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Abstract: Tidal stream turbines may operate under yawed conditions due to variability in ocean
current directions. Insight into the wake structure of yawed turbines can be essential to ensure efficient
tidal stream energy extraction, especially for turbine arrays where wake interactions emerge. We
studied experimentally the effects of turbines operating under varying yaw conditions. Two scenarios,
including a single turbine and a set of two turbines in alignment, were configured and compared.
The turbine thrust force results confirmed that an increasing yaw angle results in a decrease in the
turbine streamwise force and an increase in the turbine spanwise force. The velocity distribution
from the single turbine scenario showed that the wake deflection and velocity deficit recovery rate
increased at a rate proportional to the yaw angle. The two-turbine scenario results indicated that the
deployment of an upstream non-yawed turbine significantly limited the downstream wake steering
(i.e., the wake area behind the downstream turbine). Interestingly, a yawed downstream turbine was
seen to influence the steering of both the upstream and the downstream wakes. These systematically
derived data could be regarded as useful references for the numerical modelling and optimisation of
large arrays.

Keywords: tidal stream energy; experiment; wake structure; yaw angles; turbine alignment

1. Introduction

Tidal stream energy represents an attractive renewable energy source because of its
predictability [1]. Kinetic energy stored within high-magnitude tidal stream currents can
be converted into electricity through tidal energy converters [2,3]. In energetic sites, the
prevailing power generation strategy will likely involve the concentration of turbines in an
array to harness tidal stream energy in the most-efficient manner possible [4]. However,
due to non-rectilinear directional changes over the ebb and flood tides alongside higher-
frequency flow variations that include those induced by inter-array turbine interactions,
devices in an array can often operate under yaw conditions [5]; this can be either intentional
for wake steering purposes or a result of flow misalignment [6]. As the yawed turbine’s
rotor plane is not perpendicular to the incoming flow, a horizontal axis turbine’s perfor-
mance degrades, while its wake flow undergoes a deflection or “steering” [7]. Investigating
the wake structure of yawed turbines is an important task, especially in the context of the
contribution this phenomenon may be able to make to maximise an array’s total energy
output, as well as being a source of array yield uncertainty.

Wake steering is a concept that is widely appreciated in wind farms [8]. If an upwind
wind turbine has the capacity to control its yaw angle, its resulting wake can be steered
away from downwind turbines. In doing so, the whole array could be deployed in a
compact layout, aiding spatial planning and improving overall array performance [9,10]. In
order to understand the potential of wake steering and to exploit it effectively, studies have
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so far explored the effects of yaw angle on wind turbine performance. By applying physical
experiments, Bastankhah and Porté-Agel observed turbine performance degradation and
a turbine thrust force reduction as the yaw angle increases [11]. Similarly, Gao et al. [12]
developed an actuator line model with large-eddy simulation introducing a new anisotropic
body-force projection model to study the effect of the nacelle on the wind turbine wake.
They found that nacelle effects can significantly affect wind turbine wakes, especially under
yaw conditions. Moreover, Dijk et al. [13] observed that overall power production can
increase when upwind turbines yaw, and loading on downwind turbines drops in cases of
partial wake overlap evasion. Similar conclusions on turbine performance and thrust force
have been reported in other studies [10,14,15]. For two aligned wind turbines [9], it was
found that the spacing between turbines and the yaw angle of the upwind turbine plays
a significant role in the overall wind farm efficiency. Specifically, the results confirmed
that, by operating an upwind turbine under appropriate yaw conditions, wind farm
performance can be comparable to a more conservative separation distance of turbines
that would otherwise be fixed at zero yaw angles. For wind farms with multi-row turbine
arrangements, Bastankhah and Porté-Agel [16] confirmed that turbine yawing provides a
route to boost overall performance. Their results showed that the maximum total power
enhancement could reach 17% when compared to a fully non-yawed case. The optimal
distribution of yaw angles followed a decreasing trend in the yaw angle value from the
upwind to the downwind turbines.

Few studies have concentrated on the performance of horizontal axis tidal stream
turbines under yawed conditions. Partly, wake steering in tidal turbines could be perceived
to be of secondary importance given that the tidal flow direction is more predictable.
However, hotspots in tidal stream resources tend to emerge in confined areas, leading
to incentives to pack turbines closer together, which would make wake steering more
important and potentially more valuable. Similar to wind turbines, physical experiments
to-date indicate that yawed tidal stream turbines experience reduced thrust force and
power extraction [17,18]. Results from numerical models also confirmed that, as the yaw
angle increases, power generation and axis thrust reduce [19,20]. Baratchi et al. [21]
simulated yawed turbine behaviour using the actuator line method, and their numerical
results showed good agreement with the measurements published in [17]. Wang et al. [22]
simulated a yawed turbine using the k−ω SST turbulence model from the ANSYS Fluent
CFD package. Their numerical model was validated against experimental data, confirming
that the axial force coefficient and the power coefficient were reduced for the yawed
turbine. They also found that the asymmetry of the wake velocity distribution became
more apparent with increasing yaw angle. Modali et al. [7] studied turbine performance
and wake deflection within±15◦ yawed conditions. Their results showed a≈10% reduction
in the maximum power coefficient. They also found that when the upstream turbine is
yawed, the downstream turbine can extract more than 50% higher energy in a staggered
layout than in an aligned layout. Interestingly, Borg et al. [23] investigated the performance
of a ducted tidal turbine under yaw conditions and found that, with the inclusion of a duct,
the resultant axial force loading on the blades was enhanced, sustaining the performance
of the yawed turbine.

