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Effects of the spacing between two

hydrokinetic turbines on the bedforms by

numerical simulations

F. Khaled!?3, S. Guillou!, Y. Mear'?, F. Hadri?

Abstract— Hydrokinetic turbines interact with the
dynamics of the sedimentary bottom at small and large
scale. Despite the interest that the study of these
interactions deserves, little research has been published in
the field. In this paper, we investigate by numerical
simulation the interaction between modelled hydrokinetic
turbines and bed load of sands. The mixture of water and
sediment is accounted for by an Eulerian multiphase model
developed in the open source platform OpenFOAM. The
turbines blades are parameterized by the Blade Element
Momentum Theory (BEMT). A good agreement with
measurements is obtained in the near wake. The effects of
the two different turbine models on the bedload sediment
transport are then examined.

Keywords— BEMT, Environmental impact, Euler-Euler
multiphase, Hydrokinetic turbines, Numerical simulations,
Hydrokinetic turbines, OpenFOAM.
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Interactions between hydrokinetic turbines (HT) and
mobile sediment bed are considered as a critical area of
assessment, however limited research studies have been
published to address this issue. Hill et al. [1] have shown
experimentally that the presence of either single or
multiple turbines and the rotation of the blades affect the
bed morphology. Musa et al. [2] have investigated
experimentally the local effect of streamwise aligned
turbines on the bedload, they found as a result that the
geomorphic effects are stronger with increasing shear
stress due to the presence of the rotors, inducing an
alternating scour-deposition phenomenon. Chen et al. [3]
have investigated the influence of rotor blade tip clearance
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(distance between blades and seabed) on the scour rate of
pile-supported horizontal axis current turbine. The results
suggest that the decrease in tip clearance increases the
scour depth, hence more sediment transport. Recently,
Khaled et al. [4] have studied the impact of hydrokinetic
turbine on erodible sand banks, they showed numerically
a significant interaction between the confinement of the
turbine and its impact on the near bottom.

In the present issue, we study the impact of two
interacting turbines on the near bedform morphology. A
modelling framework is derived to predict the significant
transport induced by the turbines, such as the Euler-Euler
(EE) multiphase model for sediment transport and the
Blade Element Method (BEM) to model the forces
generated by the turbines, using the open-source platform
OpenFOAM and the library SedFoam [5]. A phase of
validation is presented for the combined model (EE and
BEM) using experimental results of Hill et al. [1]. The
present study consists in considering one sediment class,
sand of diameter of 0.25 mm, and two horizontal axis
turbines with an axial flow direction corresponding to the
riverine case. The approach is configured with four
different inter-turbines distances. The wake
distribution behind the second turbine is altered by the
wake of the upstream turbine in all configurations.

axial

1L NUMERICAL MODELS

The sediment transport model is based on the Eulerian
two-phase flow model for fluid and solid phases [6,7]. The
model is incorporated in OpenFOAM as SedFoam by [5].
The turbines are modelled by BEMT and they are
represented each by an actuator disk. Details concerning
both Euler-Euler model and BEMT model are provided in
[4].

The validation of the BEMT model was done by using
the experiments of Mycek et al.[8]. The considered flow
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velocity is U- = 0.8m/s and the hydrokinetic turbine speed
corresponds to a Tip Speed Ratio (TSR) of 3.67. This value
corresponds to a speed of rotation of 80 rounds per minute,
or approximately 8.38 rad/s. The disc is of diameter d = 0.7
m with a thickness of 0.02m that corresponds to the blade
design. The ambient turbulence rate is I~ =3%. Fig. 1 shows
the vertical profiles of the axial velocity downstream the
turbine. the BEMT results and the
measurements have the same trend of evolution near the

In general,

turbine until 84 downstream its location. This is in
accordance with the theory, so that BEMT is reliable in
determining the local effect of the turbine and calculating
the local efforts on its blades. Whereas near the turbine, at
1.2d and 2d, at the hub position, there is a little difference
between the results, this could be due to the fact that the
hub geometry and the turbine’s support was not taken into
consideration in the simulations.

—— BEMT —e— Mycek et al.2014
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Fig. 1. Vertical profiles of the axial velocity dimensionless by the
fluid velocity (Ux/U=), downstream the turbine; blue for numerical
BEMT results, green for AD results and red for the measurements of

(8]

