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Abstract — In tidal s tre ams and rive rs , the flow of wate r can be 

at   yaw   to   the   turbine   rotor   plane   caus ing   pe rformance 

de gradation and a s ke we d downs tre am wake . The curre nt s tudy 

aims to quantify the pe rformance variation and as s ociate d wake 

be havior caus e d by a tidal turbine ope rating in a yawe d inflow 

e nvironme nt. A thre e -dime ns ional computational fluid dynamics 

s tudy was carrie d out us ing multiple re fe re nce frame approach 

us ing κ-ω SST turbule nce mode l with curvature corre ction. The 

computations  we re  validate d by comparis on with e xpe rime ntal 

re s ults on a 1:20 s cale prototype for a 0° yaw cas e pe rforme d in a 

laboratory flume . The s imulations we re pe rforme d us ing a thre e - 

blade d,  cons tant  chord,  untwis te d  tidal  turbine  ope rating  at 

uniform inflow. Yaw e ffe cts  we re  obs e rve d for angle s ranging 

from 5° to  15°. An incre as e  in yaw ove r this  range  caus e d a 

powe r coe fficie nt de ficit of 26% and a thrus t coe fficie nt de ficit of 

about  8%  at  a  tip  s pe e d  ratio  of 5  that  corre s ponds  to  the 

maximum powe r coe fficie nt for the  te s te d turbine . In addition, 

wake  propagation was s tudie d up to a downs tre am dis tance of 

te n rotor radius , and s ke wne s s in the wake , proportional to yaw 

angle was obs e rve d. At highe r yaw angle s , the flow around the 

turbine rotor was found to cus hion the tip vortice s , acce le rating 

the inte raction be twe e n the tip vortice s and the s ke we d wake , 

the re by facilitating  a fas te r wake  re cove ry. The  ce nte r of the 

wake was tracke d us ing a ce nte r of mas s te chnique . The center of 

wake  analys is was us e d to be tte r quantify the de viation of the 

wake  with incre as ing  yaw angle . It was obs e rve d that with an 

incre as e in yaw angle , the re cove ry dis tance move d clos e r to the 

rotor  plane .  The  wake  was  notice d  to  me ande r around  the 

turbine   ce nte rline   with  incre as ing  downs tre am  dis tance  and 

s lightly  de viate  towards  the  fre e  s urface  above  the  turbine 

ce nte rline , magnitude of which varie d de pe nding on yaw. 
 

Ke ywords —tidal turbine , yaw, wake propagation, wake analys is 
 

I.  INTRODUCTION 
 

It was estimated that entire tidal energy resource in the 

US have the potential to generate approximately 65.87 GW a 

year, which was roughly 15% of the annual electricity 

generation in the United States (2016)[1]. Historically, the 

European  Union  has  spearheaded  development  and 

deployments of hydrokinetic energy converters, providing for 

50%   of   tidal   energy  and  45%  of   wave   energy   R&D 

investments  [2]. Several device designs  have  been explored 

over the last three decades, and a horizontal axis turbine has 

emerged as one of the popular designs for tidal current 

applications   with   several   leading   developers   using   this 

concept   in  their   device   design.  The  amount  of  energy 

extracted  by  a  horizontal  axis  tidal  turbine  was  directly 

proportional to the area swept by the turbine. From a practical 

and cost-effective point of view, the swept area can be 

maximized by placing multiple turbines in an array 

configuration with optimum diameter rather than single large 

diameter turbine [3], a practice commonly adopted for wind 

farms. In such scenarios, the wake generated by the upstream 

turbines may cause significant disturbance to the downstream 

turbines; a scenario that is enhanced if the incoming flow was 

at an angle (commonly referred to as yaw) to the turbine axis 

due to changes in the direction of tides (ebb and flow tides) or 

wave-current interaction [4] that occur at the mouths of tidal 

estuaries. Gooch et al., [5] using a power law approximation, 

demonstrated that there was 70% more extractable power (in 

the form of density, water velocity) on the upper half of the 

tidal  stream  than  the  lower  half,  making  it  the  optimum 

location for turbine  placement  [6, 7]. A study by European 

Marine Energy Centre’s (EMEC) [8] for a tidal channel of 

total depth of 45m reported that the effect of surface waves 

can be experienced up to a depth of up to 44% from the free- 

surface, whereas the turbulence from bottom boundary layer 

propagates to around 37% from the bottom surface [8, 9], 

exposing the top half of the stream to elevated levels of 

turbulence and yaw/pitch effects. Quantification of turbine 

performance and downstream wake on the variation of yaw 

angle was thus essential for design layout of a tidal farm for 

maximizing its power output. 

