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a b s t r a c t

Tidal stream turbines (TST) deployed in open-water energetic sites are often unintentionally at yaw to
the incoming flow that causes performance degradation and deflection of the wake. Wake steering is a
popular concept in wind arrays where the upstream turbine is operated intentionally at yaw to steer the
wake away from a downstream turbine. To explore such arrangements for TST arrays, a synergistic
experimental and numerical campaign was undertaken to characterize a TST performance and wake
deflection subjected to ±15� yawed inflow. The near-wake characterization study was performed using
complementary acoustic Doppler velocimetry measurements and 3D computational fluid dynamics. The
experiments show a ~10% reduction in the maximum power coefficient. In the near field, the deflected
wake morphed into an elliptical shape due to the formation of two counter-rotating vortices. The wake
deflection results in enhanced momentum transfer and dissipation, leading to accelerated energy re-
covery. When the upstream turbine is yawed, available kinetic energy in the flow for the downstream
turbine is at least 50% higher with the turbine array in a staggered configuration compared to the inline
configuration. Our results provide guidance in reducing the cross-stream and downstream spacing be-
tween turbine units in an array.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Tidal Stream Turbines (TST) are renewable energy devices used
to harness power from tides, rivers, and streams without requiring
any obstruction to the natural flow of water [1]. Studies in scientific
literature related to TST hydrodynamics can be broadly classified
into two categories. The first category focuses on the energy
extracted by TST from the flow and mostly deals with methods for
improving the device performance [2e13]. The focus of the second
category is on the wake region behind TST and the development of
models to characterize the momentum deficit as well as the high
level of turbulence in the wake [14e20]. A thorough understanding
of wake propagation is essential in developing optimized tidal
turbine array layouts. Turbinewake development, propagation, and
recovery are influenced by turbine operating conditions as well as
external factors such as ambient turbulence [16,21e23], sheared
inflow [24,25], and yaw misalignment [26e29]. A thorough un-
derstanding of the influence of these external factors on turbine
performance, wake development, and its interaction with down-
stream turbine units is vital to developing efficient and robust tidal
turbine array layouts. One popular concept with wind array oper-
ators to minimize interaction between turbines within the array
and increase the annual energy production is wake-steering. The
upstream turbines in an array are operated at yaw such that the
wake is steered away from the downstream turbine allowing for a
closely packed array [30,31]. Such practices are gaining popularity
in wind-array operations and can be extended to tidal flows where
the available area for array deployment is limited due to restrictions
placed for navigational, environmental, and recreational
restrictions.

A yawed inflow may occur naturally due to wave-current inter-
action [29], directional changes in ebb and flood tides [32], and the
presence of upstream bluff bodies or turbine support structures
[32,33]. Computational fluid dynamics (CFD) studies [34,35] have
been conducted to explore the influence of yaw on turbine perfor-
mance; a ~4% power reduction was reported as the inflow angle
changes from zero to 10� yaw [35], and in a different study ~7.4%
power reduction was reported for a change in inflow angle to 15�

yaw [34]. Early computational work also focused on the fluid-
structure interaction problem to understand turbine performance
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Nomenclature

Acronyms
ADV Acoustic Doppler velocimetry
CFD Computational fluid dynamics
CVP Counter-rotating vortex pair
RANS Reynolds averaged Navier-Stokes
RMS Root mean square
RPM Rotations per minute
SST Shear stress transport
TKE Turbulent kinetic energy
TSR Tip speed ratio
TST Tidal stream turbine

Greek Symbols
a Volume fraction
g Yaw angle
ε Turbulence dissipation rate
m Fluid dynamic viscosity
mt Eddy viscosity
n Kinematic viscosity
r Density
s Standard deviation
t Torque
tf Viscous stress tensor
u Turbulent eddy frequency
Uij Rotation tensor

Symbols
A Area of the turbine rotor
B Area-based blockage ratio (%)
c Chord length of the rotor
CP Power coefficient

CT Thrust coefficient
Cdu Cross-diffusion term in RANS model
D Diameter
Du Dissipation term
E Flow energy available
F Frequency
FB Blade passing frequency
FR Turbine rotor frequency
fR Reaction thrust
fr1 Curvature correction term
fx Stream-wise force component
fZ Cross-stream force component
g Acceleration due to gravity
k Turbulent kinetic energy
N Total number of samples
n Cosine-fit index
p Pressure
Re Reynolds number (diameter based)
Sij Strain rate tensor
T Thrust
t Total time
Ti Turbulence intensity (%)
U Time averaged streamwise velocity
U* Non-dimensional streamwise velocity
Ur Relative velocity in rotating reference frame
u' Reynolds-averaged fluctuating velocity
U∞ Freestream velocity
V* Non-dimensional cross-stream velocity (vertical)
W* Non-dimensional cross-stream velocity (horizontal)
x Downstream direction
y Vertical direction
yþ Dimensionless wall distance
z Cross-stream direction
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deterioration due to yawed inflow [35]. More dramatic changes in a
flow direction that resulted in a complete reversal in the flow di-
rection as in a tidal channel were studied computationally by Frost
et al. [32]. The reversal in tides resulted in the support structure
(stanchion or pylon) being present upstream or downstream of the
turbine. A drop in power performance was observed when the tur-
bine was placed in the shadow of the support structure; a yaw
mechanismwas recommended for performance enhancement [32].
Thewake behavior for a yawed inflowcase is very different from the
no-yaw case [27,28,36e38]. Baratchi et al. [37] used an actuator line
method coupled with a large eddy simulation approach to observe
acceleratedwake dissipation for the yawed case at hub height. Frost
et al. [28] extended their CFD study using field data from Ramsey
Sound (Wales, U.K.) to initialize their numerical simulations. At this
location, the flow was observed to yaw around ±20� to the turbine
rotor; the authors reported an acceleratedwake recovery of ~90% by
7D downstream for a yawed inflow of ±10� compared to 10D
downstream distance for the no-yaw case [28]. Controlled labora-
tory experimentswere performed byMaganga et al. [38] to quantify
the effects of yaw on the performance, wake, and loading of the
turbine; a turbine yaw resulted in a drop in performance. Galloway
et al. [29,36] used a combination of laboratory experiments and
blade element momentum analysis to study cyclic loading and fa-
tigue effects due to dynamic yaw on the rotor caused by a wave-
current interaction; a yaw below 7.5� had negligible effect on the
rotor. To summarize, majority of the earlier studies reported per-
formance degradation of a turbine subjected to yawed inflow with
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only one-study [28] focusing on downstreamwake propagation and
recovery in the far-field (>10D downstream).