To study the turbines-sediment interactions, the BEMT
was coupled with the Euler-Euler model in SedFoam by
adding the source terms of BEMT that represents the
control volume force [4] to the fluid equations in SedFoam.
A validation of the coupled model was made by using the
experiments of Hill et al. [1] under clear-water conditions.
The simulated channel is 10m long (streamwise direction
x), 2.75m wide (crosswise direction z) and 1.15m deep
(vertical direction y). The rotor diameter of the turbine is 4
= 0.5m. The centre of the rotor is located at 3in from the inlet
and at 0.42m from the bed surface. The tip speed ratio is
7.1, while the fluid bulk velocity is 0.56m/s. The inlet
turbulent intensity is of 3%. The sediment fraction of the
sand bed is of 55 %, with a thickness of 0.15m, and the
sediment diameter is ds =1.8 mm. The granular flow
rheology is used to estimate the particular shear stress. The
(D) model is used for the solid friction [9]. The viscosity
model is the one proposed by Boyer whereas the drag
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model is the one of Gidaspow [10]. The particle pressure
model is the one of Lun [11]. The critical shear stress
relating to the parameter is of 1.156 Pa. The size of time
step for the flow simulation is 0.001s. The entire domain is
meshed by 21 million structured hexahedral cells. The
computed temporal scour evolution is compared with the
measurements of [1] in figure 2 at four spanwise locations
(z=0,z=0.2d, z= 0.4d and z = 0.6d) 0.1d downstream of the
turbine. The computed bed evolutions are close and show
good agreement with the measurements in the near wake
(Fig. 2a and Fig. 2b). It appears some differences in the
depth of the scour at z = 0.4d and z = 0.6d that can be
attributed to the comparison on the first minutes of the
phenomenon.
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Fig. 2. Comparison of computed time series of bed elevation
relative to the initial flat bed at 0.1d downstream from the rotor and
at (a) z=0, (b) z=0.2d, (c) z = 0.4d and (d) z = 0.6d (turbine is located
at z = 0 in the spanwise direction): measurements by Hill et al. [1]
(triangle); multiphase Euler-Euler with BEM (red circle)

I1I. TWO-TURBINES’ CONFIGURATIONS

In this section, we consider the case of two turbines in
tandem configuration over a sediment bed. Four different
configurations are carried out in this section, for which the
interaction of two axial hydrokinetic turbines, T1 and T2,
are simulated in each configuration. The turbines are
placed one behind the other axially in the computational
channel. A layer of sand is spread out uniformly on the
bottom of the channel below the turbines.

The disc of the first turbine T1, is placed at 1.51 m
downstream the inlet, thus the one that represents the
second turbine T2 is located at a distance di downstream
from the first turbine. The axial distance inter-turbine di is
the only parameter that differs between the configurations.
It is defined as di = 4d for configuration Al, d> = 7d for
configuration A2, ds = 10d for configuration A3 and d«=13d
for configuration A4 (Fig. 3), where d is the diameter of
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each turbine. The dimensions of the channel are
4m*0.35m*Im. The turbine diameter is d4=0.08m. The
velocity ratio is TSR = 2.1, and TI = 3%. The bulk inlet
velocity is 0.8 m/s. The sediment volume fraction of the
sand bed is 0.61 and its thickness is 0.05m with a particle
diameter d=0.25 mm. The physical parameters used in the
case are the same as in previous case. As in the previous
cases, the blades are modelled using 23 discrete NACA
63418 elements among their span. The fluid turbulence
model k - € has been used for both configurations and a
time step of 0.001s is imposed to approach the
convergence. The mesh is created using blockMesh, it is
configured as 60 million hexahedral mesh.
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Fig. 3. Initial state of domain, position of the turbines (T1 and T2),
logarithmic profile of the fluid velocity at inlet, the sheet layer of
sands on the bottom (yellow color); di is the inter-turbines distance.

The bottom boundary used a smooth wall no slip
condition and employed wall functions for the near wall
flow. This allowed boundary layers to develop naturally
along the tunnel test section. Within the OpenFOAM
framework, for the TKE (Turbulent Kinetic Energy), a
small fixed value can be used so as the kqRWallFunction
that acts similarly as a Neumann boundary condition. At
the outlet, zero-gradient conditions, are specified for all
quantities, except for the reduce pressure p for which a
uniform Dirichlet condition is imposed. At the top surface
of the computational domain, Neumann conditions are
applied for k and € and for the three components of the
velocity. Consequently, it cannot handle situations where
the free surface is deformed near the structure. At the side,
symmetry planes conditions are used. In inlet, the velocity
is set to the logarithmic profile with the distance to the wall
y, where u* is the bed friction velocity, k = 0.41 is the von
Karman constant, and ks =2.5ds is the Nikuradse roughness
length in order to account for the bed roughness. This
profile is set also as initial condition. Concerning the value
of u., it is chosen to be 0.0369 m/s greater than the critical
value, uer=0.0342 m/s. This latter is determined regarding
the critical Shields parameter of the chosen sediment Ocr =
0.043, this corresponds therefore to a critical shear stress
value of 0.1738 Pa. In outlet, the hydrostatic pressure is
fixed. At the top, a slip condition is imposed. The real
bottom is considered as impermeable.