Krogstad  and  Adaramola  [10],  studied  the  near  wake 

effects and performance  change  in the wind turbine  due to 

yaw. They observed a gradual deviation in the wake with an 

increasing non-uniformity as the yaw angle increases. 

Adaramola and Krogstad [11] observed that the cumulative 

power  output  from  a  wind  farm  could  be  increased  by 

adjusting the tip speed ratio [henceforth referred to as TSR] for 

a yawed upstream turbine, to increase the power output of the 

downstream turbine placed at an optimum distance. It was 

observed that when the upstream turbine was operated at 

appropriate yaw and the downstream turbine was placed at a 

small distance; the overall efficiency was better when 

compared to having a larger distance between turbines and 

upstream turbine operating at zero yaw angles [11]. This was 

attributed to the increase in the power output of a downstream 

turbine due to the increased thrust experienced by it due to t he 

yawed operating condition of the upstream turbine [11, 12]. 

The power in the downstream turbines was noticed to increase 

by 29% for yaw of 40° to the upstream turbine, relative to 4% 

increase in the power for upstream turbine yaw of 10°. Loland 
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[13]  studied   wake   propagation   of   wind  turbines   under 

different   yaw  conditions.   The   wake   recovery  time  was 

reported to be inversely proportional to yaw angle and was 

attributed to the increased momentum interaction between the 

free- stream flow and the wake flow. Cleijne [14] measured the 

wake turbulence characteristics in the Sexbierum wind farm 

(in the Netherlands) and noticed the shear stress behavior to 

be similar to velocity shear. The turbulence  in the core of 

wake was noticed to be more isotropic than the free-stream, 

although, some local peaks in turbulence intensity in the 

direction of the wind was observed, similar to results reported 

by Smith [15]. Medici [16] studied the wake propagation and 

vortex shedding for wind turbines at yaw and observed that 

recovery  of  velocity  deficit  was  faster  for  increasing yaw 

angle  due  to  high-energy  mixing  and  shorter  life  of  tip 

vortices. Howland et al.[17] conducted an experimental study 

on a non-rotating wind turbine in yaw to study realistic wake 

deflection. The center of the wake was calculated by Trujillo 

et al. [18] as the center of mass of velocity deficit at locations 

downstream from the turbine. Howland’s study observed the 

formation  of  a  skewed  wake,  which  was  consistent  as  it 

traveled downstream. A velocity deficit shift in the wake was 

noticed, predominantly near the wake center compared to top 

and bottom, which experience the shift in opposite direction. 

This was attributed to a set of counter-rotating vortices created 

due to the yaw of the turbine which deformed the wake. This 

turning around results in the wake to miss the downstream 

turbine completely as it wraps around the downstream rotor 

[17].  In  summary,  these   studies   have   helped  to  better 

understand the cumulative performance of wind turbines and 

the evolution of the downstream wake due to varied inflow 

conditions. 

