,
they will be spaced 30D longitudinally and 3D
laterally. The turbine group is positioned in staggered
formation as shown in Fig. 6 which shows the calcu-
lation domain; turbines are numbered from 1 to 7.
Figure 7 shows the mesh formation for this domain.
The mesh contains 1 million nodes, is sized 5.5m(L)
x 1.5m(W) x 0.5m(H) and is large enough in order
to simulate seven turbines in the same flow field.
Initial parameters are maintained the same as lateral
array simulation.

!

Inlet’

Figure 6: Calculation domain of staggered for-
mation domain

Figure 7: Staggered formation domain

Figure 8 presents the flow pattern at horizontal
center plane (ZX plane). Since all the turbines are
properly placed and positioned, there is no presence
of any abnormal flow or disturbance among their
streams. The color contour shows uniform variation
of velocity at each turbine unit. There is a notice that
the outlet boundary condition is set at a relative lon-
gitudinal spacing of 30D downstream location for the
two on last row (No. 6 and No. 7 turbine). Thus, the
far end at these turbines is a little influenced by out-
let boundary condition so that their continuity of ve-
locity variations are not maintained as normally
shown for the inline upstream turbines.

Wtes ety (L]

Figure 8: Velocity vector field in staggered for-
mation

Velocity deficit of each turbine unit is shown in
Figure 9. Resulted from calculation data, maximum
power coefficient is found at turbine No. 4, Cpy =
53.92%, the other unit in second row also get high
power efficiency, Cps = 53.58% and Cps = 53.56%.
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The first row has lower power coefficient, Cpy =
47.5%, Cp, = 47.5% and the last row has the lowest
efficiency, Cps = Cp7 = 30.36%.
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(e) Turbine No.5

Figure 9: Deficit along the centerline in
staggered formation

Turbines at the first row are the first to contact the
stream, thus their power absorption rates are exactly
the same. They also have similar velocity deficit
curves (Figure 9a and 9b). This exists in the second
and third rows as well but it is not a complete
similarity. Because disturbance should have effect af-
ter the first row's encounter, turbines at the second
row have relatively different outcomes. Even the
smallest mutual influence can lead to these

differences. Maximum could not be obtained at the

first row since it is closer to the inlet in comparison
with the second row. Therefore, inflow velocity is not
yet fully developed as the flow entered the first row
of turbine. Velocity restoration rate ranged from 0.8
to 0.93 in actuator disc based simulation. Turbines in
the second rows have the highest restoration rate.
This is clearly understandable since they are posi-
tioned individually in longitudinal array, besides;
these turbines have longer downstream distance for
restoration.

4. Conclusions

The tidal energy conversion technologies in a good
tidal site can provide a cost of electricity in the sim-
ilar range as existing commercial wind technologies.
This paper introduces velocity interactions based on
actuator discs for tidal farm. To summarize the work
presented above, we can conclude as follows.

1) Power coefficient is inversely proportional to the
restoration rate. The higher power turbine disc ab-
sorbed, the longer restoration proceeds.

2) For lateral turbine array, there is an identical in-
fluence between turbines. In general, all tested cases
are acceptable and wider spacing is preferable but is
limited in narrow channel, where 2.0D lateral spacing
is more advantageous.

3) Staggered formation is found to be proper for-
mation for tidal farm, it reduce unwanted disturbance
influence among turbines without increasing size of
the whole flow field.

This study has not yet shown uniform performance
of turbine components all over the formation, but it is
understandable as the influence among turbines.
Hence, future works will be carried out to investigate
interactions among turbines with rotor blades.
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