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ABSTRACT 
In 2001, the Geophysical and Industrial Fluid Flows 

laboratory (LEGI-France) launched the HARVEST 
research program (Hydroliennes à Axe de Rotation 
VErtical STabilisé) to better understand and develop 
a suitable technology for hydroelectric marine or river 
power farms using Cross Flow Water Turbines 
(CFWT) piled up in towers. The LEGI researches 
deal with the hydrodynamic part of these systems, 
with the support of the R&D Division of the EDF 
Group; other laboratories of the Rhône-Alpes Region 
are in charge of the respective mechanical (3S-INPG 
and LDMS-INSA) and electrical aspects (LEG-INPG).  

The present study deals with the study of CFWT 
arrangements. In a first part, a single turbine for free 
fluid flow conditions is considered. The simulations 
are carried out with a new in house code which cou-
ples a Navier-Stokes computation of the outer flow 
field with a description of the inner flow field around 
the turbine. The latter approach is validated with 
experimental results of a Darrieus wind turbine in an 
unbounded domain. This code is then applied for the 
description of a hydraulic turbine. We then pile up 
these turbines in the shape of towers and study the 
efficiency of several lined up towers which makes a 
barge. Simulations are now bidimensional and show 
that the average barge efficiency rises as the distance 
between towers is decreased. Eventually an HARVEST 
farm, consisting of several barges is investigated. 
Aligned and staggered rows architectures are con-
sidered. Results show that staggered rows architec-
ture is more interesting provided enough space is let 
between rows. 

KEYWORDS 
Cross flow water turbine, farm modelling, efficiency 

INTRODUCTION 
Exhaustion of fossil fuels resources combined 

with greenhouse gas negative impact have recently 
raised the interest for renewable energies. Among 
them; hydropower takes a particular place because 
of its huge potential. Large-hydro power plants are 
being built in countries such as Brazil, China or Tur-
key that exploit a minor part of their hydroelectric 
potential. Concerning countries historically well 
equipped, located in Europe and North America, 
ambitious upgrading programs are carried out to 
raise the extracted power of existing plants. Numer-
ous Micro-hydro power plants, presently build on 
rivers and canals, contribute also to the global growth 
of the hydropower production.  

Beyond this classical hydroelectricity, the exploi-
tation of the ocean tidal energy is particularly attrac-
tive because it represents a huge and practically 
inexhaustible source of energy easily accessible on 
coastal sites. Though the “La Rance” tidal power plant 
build in 1967 in France is a technological success, it 
seems that harnessing the energy of the tidal currents, 
rather than the tidal head as done in La Rance, could 
be an interesting alternative. The reason is that har-
nessing currents do not need a dam along the coast 
and consequently remove the problem of its negative 
environmental impact. The exploitable part of the tidal 
kinetic energy over the European shore is estimated 
to 48 TWh, a significant potential contribution in 
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comparison with the European hydroelectric produc-
tion of 580 TWh.  

By installing marine current energy converters 
(turbines), in tidal currents, some of their kinetic en-
ergy can be recovered. The English and Norwegians 
have already installed prototypes of axial flow 
(horizontal-axis) marine current energy converters. 
The 1.2 MW bi-rotor English prototype Seagen is 
planned to be installed in 2007.  

Although the axial flow marine current energy 
converter design is an attractive idea, as it is based 
on proven technology, it is not the design chosen 
by the LEGI laboratory. This laboratory, within the 
HARVEST project [1], develops its own concept based 
on cross flow current energy converters (vertical axis, 
or Darrieus, turbines). The main advantage of these 
converters is their ability to operate irrespective of 
the direction of the current. The vertical axis also 
allows the marine current energy converters to be 
stacked on a single rotation axis called a "turbine 
axis" that is held firmly in place by a lattice struc-
ture called a "tower" (Fig. 1) [2]. The towers are 
assembled in groups to form a barge anchored to the 
sea bed. Several barges make a farm. These devices 
could also be well adapted to extract kinetic energy 
in rivers. In this case, towers could be anchored 
separately.  

Figure 1. Achard turbine and tower 

Concerning the turbine, it is possible to shape blades 
in such a way that cyclic loading induced by cross 
flow turbines in air are strongly decreased in water. 
Consequently, fatigue phenomena are reduced and 
the life time of the converter is increased. To fulfill 
this need, Alexandre Gorlov proposed an helical blade 
shape turbine [3]. The present LEGI-Achard turbine 
uses delta blades (Fig. 1) [4].  