Previous physical modelling experiments of yawed tidal stream turbines focused
on power and the thrust force coefficient variations as the yaw angle changes. However,
there are limited wake velocity data from yawed tidal stream turbines, which represents
a significant hindrance to the validation of theoretical and numerical models. We seek to
address this herein. To the best of our knowledge, there has been little work reported on
the influence of upstream or downstream turbines on wake evolution. This would be a
common scenario when considering yaw angle control across a tidal stream turbine array.
It would also be a vital component to inform the optimisation of tidal stream turbine array
design [4,24,25]. Therefore, we experiment with yawed turbine configurations, covering
both single-turbine and two-turbine scenarios. The latter is intentionally positioned in an
aligned configuration. Turbine thrust force and wake velocity distributions were measured
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in all cases considered. The objective of the single-turbine scenario was to investigate the
wake structure at hub height for the turbine under a range of yaw conditions and examine
how the wake area changes with an increase in the yaw angle. In turn, the single-turbine
case acts as a baseline for the two-turbine scenario, where the velocity distribution changes
caused by the existence of an upstream or downstream turbine were studied.

2. Experimental Setup
2.1. Flow Flume and the Measurement Device

Experiments were conducted in a recirculating flow flume designed and constructed
at Hohai University, as shown in Figure 1, with further details given in Zhou et al. [26]. The
flume is 50 m long, 5 m wide, and 0.7 m deep. The incoming flow velocity was driven by
pumps located upstream, together with baffles at the downstream end that regulate the flow
depth and exit velocity. These features allow a constant inflow velocity and stable water
depth to be achieved. In order to dissipate large-scale flow structures such as eddies and
straighten the flow, two screens of variable porosity are inserted at the inlet of the flume.

Figure 1. Experimental setup at the circulating flow flume. The left picture shows the movable
platform on which the Nortek Vectrino Profiler is positioned. The right picture shows the porous
walls at the inlet of the flume.

Flow velocity downstream of turbine wakes was measured using a downward-facing
Nortek Vectrino Profiler, shown in Figure 2a. The sampling frequency of the device was set
at 100 Hz, monitoring a cylindrical volume at 40 mm below the probe of 6 mm diameter
and extending a depth of 30 mm and, hence, here extending all the way to the bottom of
the flume. The measurement accuracy of the device is ±0.5%. To ensure the reliability
of the measured velocity, the manufacturer recommended that the signal-to-noise ratio
(SNR) should be maintained at a level higher than 15 dB and the correlation of the data
used for the analysis should be in the order of 80% at least during the data collection. The
Nortek Vectrino Profiler was positioned on a movable platform, which ensured accurate
positioning for velocity sampling.

An ATI-gamma six-axis force–torque sensor was used to measure the force induced
by the flow on the turbine, as in Figure 2b. The sensor can measure the thrust force and
the torque at the same time. The measurement accuracy of the device is ±0.3%. The
maximum measurable values of the sensor are 65 N and 5 N ·m for thrust force and the
torque respectively. The sensor has a frequency of 100 Hz, and its accuracy is within 0.3%.
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(a)

(b)
Figure 2. The measurement devices, as positioned in the flume at Hohai University. (a) The
downward-facing Nortek Vectrino Profiler is positioned on a movable platform. (b) The ATI-gamma
six-axis force–torque sensor.

2.2. Turbine Physical Model

The turbine models comprise two 3-bladed rotors (Figure 3), manufactured using 3D
printing with UV curable resin. The airfoil of the blades was taken to be NREL-S822, as per
Wang [27]. The two turbines have the same diameter D = 0.3 m and a cylindrical support
structure diameter of 0.06 m, which is offset from the rotor plane by 0.08 m. The turbine
hub height above the flume floor is 0.25 m. As the water depth was set to H = 0.5 m, the
minimum distances from the blade tip to the flume floor and the water surface were both
0.1 m during the operation. This corresponds to a distance of 0.2H between the sea bed and
the bottom of the rotor, which is similar to the constraints expected in practice (≈0.25H [28])
to avoid the rotor being positioned in the lowest region of the water column. Considering
the reduced surface roughness of a concrete-lined channel, we considered this sufficient.
In addition, the 0.2H clearance from the top of the rotor to the sea surface was aligned
with the expected clearance constraints (typically, these are in the order of 8 m for a device
located at a 35–40 m depth), rendering the physical model consistent with the boundary
effects experienced in practice. The same setup can be found in [29].
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Figure 3. The physical model of the turbine deployed in the experiments.

2.3. Case Studies

In investigating the wake structure and the interactions between yawed turbines, 11
case studies of varying yaw conditions were considered. The range of the yaw angles γ
followed from the literature. Indicatively, Bartl et al. [14] studied wind turbine performance
by varying γ from 0◦ to 40◦, while Galloway et al. [18] investigated tidal stream turbine
performance for γ from 0◦ to 22.5◦. As the tidal flow direction is more predictable, we
opted to focus here on a γ range of 0◦–30◦.

The cases can be further classified into two configurations:

Scenario 1 Yaw of a single turbine from 0◦ to 30◦.
Scenario 2 Yaw of one of two turbines from 0◦ to 30◦ while retaining the other turbine in a

non-yawed state relative to the flume. The distance between the turbines was
fixed at 5D (see Figure 4b).

More details are summarised in Table 1. The case including both turbines at γ = 0◦

was treated as the baseline for Scenario 2.

Table 1. The yaw angle values considered for each experiment case.

