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I INTRODUCTION

ROM its close location to the Bay of Fundy in Nova
Scotia (Canada) and its focus on ocean-related
research, Dalhousie University was naturally drawn to the
provincial effort related to tidal energy. One particular
area of research pursued by the Faculty of Engineering is
related to tidal turbine behaviour in a tidal flow, and the
resulting flow behaviour around and in the wake of such
turbines.
This work has been performed numerically using the
ANSYS CFX, building on
experimental and numerical work done over the last two

commercial software
decades. Early experimental characterization of tidal
turbines, mostly 3-bladed horizontal axis, were performed
in tow tank and flume tank across the world, notably in
Southampton (UK) [1], IFREMER (France) [2, 3], Naples
(Italy) [4], Liverpool (UK) [5]. Numerical work was done
assessing the overall power production and thrust
generated using simpler approaches like the blade element
momentum theory (BEMT) [6, 7], or actuator disks [8].
With increased computing power, more recent work has
transitioned to fully resolved 3D computational fluid
dynamics (CFD) simulations, sometimes coupled with a
BEMT approach [9], or often using a shear stress transport
(SST) approach [10, 11], detached eddy simulations [3, 12]
or large eddy simulations [13].

Vertical axis turbines were also tested experimentally,
notably in Japan (Darrieus type) [14] and numerical work
was performed to understand their performance [15-18].

This short paper will present a review of the work done
on the last decade on the numerical modelling of 3-blade
horizontal axis turbines at Dalhousie University. This
work looked at aspect of the modelling method, impact of
Bay of Fundy representative flow conditions, the nature of
the wake generated by a turbine, the interaction between
turbines and elements related to the loading of blades.

II. QUASI STEADY-STATE APPROACH

The initial project on numerical modelling at the
Laboratory of Applied Multiphase Thermal Engineering
(LAMTE) in the Department of Mechanical Engineering at
Dalhousie started over a decade ago in 2013 when Mr.
Nick Osborne started his MASc degree.

The focus of this initial project was to learn the required
numerical method used at the time to model flow over a
tidal turbine, and then look at the resulting wake from this
turbine. The geometry of the Southampton turbine was
used in the numerical work and for validation [19]. An SST
turbulence model was used in conjunction with the quasi
steady-state approach (frozen rotor) [20].

This first foray in the modelling pinpointed the
importance of the geometry of the blades and turbine hub,
as well as the mesh at the walls of the geometry, on the
global power and thrust coefficient as defined in Eq. (1)
and (2):
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As a good example, Fig. 1la) shows the numerical Cr
obtained with the original geometry estimated from the
Southampton turbine compared to the experimental
results as a function of the tip speed ratio (TSR = wR/U)
[10]. The difference between both curves is quite
pronounced.

Continued work showed that the sharpness of the blade
trailing edge geometry and mesh played a major role in the
resulting lift force on the blade, varying by approximately
20% on the range of trailing edge roundness diameter
studied [21]. Figure 1b) presents the updated C, obtained
after a thorough review of the geometry and mesh for the
same system.
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Fig. 1 Comparison of power coefficients as a function of the TSR
between experimental results [19] and: a) initial numerical
modelling from [10], and b) numerical modelling after a thorough
impact of the geometry and meshing [21]. Note that the TSR range
was reduced on b).

Through this work, the impact of the turbulence model
(k-¢, k-w and SST) on the wake was studied, so was the
behaviour of the wake (using SST) was a function of the
TSR value.

A PhD project between Dalhousie University and
Strathclyde University (Scotland) was in progress during
that time where the researchers studied a turbine using a
different blade profile: NREL S814 [22]. This type of blade
has a higher thickness to chord ratio.

The same numerical methodology applied previously
was then applied to this new turbine, using the
experimentally determined C, and Cr for validation [23].
Figure 2 shows the comparison between the numerical C,
and the experimental ones for this new turbine, showing
great agreement and providing a second validation of the
numerical approach in terms of determining C, and Cr.
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Fig. 2 Comparison of power coefficients as a function of the TSR
between experimental results and numerical modelling for a turbine
using NREL S814 blades [23].

Finally, results were also obtained with this method
using the turbine geometry used at IFREMER in France [2],
showing great agreement between the global turbine
performance parameters [11]. Work on this turbine also
compared to results obtained by using a fully transient
approach (Section III).

I1I. TRANSIENT APPROACH

Following the presentation of work by the research
group at Queen’s University Belfast in 2014 [24] where
results showed that a tidal turbine might produce up to
40% less energy in a transient tidal flow compared to a
steady-state condition! (pushed by a boat at constant
speed), the next project at the LAMTE focused on moving
the numerical modelling to a fully transient approach.

The first project done used the validated model of the
turbine with the NREL 5814 blades and compared the C,
and Cr obtained under a steady-state 2.05 m/s inlet flow to
a transient flow using a turbulent inlet condition
representative of a Bay of Fundy tidal current that
averages to 2.05 m/s (Fig. 3a) [25].

From Fig. 3b), results of this work concluded that the
instantaneous value of C, could vary by approximately
+25% around the steady-state Cy value at a TSR of 4 (best
performance for this turbine as per Fig. 2). However, at the
same TSR, the instantaneous thrust (Cr) on the turbine
could vary by up to £90% around the steady-state value
(Fig. 3¢).

