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2. TURBINE GEOMETRY

In order to determine some optimal (or near optimal)
horizontal arrangement of vertical axis cross-flow marine
current turbines within hydropower farms, an innovative,
simplified, 2D numerical model was developed. It is based
on the interaction between incident flow and turbine blades
and was implemented in COMSOL Multiphysics. The new
approach proved to save a lot of computational effort: it
couples a macroscopic non-rotational 2D model of the
turbine with a RANS calculation, using the k − ε
turbulence model in Rotating Machinery, Transient
Analysis. The study pointed on the Achard turbine, a new
French concept of vertical axis cross-flow turbine. Power
coefficients (turbine efficiency) were calculated for
different spatial arrangements of Achard turbines within a
power farm.

The vertical axis Achard turbine module from Figure 1
consists of a runner with three vertical delta blades, sustained
by radial supports at the mid-height of the turbine, and
stiffened with circular rims at the upper and lower part of the
turbine. The blades are shaped with NACA 4518 airfoils while
their radial supports are shaped with NACA 0018 airfoils.

1. INTRODUCTION
The French HARVEST Project (abbreviated from Hydroliennes
à Axe de Rotation VErtical STabilisé) has been launched in
2001 at the Geophysical and Industrial Fluid Flows Laboratory
(LEGI) of Grenoble, in order to develop a suitable technology
for marine and river hydropower farms using cross-flow
current energy converters [1], superposed in towers [2]. The
hydrodynamics of these systems is studied at LEGI with the
support of the R&D Division of the Électricité de France
Group, while other laboratories of the Rhône-Alpes Region are
charged with mechanical aspects (3S-INP of Grenoble, and
LDMS-INSA of Lyon), as well as with electrical aspects
(LEG-INP Grenoble).
The Technical University of Civil Engineering Bucharest, in
collaboration with the University “Politehnica” of Bucharest
and the Romanian Academy – Timisoara Branch, started in
2006 the THARVEST Project, within the CEEX Program
sustained by the Romanian Ministry of Education and
Research. The THARVEST Project aims to study
experimentally and numerically the hydro-dynamics of the
Achard turbine, a new concept of water-current turbine [1] – a
cross-flow marine or river turbine with vertical axis and 3 delta
blades, in collaboration with the LEGI partners involved in the
HARVEST Project.

Figure 1. Achard turbine module (1:1 scale) to be tested in the
aerodynamic tunnel of the Wind Engineering and
Aerodynamics Laboratory, Technical University of Civil
Engineering Bucharest
The turbine radius is R = 0.5 m, and the turbine height is
H = 1 m. In Figure 2 we present the Achard turbine geometry
generated in MATLAB (the upper and lower rims are not
represented here). Along each delta blade, the airfoil mean
camber line length c 0 varies from 0.18 m at z = 0 , to 0.12 m
at the extremities, where z = ±0.5 m. Between the leading
edge of the blade’s extremity and the leading edge of the blade
at mid-height of the turbine, there is a 30º azimuth angle.
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5%). We were thus obliged to derive a quicker method, in
order to be able to study farm configurations.
The computational effort has been significantly reduced by
using an innovative modelling approach derived from [3], and
adapted to COMSOL Multiphysics as in [4], an approach that
couples a macroscopic non-rotational model of the turbine with
a Reynolds Averaged Navier-Stokes (RANS) calculation,
using the k − ε turbulence model in Rotating Machinery,
Transient Analysis. Within that numerical procedure, the main
turbine (main tower) is the only one that turns at constant
angular velocity during the simulations. All the other turbines
(towers) of the farm are replaced by fictitious turbines
(fictitious towers), which act on the fluid flow like the mainone. During computations, outside and especially downstream
of each fictitious turbine, the flow behaviour is similar to the
one of the main turbine; differences are due to the interinfluence of all turbines, the main-one and the fictitious-ones.

