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Abstract—Cross-flow turbine technology is an inter-
esting alternative to the more common horizontal axis
turbine design for tidal or river flow environments. One
important feature of marine hydrokinetic turbines oper-
ating in shallow water is the interaction with the free
surface. Blockage can increase power output dramatically
and must be accounted for accurately during the design
process. However, the simulation of cross flow turbines is
already computationally demanding due to the complex
flow features and standard free surface simulation tools
like the Volume of Fluid method would further increase
the computational burden. Most simulations thus employ a
slip surface condition, neglecting the complex interactions
between the free surface deformation and blockage. This
paper presents the application of a new numerical wave
current tank to efficiently take free surface effects into
account. First results show significant differences between
cases employing the slip surface and the new numerical
flume for power output and lift and drag coefficients.

Index Terms—cross-flow turbine, computational fluid dy-
namics (CFD), blockage, free surface effects

I. INTRODUCTION

ROSS-FLOW turbine technology offers a number

of advantages for marine hydrokinetic applica-
tions. In addition to the designs inherent durability,
the low, rectangular profile of Ocean Renewable Power
Company’s (ORPC) advanced cross-flow turbine tech-
nology makes it well suited to many shallower river
and tidal sites, and lends itself to cheaper operational
costs and easier installation.

However, cross-flow turbine technology presents a
number of technical challenges to the designer. Chief
among these is the difficulty of developing reliable
hydrodynamic models which can predict performance
and direct design efforts and optimization campaigns.

Cross-flow turbines such as the RivGen® and
TidGen® devices developed by ORPC differ in their
mode of operation from conventional horizontal axis
turbines [1]-[3]. The behavior of cross-flow turbines
is inherently transient and periodic. As a result the
quasi-steady-state simplifications often used to model
horizontal axis turbines [4] are not applicable to the
design of cross-flow turbines [5]. Long run-times are
required to resolve the wake development and a suffi-
cient number of rotations must be run for the turbine
to reach a fully converged periodic behavior. Properly
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simulating the detaching and reattaching boundary
layers required for accurate performance predictions
is a considerable challenge and computationally costly.
Some authors have successfully applied Large Eddy
Simulations (LES) or Detached Eddy Simulation (DES)
methods to cross flow turbines but for the commercial
application to full scale prototypes the computational
cost is still prohibitively high [6]-[8].

Commercial models like ORPC’s RivGen® turbine
are designed to be installed in rivers which are often
shallow [3] and will consequently be affected during
the operation by the free surface. The blockage caused
by the turbine creates changes in surface elevation
and thus affects the operating point of the turbine
[9]. Correcting simulations or tank tests for blockage,
even when limited to wall confined tests and ignoring
the free surface, is complex and only recently have
methods been developed which provide reasonable ac-
curacy [10]. Optimization tools taking the free surface
effects into account are required for accurately assess-
ing the performance of cross-flow turbines in shallow
domains. The standard application for the simulation
of free surface effects is the Volume of Fluid (VoF)
method because of its versatility and ability to resolve
complex breaking waves and multiphase flows. The
application of VoF methods requires a fine spatial and
temporal resolution of the entire free surface region
in the computational domain and solving computa-
tionally intensive species transport and interface com-
pression methods, thus increasing the computational
burden significantly compared to wall bounded single
phase flows.

This study presents a numerical wave tank based
on a special free surface boundary condition which
avoids the need for a fine resolution of the free surface
and additional transport equations while still able to
simulate free surface effects. The paper is organized in
the following sections. Section 2 presents the numerical
wave tank, the underlying solver and wave and current
generating capability. The third, fourth, and fifth sec-
tions present a test case, discussion of the simulation
method, initial results, and a comparison between a
closed tank for conventional optimisation simulations
and the new simulations considering the free surface.
The last section presents conclusions and an outlook to
future work.

II. THE SOLVER

The numerical wave tank presented in this section
is based on the potentialfreeSurfaceFoam solver from
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the OpenFOAM toolbox [11]. The solver tracks surface
elevation using a variable ¢ on the patch describing the
water surface. Surface elevation is related to presssure
using the simple hydrostatic relation ¢ = p/(pg) with
p the fluid density, p pressure and ¢ acceleration due
to gravity.