Scenarios Case ID Yaw Angle γ (◦)
Upstream Turbine Downstream Turbine

Scenario 1 1 0 –
2 10 –
3 20 –
4 30 –

Scenario 2 5 0 30
6 0 20
7 0 10
8 0 0
9 10 0
10 20 0
11 30 0

For the fixed water depth of H = 0.5 m, the average inflow velocity u0 was set to
0.33 m/s, which equates to a Froude number of Fr = 0.15. This value corresponds to
typical operational conditions, i.e., at a depth of 40 m and a ≈ 3.0 m/s streamwise flow
magnitude. The width of the flume is Lw = 5 m, so the blockage ratio can be calculated
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as a = π × (D/2)2/(Lw × H) = π × (0.6/2)2/(5× 0.5) ≈ 2.8%, which is much smaller
compared to previous experimental studies, such as 8.7% in Zang et al. [30] and 16.4% in
Chen et al. [31]. By retaining the blockage ratio at such a low value, we expect blockage
effects to be consistent with real deployment scenarios. We focused on the horizontal
velocity plane at hub height where steering effects would be pronounced, in alignment
with related studies on wake recovery measurements [11,26,32].

Figure 4. (a) Schematic of the yawed turbine thrust force and the assumed wake steering; (b) turbine
deployments and structure of the sampling grids and the definition of the yaw angle value γ.

For Scenario 1, we used the Nortek Vectrino Profiler to measure the flow veloci-
ties across six cross-sections of the turbine’s wake area at 1D, 2D, 3D, 4D, 6D, and 8D
downstream. In turn, Scenario 2 follows the setup of Bastankhah and Porté-Agel [11]. In
Scenario 2, velocity measurements were carried out over eight cross-sections; the measure-
ment areas were set at 1D, 2D, 3D, 4D, 6D, 8D, 10D, and 12D downstream. The spanwise
sampling points commenced at Y = −1D and ended at Y = 1D to capture the steered
wake, as in Figure 4a. A similar approach can be seen in [33,34]. The whole layout of the
measurement sampling points is sketched in Figure 4b. The rotor orientation was tested in
10◦ increments from 0◦ to 30◦. We define the yaw angles as zero when the rotor is perpen-
dicular to the velocity at the inflow flume boundary. A clockwise rotation corresponds to a
positive angle, i.e., γ > 0◦, as shown in Figure 4b.

During the velocity measurement, the SNR value was maintained above 20 dB, and the
correlation remained above 90%; higher than the manufacturer-recommended minimum
values of 15 dB and 80%, respectively, contributing to the reliability of the Nortek Vectrino
Profiler sampling. Zhang et al. [29] previously used the same force–torque sensing approach
in their study, where they found that the deviation of the mean value of thrust force
obtained from a 180 s sampling duration was within a range of 0.35% relative to that
obtained by a 600 s sampling duration. This deviation was deemed acceptable. Increasing
the sampling time from 180 s to 360 s only led to an 0.11% deviation improvement. The
sampling duration for turbine thrust in their study was taken as 300 s. We imposed the
same sampling duration of 300 s to ensure an equivalent level of data accuracy balancing
experimentation time constraints.
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2.4. Experimental Data Analysis

As wave conditions were not considered in this study, instantaneous velocity can be
split into a mean velocity ui and a fluctuating velocity u

′
i, where i is the index of the samples.

ui = u + u
′
i. (1)

The phase-averaged method was applied to process the measured data. The averaged
streamwise velocity u is defined as

u =
1
N

N

∑
i=1

ui, (2)

where N is the number of samples taken during the measurement. The magnitude of the
velocity at the measurement point is calculated as

|u| =
√

ux
2 + uy

2 + uz
2. (3)

In order to investigate velocity deficit and flow recovery, relevant parameters were
normalised by the inflow velocity magnitude |u0|. The relative value of the normalised
velocity is |u/u0|, and for simplicity, we refer to it as u/u0 in the following sections.
Streamwise turbulence intensity was also captured and is defined as

TIx =

√
u′2x

u0
× 100%. (4)

As per the wind energy literature [35,36], yawed turbine wakes usually show clear
asymmetric characteristics in the spanwise direction. Therefore, it is necessary to track
the wake centreline to evaluate differences in varying yaw angles [37]. There are several
approaches proposed in wind studies to capture the wake centreline, such as fitting a
Gaussian shape [35,38], using the “Centre of Mass” of the velocity deficit [7,39,40], or
tracking the wake centreline using particle tracking [41]. In this study, the “Centre of Mass”
method was applied. For each downstream cross-section, coordinates at the centre of the
wake yc(x) can be calculated as

yc =

∫
y∆u(x, y)dy∫
∆u(x, y)dy

, (5)

where ∆u(x, y) is the velocity deficit, defined as 1− |u(x, y)/u0|, where u(x, y) is the mea-
sured velocity at location (x, y). As the velocity measurements taken along the spanwise
direction are discrete, the integrals were replaced by the weighted sum of the discrete data.

As the ATI-gamma six-axis force–torque sensor is only able to measure the thrust force
on the whole structure, the total force F can be decomposed into the support structure force
Fs and the turbine rotor force FR, respectively. The support structure force FS was obtained
in a separate experiment without the turbine rotor and measuring the total force in that
situation. Then, the turbine rotor force can be calculated as

FR = F− FS. (6)

It should be noted that this approach assumes that the thrust force of the structure is
not influenced by the presence of the rotor.