Figure 2. The Achard turbine geometry
At z = ± H 4 = ±0.25 m, the horizontal cross-section of the

2.2. Single turbine model

runner gives airfoils with c 0 = 0.15 m (the mean value of the
mean camber line length along the delta wing), and with the
chord length c = 0.1494 m. Within this paper, the 2D
computations correspond to the horizontal cross-plane placed
at z = 0.25 m level (see Figure 3), where the three blade
profiles have a mean camber line length of c 0 = 0.15 m. The
values of the azimuth angle of the blades in Figure 3 are

{

The first step was to model the transient flow inside a single
tower (an isolated Achard turbine). A test case of the steady
flow around the turbine shaft (a vertical cylinder) was
previously performed in [5], in order to tune up the input
parameters for the transient computations, i.e. the turbulent
intensity value of 0.2, and the turbulence length scale value of
0.1 were used in the sequel for all the tests.
In our 2D study, a single tower is represented by a horizontal
cross-section, situated at half distance between the mid-height
of a turbine module and its superior extremity, namely at
z = H 4 . To simplify the geometry, the vertical shaft of the
tower (turbine) was neglected. At the beginning of simulations,

}

θ = 0 o ; 120 o ; 240 o , in counter clockwise direction.

the values of the azimuth angle θ of the blades are { 0o ; 120o ;

240 o } in counter clockwise direction.
We used a MATLAB program to analytically generate the
blades cross-section, from 42 points on each blade (the points
were unevenly distributed on the airfoil, to better describe the
leading and the trailing edges), we run it, and imported the
curves into COMSOL Multiphysics boundaries, via the
geomspline command, available in the COMSOL Script
Module.
For the single tower horizontal cross-section, we used the
Rotating Machinery, Rotating Navier-Stokes, Transient
analysis, with the k − ε turbulence model option, available in
the Chemical Engineering Module.
The corresponding computational domain extension was 12
turbine diameters long, and 8 turbine diameters wide. The
model of the tower was placed with its axis at x = 0 and
y = 0 . The unstructured mesh had 4477 triangular elements,
317 boundary elements, 138 vertex elements, and 39471
degrees of freedom. We used two sub-domains: a rotating one
(a circular area with the diameter of 1.2 m, which incorporates
the blades), and a fixed one (outside the former).
The boundary conditions used were: inflow with a specified
velocity ( U ∞ = 1 m/s), turbulent intensity of 0.2 and
turbulence length scale of 0.1 on the left hand side of the
domain; zero pressure on the right hand side of the domain;
slip symmetry on the upper and lower boundaries; logarithmic
wall function with the offset of h / 2 on the blades; neutral
identity pair on the boundaries between the fixed and rotating
sub-domains. All computations were performed for 6 full
rotations of the turbine; no data was recorded for the first 5
turns of the turbine, and only the 6th complete turn was used to

Figure 3. Computational runner cross-section

2. NUMERICAL MODEL
2.1. Overview
The 2D numerical model that we created in order to quantify
the transient flow inside a hydropower farm consisting of
several Achard turbines (towers), placed in different spatial
arrangements, was derived by using the COMSOL
Multiphysics Rotating Machinery approach. All numerical
tests were carried out for an upstream flow velocity
U ∞ = 1 m/s and an angular velocity of the turbine ω = π rad/s
(meaning a rotational speed of 30rpm), during 12 seconds
(representing 6 full rotations of the turbine), with a time step of
0.05s.
After setting up the 2D numerical model for a single module of
the turbine, we tried to run a 2D simulation for a farm model
consisting of 7 staggered turbine towers on two rows (each of
the turbines using a rotating mesh sub-domain), but had to stop
it after several days, as the progress was insignificant (less than
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area and representing the fictitious towers. Thus, the fictitious
turbines are geometrically represented by a simple nonrotational circular domain, having the same diameter ( D + d )
as the swept area of the turbine (where D is the turbine
diameter and d is the blade thickness). Within each fictitious
circle, the resulting force corresponding to the main turbine is
spread as unit volume force (or unit area force in the case of
2D simulations) over the whole non-rotational circular domain.
Inside the non-rotating domain of each fictitious turbine, we
cannot expect to obtain flow behaviour somehow similar to the
one of the main turbine – in fact, the fictitious turbines
represent an average over a full rotation of the main turbine.
The procedure that we used is depicted in Figure 5.
From the single tower simulations, we computed unit area
averaged force coefficients on Ox- and Oy-directions ( cFx m

yield results. The zoomed image of the resulting velocity field
is plotted in Figure 4.
We also added to the model 6 Boundary Integration Coupling
Variables in order to get, at the end of the simulation, the
values of the forces on Ox- and Oy-directions, for each blade,
at each time step, as well as a Sub-Domain Integration
Coupling Variable, in order to get the average velocity U m in
the rotating sub-domain.