One of the major objectives of the HARVEST 
project is that it will gradually lead to the construc-
tion of marine and river cross flow hydropower 
farms incorporating the technical solutions defined 
by the researches undertaken by the four laborato-

ries of the French Rhône-Alpes Region: LEGI, 3S, 
LDMS, LEG. The HARVEST project is supported 
by an experimental program dealing with rivers ap-
plications in a first step and with ocean applications 
in a second step.  

Modeling tools are developed for hydrodynamic, 
electric or mechanical issues. The present study con-
cerns the study of the efficiency of towers and barges 
configurations. Computations are made with a in-house 
code that couple a macroscopic model of the tower [5] 
with a RANS calculation of the flow field [6]. 

1. METHOD OF SOLUTION
In order to design MCEC farms, it is necessary to

develop a numerical model for cross flow turbines. 
This model has to be accurate enough to predict the 
main performance characteristics of an isolated tur-
bine: power, drag, wake…but it also needs to be fast 
and thus quite simple to be able to be used for the 
simulation of farms of many MCEC. 

There are existing simplified models which use 
macroscopic mass and momentum balances to pre-
dict the performance of cross flow turbine, in func-
tion of the tip speed ratio of the blades 0ωR/Vλ=  [7,8]. 
However, they are limited to turbines which solidity 
doesn't exceed 0.25, corresponding to air flow applica-
tions and are then inappropriate for the simulation of 
future MCEC (0.5<S<1 for water applications) [7,9,10]. 
That's why a new CFD-macroscopic coupled code 
has been developed. 

The macroscopic flow field is solved with the 
commercial code Fluent using a k-ε turbulence model 
and a steady state formulation. The turbine perturba-
tion of the incoming free flow is modelled, within the 
turbine swept volume, with a volume force introduced 
in the right hand side of the momentum equation. 
This source term corresponds to the aforementioned 
inner or microscopic part of the solution. It can be 
obtained in two ways, either from experimental data 
or by solving the inner problem which corresponds 
to computing the solution around an airfoil in an 
unbounded domain. 

In the present method, the blade source terms are 
evaluated using the Blade Element Theory, requiring 
the aerodynamic coefficients of the blades. For a 
straight Darrieus turbine, the swept volume is an 
annular cylinder of blade thickness, centred on the 
turbine axis of rotation. It is meshed with Ncell struc-
tured annular cells of ∆θ angular size and ∆Z axial size 
(Fig. 2). The mesh is uniform along the θ direction and 
is refined in the Z direction at the tip of the turbine. 

Let's consider a cell in the swept volume and 
suppose that a guess of the flow field is known (for 
example an arbitrary initialization of the flow needed 
by a RANS solver). Then it is possible to compute, 
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at the centre of the cell, the local relative velocity W 
and the local angle of attack α between W and the 
chord. The instantaneous lift and drag force applied 
on the part ∆Z of the blade span centred on the con-
sidered cell is given by:  

2
,, 2

1)Re,( WzCCF CDLDL ρα ∆=  (1) 

where CL and CD are respectively the static lift and drag 
coefficients of the blade section and ReC = RωC/ν is 
the chord Reynolds number 
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Figure 2. Schematic view of the discretized swept 
volume 

The force applied on the flow by the blade element 
can be easily expressed in the fixed system coordi-
nate (O,X,Y) by projection of FL and FD on the X and 
Y axis (the minus sign coming from the action/reaction 
principle). The obtained components, FX and FY, 
cannot be directly introduced as source terms because 
they are instantaneous and consequently not consis-
tent with the expected steady state solution. Actually, 
the correct terms correspond to the mean time value 
of FX and FY on a period of revolution. Assuming a 
constant rotational speed of the turbine and consid-
ering that the hydrodynamic forces are: 
• constant when the quarter chord blade point is

in the cell;
• 0 when it is out.

the time averaging operation leads simply to a 
multiplicative factor N∆θ/2π for a N bladed turbine. 
As a result, the corresponding average values FXcell 
and FYcell of FX and FY are the following: 

πθ 2/,, ∆= NFF YXYcellX (2)

For each cell lying in the swept area, FXcell and FYcell 
are divided by the cell volume before being introduced 
in the X and Y momentum equations. This operation 
is done at every iteration of the solver until the turbine 
efficiency (or drag) stabilized. Every iteration, several 
coefficients of interest are calculated. 

The turbine drag coefficient: 
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the turbine lift coefficient: 
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the turbine power coefficient: 
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where Ftcell is equivalent of FXcell and FYcell for the 
tangential component 

The following sections present results obtained 
with the Fluent solver. The above calculations are 
performed using the User Defined Functions. 