In the current study, we use complementary laboratory exper-
iments and blade-resolved CFD simulations to study turbine per-
formance and wake propagation in the near field (�5D) for yaw
angles (g) of ±15�; the results are then compared to a baseline case
of no-yaw. To the authors’ knowledge, the near-wake turbulence
measurements using acoustic Doppler velocimetry (ADV) are the
first such measurements of near-wake statistics of a tidal turbine
under yawed inflow. The three-dimensional transient CFD simu-
lations complement the experiments and provide a detailed char-
acterization of wake asymmetry and downstream energy recovery.
These estimates are then used to study wake interaction between
two turbines in an array. The concept of wake-steering [31] is then
utilized to explore the effects of the upstream turbine yaw on the
energy recovery and downstream spacing between two turbines in
an array. Data presented in this study is expected to provide an
insight for wake predictions of yawed tidal turbines in open-water
deployment and array designs.

2. Methods

Fig.1a shows the free-body diagram for the yawed inflow, where
g is the yaw angle. Non-dimensional parameters used to charac-
terize the performance of the turbine include the tip speed ratio
(TSR), the power coefficient (Cp), and the thrust coefficient (CT)
defined below:



Fig. 1. (a) Free body diagram of a tidal turbine at yaw with the yaw angle (g) and the wake deflection angle (a); (b) constant chord tidal turbine (1:20 model, D ¼ 0.2794 m) used in
the current study with SG6043 blade cross-section; (c) Experimental setup for validation and verification of CFD depicting velocity measurements conducted using an acoustic
Doppler velocimeter (ADV) at locations x/D ¼ 0.5 to 2 (donated by dashed lines) behind the turbine.
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TSR¼ UD
2U∞

; CP ¼ Pout
1 =2 rAU3

∞
; CT ¼ T

1 =2 rAU2
∞

(1)

where D is the diameter of the turbine (m), U is the rotor rotational
speed (rad/s), U∞ is the freestream velocity (m/s), Pout (¼ t # U) is
the turbine power output (Watts), r is the density of the fluid
(water) (kg/m3), t is the torque on the turbine (N$m), T is the thrust
force on the turbine (N), and A was the rotor swept area (m2).
Measured thrust and torque values were blockage corrected using
the technique suggested by Bahaj et al. [39].
2.1. Experimental setup

All experiments reported in this paper were conducted using a
three-bladed horizontal axis TST (1:20 scale) with a diameter of
0.2794 m (see Fig. 1b). The turbine blades were made of a constant
chord, untwisted SG-6043 hydrofoil profile, chosen to maximize
the lift coefficient in the operational Reynolds number range of
105e106 and used in previous studies by our group [5,15,16,40]. The
experiments were conducted at Lehigh University (PA, USA) in an
open surface water tunnel with a cross-sectional area of
0.61m� 0.61mwith a test section that was 1.98m long. The tunnel
cross-section resulted in an area blockage ratio (B) of 16.5% for the
no-yaw case and a slightly reduced 15.4% blockage for the ±15� yaw
cases. The experimental setup (shown in Fig. 1c) primarily consists
of the turbine blades attached in line to a stepper motor and a
thrust-toque sensor assembly, both of which are enclosed in a dry
acrylic casing. The stepper motor (Anaheim Automation, Model#
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23MSDI) is used to precisely control rotor rotational speeds with a
resolution of 1600 steps/rotation. The thrust-torque sensor as-
sembly is used to measure the thrust (T) and the torque (t) acting
on the rotating turbine blades at the rate of 200 samples/second. A
Nortek Vectrino þ ADV was used to measure velocities in the flow
field. Wake measurements were made at hub height at three
downstream locations, 0.5D, 1D, and 2D, from the rotor plane. At
each downstream location, measurements were made at a total of
41 (equally spaced) points across the cross-stream direction with a
spacing of 0.05D between each point. In the current study, z de-
notes the cross-stream direction and y denotes the vertical direc-
tion; consequently, v andw velocity components measured by ADV
denote vertical and cross-stream direction, respectively. The ADV
time traces were filtered using the phase space thresholding
technique to eliminate spikes and ensure quality data for further
analysis, as described in Goring and Nikora [16]. With the help of
this technique, the spikes and outliers are identified to be replaced
with themean of the time trace. Each velocity component (u(t), v(t),
and w(t)) obtained can be broken down as

uðtÞ¼U þ u0ðtÞ (3)

where U is the time-averaged velocity component and u’(t) is the
time-dependent fluctuating component. One-dimensional turbu-
lence intensity (Ti) from the velocity components is defined as