Very few studies have been reported to understand the 

effect of yaw on the performance  and wake generated by a 

tidal turbine. Earlier experimental studies focused on using a 

scaled commercial turbine in yawed flows to study turbine 

performance [19, 20]. Galloway [6, 7] used a combination of 

Blade Element Momentum (BEM) theory and laboratory 

experiments to study the effects of inflow misalignment a 3- 

bladed horizontal axis tidal stream turbine. Yaw Angles of 0°, 

7.5°, 15° and 22.5° in inflow due to wave -current interaction 

was  investigated.  It  was  observed  that  the  turbine  rotor 

captures less power and rotor thrust [21], resulting in reduced 

performance as the yaw angle increased. Galloway also 

observed that the wake skew angle generated was always 

slightly greater than the yaw angle of the upstream flo w due to 

flow acceleration around the turbine [9]. Galloway’s study 

primarily focused on cyclic loading and accelerated fatigue 

effects on rotor due to wave and misaligned flows on tidal 

stream turbine. The focus of the study was on dynamic loads 

experienced by a turbine due to yawed inflow and the authors 

stopped short of discussing the meandering of the downstream 

wake; a phenomenon of critical importance when designing 

farm layouts as reported in wind turbine literature. Tian et 

al.[22, 23] performed three-dimensional transient CFD 

calculations to study the effect of yaw angle and turbulence 

intensity on the performance of an in-stream 20KW 

hydrokinetic turbine. They report a drop in power and thrust 

coefficients  as  the  yaw angle  increased.  Two -dimensional 

velocity contours of the downstream wake structure were 

presented, and it was concluded that the wake expansion rate 

was similar for all yaw cases. Park et al. [24] performed a 

fluid-structure interaction analysis to study the influence of 

yaw on performance and blade deformation. Frost et al. [25] 

conducted  a  CFD  study  to  understand  the  performance 

variation due to a support structure upstream or downstream 

of the turbine; the proximity between the support stanchion 

and the  rotor  was  varied.  A reduction in performance  was 

noted when the turbine was placed in the shadow region of its 

support stanchion. The authors opined that a yaw mechanism 

would be superior from a performance perspective in 

comparison to a bi-directional system; similar observations 

were  made  by  Adaramola  and  Krogstad  [11]  for  a  wind 

turbine.   We present a three-dimensional steady-state CFD 

study  to  characterize   wake  propagation  and  recovery  at 

different downstream locations from the rotor plane that was 

subjected to a yawed inflow. Wake meandering was 

characterized based on tracking the angle of skew of wake 

centerline about the principal direction of flow. 

 
II.  NUMERICAL METHODOLOGY 

 
A.   Domain and Turbine Model Description 
 

The model consists of a three-bladed horizontal axis 

turbine, with a radius (R) of 0.1397m that used an SG-6043 

hydrofoil. The dimensions were chosen to mimic a 1:20 scale 

model turbine that we have used in previous studies[26]. The 

schematic of the domain used for the computational study can 

be seen in Figure 1. We denote the yaw angle as γ and the 

skew angle for the wake centerline as α. The cross-sectional 

area of the computational domain was 1.2192m × 1.2192m 

and was based on an independent study conducted by the 

authors to eliminate any blockage effects; thereby avoiding 

using  any  blockage  correction  methods.  Domain  sizes  of 

0.6096m × 0.6096m (that mimics the size of our water tunnel 

test section), 1.2192m × 1.2192m and 2.4384m × 2.4384m 

with the corresponding area based blockage ratios of 16.5%, 

4.125%, and 1% respectively for our model turbine were 

simulated. The chosen domain size was selected to keep the 

blockage  ratio  below  5%.  The  domain  consists  of  inner 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Flow schematic around tidal turbine 
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Hydrofoil Profile SG – 6043 

Density (ρ) 998.2 kg/m3
 

Pressure (p) 101.3 kPa 

Rotor radius (R) 0.1397 m 

Chord length (c) 0.0165 m 

Number of Blades 3 

Rotor Speed (rpm) 50 - 350 

Freestream Velocity (U∞) 0.73 m/s 

CFD Convergence 
criteria 

–5 
1×10 

Reynolds Number 

(Diameter based) 
5 

2.04×10 

 





Ur 



x x 

ij   



* 

 
 

Non-dimensional parameters that govern the performance 

of the turbine were TSR (λ), the power coefficient (Cp), and 

coefficient of thrust (CT) which were defined as: 
 

  R U


(1) 
 

C 
p 


P
out 

0.5 AU 3 

(2) 

 
Figure 2: (a) Mesh used for CFD (19 million  elements) (b) Inner 
fluid domain (1 million  elements) 

 

C
T 
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T 

0.5 AU 
2
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rotating sub-domain in which turbine was located and a 
stationary outer sub-domain. The size of the internal sub- 
domain was 2.07R × 0.55R. The turbine was located at a 
distance of 6.5R from the inlet, 10R from the outlet and 4R 

from the free surface. The mesh was optimized based on y
+ 

values   (y
+
<10   was   acceptable   for  proper  prediction  of 

boundary layer separation [26-28]) on the turbine. A Reynolds 

averaged Navier-Stokes (RANS) equations using the κ-ω SST 

(shear stress transport) turbulence model with curvature 

correction (CC) was solved. Torque based grid convergence 

study was performed by varying mesh size from 11 million to 

26 million elements; an optimum size of 19 million elements 

was   chosen  to   reduce  computational  costs.  The  torque 

obtained for 19 million elements had less than 3% variation 

when compared to the finest mesh size of 26 million elements. 