IV. RESULTS

A. Wake characterization

Fig. 4 presents axial velocity maps around the two
interacting turbines. The wake behind the downstream
turbine is altered by the influence of the upstream tur-
bine. The downstream velocity deficit still remains
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contained in an axial strip, which is slightly larger than the
one behind a single turbine. The wake also seems to
recover slightly faster in terms of velocity deficit. The
degradation of the axial velocity profiles is significant until
2d downstream the turbines. The velocity profiles under
the first turbine (T1) are similar for all the inter-distances
configurations, since the upstream velocities of (T1) are
equal, however those under the second turbine (T2) are
different between the configurations (Fig. 5).
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Fig. 4. Spatial evolution of bed elevation with the presence of two

turbines apart with different di for configurations Al (a), A2 (b), A3
(c) and A4 (d).
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Fig. 5. Vertical profiles of velocity, normalized by the mean velocity
of the fluid Usupstream the turbines T1 and T2 for all configurations,
at 0.2d (black), 1d (blue) and 24 (red).

Indeed, depending on the inter-device distance, the flow
at the location of the downstream turbine may not be
homogeneous and may suffer as well from a velocity
deficit as compared to the upstream velocity of the first
turbine. As the inter-distance increases, as the upstream
velocity value of the downstream turbine increases, then
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the tangential velocities behind the upstream turbine are
more important (fig. 5).

B. Turbines-sediments interaction
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Fig. 6. Normalized elevations of the bottom (y/d) with and without
the turbines; (a) baseline case, di = 4d, (c) di = 7d, (d) di = 10d and (e)
di=13d at 60 s.

Fig. 6 shows the modifications of the sediment bed due
to the presence of the two turbines T1 and T2 for
configurations Al, A2, A3 and A4 (Fig. 6b, 6¢, 6d and 6e
respectively). The bed form without the turbines is
dominated by the sand ripples which are not
homogeneous due to the canal walls effect (Fig. 6a).

The scour depth near the first turbine is almost the same
for the four configurations, but we distinguish the
difference of the scouring near the second turbine, since
the position of the second turbine is widely different
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among the configurations (mainly in configuration A2,
Fig. 6¢c). Thus, several changes in bed morphology have
been found in the zone limited by the two turbines T1 and
T2 between the configurations. The more the distance
between turbines di increases, the more the bed is evolved.
When di = 4d, T2 is close enough to T1 (Fig. 4a), so that the
upstream velocity of T2 is the lowest compared to the ones
of other configurations, this makes the flow less
accelerated around the disk compared to other
configurations, therefore it provides a less scouring under
the second turbine.

Figures 7 and 8 present the spatial evolution of the
normalized elevation of the bottom in two cross sections
0d and 2d downstream of the turbines at t=60s. The base
line without turbine is located at y/d=-1.5 (not represented
here). Under T1 and T2 the erosion is significant. The scour
reaches a depth of 0.03d at 0d (Fig. 7a and 8a). The presence
of the turbine accelerates the flow around the disc, thus
increases the shear stress and enhances the capability of
the flow to erode the sediments. It forms a scour and leads
subsequently to a varied morphology downstream the
turbine.
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Fig. 7: Spatial evolution of the bed elevation at t =60 s with the turbine
at the cross sections of the T1 turbine’s position (a); at the cross
sections2d downstream T1.
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Fig. 8: Spatial evolution of the bed elevation at t = 60 s with the turbine
at the cross sections of the T2 turbine’s position (a); at the cross
sections 2d downstream T2.

The turbine represented by an actuator BEM model
induces a thrust force and a tangential force, these produce
a reduction of the axial velocity in the turbine’s wake and
an increase of the tangential velocity which produces a
swirl close to the turbine. This effect has been illustrated in
Fig. 5, where the vertical profiles of z-component of the
fluid velocity shows the impact of the turbine in the
vertical axis across the turbine and in the wake.
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The swirl and the induced hight vorticity close to the
bottom produced by the turbine’s rotation is largely
reduced 24 downstream the both turbines. This implies a
at 2d, a
phenomenon of deposition occurs downstream of the
turbines (Fig. 7b, 8b) since the bed elevation is greater than
the baseline bed of -1.5. It can be observed large differences
on the bottom elevation at the locations of turbines T1 and
T2 (Fig. 7a and 8a). The reduction of the velocity in the
wake of the turbine T2 produces less erosion under turbine
T2. This indicate that the erosion under the turbine is a
combination of the axial velocity and the swirl due to the
turbine’s rotation. 2d after the turbines (Fig. 7b and 8b) one
observes a larger deposition downstream of T2 regarding
T2. This is also in relation with the reduction of velocity in
the wake of turbine T2 which favours the settling effect in
this area.

reduction of the bed erosion. Moreover,

The evolution of the bed morphology along the axial
direction with and without the
configurations are provided in Fig. 9. The bed morphology

turbines for all

maintains a cyclic ripples form in the baseline case all
along the axis. When the turbines are activated, a scouring
effect is observed at the location of the turbines and a
deposition 2.5d downstream of a turbine. When the two
turbines are too close from each other, the respective
effects of the turbines on bed morphology interact. The
scour generated below the first turbine is the same for all
configurations but after X = 2d the evolution of the bed is
widely different between the configurations. This is
observed also for the second turbine.