Ti ¼ 100�
ffiffiffiffiffiffiffi
u02

q ,
U (4)
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A convergence test was first performed to determine the
appropriate sampling period for the experiments.U and s(u), which

represent the mean and standard deviation (s(u) ¼
ffiffiffiffiffiffiffi
u02

q
) of the

streamwise velocity was sampled for a total of 300 s at each mea-
surement location at a frequency of 50 Hz. Percentage error is
evaluated and plotted in Fig. 2 as:

% Error ¼ 100*|(Xn-Xm)/Xn|, (5)

Xn is the parameter value of the complete time trace, and Xm is
the same parameter value calculated from inception to the current
second, m, ranging from 1 to 300 s. The % Error for both U and s(u)
can be observed to drop below 3% at t � 30 s. A more conservative
120 s sampling period was thus used for all wake measurements.
An inlet flow velocity (U∞) of 0.73 m/s was selected as it was
determined that turbine performance was only weakly sensitive to
Reynolds number effects beyond that value based on an earlier
Reynolds number dependency study conducted on the same tur-
bine model [15].
2.2. Computational setup & governing equations

Reynolds Averaged Navier-Stokes (RANS) equations coupled
with a k-u shear stress transport (SST) turbulence model with
curvature correction were solved. The conservation of mass and
momentum equations can be written as:

V , U
!

r ¼ 0 (6)

�
v

vt

�
rU
!�

þV ,
�
rU
!

r 5 U
!

r

�
þ r

�
U
!� U

!
r þ U

!� U
!� r!

��
¼ �VpþV,tf

(7)

where the relative velocity U
!

rð¼ U
!�U

!� r!Þ is viewed from a

rotating reference frame, rðU!�U
!

rÞ rðU!�U
!

rÞ and rðU!�U
!� r!Þ

are the Coriolis force and the centrifugal force, respectively, p is the
pressure and tf is the viscous stress tensor. The k-u SST model was
chosen for its efficiency in predicting fluid flows under adverse
pressure gradients [41]. The production term in k and u equations
was modified with a curvature correction term fr1 as:
Fig. 2. Effect of sampling period on time-averaged velocity U, its standard deviation
s(u).
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vðrkÞ
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where a ¼ a1Fþa2(1-F), a1 ¼ 5/9, a2 ¼ 0.44, b* ¼ 0.09, are empirical
constants of the SST model, m and mt are molecular and eddy vis-
cosity respectively, Cdu is the cross-diffusion term in the SSTmodel,
Du is the dissipation term in Eq. (8b) [42]. The modified curvature
function is defined as:

fr1 ¼maxf minðfrotation ; 1:25Þ; 0 g;

frotation ¼ð1þ cr1Þ
2r*

1þ r*

h
1� cr3tan

�1�cr2~r�i� cr1
(9)

where cr1(¼ 1), cr2 (¼ 2) and cr3 (¼ 1) were constants [41,43]; ~r and
r* were given as:

~r ¼ 2UijSjk

�
DcSij
Dct

þ �
εimnSjn þ εjmnSin

�
Urot
m

�
1

UD3
c
;

r* ¼ S
U
; S2 ¼ 2SijSij and U2 ¼ 2UijUij:

(10)

Sij was the strain rate tensor, Uij was the rotation tensor, u was
the turbulent eddy frequency, εijk is the Levi-Civita operator, and
variable Dc was defined as:

Dc
2 ¼ max

�
S2;0:09u2

�
(11)

Simulations were set up to provide a more detailed description
of the flow field to supplement our experimental measurements
and quantify the wake characteristics. The nacelle body and post
are not included in the CFDmodel to allow for an undisturbed wake
(see Fig. 3a). While the CFD validation is donewith the experiments
bymimicking the experimental setupwith B¼ 16.5%, the rest of the
simulations are set up to reduce the area-based blockage ratio to
<5%. This was done keeping in mind open water deployment
conditions which are more unrestrictive and beyond the scale of
the current experimental facility (B ¼ 16.5%) or almost any labo-
ratory facility. Recent experiments by Ross and Polagye [44] with a
cross-flow turbine have demonstrated that decreasing the width of
the experimental channel while holding the water depth constant
decreased the extent of the wake in the lateral direction. We thus
chose to discuss the implications of blockage to turbine wake pa-
rameters under yaw by complementing our experimental mea-
surements with three-dimensional transient CFD simulations at a
blockage ratio of <5%; the lower blockagewas obtained by doubling
the cross-sectional area of our experimental flume to
1.22 m � 1.22 m.

The computational domain consists of two sub-domains, a
rotating inner domain and a stationary outer domain (see Fig. 3a
and b). The turbine is located in the inner domain that is located
3.25D from the inlet and 5D from the outlet; the size of this rotating
sub-domain is 1.1D � 0.275D. The interfaces between the rotating
and stationary domains were kept to a minimum by shaping the
inner rotating domain as a cylinder (as shown in Fig. 3b), thereby
limiting the interfaces to three (front face, back face, and circum-
ferential face) to eliminate any numerical artifacts in the down-
stream wake. Interface boundary is the face shared between the
stationary outer domain (using stationary solver) and the rotating
inner domain (using rotating solver). The domain outlet was