In all the test cases, the Fluent solver parameters 
are listed below:  
• segregated solver;
• pressure-velocity coupling: simple;
• standard discretization for pressure; first order

upwind for momentum, turbulence kinetic en-
ergy, turbulence dissipation rate;

• standard k-ε turbulence model.
The boundary conditions used for the domain are: 
• velocity inlet condition at the upstream boundary;
• pressure outlet condition for the downstream

boundary;
• walls with zero shear stress for others domain

frontiers;
• symmetry condition at the meridian plane to

minimize computational effort when running
3D simulations.

Figure 3 shows an upper view of the straight 
Darrieus turbine grid, in the X-Y plane (valid in 2D 
and 3D) and Fig. 4 presents a zoom of the turbine 
area. The grid density depends directly of the size 
∆θ of the cells describing the annular swept area (in 
dark on Fig. 4). 

Figure 3. 2D grid up view 
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Figure 4. Zoom of the turbine area 

2. SINGLE CFWT : EVALUATION OF THE
CODE, COMPARISON WITH EXPERIMENT

2.1. The Sandia wind turbine experiment 
Darrieus turbines were initially developed for wind 

power generation. The SANDIA laboratories run 
intensive experiments for many wind turbine con-
figurations and blade profiles and provide a rich 
data-base of experimental results. 

Figure 5. Mesh of the SANDIA experiment 

To evaluate the present method, 3 blade configu-
rations of a 2 m diameter Darrieus wind turbine with 
NACA-0012 airfoils are chosen [11]. The geometri-
cal difference between the 3 configurations is the 
solidity of the turbines. A summary of the experi-
mental test conditions is given in Table 1. Measure-
ments have been carried out in the Vought Corpora-
tion Low Speed Wind Tunnel (Fig. 6). 

For each configuration, the turbines were oper-
ated at constant rotational speed. The wind velocity 
was adjusted to obtain the desired value of tip speed 
ratio. The steady-state turbine torque was measured 
to determine the power coefficient. Because the chord 
Reynolds number ReC doesn't change within the whole 
range of tested tip speed ratio λ, only one data set of 
hydrodynamic coefficients CL,CD for a given ReC of 
about 150000 is used to run the simulations. 

Table 1. Experimental test configurations 

Config 
number

Number 
of  

blades

Solidity 
(%) 

Rotor 
Speed 
(rpm) 

Chord 
(cm) 

Chord 
Reynolds 
number 

1 3 24.45 267 8.815 150000 
2 3 22 320 7.346 151000 
3 3 17.63 400 5.877 154000 

Figure 6. Vought Corporation Low SpeedWind Tunnel 

Calculations are run in water using the geometri-
cal dimensions of the wind tunnel and of the turbine. 
To fulfill the similarity conditions, the chord Reynolds 
number ReC and the tip speed ratio λ are kept equal. 
These conditions give the rotational velocity and the 
upstream velocity for the simulation. 

The NACA-0012 hydrodynamic coefficients are 
obtained from SANDIA experimental data [12]. The 
zero drag coefficient CD0 corresponding to a 0 angle 
of attack is corrected to take into account the addi-
tional drag due to other rotating parts of the turbine. 
This additional drag is obtained by spinning the ro-
tor in still air. The same method is used in [7]. 

Figure 7 shows a good agreement between ex-
perimental and calculated power coefficients, espe-
cially in the ranges of λ above the value correspond-
ing to the maximum CP. In these regions the flow is 
dominated by the so called "secondary effects'' cor-
responding to a viscous attached flow. The good 
quality of the comparison is mainly due to adjusting 
the CD0 value. In the range of λ below the maximum 
CP, a significant difference is observed between cal-
culated and experimental CP. This gap is mainly due 
to the dynamic stall phenomenon (called ``primary 
effects'') that a rotating blade exhibits. The associ-
ated complex interactions between blades and shed 
vortices lead to strong unsteady effects revealed by 
a hysteresis loop for the blade loading [13]. Though 
the dynamic stall phenomenon can be taken into 
account by some semi empirical corrections [14] it 
has not been done in this study for two reasons. 

First of all, the influence of these corrections on 
the mean power and drag coefficients are of second 
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order for nominal tip speed ratios which corre-
sponds to moderately stalled regime. 