3. Results and Discussion
3.1. Thrust Force

Figure 5a shows the yawed turbine thrust forces FR obtained by subtracting the measured
support force FS from the total measured force F. Streamwise force FRx decreases with
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increments of γ, as expected. For the single-turbine (Scenario 1) and the upstream turbine
(Scenario 2) cases, the force reductions were similar: both dropped by ≈ 12% when γ = 30◦

compared to the non-yawed cases. The reduction level was consistent with the results from
Modali et al. [42], where an 8% thrust force decline was observed when γ = 15◦. The similarity
between the single-turbine and yawed upstream turbine case confirmed that the downstream
non-yawed turbine had a negligible effect on the performance of the upstream turbine. There
was an outlier value when the upstream turbine γ = 10◦, likely due to a sensor malfunction,
which is plotted in Figure 5a for completeness, but was otherwise excluded in the analysis.

(a)

(b)
Figure 5. Thrust forces recorded.T: Turbine of Scenario 1; Tu: Upstream turbine of Scenario 2; Td:
Downstream turbine of Scenario 2. (a) Variation of thrust force vs yaw angle γ. (b) Validation of the
non-yawed turbine’s whole thrust force in Scenario 1 alongside data of Wang [27].

For the downstream yawed turbine cases, the thrust force was lesser as it was deployed
in the wake of the upstream turbine and was, thus, subjected to a reduced streamwise
velocity. For γ = 0◦ − 30◦, the thrust force saw a significant reduction in the downstream
turbine streamwise force, measured at 46%. This might be due to the decreased inflow
velocity caused by the upstream turbine and its effect downstream.
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The right-hand plot of Figure 5a shows the variation of the turbine spanwise force FRy.
For γ = 0◦, the spanwise force was nearly zero. With γ > 0◦, the spanwise force increased,
leading to the wake steering, as discussed in the next section.

Separately, the measured F for a non-yawed turbine was measured at 4.93 N, when
u0 = 0.33 m/s. The data from Wang [27] on the thrust force variation with increasing inflow
velocity are plotted in Figure 5b alongside our data, suggesting a consistent behaviour with
the literature.

3.2. Wake Velocity Distribution
3.2.1. Scenario 1: Single Turbine

Figure 6a presents the normalised velocity u/u0 distribution in the turbine wake area
under different yaw conditions. For γ = 0◦, the wake was largely symmetric downstream
from 1D to 8D as the wake propagation was aligned with the free-stream flow. For γ > 0◦,
apparent wake steering emerged, leading to an asymmetric velocity distribution. The
asymmetry increased with γ. As the turbine yawed clockwise, its wake area is tilted to the
“northern” side of the flume, leading to a more significant velocity deficit there than for the
“southern” side.

In the near-wake area (X/D ≤ 4), the velocity deficits for all cases had a similar
magnitude on the northern side (Y/D > 0), while apparent differences occurred on the
southern side (Y/D ≤ 0). Across cases, the significant velocity deficit regions coincided,
decreasing by 65% at a 1D downstream compared to the inflow velocity u0. For γ = 0◦,
the velocity recovered to 41.27% of u0 at a distance of 4D downstream, while the yawed
turbines had a higher recovery rate by this distance. For γ = 30◦ in particular, the lowest
velocity reached 60% of the inflow velocity at a 4D downstream, which was 18.7% higher
than for γ = 0◦. In other words, as the yawed turbine extracted less energy from the flow,
it had a lower effect on the wake area. As such, the deficit values in the wakes of the yawed
turbines had smaller magnitudes than in the non-yawed case.

Figure 6b shows the contour plots of the velocity distribution and the relative plots
by subtracting the normalised results of the γ = 0◦ baseline from the γ > 0◦ cases. It can
be seen that the value of ∆u/u0 = (uγ=i − uγ=0◦)/u0, for i ∈ [10◦, 20◦, 30◦], was positive
on the southern side and negative on the northern side. It can be explained as follows: as
in Figure 4a, the y-component of the thrust force increased for γ > 0◦, steering the wake
towards the northern side, leading to mixing between the undisturbed bypass flow and
the wake flow. Therefore, the bypass flow at the northern side decelerated and exhibited a
similar wake velocity distribution to the non-yawed case. As for the southern side bypass
flow, because the wake area was diverted northwards, much of the wake effects were
avoided. As a result, ∆u/u0 remained at a high value in the near-wake area.

In the far-wake area (X/D > 4), the velocity recovery rate remained lower than 50%
for γ = 0◦ at a 5D downstream distance, while for the cases under yawed conditions,
the velocity recovered to 60% of u0 by that cross-section. As the flow propagated further
downstream, the recovery rate for all cases decelerated. Finally, at 8D downstream, the
wake areas shared a similar profile, in that the velocity converged to 70% of the inflow
velocity in the central wake region, while the velocity recovery of 80% was reached at
both the southern and northern sides. However, wake steering was still apparent in the
far-wake area. Indicatively, the lowest velocity for γ = 30◦ at X/D = 8.0 occurred at
Y/D = 0.25, demonstrating the impact of wake steering. The contour plot of the far
wake area showed that the difference between the non-yawed and yawed cases was less
significant (see Figure 6b). ∆u/u0 dropped to 0.20 and then kept decreasing as observed at
an 8D downstream. This was because the wake flow was redirected to the northern side.
The remaining difference in the far wake area was because: (1) an 8D was not sufficient for
the wake to recover fully; (2) a yawed turbine led to wake steering, whereby the minimum
velocity location being case-dependent.
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(a)

(b)

Figure 6. Wake velocity profiles for Scenario 1. (a) Normalised velocity distribution for the four cases
of Scenario 1 at six downstream cross-sections. The separation distance between the profiles and the
turbine are (i) 1D, (ii) 2D, (iii) 3D, (iv) 4D, (v) 6D, and (vi) 8D, respectively. (b) Normalised turbine
wake velocity distributions for the cases of Scenario 1 and relative differences in normalised velocity
between yawed and non-yawed turbine configurations: (i) u/u0 = uγ=10◦/u0, (ii) u/u0 = uγ=20◦/u0,
(iii) u/u0 = uγ=30◦/u0, (iv) u/u0 = uγ=0◦/u0, (v) ∆u/u0 = (uγ=10◦ − uγ=0◦ )/u0, (vi) ∆u/u0 =

(uγ=20◦ − uγ=0◦ )/u0, and (vii) ∆u/u0 = (uγ=30◦ − uγ=0◦ )/u0.