Fig. 3. (a) Structured computational mesh and unstructured computational mesh (1 and 2) used for the study; (b) rotating inner fluid domain (1).
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specified as an outlet boundary condition with an average relative
pressure of zero. The walls of the domain (side and bottom) and the
turbine are specified with the no-slip wall condition, while the
domain top was modeled as zero relative opening pressure to
simulate free-surface. A buoyancy model was activated for the
rotating inner domain. The simulationwas set to converge after the
scaled residuals of continuity, momentum, and turbulence quan-
tities fell below 1 � 10�4 at each time step. Time step size corre-
sponding to 2� rotation was chosen and was found to be
numerically stable based on an earlier analysis by our group [15].
Details of flow and turbine parameters used for CFD are listed in
Table 1. The computational mesh contains structured (un-
numbered segments in Fig. 3a) and unstructuredmesh (segments 1,
2 in Fig. 3a and b) elements. A moving mesh technique was
employed where the inner fluid domain (see Fig. 3b), containing
the turbine model, would rotate at a set rotational speed during
each time-step until convergence of momentum and continuity
equations was reached. In addition to a torque-based mesh
convergence study [27] by varying mesh size from 8 to 19 million
elements, a velocity-based mesh convergence study was also con-
ducted with the primary goal of obtaining convergence in the wake
profiles; based on the obtained results, a domain containing 11
million mesh elements was selected as it restricted the maximum
error (for both velocity and torque) to � 1%. The mesh quality was
maintained by containing the yþ values within the range 3 < yþ <
10 to appropriately capture the boundary layer separation at the
rotor blades. In the current simulations, the wake shape and wake
path become invariant with time after a total of 16 turbine rotations
that corresponds to ~ 4 s of real-time in the CFD simulations. To
ensure that the contour plots do not have any transient features, we
Table 1
Flow and turbine parameters for CFD analysis.

Simulation Parameters Value

Blade profile SG-6043
Density of water (r) 998.2 kg/m3

Temperature of water 25 �C
Pressure (p) 101.3 kPa
TST rotor diameter (D) 0.2794 m
Chord length (c) 0.0165 m
Number of blades 3
Rotor speed (rpm) 250
Freestream velocity (U∞) 0.73 m/s
Reynolds number (diameter based) 2.04 � 105
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plot normalized velocity contours at t ¼ 5 s. The data sets discussed
correspond to TSR where peak turbine performance was observed
with the blades rotating in a clockwise direction similar to exper-
imental setup.

Tracking the wake trajectory is important for open-water
deployment and for determining the position of a downstream
turbine in a tidal array. The wake trajectory is tracked by estimating
the center of wake; various methods are available in the literature
to measure the wake center, and these methods are dependent on
the fidelity of the available datasets, i.e., one-dimensional (profile/
line) and two-dimensional (planar) data sets. In the current study,
the authors have used the Center of Mass (CoM) technique inwhich
the wake is considered as a solid body, and the center is estimated
as the weighted average of the wake velocity deficit [45]. Typically,
this can be done taking a line measurement of velocity data at the
hub height (y ¼ 0), and is defined as,

zC;1DðxÞ ¼
ð
zDUðx; zÞdz

	ð
DUðx; zÞdz (12a)

where zc,1D, is considered the 1D center of wake and DU (¼ U∞ �
uðx; y; zÞ) is the velocity deficit, and u(x,y,z) is the instantaneous
velocity. To consider the vertical meandering of the wake, the
definition can be expanded to the 2D center of wake coordinates as:

yc;2DðxÞ ¼ ∬ yDUðx; y; zÞdydz
	

∬DUðx; y; zÞdydz

zc;2DðxÞ ¼ ∬ zDUðx; y; zÞdydz
	

∬DUðx; y; zÞdydz
(12b)

For the CoM technique, the wake bounds are assumed to be 99%
of the free-stream velocity [27]. This technique considers the
change in shape and is sensitive to the large velocity gradients near
the wake bounds.
2.3. Validation and verification

The computations were first validated by comparing the CP and
CT estimated from CFD with the experiments; both data sets were
blockage corrected using the technique suggested by Bahaj et al.
[39]. With increasing yaw angle, the magnitude of both CP and CT
was observed to decrease, as seen in Fig. 4a and b. The experimental
performance data over-predicts the transient simulations by ~
6e8% for no yaw and positive yaw cases. Experimental blockage



Fig. 4. (a) Power coefficient (CP), and, (b) Thrust coefficient (CT) comparison for g ¼ 0� and g ¼ 15� yaw cases between CFD transient simulations and experimental data (both with
blockage correction); (c) Comparison of hub-height velocity profiles behind a turbine (g ¼ -15� yaw, TSR ¼ 4.8) at three different downstream locations at B ¼ 16.5% (the black dots
(C) are the experimental ADV measurements while the red dotted line (–) is data from CFD runs). Both sets of experimental and CFD results are at B ¼ 16.5%.
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corrected TSR, where peak performance was observed, is slightly
higher compared to simulations. To broaden the validation envelop,
velocity profiles in the turbine wake obtained from CFD were
validated by comparing them to experimental flow measurements
for the 15� yaw case. The CFD domain is set up to mimic the
experimental domainwith the same blockage (16.5%) for validation
simulations. A normalized velocity U* ¼ U/U∞, where U is the time-
averaged (local) velocity, is compared at three downstream loca-
tions of x/D ¼ 0.5, 1, and 2, with the turbine experiencing þ15�

yawed inflow. As shown in Fig. 4c, both the data sets are in good
agreement regarding the wake shape and wake width. The velocity
profile at these near-wake locations was observed to have a top-hat
profile, as reported in models of similar flows [14]. At locations
closer to the turbine rotor, the experimental study experienced a
higher deficit (~ 18%) than the simulations due to the presence of
the nacelle. With increasing downstream distance (x/D ¼ 2), the
deficit for experimental and simulation data can be observed to be
comparable.
3. Results