The mesh used for our current study is shown in Figure 2. Our 

where R was the radius, Ω rotor rotational speed of the turbine 
in radians/second, U∞ was the freestream velocity, Pout was 

power output of the turbine;  was the density of the fluid, A 
was the swept area of the turbine blades, and T was the thrust 

force on the rotor plane. 

For   the    present   case,   three-dimensional   unsteady 

Reynolds-averaged Navier-stokes equations with κ-ω SST 

turbulence model with curvature correction (CC) was solved 

[30, 31]. A multiple reference frame technique is adopted 

similar to our previous studies [26, 29]; a rotation frame (in 

our case, the inner fluid domain) takes into account the effect 

of  turbine  rotation  by  transforming  an  unste ady  flow  in 

inertial  frame  (stationary)  to  a steady  flow in non-inertial 

frame (rotating). The mass and momentum conservation 

equations can be written as 

  
r  
 0  (4) 

  r r   r
 ur     r

 ur    ur    r  


(5)
 

previous CFD simulations [26, 29] on the same model turbine 
demonstrated Reynolds number (based on turbine diameter) 

 


 t 

 U      U rU     U r       r   p    f 

converges 2.04×10
5
; a uniform inlet flow speed of 0.73 m/s 

was thus chosen for analysis and cross-comparison with 

previous work [26].  The channel outlet was specified as an 

outlet boundary condition with the average relative pressure of 

zero. The turbine and side-walls of the channel were modeled 

as no-slip walls, and the channel top was modeled as zero 

relative opening pressure. Multiple reference frame approach 

was used for steady-state simulations. The simulation was set 

to converge after the scaled root mean square residuals of 

continuity, momentum and turbulence quantities falls below 

where  𝑈⃗ 
𝑟 = (= 𝑈⃗⃗ − 𝛺⃗  × ��)  is  the  relative  velocity viewed 

from a rotating reference frame, ��(𝛺⃗  × 𝑈⃗ 
��) is Coriolis force, 

��(𝛺⃗  × 𝛺⃗  × ��)  is  the  centrifugal  force,  ∇𝑝  is  the  

pressure
 

gradient across the turbine and ��𝑓 is viscous stress 

tensor.
 

The  two  equation  κ-ω  SST eddy viscosity  model  has 
been used for its efficiency to predict complex fluid flows 
under a broad range of adverse pressure gradient flow 

conditions[31, 32]. The production term in both the k and 
equations was scaled with a curvature correction term fr1 as: 

1×10
–5

.  Details of simulation variables  are listed below in
 (k ) (u 

j 
k )      k  (6) 
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Table 1.
 

t x
 k    r1 

x 
eff   
x

 
j j   j 

 

Table 1. Parameters for CFD Analysis
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Figure 3: Comparison of (a) power coefficient (Cp), and, (b) thrust 

coefficient (CT) obtained from CFD simulations with κ-ω SST 

turbulence   model   with   curvature   correction  (CC)   with 
experimental data 

 
where Sij was the strain rate tensor,  ij was the rotation tensor, 

ro t was  the  rate  of  rotation  of  the  system,  w  was  the 
m 

turbulent eddy frequency, and variable D was defined as: 

Figure 4: Comparison of wake deficit behind a turbine with 15º yaw 

for  TSR  values  of  3  and  7.  Simulations  performed  with the κ-ω 

SST-CC  model  and a Reynolds  Stress  Model  available  in 
CFX. . 