3.2.2. Scenario 2: Yawing One of the Two Turbines

In Scenario 2, we consider the two turbines deployed and separated by a 5D stream-
wise distance. In order to present the wake characteristics clearly, we refer to the region
between the turbines as the “upstream wake area” (from 1D to 4D downstream of the first
device) and the region downstream the second turbine as the “downstream wake area”
(from 6D to 12D).
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It can be seen in Figures 7a and 8(i–iii) that varying the downstream turbine’s yaw an-
gle (γ2) can affect the upstream wake area. As shown in Figure 7a(i–iv), at a 1D, the velocity
profiles for all cases were similar. However, as the flow propagated downstream, with
γ2 > 0, the distribution became asymmetric in the cross-stream direction. At X/D = 4D,
wake recovery for the γ2 = 0◦ was lower than the yawed cases when γd = 10◦ and 20◦. It
is conjectured that the γ2 = 0◦ case provides the whole rotor-swept area as an obstacle that
interferes with the flow, while the yawed turbines have smaller rotor-swept areas projected
to the streamwise flow. Thus, the yawed turbines interacted with the flow less given that it
is the projection of the turbine to the cross-stream direction that played a dominant role
on the thrust forcing. However, the γ2 = 30◦ case recorded this section’s most-significant
velocity deficit, especially for the southern side. Figure 7a(v–viii) presents the velocity
distribution in the downstream wake area. In all cases, the velocities had similar magni-
tudes on the southern side at X/D = 6.0 (which was also at a 1D downstream from the
downstream turbine). However, the velocity deficit was greater on the northern side when
γ2 > 0 due to wake steering.

Figure 8(viii—x) shows the relative plots between γ2 = 0 and cases where γ2 > 0.
In the upstream wake area, as γ2 = 10◦, velocity regions with ∆u/u0 > 0 appeared,
which may be attributed to the downstream turbine strengthening the mixing effects, thus
promoting upstream wake recovery. With γ2 > 10◦, ∆u/u0 > 0.1 regions were suppressed.
The lowest ∆u/u0 value was less than -0.2 when γ2 = 10◦. For γ2 = 30◦, the velocity in
the upstream wake area decreased more compared to the non-yawed cases. The lowest
∆u/u0 under this condition was even smaller than -0.3. This may be because, when the
downstream turbine operates under high values of γ2, the rotation of the blades severely
disturbs the flow in the upstream wake area. Across cases, the velocity deficit at a 6D
downstream was most pronounced due to wake superposition. Compared to the γ2 = 0◦

case, we can see that the γ2 > 0◦ turbine cases had regions of ∆u/u0 > 0 that emerged at
the southern side, while velocity deficit regions moved northwards due to wake steering.
As γ2 = 20◦, areas where the absolute value of ∆u/u0 ≈ 0.1 at γ2 = 10◦ expanded, with
the changes exceeding ∆u/u0 of 0.2 due to greater wake steering effects. The wake area
became significantly asymmetric when γ2 = 30◦, with ∆u/u0 < −0.2. Meanwhile, the flow
velocity to the southern side for this case was much faster than in the non-yawed cases,
and ∆u/u0 > 0.2.

In Figures 7b and 8(iv–vi), the wake velocity profiles and contour plots are shown in
the case where γ1 > 0. As in Figure 7b(i–iv), wakes from 1D to 4D show a similar trend to
that exhibited in Scenario 1. With increasing γ1, the wake effects moved from the southern
side northwards. As flow propagated further downstream, the velocity on the southern
side recovered faster. At a 4D downstream, the velocity deficits had a closer agreement
than in Scenario 1. This difference was due to the presence of the downstream turbine,
which clearly affected the velocity profile upstream. Therefore, the downstream turbine
dominated the velocity deficit, so that the difference among the four cases became much
less. However, we hypothesised that this phenomenon could be attributed to scaling effects.
As mentioned in Section 2.3, our experiment designed followed the Froude similarity with
a full-scale realistic sea condition. As a result, the Reynolds number Re = u0D/ν of flow
in the flume was Re ≈ 0.33× 0.3/10−6 = 99,000, which was orders of magnitude smaller
than the value expected in a realistic condition. For reference, this would indicatively
be in the order of Re ≈ 3× 40/10−6 = 120,000,000. Therefore, viscous forces had an
unreasonably greater effect on the flow in the laboratory compared to what would be
expected in practice. Figure 7b(v–viii) shows that downstream wakes steered in a similar
level for all cases. This again confirmed that the downstream turbine can significantly limit
the wake steering caused by the yawed upstream turbine, which may again be because of
the smaller Reynolds number compared to realistic conditions.
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(a) Yawing the downstream turbine.

(b) Yawing the upstream turbine.