3.1. Effect of yaw on turbine performance

The effect of yaw on the performance of a TST was analyzed by
comparing CP measured at 15� yaw to the (baseline) case of 0� yaw;
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the rotational speed of the turbine was varied over a TSR range of
0.6e6.3 that corresponds to a range of 30e360 rpm. The compar-
ison plot is presented in Fig. 4a. The change in the performance was
observed to be negligible between 0� and 15� cases at TSR <3,
beyond which the curves diverge with increasing TSR. Peak power
performance (CP, max) is observed at TSR ~ 4.8 (250 rpm) for both the
no yawand 15� yaw cases. A power deficit of ~8.7%was observed for
15� yaw cases at peak performance, while a maximum deficit of
~29% was observed at maximum TSR ¼ 6.3. Similar observations
were made for the thrust experienced by the turbine with yawed
inflow, as can be seen in Fig. 4b. The change in CT for all presented
angles at TSR <3 is negligible, beyond which the CT curves were
observed to diverge with increasing TSR with the thrust force
decreasing with increasing yaw angle. A thrust reduction of ~9%
was observed for 15� yaw angle at peak TSR; a maximum thrust
reduction of ~10% was observed at TSR ¼ 6.3.

Fig. 5 compares normalized power reduction at peak perfor-
mance from the current (blockage corrected) experimental data
with previous studies [26,28,35,39,46]. The data is normalized
based on the peak performance for the no-yaw case. Our experi-
mental data can be seen to be in close agreement with the obser-
vations of Galloway et al. [26] and Park et al. [35]. The performance
and thrust reduction were compared to a theoretical estimate
based on momentum balance analysis [47]; it correlates the per-
formance drop in yawed cases to the decrease in effective flow



Fig. 5. Power reduction comparison with different previous studies for varying yaw
angle and cosine-fit for current (blockage corrected) experimental data at B ¼ 16.5%
[26,28,35,39,46].
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velocity and projected turbine swept area via the relationship, cosn

(g), where n is the reduction index for power/thrust. The reduction
index for previous studies [26,28,35,39,46] can be observed to vary
from 1.83 to 4.36 (shaded region in Fig. 5). The experiments re-
ported here result in a power reduction index of 2.25. A majority of
the studies report an index lower than the theoretical value of 3, the
only exception being the study by Frost et al. [28], who report a
power reduction index value of 4.36.

3.2. Wake turbulence statistics

3.2.1. Velocity profiles and wake meandering
Next, we discuss the results of our wake generated by the tur-

bine. We start with ADV measurements behind the rotor plane at
three downstream locations of x/D ¼ 0.5, 1, and 2 at hub height. As
mentioned earlier, the experimental flume has a cross-section area
of 0.6096m� 0.6096m resulting in a blockage ratio of 16%. Similar-
sized blockage/flumes have been used in other studies [8,48e50].
All the wake measurements correspond to the turbine operating at
Cp, max (i.e., TSR z 4.8). Fig. 6aec compares the effect of g on the
normalized mean velocity profile (U* ¼ U/U∞) along the spanwise
direction at the three downstream locations. The velocity distri-
bution for all cases mimics a top-hat profile suggesting an undif-
fused wake along with ~10% acceleration in the wake bypass region
Fig. 6. Normalized velocity profiles U* for g ¼ 0� , �15� and þ15� at (a) x/D ¼ 0.5, (b) x/
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due to tunnel blockage effects. For the no-yaw case, the velocity
profile was observed to be symmetric about the centerline with a
deficit recovery of ~17% as the wake reaches x/D ¼ 2. The velocity
profiles for both þ15� and �15� yaw are a mirror image of each
other and are comparable in terms of the velocity magnitude. At
locations close to the turbine (x/D ¼ 0.5), the velocity is evenly
distributed inside the wake for the yawed cases. A velocity recovery
of ~25% was observed at x/D ¼ 2, which is ~8% higher than the no-
yaw case suggesting a faster recovery at hub height.

The direction of wake deflection can be explained using a free-
body diagram of a yawed turbine (see Fig. 1a). In situations where
the free-stream velocity (U∞) is at yaw (g), a component of velocity
(U∞ cos g) that is normal to the rotor provides a principal thrust (T)
on the turbine rotor, which results in a reaction thrust (fR) by the
turbine that was resolved into two mutually perpendicular com-
ponents; a stream-wise component (fx) and cross-stream compo-
nent (fz) as shown in Fig. 1a. The reaction force component fz
imparted on the flow by the rotor is conjectured to be the driving
mechanism behind the direction of wake deflection observed. Fig. 7
presents the contours for normalized streamwise (U* ¼ U/U∞),
depth-wise (V* ¼ V/U∞), and cross-stream (W* ¼ W/U∞) velocity
components for both �15� and þ15� yaw cases; the results are
compared with the reference no-yaw case. A slowdown of the
stream-wise velocity component was observed upstream of the
turbine for all three cases. A slowdown was observed further up-
stream for the yawed cases. From the U* velocity contour, the wake
was observed to be fairly symmetric about the turbine axis for the
no-yaw case as the wake propagation is aligned with the free-
stream flow. However, for g ¼ ±15� cases, the wake is asym-
metric; the wake propagates downstream at an angle to the free
stream. The cross-stream tangential thrust force (fz) primarily de-
termines the downstream wake deflection direction as the yaw
angle g is switched between ±15� due to yawed inflow. For the
g ¼ þ15� yaw case, both the deflection direction (shown in Fig. 7)
and fz (see Fig. 1a) is in ez direction; the direction is reversed for
g ¼ �15� yaw. Reduction in-wall effects due to reducing the
blockage ratio can be observed by looking at the bypass flow ac-
celeration. Free-stream acceleration in the bypass region is
observed to reduce by 50% (from ~10% acceleration in experiments
as shown in Fig. 7 to ~5% acceleration). As observed in Fig. 7, the
cross-stream and depth-wise velocity components (V* and W*)
have a larger magnitude for yawed cases due to wake deflection.
The V* velocity contours demonstrate a wake that is rotating in the
counter-clockwise direction and is opposite to the clockwise rota-
tion of the TST. A large magnitude of W* velocity component is
observed close to the blade tip for all cases. At this location, the
D ¼ 1, and (c) x/D ¼ 2 at hub height (y ¼ 0) from experimental data at B ¼ ~16.5%.