and c F y m ), which were then considered as constants in the
farm model. To do so, we considered the forces acting on the
isolated turbine, Fx and Fy , as known for each time step, and
each of the blades, from previous single tower calculations.
We added the forces on corresponding directions (Ox and Oy)
on the three blades for each time step. Then, we integrated the
velocity field on the moving mesh domain, for each time step,
and divided the resulting values of the integrals by the area of
the moving mesh domain, in order to get average velocities
U m over the moving mesh domain at each time step. We
normalized the values of the forces on both directions by the

Figure 4. Velocity field within the isolated turbine.
From the data recorded for the last complete rotation of the
single tower, we plotted the values of the Boundary Integration
Coupling Variables and converted the plots to ASCII files.
Those files were processed in Microsoft Excel to obtain the
values of the tangential forces Ft acting on each blade at each
time step (in fact, at each time step, we integrated pressure
values over each blade and we obtained thus the values of the
forces acting on each blade with respect to the flow direction
(Ox) and the cross-flow direction (Oy), denoted Fx and Fy in

2
D 2 and got force coefficients on the turbine for
term ρ U m
each time step. We averaged those coefficients on a complete
rotation, to get average force coefficients on the turbine.
Finally we divided the resulting averaged coefficients by the
area that represents the fictitious turbine in the farm models:
the area of a circle with diameter (D + d ) . The resulting values
represent unit area averaged force coefficients. For all the
following calculations, we considered those coefficients as
constants.
Finally, according to the action-reaction principle, we add in
the circular non-rotational sub-domains of the fictitious towers
the volume forces computed as:

the sequel, and measured in [N/m], as we used a 2D model;
then, for each time step and each blade, those forces were
composed to yield the value of the resulting tangential force to
the turbine, which is the one responsible for turbine rotation).
By adding for each time step the values of the tangential force
on the 3 blades and multiplying the result with the turbine
radius, we get the value of the thrust on the turbine shaft as a
discrete function of time (time step) for a full rotation. It is
then simple to average these discrete values of the thrust for a
full rotation, to get the average trust acting on the tower.
Finally we multiplied the average thrust with the angular
velocity ω of the turbine, and normalized the result by the

Fx = −cFx m

ρ
2

and
Fy = − c Fy m

ρ
2

(u 2 + v2 )

(2.1)

(u 2 + v2 ) ,

(2.2)

where u and v are the two local cell velocity components on
the two directions Ox and Oy respectively (i.e. resulting from
each iteration of the solver, for each cell in the sub-domain).
Thus, we will get outside of the fictitious towers area, a mean
flow similar to the one produced by a rotating tower (turbine),
averaged over a complete rotation.
The rotating tower was only used to compute the efficiency at
different positions in the farm.
To ensure the free flow conditions around the farm, for all
tested configurations, the computational domain extension was
the same, namely: 12 turbine diameters long (from x = −5 m
to x = 7 m along the flow direction), and 56 turbine diameters
wide (from y = −28 m to y = 28 m across the flow).
In Figure 6 we present the computational mesh for a farm with
7 staggered towers (turbines) on 2 rows, where the rotating
tower is placed on the downstream row, between two fictitious
towers.

3
D 2 (where ρ is the water density),
power of the fluid ρ U ∞

to get the average power coefficient cP of the turbine, i.e. the
turbine (tower) efficiency η . Again, as we used a 2D model,
the height of the turbine has no relevance.