Figure 7. Normalised velocity distribution for the four cases considered in Scenario 2 at eight
downstream cross-sections. The separation distance between the profiles and the turbine are (i) 1D,
(ii) 2D, (iii) 3D, (iv) 4D, (v) 6D, (vi) 8D, (vii) 10D, and (viii) 12D, respectively.
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Figure 8. Normalised turbine wake velocity distributions for the cases of Scenario 2 and relative
differences in normalised velocity between yawed and non-yawed turbine configurations: (i) u/u0 =

u0◦ ,10◦/u0, (ii) u/u0 = u0◦ ,20◦/u0, (iii) u/u0 = u0◦ ,30◦/u0, (iv) u/u0 = u10◦ ,0◦/u0, (v) u/u0 =

u20◦ ,0◦/u0, (vi) u/u0 = u30◦ ,0◦/u0, (vii) u/u0 = u0◦ ,0◦/u0, (viii) ∆u/u0 = (u0◦ ,10◦ − u0◦ ,0◦ )/u0, (ix)
∆u/u0 = (u0◦ ,20◦ − u0◦ ,0◦ )/u0, (x) ∆u/u0 = (u0◦ ,30◦ − u0◦ ,0◦ )/u0, (xi) ∆u/u0 = (u10◦ ,0◦ − u0◦ ,0◦ )/u0,
(xii) ∆u/u0 = (u20◦ ,0◦ − u0◦ ,0◦ )/u0, and (xiii) ∆u/u0 = (u30◦ ,0◦ − u0◦ ,0◦ )/u0. The quoted distances
are downstream of the upstream turbine in all cases.

The distribution of velocity difference ∆u/u0 between the γ1 = 0◦ and γ1 > 0◦ cases
are shown in Figure 8(xi–xiii). Compared to the γ1 = γ2 = 0◦ case, the velocity magnitude
at the northern side was smaller, and the flow was faster at the southern side across both
wakes due to γ1 > 0◦. The magnitude of ∆u/u0 was sensitive to γ1 in the upstream wake
area. At a yaw angle of γ1 = 10◦, the highest value of ∆u/u0 was around 0.1. As γ1 > 10◦,
wake steering was more pronounced. The velocity difference increased when the upstream
turbine was yawed by 30◦, and the highest absolute value of ∆u/u0 was around 0.3. The
downstream wake area velocity difference was small. The main difference was induced by
the yawed upstream turbine, where the recovery rate was faster in the downstream wake.
It can be seen that most areas of the downstream wake showed a positive value of ∆u/u0
compared to the γ1 = γ2 = 0◦ case. This was due to the less effective energy extraction
ability of a yawed turbine, which mitigated some of the flow disturbance. As such, for
γ1 > 0◦, we observed faster flow in the downstream wake area than in the non-yawed case.
Only for the γ1 = 30◦ case did the downstream wake display the apparent yawed wake
characteristic of higher velocity at the southern side and lower velocity at the northern side;
the highest absolute values of ∆u/u0 for both sides reached 0.2.
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3.3. Turbulence Intensity Distribution
3.3.1. Scenario 1: Single Turbine

Figure 9 shows the distribution of the streamwise turbulence intensity TIx and relative
plots of ∆TIx between the γ = 0◦ and γ > 0◦ cases of Scenario 1.

Figure 9. Streamwise turbulence intensity (left) and relative differences (right) between yawed and
non-yawed cases of Scenario 1. (i) TIx,γ=10◦ , (ii) TIx,γ=20◦ , (iii) TIx,γ=30◦ , (iv) TIx,γ=0◦ , (v) ∆TIx =

TIx,γ=10◦ − TIx,γ=0◦ , (vi) ∆TIx = TIx,γ=20◦ − TIx,γ=0◦ , and (vii) ∆TIx = TIx,γ=30◦ − TIx,γ=0◦ . The
quoted distances are downstream of the upstream turbine in all cases.

As shown in Figure 9(i–iii), for γ > 0◦, the rotor planes were not perpendicular to
the inflow velocity, and thus, the TIx values were not uniform over the cross-section. For
γ = 0◦ in Figure 9(iv), the highest TIx value was around 20% in the near wake area at the
vicinity of the blade tips. Lower TIx values, of around 15%, were encountered in the central
axis area. The bypass flow areas held the lowest value, which was less than 10%. This was
because the rotor blade tips had the maximum line speed, and vortices were generated by
flow separation at the blade tip edges. In the far-wake area, TIx varied in a similar manner
to the velocity deficit. With increasing distance downstream, TIx gradually expanded in
the transverse direction, and its value reduced to around 12% at an 8D downstream.

Figure 9(v–vii) subtract the streamwise turbulence intensity between yawed and non-
yawed cases. In the near-wake area, TIx decreased on the northern side, and the magnitude
reduced as γ increased. At the same time, high TIx values on the southern side moved
towards the north, and as a result, there were both positive and negative ∆TIx areas on the
southern side. The central areas of TIx in the yawed and non-yawed cases were almost
the same around 1D and 2D as TIx was mainly caused by the support structure. However,
beyond 2D, mixing effects increased the central area TIx values with the wake steered
towards the northern side. Therefore, higher TIx values appeared in the central area.

The turbulence intensity difference in the far wake area was nearly negligible due to
wake recovery. As an increasing yaw angle led to less disturbance of the flow and stronger
mixing effects between the central and bypass flow, the ∆TIx values between the γ = 30◦

and non-yawed cases disappeared fastest.
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3.3.2. Scenario 2: Yawing One of the Two Turbines

Figure 10 presents the turbulence intensity TIx when only one of the turbines was
yawed in Scenario 2. Figure 10(i–vii) show the normalised velocity TIx distribution in
Scenario 2, while Figure 10(viii–xiii) provide the normalised velocity difference ∆TIx
between the yawed and non-yawed turbine cases.

