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INTRODUCTION
Cross‐flow turbines (CFTs), often referred to as
vertical‐axis turbines, experience fluid dynamic
phenomena and exhibit near‐wake characteristics
quite distinct from axial flow turbines (c.f. [1] for
near‐wake measurements of a CFT, and [2] for
numerical comparison between wakes of CFTs
and an axial turbine). Due to their inherent
unsteady operating principle, the turbine blades
experience large variations in angles of attack as
they rotate about the CFT’s axis. These variations
become larger as the tip speed ratio
/
decreases. The maximum angle of attack
excursions are often sufficiently large that the
blades operate under dynamic stall, a complex
unsteady process that deviates significantly from
static foil behavior, during part of their rotation.
There is some evidence that CFTs in close
proximity can interact constructively by taking
advantage of their unique operating and wake
fluid dynamics, thereby improving power output
of densely spaced turbines over the sum of their
stand‐alone power [3, 4, 5]. These turbines have
also been shown to allow more closely spaced
arrays [6] compared to conventional axial‐flow
devices, potentially resulting in more efficient
tidal/river channel use. To effectively design
individual CFTs and CFT arrays it is important to
understand the fluid dynamics and near‐wake
structure to accurately predict interactions
between turbine wakes of closely spaced devices.
As turbine designs mature, the research focus
is shifting from individual devices towards
improving turbine array layouts for maximizing
overall power output, i.e., minimizing wake

interference for axial‐flow turbines, or taking
advantage of constructive wake interaction for the
aforementioned cross‐flow turbines.
Numerical simulations are generally better
suited to explore the turbine array design
parameter space, as physical model studies of
large arrays at (sufficiently) large model scale
would be expensive. Lower fidelity models such as
those based on simple momentum relations—e.g.
double‐multiple streamtube (DMST)—or potential
flow, i.e., vortex line models, often break down for
turbines with high solidity or blade chord to
radius ratio. However, modern computing power
has made simulating turbines with Navier–Stokes
based models feasible.
However, since the computing power
available today is not sufficient to conduct
simulations of the flow in and around large arrays
of turbines with turbulence‐resolving direct
numerical simulations (DNS) and fully resolved
turbine geometries, the turbines’ interaction with
the kinetic energy resource (water currents or
wind) needs to be parameterized, i.e., modeled.
The flow field is typically modeled using
computational fluid dynamics (CFD) with
Reynolds‐averaged
Navier–Stokes
(RANS)
turbulence models or large eddy simulation (LES)
and the turbines’ interaction with the energy
resource can be parameterized, or modeled as
well, for example with actuator disk (ADM) or line
models (ALM) [7, 8]. The simplest and most
commonly used model with a CFD framework for
turbine arrays is the actuator disk model (ADM),
however, it is not able to predict the unique wake
structure generated by cross‐flow turbines.
Alternatives that can capture the important

physics of cross‐flow turbines in a cost‐effective
way are sought.
In the literature to date, the ALM has been
applied to simulating a very low Reynolds number
2‐D CFT case using LES, for which performance
predictions were not reported, though the
technique showed promise for replicating the
unsteady wake characteristics—even in the near‐
wake region [9]. Therefore, an ALM was
developed and validated against a higher
Reynolds number case using both RANS and LES.
An integrated experimental and numerical
study of cross‐flow turbines has been undertaken
at the Center of Ocean Renewable Energy at the
University of New Hampshire (UNH), and a
progress report will be given.
EXPERIMENTS
Experiments were carried out using an automated
turbine test bed in a large cross‐section tow tank,
designed to achieve sufficiently high Reynolds
numbers for the results to be Reynolds number
independent with respect to turbine performance
and wake statistics [10], such that they can be
reliably extrapolated to full scale and used for
model validation.
A number of cross‐flow turbines of the O(1m)
scale have be tested in the test bed, including a
turbine with a simple‐geometry, referred to as the
UNH Reference Vertical Axis Turbine (RVAT)
[1,11], shown in Figure 1. Recently the
DOE/Sandia Reference Model 2 turbine [12] was
also tested using this turbine test bed, and results
were first reported at METS 2015 [13]. These
turbine tests have produced several open data
sets [14‐17], with the intent to make the data
available to the marine renewable energy and
wind energy communities for model validation.
Data sets include performance and wake data,
processing code, CAD files.