2.3 Farm model
The second step was to model the unsteady flow inside a
hydropower farm, equipped with several parallel towers
(several parallel Achard turbines), in different configurations,
for 6 complete turns of the turbines. To reduce the
computational effort, the idea was to replace all but one of the
rotating towers (turbines), by fictitious towers (fixed-ones) that
would yield on the flow the same effect as the rotating towers.
In order to do so, we must firstly define circular sub-domains
in the farm numerical model, corresponding to the tower swept
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Figure 5. Procedure scheme.
along the flow (Figure 7b). We ran simulations for spacing
L y = 1.5 D ÷ 3D , with a step of 0.5 D , in T1 tests. In T2 tests,

That domain consists of an unstructured mesh having 6630
triangular elements, 586 boundary elements, 186 vertex
elements, and 58982 degrees of freedom. The fictitious towers
were separated from the main flow domain by neutral
boundaries, while the rest of the boundary conditions used
were the same as in the single tower numerical model.

the spacing between axes on each row was equal to L y = 2 D ,
while we considered L x = 2 D ÷ 3D between the rows, with a
step of 0.5 D .
In Figure 7a, the main turbine is placed in the A1 position. In
Figure 7b, the main turbine can be placed in 4 different key
positions ( B1 ÷ B 4 ), which are important to determine the
global efficiency of the farm. Thus, the turbine placed in B1 is
fully influenced by the upstream row, the main turbine placed
in B 2 is influenced by the adjacent turbines and downstream
ones, while the turbines placed in B 3 and B 4 are subjected to
end-of-row effects.

3.2. Power coefficient results
For T1 tests, the efficiency η of the main turbine A1 (or its
power coefficient c P ) is presented in Figure 8a, versus the
ratio L y D . Similarly, for T2 tests, the efficiency η of the

Figure 6. Zoomed image of the computational mesh of a farm
with 7 staggered towers on 2 rows.

main turbine B1 (or its power coefficient c P ) is presented in
Figure 8b, versus the ratio Lx D . The efficiency of an

Several numerical models of the farm were built, in order to
quantify the global efficiency of the farm.

isolated turbine is η = 0.269 , so the efficiency increases when
turbines are placed on a single row across the flow, and
increases even more for turbines placed on the downstream
row in two rows of staggered turbines configuration. Because
of the space confinement, the local water velocity U in the
wake of the turbines (in the same position with respect to each
turbine axis) has greater values for the turbines placed on the
downstream row (like B1 ), than on the upstream row (like

3. RESULTS
3.1. Types of tests
Two major types of tests were performed. The first-ones,
denoted T1, enabled us to quantify the influence of the across
flow spacing between turbines axes on the efficiency; i.e.
turbines, true and fictitious ones, were all placed in a single
row, normal to the flow, with different spacing L y between

B 2 ). For T2 tests, the efficiency of the main turbine placed in

the 4 key positions, for the L x D = 2 ratio, has the following
values: η = 0.443 for B1 ; η = 0.263 for B 2 ; η = 0.268 for
B 3 and η = 0.303 for B 4 , obviously the most advantaged

turbines axes (Figure 7a). The second type of tests, denoted
T2, enabled us to quantify the influence of the along flow
spacing L x between turbines axes on the efficiency; i.e. two
rows of staggered turbines were placed in different positions

position being B1 . The resulting global farm efficiency is
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η ≅ 0.317 . Extrapolating, the global farm efficiency increases
when increasing the number of turbines (e.g. η ≅ 0.341 for 21
staggered turbines on 2 rows).

velocity of the current, the angle of attack and the relative
velocity change constantly during a complete rotation. As a
consequence, the lift and drag forces acting on the blades
change also during a complete rotation.
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Figure 7. Farm configurations: (a) 3 turbines on a single row
across the flow (the rotating-one and two fictitious ones); (b) 7
staggered turbines, on two rows.