The current and wave making capability is added
to potentialfreeSurfaceFoam following the concept as
described [12], [13].

A RANS model includes the following impulse equa-
tion:

9(pU)
ot

where ¢ is time, U the fluid velocity, p the fluid
pressure, p the fluid density, F; the external forces
such as gravity, and the viscous stress tensor T =
pV?U + $V(V - U), with the dynamic viscosity p. To
implement the impulse sources for wave and current
generation, as well as a numerical beach for wave
absorption, three terms are added to Eq. (1):

+V-(pUU) = —Vp+ V- T+ pF,, 1)

e TywPAym : This is the source term used for wave
generation, where r,, is a binary scalar variable
that defines the wavemaker region and a,,,, is the
acceleration input to the wavemaker at each cell
centre within r,, = 1. This term is based on the
implementation of an internal wavemaker in [12].

o Tep UtA_tU : This is the source term used for current
generation, where 7. is a binary scalar variable that
defines the current generation region. At each cell
centre within r. = 1, the acceleration input is de-
fined through the difference between the velocity
field U and a target velocity field Uk.

o si,pU : This describes a dissipation term used to
implement a numerical beach, where the variable
s, with unit [s7!], controls the strength of the

dissipation [14]. Compared to the implementation

in [12] and [14], in this study the beach only acts
in the vertical, z-direction, to dissipate the waves,

while allowing for a steady current flow in x-

direction.

Augmenting Eq. (1) with these three terms yields the
adapted impulse equation:
9(pU)
ot

+V.-(pUU) = —Vp+V-T+ pF,

U,-U

+ TwpAwm + Tep

III. TANK LAYOUT AND SIMULATIONS

Figure 1 presents the setup of the numerical wave
tank. The ends of the domain are connected using a
cyclic boundary condition to mimic a flume and pre-
vent any mass loss. A current generator provides any
additional momentum required to maintain a constant
inflow velocity and is at the far left of the domain
between the upstream and downstream beaches.

The tank’s open channel is sized to loosely ap-
proximate ORPC'’s test site on the Kvichak River and
extends 36 m upstream of the turbine and 108 m
downstream of the turbine for a total length of 144
m. An upstream beach of 20 m and a downstream

Impulse Source .
Numerical Beach

- A

=

Turbine

Cyclic BC

Fig. 1. Computational domain used for the present simulations. The
turbine is placed in the middle of the test section. Upstream and
downstream a beach dampens waves, but the current imposed by
the current generator (colour) passes undisturbed.

beach of 40 m are used in these simulations. The main
purpose of the beaches is to absorb the relatively short
waves caused by the foils passing near the surface and
other instabilities caused by periodic changes in the
turbine blockage. The overall domain size was chosen
by a parameter study to ensure negligible influence of
the domain length on the turbine’s performance and to
permit beaches large enough to prevent the reflection
of waves at the inlet and outlet. It should be noted
that since most of the cells are concentrated in the
near vicinity of the turbine, domain length has a very
limited influence on computational cost.

The turbine used in these simulations is a 2D repre-
sentation of ORPC’s RivGen® 1.0 prototype turbine, a
50 kW device with two turbines of maximum radius
R = 0.75m and length L = 4.1m. The turbine has 4
foils with a chord length of ¢ = 0.2m and a NACA
63 series profile modified to have a thickened trailing
edge for improved durability. Many features of the
turbine geometry cannot be represented well in a 2D
simulation, however, the shaft and the longitudinal
members of the chassis are included. The RivGen® 1.0
was tested in the Kvichak River in Alaska during the
summer of 2014.

Five simulations were completed with water depths
from 5.0m to 12.5m representing the normal range
of operating depths for the RivGen® Power System.
A simulation was run at the water depth of 5.5m to
match the conditions measured at the Akaska test site.
An additional run at a depth of 22.5m was conducted
representing the RivGen’s operation in a separate deep-
water deployment configuration. All simulations were
run at a tip-speed ratio of A = 2.5. This operating
condition was chosen as representative of the turbine’s
usual operating condition, and is near the peak power
point of the turbine.