Secondly, they are not directly linked with the 
objective of the present study which focuses on the 
limitation of the by-pass effect around a CFWT when 
inserted in a cluster of columns. 
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Figure 7. Comparison between SANDIA experiment 
and code, Rec = 150000 

2.2. Straight Darrieus Hydraulic Turbine for 
free stream conditions 

The present numerical model has been tested in 
the cases of three parabolic Darrieus wind turbines. 
For large dimensions, these turbines can reach an 
efficiency up to 0.45, a little bit less than modern 
axial flow turbines. These performances are obtained 
with moderate solidity [0.15-0.25] for a tip speed 
ratio about 5 to 6.  

As mentioned above, the future power farm stud-
ied in the HARVEST project is based on turbines 
equipped with delta wings. These turbines are ex-
pected to be more efficient than classical straight 
blade Darrieus turbine (23%) [15] thanks to a reduc-
tion of the tip vortex induced drag. Other water tur-
bines have already attained a better efficiency. For 
example Gorlov obtained 35% with its helical turbine 
in the Cap Cod Canal [9] and a similar turbine tested 
in the open jet tunnel of TU Delft exhibited 0.29% [16] 
confirming the interest of the helical shape. Faure [17] 
obtained good efficiencies on straight blade Darrieus 
turbines (more than 40%) but the experiments where 
purely 2D, leading probably to a smaller influence of 
tip vortices. Generally, it is observed that an increase 
of performance produces an increase of tip speed 
ratio at maximum efficiency leading the designer to 
shape turbines with smaller solidity. 

For the next simulations purpose, a typical HAR-
VEST CFWT is chosen. The diameter and height 
are both set to 1m, the solidity is set to 0.6 and the 
upstream velocity V0 is set to 3 m/s. The diameter 
based Reynolds number ReD = V0D/ ν is equal to 
3*106. The maximum efficiency of this turbine, op-
erating alone at free fluid flow conditions, is set to 
29%, corresponding to an average between the worst 

(23%) and the best (35%) efficiency of similar CFWT. 
Notice that this choice is not so important, arguing 
the fact that the aforementioned involved issues do not 
depend (at least qualitatively) of the exact perform-
ance of the turbine. Calculations are performed with 
the 3D code using the same data set as in Sec. 2.1 The 
only difference concerns the zero drag coefficient CD0 
adjusted to fit the required 29% maximum efficiency. 

To compare the efficiency of the isolated turbine 
with a purely 2D isolated tower based on the same 
turbine, 2D calculations are also performed. In this 
case, two higher solidities 0.8 and 1 have been also 
considered. Figure 8 presents the power coefficient 
against the tip speed ratio for the three 2D isolated 
towers and for the 3D isolated turbine. One can ob-
serve first that the code is able to simulate high so-
lidities contrary to the existing global models [7]. 
Then, it accurately represents the effect of changing 
blade solidity (i.e with increased solidity, the maxi-
mum power coefficient and the optimal tip speed ratio 
decreases). Finally, results show that the maximum 
efficiency of the purely 2D isolated CFWT tower is 
34.85 %, 5.85 % more than the 3D isolated CFWT. 
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3. THE BARGE CONFIGURATION
The towers can be aligned within a cluster which

represents a potential barge. The objective of this 
section is to investigate the influence of the tower 
spacing on the average efficiency of a cluster (ie the 
mean efficiency of the towers). To simplify the analy-
sis, purely 2D towers of Sec. 2.2 are considered. The 
chosen solidity is 0.6 and all CFWT operate at the 
same rotational speed corresponding to the optimal 
λ = 2.65 for an isolated configuration. The corre-
sponding maximum efficiency is 34.85% (Fig. 8). 

The test consists in moving closer 5 towers to in-
vestigate the effect of tower spacing on the maximum 
average efficiency. One can notice on Fig. 9 that the 
closer the barges, the better the efficiency. Once again, 
this result can be explained by the velocity streamlines 
straightening effect of the configuration (Fig. 10). 
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For a lateral spacing of 1.5 turbine diameter, the 
maximum average efficiency reaches 39.32%, 4.5% 
more than for the single isolated tower. However, we 
have to be cautious regarding the feasibility of such a 
close up barge. For instance, we can expect that it would 
be prohibited to prevent the towers from knocking with 
each other or to let enough space for the aquatic fauna. 
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Figure 10. Velocity streamlines in the barge region 
colored with the reduced velocity VX/V0, 2 turbines 

diameter spacing between turbines 

4. FARM MODELLING
In this section, we deal with the optimization of

cross flow water turbine farms. The barges are made 
of 6 towers of 3m diameter and 0.6 solidity and the 
upstream velocity is kept equal to 1m/s leading to 
the same Reynolds number as in the above section 
ReD  = 0.3 106. The farms are composed of 32 barges 
arranged in 4 rows of 8 barges. For the barge, a spacing 
of 3.13 Dt is taken considering that a smaller value 
could be problematic for a realistic exploitation. Do-
ing so, the width of the barge is equal to 50 m. 