Figure 10. Distribution of streamwise turbulence intensity in the non-yawed case and rela-
tive differences between yawed and non-yawed cases for Scenario 2: (i) TIx0◦ ,10◦ , (ii) TIx0◦ ,20◦ ,
(iii) TIx0◦ ,30◦ , (iv) TIx10◦ ,0◦ , (v) TIx20◦ ,0◦ , (vi) TIx30◦ ,0◦ , (vii) TIx0◦ ,0◦ , (viii) ∆TIx = TIx0◦ ,10◦ − TIx0◦ ,0◦ ,
(ix) ∆TIx = TIx0◦ ,20◦ − TIx0◦ ,0◦ , (x) ∆TIx = TIx0◦ ,30◦ − TIx0◦ ,0◦ . (xi) ∆TIx = TIx10◦ ,0◦ − TIx0◦ ,0◦ ,
(xii) ∆TIx = TIx20◦ ,0◦ − TIx0◦ ,0◦ , and (xiii) ∆TIx = TIx30◦ ,0◦ − TIx0◦ ,0◦ . The quoted distances are
downstream of the upstream turbine in all cases.

In the upstream wake area, when γ1 = 0◦, the turbulence intensity in the central area
was suppressed, and the highest turbulence intensity still appeared along the blade tip.
For the γ1 = γ2 = 0◦ case, the TIx value was 24% along the blade tip at X/D = 1.0, while
the value in the central area was only 16%. The distribution of the turbulence intensity
changed as γ2 > 0◦. The TIx values on the two sides increased compared to the non-
yawed case, while the changes in the central area were negligible. The highest absolute
value of ∆TIx was above 6%, which appeared when γ2 = 30◦. The significant turbulence
intensity distribution difference between the γ2 = 0◦ and γ2 > 0◦ cases confirmed that
the yawed downstream turbine can influence the flow upstream. As in Figure 10(viii–x),
when γ1 > 0◦, larger turbulence intensity values appeared at the northern side than for
the baseline γ1 = γ2 = 0◦ case. With γ1 > 0◦, the area with high-turbulence intensity
moved north. The highest absolute value of ∆TIx was found at 8%, in both the γ1 = 20◦

and γ1 = 30◦ cases, due to wake steering.
In the downstream wake area, the highest turbulence intensity decreased to 20%,

dropping 4% compared to the value in the upstream wake area for the γ1 = γ2 = 0◦
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case. This again can be explained as the incoming flow for the downstream turbine being
decelerated by the upstream turbine. The ∆TIx between the yawed and non-yawed cases
diminished due to the decelerated flow driving the downstream turbine. The main turbu-
lence intensity difference occurred at the edges of the wake when γ2 > 0◦, which gradually
moved towards the northern side based on γ2. When γ2 = 0◦, as in Figure 10(xi–xiii), the
absolute value of ∆TIx was less than 3% for most areas. The case where γ1 = 30◦ and
γ2 = 0◦ was an exception, where ∆TIx reached 5% at 6D downstream due to the severely
steered front wake area caused by the upstream turbine.

3.4. Deflected Wake Centreline

The wake centreline can be used to examine the steered wake trajectory. We compared
the wake centrelines in different scenarios to reveal the difference between three conditions:
(a) a yawed turbine (γ > 0◦) in isolation, which belongs to the cases of Scenario 1 where
we denote the wake centreline as W; (b) a yawed turbine (γ1 > 0◦) with a non-yawed
downstream turbine (γ2 = 0◦), which corresponds to cases of Scenario 2 when yawing
the upstream turbine; we refer to the wake centreline in the upstream wake area as Wu;
(c) a yawed turbine (γ2 > 0◦) with a non-yawed upstream turbine (γ1 = 0◦), which
corresponds to the Scenario 2 cases when yawing the downstream turbine; we refer to
the wake centreline in the downstream wake area as Wd. These centerlines are further
defined in Figure 11. As all turbines yawed clockwise, the turbine wake steered toward the
northern side of the domain, so we concentrated on this section of the domain.

Figure 11. The definition of three types of wake centerlines for yawed turbines.

In Figure 12a, the baseline γ = 0 case is presented. The wake centerlines exhibited
minor fluctuations along the Y = 0D axis, which we attribute to the non-idealised physical
experimental flow conditions. However, we saw that the wake centreline was not deflected
in the absence of a discernible yaw angle. For a yaw angle of 10◦ (Figure 12b), the maximum
spanwise shift of W was observed at 0.11D. The deflection of Wu and Wd was similar in
this case: the spanwise maximum shifts were both ≈ 0.05D. This value is much smaller
compared to the equivalent of W. In Figure 12c,d, it is noted that, while W remained the
most deflected, the deflection of Wu became more apparent than Wd with an increase in
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the yaw angle. This confirmed that, for the yawed wake, the deployment of a non-yawed
turbine either upstream or downstream of a yawed turbine could limit the steering of the
yawed turbine wake. Furthermore, an upstream non-yawed turbine would have a stronger
effect on the yawed turbine wake deflection than a downstream non-yawed turbine would.

Figure 12. Wake centerlines under varying yaw angle cases. W: turbine wake centerline for Scenario
1; Wu: upstream turbine wake centerline for Scenario 2; Wd: downstream turbine wake centerline for
Scenario 2. In all cases, the quoted distances for W and Wu are downstream of the upstream turbine,
while the quoted distances for Wd are downstream of the downstream turbine.

As the γ varied from 10◦ to 30◦, the deflection level for W, Wu, and Wd increased. For
W, which had the most-significant wake centerline deflection, the spanwise maximum
shift increased from 0.11D to 0.19D. This demonstrated that the wake deflection level was
proportional to the yaw angle.