To evaluate the effect of a free surface boundary con-
dition on the results, the same 6 meshes were repeated
as wall-bounded simulations, where the free surface
boundary was replaced with a slip surface condition.
In all cases, a no slip surface condition was applied to
the bottom of the computational domain to simulate
the effects of the riverbed on the turbine. While ex-
perimental data is not publicly available, ORPC does
have data on the power output of its field deployment
which demonstrate similar trends to those illustrated
in this paper and can be used for continued validation
of the methods presented here.
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IV. MESH AND SIMULATION PARAMETERS

A mesh and timestep convergence study was not
carried out for this turbine geometry. For mesh set-
tings, ORPC relied on the results of a convergence
study performed on its RivGen® 2.0 Commercial Power
System which has roughly similar diameter, chord
length, and solidity to the RivGen® 1.0 prototype.
The recommendations gleaned from this convergence
study have proven to be robust for cross-flow turbines
varying significantly in size, solidity, and Reynolds
number. Similar studies performed on geometries rang-
ing from model scale cross-flow turbines to ORPC’s
largest largest TidGen® turbine have led to similar
conclusions about required mesh density and time-step
size. ORPC believes the results presented here should
be sufficiently accurate for the purpose of testing a
novel free surface modeling technique.

The foils of cross-flow turbine’s are exposed to a
wide range of angles of attack and consequently experi-
ence periodic separation and reattachment of the flow.
For meaningful prediction of stall behavior, critical to
accurate performance prediction, the first cell height
on the foils was selected to ensure a maximum Y +
value of approximately 1. Maintaining a thick layer of
flow-aligned cells near the foils is required to properly
resolve the behavior of boundary layers subjected to
dynamic, adverse pressure gradients. A thick region of
prismatic cells was built around the foil surfaces with
30 layers and a cell-to-cell expansion ratio of 1.15. As
seen in Figure 2, the regions of the mesh within one
chord length of the foil maintain a very high level of
refinement to ensure resolution of the vortices shed by
the foil during stall. All meshes were generated using
snappyHexMesh, one of OpenFOAM'’s native meshing
utilities.
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Fig. 2. Detail of the mesh in the region of the turbine.

A mesh refinement study was conducted on the
upper boundary of the mesh and it was found that no
additional refinement was required at the free surface.
The base mesh, which is sized to resolve the far field
wake, proved to be more than sufficient for the low
amplitude waves generated by the turbine. The base
mesh edge length is approximately 5=th of the smallest
wave lengths observed.

The meshes have high quality criteria with a max-
imum non-orthogonality value of 49.5 and maxi-
mum skewness of 0.89. Second-order accurate, upwind
schemes were used for the spatial discretization of the
momentum equation and turbulence properties with

cell limiters applied to the turbulence properties to
ensure boundedness. The implicit, first-order accurate
Euler scheme is used for the temporal discretization.

A time step equivalent to a + degree of rotation was
selected based on the RiVGené 2.0 convergence study.
Time steps as coarse as 8 deg. of rotation can achieve
average torque values within 5% of the converged
value. However, they often show significant inaccuracy
in their predictions of peak torque, the orbital angle
at which peak torque occurs, and may fail to achieve
the correct balance of power production between the
upstream and downstream portions of a foil’s path.
Higher fidelity is required to resolve the finer physics
of the stall and make meaningful comparisons between
foil profiles, and other geometry changes.
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Fig. 3. A fine time step is required to accurately resolve the torque
curves of a cross-flow turbine.
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Fig. 4. Torque convergence of a cross-flow turbine at a tip-speed
ratio of 2.50. The top and bottom plots show the same curve with
different scaling in the y-axis for legibility.

A run time corresponding to 30 revolutions was
chosen as appropriate for a turbine operating at a tip-
speed ratio of 2.5. The number of revolutions required
to reach a converged solution varies with tip-speed
ratio due to the relationship between tip-speed ratio
and turbine drag coefficient. To determine the required
number of revolutions for convergence, a simulation
was run through 100 revolutions. After 60 revolutions,
the results stop changing (or rather all changes are
negligible and stochastic, indicating the presence of
minor numerical noise). From the simulation it was
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found that 26 revolutions were required to achieve
an error less than 1% in the average torque and 50
revolutions for an error less than 0.1%. 30 revolutions,
with an error of approximately 0.5% in average torque
was chosen as the practical limit for a simulation run
time, and used for all the simulations presented here.