Since, there are 192 turbines to model, the mesh 
is simplified to minimize the computational effort. 
Therefore, in this simulation, the turbines are square 
shaped and represented with four rectangular cells. 
Due to this simplification, the procedure for calcu-
lating source terms (see Sec. 1) is slightly modified. 
An average turbine velocity is calculated using the 
centred values of the four cells. This unique velocity 
is used to compute the local relative velocity W at 

blade location whatever its position θ on the circle 
of rotation. Then FXcell and FYcell are calculated using 
Eq. 2 with a small enough ∆θ (that do not correspond 
to any mesh in the swept region). The total drag FD  
and lift FL applied on the flow by the turbine is ob-
tained using Eq. 3. FD and FL are divided by the sur-
face of the four cells, simulating the turbine, and are 
respectively introduced as source terms in the x and y 
momentums equations of the solver. This new sim-
plified procedure modifies somewhat the results of 
the “original code”. The “farm code” leads to higher 
CP values at high tip speed ratios. However, tough a 
new source of uncertainty appears with the use of 
the farm code, it allows to highlight some tenden-
cies for the efficiency when varying parameters de-
scribing the farm architecture. 

Simulations of farms are carried out for a single 
value of the tip speed ratio λ = 2.65 corresponding 
to the maximum CP for the 0.6 solidity 2D single 
turbine (see Fig. 8). 

The aligned row configuration (ARC) and stag-
gered rows configuration (SRC) are going to be tested 
(Fig.11). IN each case, we investigate the influence 
of lateral L and longitudinal spacing l over the per-
formance of the farm, in a way similar to the study 
performed by EDF R&D [21]. In the following sec-
tion Db represents the width of a barge. 

Figure 11. Tested farms architectures 

4.1. Aligned rows 
The table 2 presents the loss of power of the simu-

lated farm compared with a reference farm1 made of 
192 independent turbines. The first conclusion is that 
the closer the barges, the greater the loss. Indeed, the 
downstream rows of barges are in the wake of the 
upstream rows, resulting in a loss of incoming kinetic 
energy and thus responsible for the loss of power. 
For example, we have 35% of loss in the 10Db/2Db 
ARC configuration. IN this case, the first row runs 
at 100% of its maximum, then 74%, 52% and 39% 
respectively for the second, third and fourth rows. 
For the ARC 30Db/8Db case, there is only 8.6% of 
loss. This corresponds to power ratios of 100%, 93%, 
89% and 84% respectively for rows 1,2,3 and 4. The 

1 The definition of the reference farm is not unique. It could be a 
farm made of 32 independent barges. This would lead to 
higher values of loss in Tab. 2 and Tab. 4  
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fluid retrieves most of its kinetic energy between rows. 
However, we have to keep in mind that one of the 
main constraint about the marine farms is the total 
surface taken up over the sea. Thus, it is interesting to 
look at another variable which is the average power 
delivered per unit surface, in kW/m2. The table 3 shows 
that, even if the small surfaces configurations have 
the highest losses, they have the most interesting ratios 
of power per unit surface. 

Table 2. Loss of power relatively to the reference 
farm [%], ARC, E = 3.13Dt 

l/L 2Db 4Db 6Db 8Db 
10Db 35 30.6 30.4 29.5 
20Db 31.3 18.5 14.8 14.1 
30Db 28.9 16.1 10.4 8.6 

Table 3. Power per unit surface [kW/ m2], ARC, 
E = 3.13Dt 

l/L 2Db 4Db 6Db 8Db 
10Db 77 43 29 22 
20Db 41 25 18 13 
30Db 29 17 12 10 

4.2. Stagerred rows 
To minimize the loss of power of the rear lines, a 

possible idea is to move 1 line out of 2 so that the 
barges are not in the wake of the barges just in front 
of them. We will call this barges distribution the 
staggered row configuration (SRC). 