Interactions are observed on the bed morphology on the
case Al and A2. The interactions are reduced for the two
other cases, Thus the bed morphology downstream of the
second turbine seem moved by 3d downstream. Close
downstream of the turbines no ripples are observed. But it
reappears 6d after the first turbine as in case A4.
Downstream of the second turbine no ripples are
observed. The further the second turbine is from the first,
the more some ripples are lightly generated between the
two turbines, similar to the baseline case. As in the case A4
(13d), there is an attempt to produce a ripple especially at
8d downstream the first turbine. This means that the flow
at 8d begins to recover (Fig. 9e) and the impact of the first
turbine is less effective at this position in term of bed
evolution, otherwise this ripple starts to disappear
gradually from X =94 due to the intervention of the impact
of the second turbine. The common point between all the
configurations is that the bed is established beyond a
distance 4d downstream the second turbine, and maintains
a constant elevation of 0.11d equal to the pic of the ripples
in baseline case. Those results show clearly the impact of
the combination of two turbines on the bed morphology.

554-5

AaAAnn

a
Ly

s & A A A A

A i i U e A uu&

-2 (U 2 1 ] i
X

0] 12 14 16 18

a) no turbine
1072
0,10 | |
R W
0.5 | ! jp—
-1 : 3 FLY
- PRNTN A n £ A Wwﬁw—%—ﬁ
= 15 ; [ e .
= auuuuuuuuuuuui

-25 :
] I
3 b i
—2 0 2 4 6 8 100 12 14 16 18
X
+4d ano turbine
b) di=4d (A1)
1072
O & 5 ¥
—0.5 1 A : s
-1} ! i
Al ,a-w a 5\ 7oA WM
‘—‘B;; —15 2 = e
= ﬂugwuk{uwuumu%éa
_a25 4 \
gl ».Jf :
-2 0 2 4 6 8 10 12 14 16 18
X
+7d ~no turbine
¢) di=7d (A2)
0 1072
1 = =
—0.5 | A | £
-1 i 3
N . in aqu A A a A A e
< —15/a =« a
= Ruu%_‘uuu_uuuuuus

3

2

i H
1 ]
' '
' i
1
'
1

—25 N7 .

-3 Sl i
-2 0 2 4 6 8 10 12 14 16 18

N, S

10d = no turbine

d) di=10d (A3)

b

A a A

aa

Avara Y A AA

a A ! ad

'fuuuuub\_ﬁuu:s_éum.ss

-2 0 2 4 6 8 10 12 14 16 18
X

[ 1870 turbine
e) di=13d (A4)
Fig. 9. Normalized elevations of the bottom (y/d) with and without
the turbines; (a) baseline case, di = 4d, (c) di= 7d, (d) di=10d and (e) di
=13d at 60 s.



554-6

V. CONCLUSIONS

In this work we couple a 3D Euler multi-phase model
CFD approach to a BEMT model of an axial-flow three-
bladed hydrokinetic turbine to study the interactions
between the turbine and sediment transport of sandy bed.

A validation of the different part of the model has been
succinctly described. Then a study of the combine effects
of two turbines in tandem configuration on the sand bed
morphology is performed with several distance between
them. The wake distribution behind the second turbine is
altered by the wake of the upstream turbine, and it is
characterized depending on how far it is from the first
turbine. Some points are listed hereafter:

- A scour is occurred below each turbine for all
configurations, and a deposition is generated
behind the turbines regarding the baseline results.
The scour is more important under the first turbine.

- The bed under
differently between the configurations, in term of

the

the second turbine evolves

erosion below turbine and deposition
downstream it.

- Results highlight how the interactions between
turbines and channel morphology are coupled, and
how the presence of single or multiple turbines can
influence the local and far-field sediment transport
characteristics.

- The further the second turbine is located away from
the upstream turbine, the more the impact of this
latter decreases on the wake distribution of the
second, hence the impact of the turbines interaction
on the sediment transport is less significant between
their locations.

The case A2 (di = 7d) seems different from the others
with a scour at the location of the second turbine as hight
as the one at the first turbine. It needs more study to
examine the reality of this singularity. So, a sensitivity
of inter-distance values around 7d should be done in the
future.
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