results obtained through computational methods were within 

the error factor of the experimental results o btained except 

between TSR of 2.5 to 4. Figure 3b shows the coefficient of 

thrust  (CT )  curve  of  the  turbine  with  a free  stream  inlet 

D2   max S 2 , 0.092 ; S 2   2 S S   and 2   2   (12) velocity of 0.73 m/s over a range of TSR values. From the 
 
 

C.   Verification and Validation 

ij   ij ij     ij 

plot, it can be observed that the computational model follows 

the same pattern as the experimental results with the error 

between them comparatively increasing from the TSR of max 

The κ-ω SST turbulence model with curvature correction 

(CC) model was validated for its ability to predict the 

performance of the turbine by comparing it with existing 

experimental data for 0° yaw based on turbine performance 

calculation with the experimental data available in our 

laboratory [26]. Figure 3.a shows the performance curve of 

the turbine with freestream inlet velocity of 0.73 m/s over a 

range of TSR values. From Figure 3.a it can be observed that 

the κ-ω SST-CC model was more accurate in predicting the 

performance at higher TSR values. At the peak where the 

maximum value of Cp  was observed, both computational and 

experimental values were comparable. After reaching the peak 

performance at TSR = 5, the turbulence model predicts power 

coefficient values similar to experimental results, making it 

suitable  for  performance  predictions  at  higher  TSR.  The 

CP  towards lower and higher TSRs. This variation in 

experimental and computational observations can be due to 
the  presence   of  the  enclosure  and  nacelle  which  cause 
variation  in  the  drag  force  experienced.  The  difference 

between experimental and computational (CFD) results was 

lowest between TSR of 4 – 5 but increases as the rotational 

speed moves away for this TSR since it was close to design 

TSR  of  the  blade.  The  increase  in thrust  coefficient  with 

increasing TSR was due to the higher drag force experience by 

the turbine with increasing rotational speed. 

One  deficiency  of  eddy  viscosity formulations  is  the 
overly  rapid  vortex  decay  which  leads   to  the  incorrect 

prediction of  the  recovery rate of the wake  [31]. The κ-ω 
SST-CC model was thus benchmarked with a Reynolds Stress 

Model   developed  by  Speziale-Sarkar-Gatski   (RSM–SSG) 
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[34]. The RSM-SSG model was developed for aeronautical 

problems  and directly solves for Reynolds Stresses without 

the eddy viscosity assumptions. Profiles of velocity deficit in 

the turbine wake for TSR values of 3 and 7 and are compared 

in Figure 4. It was observed that the wake velocity deficit 

[defined as U*= (U∞-u)/U∞] profile is almost identical to 

TSR=3 case (see Fig.4, TSR=3 case). However, as the TSR 

increased to 7, the deviation between the predictions from the 

two models increased with the κ-ω SST-CC model showing a 

faster wake recovery when compared to the RSM-SSG case 

(see Fig. 4, TSR=7 case). The computational domain was thus 

chosen such that the wake of the yawed turbine was simulated 

up to a downstream location of x = 10R. 

 
III.  RESULTS 

 
A.   Turbine Performance under Yaw 

 
The operation of a tidal turbine under yaw was quantified 

by studying variations in its performance by taking the zero– 

degree yaw case as a benchmark. Coefficients of power and 

thrust were studied to account for the power reduction caused 

due  to  the  angular  inflow of  water.  The skew in the wake 

maximum Cp) and 350 rpm up to a downstream distance of 
10R. Figure 5a represents the performance curve of the turbine 
at  different  yaw angles. For each yaw angle, the rotational 

speed of the turbine was varied between, 50 to 350 rpm ( TSR 

1–7).  As  reported  by previous  studies  [9, 22], significant 

power  reduction was  observed as  the  yaw angle  increased 
from 0° to 15°.  However, peak performance was observed at 
a TSR equal to 5 for all yaw angles. For the 5° yaw case, there 
was no significant change observed in the turbine performance 
at lower values of TSR (<4). However, the maximum output 

power was reduced by 4%, and the turbine experiences small 
power reduction for higher TSR (≥5) when compared to 0° 
yaw case. It was also observed that the effect of yaw angle on 
performance was not significant at lower values of TSR (<3); 

the change in performance (CP ) for increasing yaw angle can 

be noticed to be less than 5% at all yaw angles. However, 
beyond a TSR value of 3, a significant change can be noticed. 