Table 4 shows that the SRC becomes very inter-
esting if the lateral spacing is equal or greater than 
4Db. For example, the 10Db/4Db SRC loss is 9.7% 
whereas the 10Db/4Db ARC loss is 30.6%. A great 
drecrease of loss is also obtained with the SRC the 
10Db/6Db and 20Db/6Db configuration in comparison 
with the same ARC configurations. It is also observed 
that the SRC 20Db/4Db configuration is worst than the 
10Db/4Db (16.7% against 18.5%). For lateral spacing 
L = 2Db, the SRC configurations lead also to an 
increase of loss when the longitudinal spacing l is 
increased. These particular wake effect occurs in the 
SRC configurations when downstream barges are too 
far of upstream one comparatively to their lateral dis-
tance. Concerning the power per unit surface (Tab. 5), 
the same conclusion as for ARC configurations is 
obtained: the best ratio corresponds to the smallest 
farm (5Db/2Db). 

Table 4: Loss of power relatively to the reference 
farm [%], SRC, E = 3.13Dt 

l/L 2Db 4Db 6Db 
5Db 28.6 8.9 8.6 

10Db 31.3 9.7 5 
20Db 31.8 16.7 7.6 

Table 5: Power per unit surface [kW/ m2], SRC, 
E = 3.13Dt 

l/L 2Db 4Db 6Db 
5Db 170.5 112.5 76.15 

10Db 82 55.8 39.6 
20Db 40.7 25.7 19.3 

However, even if a high power density farm is 
found, it might be banned since it creates a high global 
drag and a high reduction of the flow passage. The 
price per unit power also has to be taken into account 
and might be excessively high for theses configura-
tions. That’s why, a wise choice for a future farm could 
be for SRC architectures of more than 4Db of lateral 
spacing. In this case, the SRC sounds to be a good 
candidate compared to the ARC, especially for medium 
size farms. Indeed, we can take for example the SRC 
10Db/6Db configuration which registers a loss of 5% 
instead of 30.4% in the ARC case. As the size of both 
farms is the same, power per unit surface is also better 
for the SRC configuration: 39.6 kW/ m2 against 29 
kW/ m2 for ARC. Eventually, we have to remember 
that all the power values given in this section corre-
spond to an upstream velocity of 1m/s. Neglecting 
the Reynolds number effect, these values increase 
with the cubic power of the upstream velocity. 

CONCLUSION 
A powerful and reliable modelling too, especially 

well adapted for the simulation of cross flow water 
turbines has been developed. The code has been 
evaluated on a single machine by comparison with 
the SANDIA experiment. The 2D code version has 
then been used for the optimization of a barge made 
of lined columns of CFWT. Results show that an 
increase of efficiency as the towers are settled closer. 
We observe a maximum average efficiency of 39.4% 
for a lateral spacing of 1.5 Dt. This is 4.55% more 
than for a single 2D isolated tower and 10.4% more 
than for the 3D reference hydraulic turbine. In the 
meantime, the final configuration of a barge is not 
definitive because there is a lack of knowledge about 
the minimal distance to keep between units. There 
also might be many others barges architectures. A set 
of simulations on different farms configurations have 
raised the conclusion that the large farms loose less 
energy than the closed up ones but have worse ratios 
of power per unit surface. We also have demonstrated 
the interest of the staggered rows configuration to limit 
the wake effect. 
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NOMENCLATURE 
C   = blade chord 
CP  = power coefficient of the turbine 
CD  = drag coefficient of the turbine 
CD0  = zero lift drag coefficient 
Cn  = normal force coefficient 
Ct   = tangential force coefficient 
D   = turbine diameter 
Db  = barge width 
Dt  = spacing between turbines within a barge 
FD  = drag force applied on the flow by the turbine 
FL  = lift force applied on the flow by the turbine 
Fn  = radial force on a blade 
Ft  = working force on a blade 
Ftcell  = tangential force applied on the flow by a cell 
FXcell  = drag force applied on the flow by a cell 
FYcell  = lift force applied on the flow by a cell 
L = lateral spacing between barges 
L = longitudinal spacing between barges 
H = turbine height 
N = number of blades 
Ncell  = number of cells in the turbine swept volume 
n = radial direction 
Q = turbine torque 
R = turbine radius 
ReC  = RωC/ν, chord based Reynolds number 
ReD  = V0D/ ν, diameter based Reynolds number 
Sref  = DH, turbine reference surface 
t   = tangential direction 
V0  = upstream velocity 
W   = relative velocity 
O X Y = cartesian coordinate system 
α = blade incidence angle 
λ  = Rω/V0, tip speed ratio 
ω = rotational velocity 
θ = rotational angle 
∆θ  = cell angular size 
σ   = NC/R, solidity 
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