Fig. 7. Normalized velocities U*, V* and W* for g ¼ 0� , �15� and þ15� cases on the XZ plane at hub height (y ¼ 0) at t ¼ 5 s. Dark lines on V* and W* velocity contours represent an
outline of U* velocity from CFD data at B ¼ 4%.
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distribution of W* is relatively symmetric for the no-yaw case;
however, for the yawed cases, the distribution was observed to be
asymmetric with a larger magnitude ofW* along the direction of fz.
With downstream development, the W* velocity component in-
creases in the span-wise direction and is consistent with the
deflection of the wake due to yaw.

The wake deflection and resultant asymmetry for a yawed
infloware three-dimensional in nature and, as a result, significantly
Fig. 8. Normalized velocities U*, V*, W*, and streamlines for g ¼ 0� , �15� and þ15� cases at
represents an outline of U99. All plots based on CFD data at B ¼ 4%.

489
change the wake shape. This is best illustrated by observing planes
that are perpendicular to the freestream.Wake velocity profiles and
streamlines at a downstream location of x/D ¼ 4 are plotted in
Fig. 8. The contour plots are normalized similar to Fig. 7; the
physical extent of the wake, i.e., wake edge (99% of the free-stream,
U99), is shown in the velocity contour using a solid red line. For the
no-yaw case, thewake is symmetric and has a nearly circular shape.
The velocity deficit decreases radially outwards from the turbine's
a downstream location of x/D ¼ 4 at t ¼ 5 s. Dark lines on V* and W* velocity contour
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axis, and the cross-stream velocity components indicate a turbine
wake rotating in a counter-clockwise direction. For the yawed
cases, the distribution of wake velocity components was observed
to be asymmetric, and the wake was observed to deflect in both
vertical and cross-stream directions.

The presence of a strong and concentrated W* component in-
side the wake signifies the wake motion in the cross-stream di-
rection that was observed either above or below the hub height
depending on the direction of yaw, see Fig. 8ce(iii)-(iv). This flow
feature is attributed to the counter-clockwise rotation of the tur-
bine wake induced by the clockwise rotation of the TST. This cross-
stream momentum of the flow due to the turbine yaw leads to
asymmetries in the downstream wake; a similar observation was
made for a wake generated by a yawed wind turbine by Vollmer
et al. [51]. In the absence of a rotating wake, as in the actuator disk
experiments by Howland et al. [45], the strengthening of the cross-
stream velocity components was observed along the hub height as
the wake did not have any associated induction effects. The
observed wake compression along the cross-stream direction re-
sults in elongation in the vertical direction. This is better illustrated
by the wake edge (red line) on the cross-stream contours [see Fig. 8
(ii) and (iii)] that show the wake moving upwards in the þy di-
rection and in þz direction for �15� yaw case and in -z direction
for þ15� yaw case. The streamlines for both yawed and no-yaw
cases [see Fig. 8(iv)] provide additional insights into the wake
asymmetry. A single vortex is observed for the no-yaw case and is
located at the wake center; the red line depicts the wake edge. For
the yawed cases, two counter-rotating vorticity pair (CVP) is
observed. As the CVP is transported downstream, the cross-stream
velocity component (W*) develops due to differences in vortex
strength between the vortex pairs, resulting in varying wake
displacement from the hub height (along y-direction). Similar ob-
servations were also reported in actuator-disk experiments by
Howland et al. [45], where the CVP is symmetric, and rotating wake
experiments [52,53], where asymmetry in the vortex pair was
observed. CVP formation is not limited to turbines at yaw but also
observed in jets that interact with a cross-flow [54].

3.2.2. Turbulence intensity
Fig. 9aec plots the one-dimensional turbulence intensity (Ti)

profiles at the three downstream locations using experimental
data. A major portion of the turbulence generated in the wake is
observed in the high shear regions around the tip of the blade and
hub of the turbine for both yaw and no-yaw cases. For the no-yaw
case, two distinct sets of peaks can be observed at the location close
to the rotor, x/D¼ 0.5. The larger peaks are present in thewake edge
between the wake and the bypass flowwith a peak Ti ~12e13%; the
second set of smaller peaks occur closer to the wake center with Ti
Fig. 9. Turbulence intensity profiles for g ¼ 0� , �15� and þ15� at (a) x/D ¼ 0.5, (b) x/D
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~10% due to the shear layer formation by the interaction of the
accelerated flow due to rope vortex and the slow-moving wake;
similar to observations made by previous studies from our group
[16]. As the wake propagates downstream to x/D¼ 2, the secondary
set of peaks inside the wake can be observed to disappear, with
peaks at the outer edge increase to a magnitude of Ti ¼ ~14e15%.
For yawedwake, Ti profiles with one set of distinct peak at the outer
edge of the wake can be observed with a magnitude slightly higher
than the no-yaw case. However, unlike a no-yaw case, the magni-
tude of the peaks are different, suggesting asymmetricity in the
wake. At x/D ¼ 0.5, the magnitude of Ti near the wake edges varies
between ~12%e16%. At this location, the inside of the wake for
yawed case is highly turbulent compared to the no-yaw case. With
increasing downstream distance, the Ti in the inner region of the
wake was observed to decrease while the values near the edges
increase to ~18% as it reaches x/D ¼ 2. For yawed case, only a single
peak is observed at x/D ¼ 2, as the second half of the wake and
corresponding shear layer could not be measured due to interfer-
ence of flow between the nacelle and the test section.