V. RESULTS

Investigations of turbines with momentum theory
demonstrate that restriction of the domain, whether
through solid boundaries or a combination of solid
boundaries and a free surface, increase the theoretical
performance [15]. In a constrained domain, more wa-
ter is forced through the turbine, resulting in greater
power extraction and greater drag. In such conditions,
turbine performance may exceed the canonical Betz
limit [15]. This phenomenon can be seen in Figure
5, with the power predicted for the slip surface case
demonstrating performance in excess of the Betz limit
at a water depth of 5 m.
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Fig. 5. Coefficient of power for varying depths for free surface and
wall bounded simulations.
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Fig. 6. Coefficient of drag for varying depths for free surface and
wall bounded simulations.

At greater water depths, the difference between the
free surface and slip surface condition is negligible. The
differences in power extraction and drag, and the effect
on the free surface profile are minimal. The power
coefficient predicted for the turbine at a 22.5 m of water
depth is 0.257 for the free surface case, and 0.256 for the
wall bounded case. Similar agreement is found in the
drag predictions where the wall bounded case and free
surface cases show turbine drag coefficients of 1.125

Effect of Water Depth on Lift Coefficient
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Fig. 7. Coefficient of lift for varying depths for free surface and wall
bounded simulations.

and 1.133 respectively. The effect of the turbine on the
free surface at such a high water depth is also minimal
as can be seen in Figure 8, with a maximum wave
height from peak to trough of 2 cm.

In shallower sites, however, the turbine induces a
significant standing wave over the turbine with in-
creased water height upstream and decreased water
height downstream of the turbine. This phenomenon,
reproduced in the simulation, was evident during field
tests conducted by ORPC in 2014 and 2015. The sur-
face profile for a water depth of 5.5 m, as seen in
Figure 8, shows a significant wave height, from peak to
trough, of approximately 25 cm over the turbine. The
development of this bore over the turbine results in
a significant reduction in power production compared
to the wall bounded cases. At a water depth of 5 m,
the wall bounded and free surfaces cases have power
coefficients of 0.692 and 0.592 respectively; a difference
of nearly 15%. Similarly, the turbine drag coefficients
for the wall bounded and free surfaces cases at 5 m
water depth are 1.700 and 1.590 respectively. Correctly
modeling the blockage imposed by the free surface is
thus essential to accurate estimations of performance
and structural loads. The disagreement between pre-
dictions made with these different boundary condi-
tions is relatively small for deep water cases, but once
the water depth is below 8 m the two methods diverge
significantly in their predictions.

The effect of the water depth and boundary con-
ditions on the lift coefficient is also considerable, see
Figure 7. Oddly, however, the two curves do not con-
verge at greater water depths and instead show a more
or less constant offset. The origin of this peculiarity is
currently under investigation.

Variation in water depth clearly has a significant
effect on turbine performance and structural loads. For
the free surface case the power generated in 5 m of
water depth is greater than the power generated by
the same turbine with the same inflow speed at 22.5
m of water depth by 213% and the drag loads increase
by a 140%. The gains are even more extreme for the
wall bounded case with an increase in performance by
251% and drag by 151%. While not directly comparable
to these simplified 2D simulations, ORPC’s field test
data shows similar behavior in response to changes in
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Fig. 8. Comparison of the surface elevation in the open channel
of water depth 5.5m and water depth 22.5m after introduction of
the turbine. The blue region shows the location in the plot that
corresponds to the surface profile directly above the turbine. The
upstream and downstream beaches are shown in orange.

operating water depth.

The effect of changes in water depth on performance
is visible in the torque curves presented in Figure 9,
which shows a single foil’s coefficient of torque over
a complete rotation as effected by water depth. The
maximum coefficient of torque occurs for an angle
of about 110 deg. with 0 deg. corresponding to the
foil being at the 12 o’clock position and rotating in
a counter clockwise direction. The highest water level
of 22.5 m resulted in a maximum coefficient of torque
produced by the foil of 0.175, a water level of only
12.5 m increased the coefficient to 0.18, further drops in
water level over 10m to 8m and 5.5 m further increased
the coefficient to 0.26. A change of water level between
5.5 and 5 m still increases the top levels to 0.28.