The overall energy produced by the turbine under
steady-state and transient operation over the 20 s of the
simulation added up to the same amount, pointing to the
issue in the work of Queen’s University Belfast being on
the measurement side, and not on the tidal flow and
energy capture side of the turbine’.

1 It was determined, and presented at a conference in 2016, by the
Queen’s University Belfast Group that the 40% difference in energy
production was due to a limitation in the Data Acquisition (DAQ)
system, which was fixed.
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Fig. 3 a)Inlet velocity as a function of time for 3 different depths (Y/D
=0 corresponds to the hub height), b) Cp as a function of time, and c)
Cr as a function of time. The time on the x-axis is in seconds (b) and
¢), blue line represents steady-state simulation results, red transient
simulation results) [25].

The result of this work, when focusing on the thrust on
the turbine, did show that under transient tidal flow
conditions, the forces of the turbine and the blades would
vary rapidly and by large amounts. This opened the door
to the next step in the study (Section IV).

However, another transient study was performed to
compare the nature of the turbine wakes obtained when
using a quasi-steady (frozen rotor) or a transient numerical
approach [11]. Using the model of the IFREMER turbine, it
was also possible to compare the numerically calculated
wake to the one measured experimentally by the
researchers.

It was found that the wake obtained from the transient
wake provided a more physically meaningful wake
behaviour; see Fig. 4 that shows that the wake obtained
from the transient approach preserves the imprint of the
rotating turbine blades. However, this approach over
predicted the velocity deficit in the wake compared to the
quasi-steady results who were closer to the experimental
ones, and within the experimental uncertainty.

1V. TRANSIENT LOADING

The combination of transient simulations and using
transient tidal flow inlet data pointed to the fact that the
loading on the turbine will vary greatly. This should also

SSANRANOON
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Fig. 4 Turbulence intensity on mid-horizontal plane with a a) quasi-
steady, frozen rotor, approach, b) transient approach (snapshot at t =
80 s). TSR =3.67. I~ =3% and Vo= 0.8 m/s [11].

be the case locally on the blades of a turbine. Therefore, the
work continued using the NREL 5814 blade geometry in
collaboration with colleagues from ENSTA Bretagne
(France). The initial work focused on the transient nature
of the simulation and used a front turbine to generate a
transient wake, from a constant inlet condition, that would
flow over a second turbine positioned at a distance of 10
diameters (10D) behind the front one (see Fig. 5). The
downstream turbine was either in-line with the upstream
one, or move sideways by 0.5D or 1D relative to the
upstream turbine.

Figure 6 presents the turbines Cr for a rotation period.
When the two turbines are in line, the Cr goes down by
approximately 45% but oscillates with an amplitude
variation of 14%.

Domain of

Rotating sub-domains refinement

Turbines and nacelles

Fig.5 Meshed model used to simulate the impact of a wake generated
by a first turbine on the local blade loading of the downstream turbine
[26].
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Fig. 6 Numerical Cr value over one rotation period at TSR = 4 for the
upstream and downstream turbine as a function of the downstream
turbine position [26].
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Fig. 7 Turbine blade sections for discrete local loading evaluations
[27].

On the other hand, because of the flow displacement, the
turbine positioned 1D sideways sees are higher Cr[26].

Interestingly, when determining the local and transient
forces on blade sections through post-processing, it is
found that the dimensionless local thrust coefficient (Eq. 3)
varies greatly depending on the position of the
downstream turbine and the local position on the blade
[27].

T

-1 1
vy M

Cr

where Ti is the local load on a blade section and As is the
area of this blade local section (Fig. 7).

Figure 8 presents an example of local loadings on four
local sections of the blade in the case where the
downstream turbine is positioned 0.5D sideways [28]. It
can be observed that for sections in the further half of the
blade, the local thrust coefficient varies by over 50% each
rotation of the blade (the shaded area represents the
amplitude of variation of the coefficient over a dozen
rotations). The entirety of this work is not yet published
but will be submitted soon [28].

V. CURRENT AND FUTURE WORK

Funding was secured in 2022 through the Ocean
Frontier Institute and Canada’s National Research Labs to
expend on this transient loading work. The second author
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Fig. 8 Local thrust coefficient variation over a rotation period for four
sections of the blade of the downstream turbine positions 0.5D
sideways for both turbines operating at TSR = 4. Paper in preparation
[28].

of this paper (A. Akinnibosun) was selected as a PhD
candidate for this work. The main goal of this continued
work is to combine the transient local blade load approach
presented in Section IV to the real tidal flow inlet
conditions approach used in Section III to determine local
and transient load variations on turbine blades as a
function of the transient inlet conditions that are
representative of various tidal sites.

It is expected that the results of this work will benefit
design and structural engineers that will be able to
determine the time to failure by fatigue of their turbine
blades.

Therefore, for this work, real and representative tidal
flow data, obtained at frequency below 1 Hz, would be
required as inlet boundary conditions.
have access to such data from Dalhousie’s colleagues in
oceanography; data that was taken from regions around
the Bay of Fundy. Discussions with NRC about the
availability of such data from other tidal sites in Canada
are underway.

The researchers

The authors are open to discussions with other groups
around the world that have and would be willing to share
this type of local turbulent flow data from their tidal sites.
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