FIGURE 1. UNH REFERENCE VERTICAL AXIS
TURBINE (UNH‐RVAT) TURBINE MODEL. TURBINE
BLADES AND STRUTS ARE NACA 0020 PROFILES
WITH 0.14 M CHORD [1, 10].

An example of the performance data for the UNH‐
RVAT is shown in Figure 2, and the variation of
the measured mean power coefficient at
1.9
with Reynolds number is shown in Figure 3 [10].
These plots indicate that that the performance of
this cross‐flow turbine becomes essentially Re‐
independent at a Reynolds number based on the
10 or an approximate
rotor diameter
average Reynolds number based on the blade
chord length
2 10 .
This gives a good indication of what scale
experiments should be used for validation of
numerical simulations: simulation and models
should be validated at Reynolds numbers where
the turbine’s performance has become Reynolds
number independent, or at least varies slowly and
close to linearly with Reynolds number.

FIGURE 2. UNH‐RVAT: PERFORMANCE DATA FOR
MULTIPLE REYNOLDS NUMBERS [10].

FIGURE 3. UNH‐RVAT MEASURED MEAN POWER
COEFFICIENT AT
. PLOTTED VERSUS THE
REYNOLDS NUMBER. ERROR BARS INDICATE
EXPANDED UNCERTAINTY ESTIMATES FOR 95%
CONFIDENCE, WHICH FOR IS DOMINATED BY
SYSTEMATIC ERROR ESTIMATES FROM THE
TORQUE TRANSDUCER OPERATING AT THE LOWER
END OF ITS MEASUREMENT RANGE [10].

NUMERICAL SIMULATIONS
To improve parameterization in array simulations,
an actuator line model (ALM) was developed to
provide a computationally feasible method for
simulating full turbine arrays inside Navier‐‐
Stokes models. The ALM predicts turbine loading
with the blade element method combined with
sub‐models for dynamic stall [18], flow curvature,
added mass, and blade end effects. The open‐
source software, named turbinesFoam1, is written
as an extension library for the OpenFOAM CFD
package, which allows the ALM body force to be
applied to their standard RANS and LES solvers.
Turbine forcing is also applied to volume of fluid
(VOF) models, e.g., for predicting free surface
effects on submerged MHK devices. Results are
presented for the simulation of performance and
wake dynamics of axial‐ and cross‐flow turbines
and compared with experiments and body‐fitted
mesh, blade‐resolving CFD.
Note that the ALM simulations reduce
computational effort over that required with
blade‐resolving simulations by several orders‐of‐
magnitude). Using the ALM, high‐fidelity array
modeling with LES becomes feasible.

TOP: POWER COEFFICIENT CURVE, BOTTOM:
ROTOR DRAG (OR THRUST) COEFFICIENT.

An example of preliminary results with
actuator line model implementation for cross
turbines is shown in Figure 4 with comparisons to
the experimental data from the UNH‐RVAT (RANS,
– model). An example of preliminary results of
the actuator line model implemented in a large
eddy simulation (LES) is shown in Figure 5. The
LES is able to capture the vertical advection of
blade tip vortices, which contribute to the strong
vertical transport in the near wake [1].

FIGURE 5. SNAPSHOT OF UNH‐RVAT VORTICITY
ISOSURFACES SIMULATED WITH ACTUATOR LINE
MODEL IN LES.

A progress report on the numerical modeling
work with validation against large‐scale tow tank
experiments will be given.
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