3.3. Tracking the center of wake

Identifying wake trajectories in array configuration is important
as it guides the downstream turbine units' positioning. The wake of
the yawed rotor is deflected as it propagates downstream and is
tracked with the help of the wake center. This aspect of a yawed
wake is often used to steer the wake away from downstream tur-
bine units and is referred to as yaw-based wake-steering. From a
field experiment conducted by Howland et al. [31], such steering
was observed to increase the cumulative energy extraction by the
array by 47% in low-wind speed conditions and 13% at high wind
speed conditions. The normalized center of wake coordinates was
estimated using the center of mass technique based on planar two-
dimensional datasets, and the results are plotted in a 3D plot (see
Fig. 10a). A simpler representation of the wake path is presented as
a polar plot for all the inflow cases in Fig. 10b, where the numbers
represent the downstream locations (x/D). For the no-yaw case, a
negligible vertical meandering of the wake center occurs within a
small bound of the turbine axis and is restricted to values < 0.04D.
As expected, wakemeandering is observed for both yaw angles. The
wake's cross-stream meandering was noticeably larger, with a shift
of ~0.2D in the center of the wake for up to a downstream distance
of 5D. The magnitude of the vertical meandering of the wake-
center is less pronounced and was observed to be between
~0.05D - 0.12D about the hub height for locations x/D > 3. For the
yawed cases at x/D� 2.5, vertical meandering for both the cases are
negligible. Vertical meandering for the yawed cases is observed
beyond x/D � 3. The direction of vertical meandering is dependent
¼ 1, and (c) x/D ¼ 2 at hub height (y ¼ 0) from experimental data at B ¼ 16.5%.



Fig. 10. Wake deflection trajectory using the two-dimensional technique at different downstream locations shown in (a) 3D plane and (b) Polar plane with the numbers repre-
senting non-dimensional downstream (x/D) locations. Plots based on CFD data at B ¼ 4%.
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on the direction of yaw, with the wake moving towards the free
surface for þ15� yaw case and away from it for �15� yaw. The au-
thors attribute this to be an artifact of wake rotation and deflection
where the influx of cross-stream momentum into the deflected
wake causes the wake deficit to accumulate in the lower half-plane
(i.e., below hub-height of the rotor) for �15� yaw case or in the
upper half-plane for theþ15� yaw case. Consequently, the mean
kinetic energy in the flow around the center of the wake takes the
longest to recover. Thereby, in addition to wake-steering, esti-
mating the wake center is also useful in determining downstream
locations that should be avoided for placement considerations in an
array [55,56]. The periodicity of the rotor wake and its interaction
with the downstream turbine in an array determines optimum
turbine array placement, and those aspects are discussed next.
3.4. Wake periodicities and their propagation

An array layout must be designed such that the downstream
turbine(s) avoid direct interaction with periodic flow structures
(like tip vortices) shed from upstream turbines in the array. The
interaction of turbine components (especially turbine blades) with
coherent structures causes higher load fluctuations on turbine
blades leading to blade fatigue and a reduction in operational life,
leading to operation and maintenance costs. The presence of such
periodic structures can be discerned by performing a frequency
analysis of the flow in the turbine wake [16]. Based on our mea-
surements of Ti profiles across the wake (see Fig. 9), such discern-
ible wake structures were observed at locations corresponding to
peak Ti for both yaw and no-yaw experiments where tip vortices
are present. Frequency spectra comparison at the location of
maximum Ti (which occurs at wake edge) for the yaw and no-yaw
cases at downstream locations of x/D ¼ 0.5 and 2 are presented in
Fig. 11. As seen in Fig. 11a, in the no-yaw case, spectral peaks can be
identified at the rotational frequency of the rotor, FR (4.1667 Hz),
and its harmonics. At the closer downstream location of x/D ¼ 0.5,
the blade passing frequency FB (¼ 3FR) is clearly the most dominant
frequency component, suggesting the strong presence of blade tip
vortices. As the wake propagates downstream, the spectral energy
in the wake is observed to be redistributed, with FR having the
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highest spectral energy and no identifiable harmonics beyond 2FR.
This further suggests the presence of a coherently rotating wake
with weaker/no tip vortices by x/D ¼ 2. In the yawed wake, the
spectral peaks observed at FR and its harmonics were significantly
weaker than in the no-yaw case. At x/D ¼ 0.5, FB was observed to
have only ~40% of the amplitude (spectral energy) compared to the
no-yaw case. At x/D ¼ 2, 2FR was the most dominant frequency
component (againwith considerably lesser energy), and a peak was
identifiable even at 5FR. This observation further emphasizes the
impact of increased interaction of the wake with the surrounding
flow. The momentum flux into the wake resulting from yaw
misalignment is seen to be capable of swiftly perturbing coherent
flow structures in the wake that are more likely to dissipate away
quicker with downstream evolution of the wake, further mini-
mizing the risk of impingement on downstream turbine units.
3.5. Energy recovery due to turbine yaw