Foil Torque Free Surface Cases
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Fig. 9. Normalized foil torque for varying depths for free surace
simulations.

A similar but more dramatic progression is seen
for simulations performed using the wall bounded
conditions as seen in Figure 10. A value of 0.18 is still
similar to the free surface case, however for a tank
height of 5.5 m the torque coefficient reaches values of
0.31 which is significantly more than the 0.27 obtained
for the free surface case. For the 5 m water level the
values are 0.32 compared to 0.28 for the free surface
case.

For both the free surface and wall bounded simula-
tions, the shape of the torque curves strongly resemble
one another. For example, a reasonable facsimile of the

Foil Torque Slip Surface Cases
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Fig. 10. Normalized foil torque for varying depths for wall bounded
simulations.

torque curve at 5.5 m water depth could be constructed
by simply applying a scaling factor to one of the other
torque curves. This feature of the curves indicates to
the authors that the primary change between these
cases is not in the development of lift and drag forces
on the foils, but rather a variation in the mean water
velocity through the turbine. Hence the variation in
boundary conditions both in type and proximity to
the turbine are primarily changing the large scale
momentum balance of the flow field.

Despite this relatively simple interaction between
macro-performance metrics and the free surface sim-
ulation, at shallow water depths the free surface itself
is quite dynamic and interacts considerably with the
turbine and its wake. The surface profile shows pe-
riodic shedding of waves both upstream and down-
stream from the standing wave over the turbine. The
magnitude of the effect can be gleaned from Figure 11
which shows the surface profile plotted on the same
axis 18 times per rotation for the last 5 rotations.

Surface Profile: 5.5m
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\
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o
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020 -20 0 20 40 60 80 100

Distance from Rotor Axis (m)

Fig. 11. Surface profile plotted every 20 deg. of rotation for the last
5 revolutions. Darker areas indicate areas where the surface profile
is more persistence.

The wake of the turbine also shows periodic shed-
ding which aligns with the free surface waves down-
stream of the turbine. The areas of low pressure and
high velocity visible in Figure 12 near the surface
correspond to local depressions in the free surface, and
areas of low pressure and higher velocity correspond
to local elevations.
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Fig. 12. Periodic shedding downstream of the turbine. Top: surface
elevation from mean water depth (m). Middle: dynamic pressure
field normalized by density (p/p). Bottom: Velocity field (m/s).

VI. CONCLUSIONS

This paper presented an efficient wave current inter-
action simulation toolbox and a first application to a
cross-flow tidal turbine. The simulation methodology is
shown to be capable of producing phenomena that are
predicted in the literature and observed in testing such
as increases in turbine power production, drag, the
creation of a standing wave which varies with water
depth. It is demonstrated that it is possible to take
the free surface into account using a methodology that
imposes negligible additional computational burden.

Some issues remain with the correct definition of the
inflow velocity and careful experimental validation is
required. 2D turbines, while providing a useful, low
cost option for testing a new methodology, are not
sufficient for full validation of the approach. In the
future this setup with a more complete 3D turbine
geometry will be validated against ORPC’s field test
data and used for wave current interaction studies to
test the effect of swell waves for coastal installation of
the RivGen® technology.

The simulations conducted show significant differ-
ences in the drag, lift, and power coefficients found for
typical engineering applications. For turbines installed
in shallow waters, these effects are significant and must
be simulated accurately. Blockage corrections based on
wall boundaries are insufficient. Accurately evaluating
the loads of turbines in shallow waters is essential to
improving the performance of ORPC’s future turbine
designs, as well as reducing risk through better predic-
tion of the loads applied to the structure. The method
will also be useful in evaluating potential installation
sites and may allow ORPC to provide its customers
with more accurate estimates of the expected power
and the levelized cost of electricity (LCOE). Since these
effects appear to related to blockage and momentum
balance, these methods will find useful application in
the design or evaluation of any marine hydro-kinetic
device, or in fact any subsea system, operating in
shallow waters.
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