In Figure 9, we present the variation of the relative velocity w
and angle of attack α , for a complete rotation of the turbine
(described by the azimuth angle θ ), for a tip speed ratio
λ = 2 . The variation of the relative velocity and angle of
attack induces the variation of lift and drag forces acting on the
blade during a complete rotation. The lift and drag forces can
be decomposed with respect to the rotation circle, as a normal
force Fn and tangential force Ft . The resulting tangential
force is the one responsible for turbine rotation (provided it
points in the same direction as the transport velocity ωR ). In
Figure 10, we present the variation of the normal and
tangential force for a complete rotation of the turbine, for a tip
speed ratio λ = 2 .
By analyzing Figure 10, we can assume that there are two

4. HORIZONTAL ARRANGEMENT
4.1. Forces acting on turbine blades
As mentioned above, while performing numerical tests in order
to find the optimal horizontal distances between towers
mounted in a farm, we had to compute forces induced by water
on each blade cross-section for a complete rotation. The polar
representation of those forces as well as the polar
representation of the total tangential force acting on the turbine
for a complete rotation gave us the idea of a somehow unusual
staggered row arrangement that proved to yield better
efficiencies for the towers in the second row facing the flow
[6].
Vertical axis cross-flow turbines present much more complex
flow patterns between the blades than “classical” axial, free
stream turbines. In fact, in the case of an axial turbine, for a
given distance from the shaft along the blade, and a given
current velocity, the angle of attack and the relative velocity
are constant during a complete rotation.
On the contrary, in the case of vertical axis cross-flow turbines,
for a given horizontal position along the blades, and a given

critical zones: an upper zone around θ = 0 o , and a lower zone

around θ = 180 o , where the tangential force is negative and
opposes the rotation. Of course, in order to increase the
efficiency of such turbines, we should reduce the influence of
these zones as much as possible.
There is tough a difference between the two critical zones. If
we increase the upstream water velocity U ∞ , then around
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In fact, when plotting the polar representation of the tangential

θ = 0 o , the relative velocity w will increase also, and

force acting on the first blade (i.e. the one positioned at θ = 0 o
at the start of the rotation) for a complete rotation, we observe

consequently, the negative tangential force Ft will increase,
while around θ = 180 o , the relative velocity will decrease, and
consequently, the negative tangential force will decrease also.
In other words, if we could increase the velocity of the current

that there is only one zone, approximately between θ = −45 o

(for

(or θ = 315 o ) and θ = 40 o , where the tangential force is
negative. In Figure 11, we present two polar curves of Ft
acting on the first blade, for 2 values of the tip speed ratio
λ = ωR U ∞ , namely λ = π 2 and λ = 2 . It is obvious that
by reducing the tip speed ratio (i.e. by increasing the fluid
velocity in the vicinity of the turbine), the positive tangential
force increases (more pronounced increase is on the first half
rotation). In the same time, reducing the tip speed ratio, also
decreases the values of the tangential force for azimuth angles

θ = 180 ÷ 360 ), due to dynamic stall, the blades are

θ between − 45 o (or 315 o ) and 40 o . The trade-off between

o

o

around θ = 180 and decrease it around θ = 0 , we would
reduce the negative tangential force and thus increase the
turbine efficiency. Of course, this is just a theoretical case. In
fact, in Figures 9 and 10, we assumed that the blade is
subjected to a constant upstream velocity distribution,
independent of its position. This is a good assumption for any
position of the blade in the first half rotation (for

θ = 0 o ÷ 180 o ).
o

But,

in

the

second

half

o

the increase and decrease of tangential force needs further
investigations.

subjected to a different velocity profile.
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Figure 11. Polar curves of the tangential force acting on the
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Figure 9. Variation of water’s relative velocity w and angle of
attack α , with respect to the blade position (azimuth angle
θ ).
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Figure 10. Variation of the normal force Fn and tangential
force Ft with respect to the blade position (azimuth angle θ ).
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Now if we consider all three blades of the turbine, the polar
curves corresponding to the last two blades will be the same as
the polar curve of the first blade, only shifted with 120 o and
240o respectively. We would expect the total tangential force
(i.e. the sum of the tangential forces acting on the 3 blades at
each time step) to present 3 minima. The variations of the
tangential force on the 3 blades, as well as, the variation of the
total tangential force are presented in Figure 12, for λ = π 2 ,
with respect to the time moment of the full rotation. As the
total tangential force results only in positive values and
presents the 3 minima, we can assume that by reducing those
minimal values, we would increase turbine efficiency. The 3
minima always appear when one of the blades is in a position
between θ = −45 o and θ = 40 o (in the upper critical zone of
the turbine). So, in fact, in order to increase turbine efficiency
for a given transport velocity ωR and a given upstream water
velocity U ∞ , we should decrease the water velocity in the
upper critical zone of the turbine. This will be achieved further,
by arranging the turbines in overlapped parallel rows, within
the farm.