Figure 13 shows the velocity deficit along each centerline. For the four yaw angle val-
ues considered, the differences in velocity deficit magnitudes at a 1D downstream between
W and Wu are negligible. This is because the downstream turbine had an insignificant
impact on the far-upstream area. However, they were both smaller than the velocity deficit
along Wd, as the deficit value at the downstream wake was an accumulation result of the
two turbines.

From 1D to 4D, the velocity deficit along Wu remained at a high level regardless of the
yaw angles. We attributed this to the significant disturbance from both turbines and the
short distance available for wake recovery. From 4D to 7D downstream, when γ ≤ 20◦, the
velocity deficits along W increased, firstly due to mixing with the slower flow behind the
blade tip, then decreased because of further mixing with the fast flow outside the wake
area. When γ = 30◦, the velocity deficit behind the southern rotor edge tip was much
smaller than the velocity deficit at the flume centre, as in Figure 6a. Therefore, mixing with
the flow behind the blade tip appeared to contribute to the velocity recovery along the
wake centreline, while the velocity deficit recovery was proportional to the downstream
distance. Similarly, the velocities also recovered proportionally along Wd, as expected.
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Figure 13. The velocity deficit along the wake centerlines under four different yaw angles. W:
velocity deficit at wake centerlines in Scenario 1; Wu: velocity deficit at upstream wake centerlines in
Scenario 2; Wd: velocity deficit at downstream wake centerlines in Scenario 2. In all cases, the quoted
distances for W and Wu are downstream of the upstream turbine, while the quoted distances for Wd
are downstream of the downstream turbine.

For each yaw angle, by comparing the velocity deficit at 7D, it was found that the
value of W was always smaller than the value of Wd. This demonstrated that the velocity
had a higher recovery rate in the wake of a single-turbine setup than in the downstream
wake of the two-turbine setup.

As the yaw angle increased from 0◦ to 30◦, the velocity deficit at a 7D downstream
reduced from 34% to 26% along W and from 38% to 35% along Wd. This confirmed that
the wake velocities recovered faster with an increasing γ, which is in alignment with
Adaramola and Krogstad [9].

4. Conclusions

Results from physical model experiments were presented on the investigation of the
wake structure of yawed turbines in a recirculating current flume at Hohai University. Two
different scenarios, which comprised 11 cases, were configured to test different yaw angle
conditions. For each case, the thrust force of the turbine and the velocity values in the wake
area at hub height were measured by an ATI-gamma six-axis force–torque sensor and a
downward-facing Nortek Vectrino Profiler, respectively.

The force measurements showed that the thrust forces on the turbines decreased in
the streamwise direction and increased in the spanwise direction when the yaw angle
increased, as expected. From the comparison between the two cases in the two-turbine
setup, it was found that, while a downstream non-yawed turbine had minimal effect on the
yawed upstream turbine forces, an upstream non-yawed turbine could reduce the loads on
a yawed downstream turbine by more than 50%.

For the wake trajectory evolution, results from the single-turbine cases showed that the
wake was steered in a counterclockwise direction with clockwise turbine yawing as a result
of the force balance on the rotor. Wake deflection increased, and the wake velocity recovered
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faster as the yaw angle increased. For the two-turbine cases, it was noted that a non-yawed
upstream turbine limited the performance of the yawed downstream turbine, but the latter
could still steer the downstream wake. Interestingly, when an upstream turbine was yawed,
which included a downstream turbine in its wake region, the intermediate velocity profiles
between the devices evolved according to the observations for the single-turbine cases. On
the other hand, the flow immediately downstream of the second non-yawed turbine was
dominated by the second device.

Measurements of the turbulence intensity showed that the highest turbulence intensity
occurred behind the blade tips. As the turbine rotated clockwise and the yaw angle
increased, the turbulence intensity became asymmetric, with the higher values appearing
on the north side.

The “Centre of Mass” method was used to determine the wake centrelines. The results
showed that the deflection level of the wake centerline was closely linked to the yaw
angle. Over the 7D considered for the velocity recovery, the velocity at the centerline
achieved a higher recovery rate with a larger yaw angle. For each yaw angle, by comparing
the centreline deflection of the yawed turbine wake from the three cases, (a) a single
yawed turbine, (b) a yawed turbine with a non-yawed turbine upstream, and (c) a yawed
turbine with a non-yawed turbine downstream, it was noted that, for the yawed wake, the
deployment of a non-yawed turbine either upstream or downstream of a yawed turbine
always limited the deflection of the yawed turbine wake. Similarly, for the velocity deficit
at the wake centerline, the single yawed turbine case had the smallest velocity deficit at a
7D downstream for each yaw angle. Furthermore, by comparing Case (b) to (c), we found
that an upstream non-yawed turbine would have a deeper effect on the yawed turbine
wake deflection than a downstream non-yawed turbine would.

This study provided substantial data about yawed turbine wakes. Based on the results
presented above, it was found that, although yawed turbines steered their wakes, the
downstream turbine, especially if aligned with the upstream turbine, would still be affected.
Therefore, a staggered layout, with respect to the dominant tidal flow directions, would
likely still be a better choice than an aligned layout for the application of a yaw control
wake steering strategy. In future work, we plan to use the results presented here to validate
a yawed turbine model as implemented in 2D in the depth-averaged version of the Thetis
ocean model [29,43]. The preliminary results obtained with this model indicated promising
agreement for yaw angles below 20◦, with further investigations planned based on the
observed data collected herein. Furthermore, we intend to combine the yawed turbine
simulation model with optimisation algorithms to investigate possible improvements when
the ability to control the yaw angle is considered during the design of optimal turbine
array layouts.
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