It is a common practice to utilize wake velocity profiles down-
stream of the turbine to estimate energy available/recovery in the
wake [57]. In the current study, the energy available, E, at a
particular downstream location of the turbine is estimated as [16]:

E¼1
2
r
XN

i¼1
AiV

3
i (13)

where N is the number of area elements in the wake, Ai is the area,
and Vi is the mean velocity in the element i. The total area
considered at a given downstream plane is equivalent to the tur-
bine rotor area; thus, this method ignores any wake expansion ef-
fects. Time-averaged velocity along the plane is extracted from the
CFD simulations as a point cloud with a spacing of 0.0275D be-
tween the center of each element in both horizontal and vertical
directions. Energy recovery at downstream locations was estimated
as a fraction of the energy available in the free stream over an area

equivalent to the turbine rotor (12 rAU∞
3). The energy available to a

turbine at a particular downstream location is also strongly
dependent on its cross-stream position for the upstream turbine. A
study by Draper et al. [58] compared staggered and inline layout for



Fig. 11. Frequency spectrum of the streamwise velocity component at x/D ¼ 0.5 and x/D ¼ 2 for (a) g ¼ 0� and (b) g ¼ þ15� at cross-stream location of peak TKE. Plots based on
experimental data at B ¼ 16.5%.
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no-yawed turbine array where they observed the cumulative po-
wer output tomaximize in staggered arrangement compared to the
inline layout. They also observed that the spacing between turbine
rows spacing for inline cases needs to be greater than in staggered
cases.

In the current study, two similar approaches to downstream
turbine placement are considered (see Fig. 12a). In the inline
configuration, the downstream turbine is placed along the domain
centerline, while in the staggered configuration, the downstream
turbine is placed along the axis of the upstream turbine. Only an
inline case is presented for the no-yaw configuration where the
downstream turbines are located at the domain centerline, which
coincides with the path of the propagating wake. Fig. 12b plots the
energy recovery estimates for staggered and inline approaches for
the yawed case and inline approach for the no-yaw case within the
range 2 < x/D < 5. Since the recovery values were similar for ±15�

yaw cases, only the þ15� yaw case data is presented. From Fig. 12b,
with the inline approach for downstream turbine placement, no-
yaw case experiences maximized wake interaction resulting in
minimal energy recovery of ~21%e32% as the wake propagates
between 2 < x/D < 5 and wake steering due to the yawed upstream
turbine resulted in an energy recovery between ~24 and 42%. The
staggered approach (shown in Fig. 12a) resulted in significantly
larger energy recovery between 64% and 100% for yawed case, as
the wake was completely steered away from the turbine axis by a
downstream distance of 4D. For the yawed turbine at inline
Fig. 12. (a) Schematic of the two different downstream turbine alignments with respect to
stream turbine alignment cases. Plots based on CFD data at B ¼ 4%.
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placement, the wake partially interacts with the downstream tur-
bine rotor even at x/D ¼ 5, whereas the downstream rotor misses
the wake completely in staggered placement when the upstream
turbine is at yaw. For the yawed case, in addition to wake re-
energization by cross-stream momentum transfer, the deflected
nature of the wake also incites streamwise diffusion of momentum
into the wake resulting in the enhanced rate of recovery. Similar
observations were made in yawed wind turbines by Loland [53]; a
faster wake recovery with an increase in yaw was reported pri-
marily due to the increase inmomentum transfer between the free-
stream and the deflected wake. In addition, a thinning of the wake
around hub height was observed (see Fig. 8). The faster wake re-
covery due to cross-stream momentum transfer under yaw would
allow for closely packed turbines in an array with the downstream
turbine completely avoiding the wake of the yawed upstream tur-
bine. Similar concepts of wake-steering have been demonstrated in
wind arrays [26] and can also be utilized in a tidal array to reduce
operations and maintenance costs, increase the annual energy
production from the array, and a reduction in the Levelized cost of
energy.
4. Conclusions

A synergistic experimental and transient CFD analysis was un-
dertaken for a TST under yawed inflow conditions to analyze per-
formance degradation, wake propagation, and energy recovery up
the upstream turbine; (b) Energy recovery estimate for yaw case for different down-
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to a downstream distance of 5D from the rotor. A thorough un-
derstanding of near wake asymmetry and recovery was valuable in
effectively implementing wake steering strategies to maximize TST
power output in a tidal array. Themain findings can be summarized
as follows:

� In yawed inflows, turbine performance degradation of ~8.7% in
CP and ~9% in CT was observed at TSRz 4.8, corresponding to CP,
max. A cosine fit with the power reduction index of 2.25 was
observed to be the closest fit to relate reduction in power co-
efficient for yawed inflow.

� A yawed turbine wake was found to undergo considerable
deflection away from the turbine axis and have an asymmetric
cross-section due to the generation of a counter-rotating vortex
pair (CVP) within the wake. The deflection also resulted in
increased momentum flux into the wake resulting in quicker
energy recovery.

� The increased momentum flux into the yawed wake was also
found to abet the break-up of coherent flow structures in the
wake, thereby minimizing the risk of impingement on down-
stream turbine units within a tidal array and consequent
reduction in operations and maintenance costs.

� Energy recovery estimated downstream of the yawed rotor was
higher compared to the no-yaw case. From the different turbine
placement configurations explored, it was evident that the
staggered approach that exploited the potential for wake
steering was effective in reducing the required cross-stream and
downstream spacing between turbine units in an array.
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