Figure 14. Velocity field for 7 turbines on two parallel rows,
overlapped with s = 0.25D (the main turbine is placed on the
downstream row).
For the overlapping case the best results were obtained for a
power farm configuration with the overlapping s = 0.25D ,
corresponding to the spacing L y = 1.75D ; it will be

4.2. Numerical set-up for overlapping turbines
In the sequel, we considered two rows of 7 staggered turbines,
with the distance L x = 2 D between the rows. We ran
simulations for different values of the distance between turbine
axes on each row, namely L y = 1.75D ÷ 1.9 D . We denote by s

considered further as a cvasi-optimal configuration. We
present in Figure 14 the velocity field for that cvasi-optimal
farm configuration, where 4 fictitious turbines are on the first
row, while the main turbine is placed on the downstream row,
between two fictitious turbines. For this case, the available
kinetic energy of the water entering the pair of overlapped
turbines is spread over the distance L y = 1.75D , giving an

the overlapping between the upstream turbine and the nearest
downstream turbine, as in Figure 13. In accordance to the L y
values, the overlapping varies from s = 0.25D (or s = 0.5R ),
to s = 0.1D .
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overall efficiency of the pair of turbines equal to η = 0.384 .
The resulting global farm efficiency is η ≅ 0.35 , greater that
the one obtained for parallel rows with L y = 2 D . By
extrapolation, the global farm efficiency increases when
increasing the number of turbines (e.g. η ≅ 0.372 for 21
overlapped turbines on two rows).

Ly

Ly

s

5. CONCLUSIONS

R

U∞

The study pointed on the Achard turbine – a new concept of
vertical axis cross-flow current turbine. The efficiency of the
turbines on the first row facing the flow increases as the
turbines get closer to each other. In spite of that, getting two
tower (turbine) axes closer than 2 turbine diameters seems
quite unlikely to happen in a real farm, due to the possible
oscillations that towers could be subjected to, in their
interaction with water flow. For the second row, the efficiency
increases even more as the rows get closer to each other. The
same limit of 2 turbine diameters should be also considered for
this case.
The method proposed here has proven to save a lot of
computational time (e.g. for T1 tests, a computation with 3
rotating turbines would have taken several days, while, by
using this method, all computations only took between 5 and
10 hours).
The overall efficiency of the farm increases when increasing
the number of turbines, staggered on two rows.
Some trends with respect to the cvasi-optimal arrangement of
Achard turbines in a power farm resulted: c rows of
overlapping parallel turbines ensure the increase of global
efficiency of the farm; d the optimal distance between two
successive axes across the flow direction seems to equal 1.75

Lx
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7

x

Figure 13. Farm configuration: 7 staggered turbines on 2 rows,
with an overlapping s between upstream turbine and the
nearest downstream turbine.

4.3.Results for overlapping turbines
For the non-overlapping case, the efficiency of an upstream
turbine is of 0.263, while the efficiency of the nearest
downstream turbine is of 0.443; for that pair of turbines, the
available kinetic energy of the water entering the turbines is
spread over the distance L y = 2 D , giving an overall
efficiency of the pair of turbines equal to η = 0.353 . For that
case, the global farm efficiency was η ≅ 0.317 .
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turbine diameters. The cvasi-optimised configuration proposed
here ensures a global efficiency value greater than the best
value of the global efficiency obtained for farms with nonoverlapped parallel rows.
The numerical results presented herein are to be validated
experimentally in order to ascertain their accuracy.
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