A maximum power reduction close to 26% at peak output 
(TSR=5) was observed at 15° yaw. Observed power reductions 
varied from 16.5% at TSR of 3 to about 75% for a TSR of 7 for 
the 15º yaw case.  A quadratic function was fitted to the peak 

Cp,max  data (TSR=5) and the turbine performance was related 

to the yaw angle () as: 

propagation  and  recovery  was  understood  by studying the C
p,max   

 0.3547  0.0002  0.0004 (13) 

velocity profiles and center of wake for yaw angles of 5°, 10° 

and 15° at a rotational speed of 150 rpm, 250 rpm (TSR = 5→ 
Figure  5b presents  a comparison  of  thrust  coefficient  for 

 
 

(a) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Effect of yaw angle on: (a) power coefficient (Cp), and, 

(b) thrust coefficient (CT) of a horizontal axis tidal turbine. All 

simulations  were run at uniform inlet velocity U∞ = 0.73 m/s. 

Figure 6: Percentage drop in (a) power coefficient (Cp), and, (b) 
thrust  coefficient  (CT)  of a horizontal axis tidal turbine due to 
yaw. 
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different yaw angles when plotted against varying TSR. It was 

observed that at lower TSR (<4), the thrust experienced by the 

turbine was not affected by the yaw angle. However, with an 

increase  in turbine  rpm,  i.e., beyond TSR values of 4, the 

thrust force experienced by the turbine decreases with an 

increase in yaw angle, with a maximum reduction of 8% at 

TSR of 7 for 15° yaw.  Figure 6 a-b plots the power deficit and 

reduction in thrust experienced by the turbine with an increase 

in yaw angle. The deficit was evaluated with respect to the 

case of 0º yaw. From the power deficit graph (fig.6a), it was 

observed that the rate of power reduction was strongly related 

to  the  yaw angle  at high values of TSR (=7). At high TSR 

values, the blockage offered to the flow by the turbine can be 

felt upstream leading to larger deficits in the wake region and 

a corresponding reduction in power.   The drop in the thrust 

coefficient is however much less with an increase of yaw 

(maximum difference of 6-8%) and is not a string function of 

the blade TSR. The reduction in power and/or thrust is much 

higher than what would be expected if yaw angle effects were 

only assumed to be a function of the decrease of the projected 

swept  area  of  the  turbine  rotor  (cos(15º)  =  0.965  which 

implies a 3.5% reduction in power). 
 

B.   Wake Propagation 

 
1.      Stream-wise velocity profiles 

 
Figure 7 show contours of normalized stream-wise 

velocity (U/U∞)  plotted on horizontal  (X-Z) plane at Y= 0 

(hub height) for different  yaw angles (0°, 5°, 10° and 15°) 

with a uniform inlet flow of U∞=0.73 m/s and varying 

rotational speeds (TSR = 3, 5, 7 respectively). X and Z axes 

were normalized with the turbine radius (R). The increase in 
yaw angle resulted in an increase in skewness in the wake and 
a decrease in the wake recovery distance. Wake in the case of 
a  horizontal  axis  turbine  is divided into two regions; near 
wake (slow moving fluid region close to the rot or) and far 

wake (the region beyond the near wake). The region where 
large swirling eddies that were generated due to turbine rotor 
dissipates is called near wake region and is usually within 8- 

10R downstream of the rotor [35]. The computational domain 

extends up to 10R downstream from the turbine to allow 

characterization   of   the   entire   near-wake   region.  It  was 

observed that as the wake propagates downstream, it deviates 

from the direction of yaw and this angle of deviation increases 

with an increase in the yaw angle. Upstream of the turbine (- 

1≤ x/R ≤ 0), the incoming flow is influenced by the rotor 

plane, and the level of interaction is dependent on the yaw 

angle and TSR.  It is also observed that the width of the wake 

reduces as the wake propagates downstream; the width of the 

wake region decreases with an increase of the yaw angle. At 

the higher yaw angles, the increased wake deflection is likely 

to cause a more intense interaction between the freestream and 

the wake, accelerating the rate of momentum diffusion and 

quickening wake recovery. Similar observations were reported 

for a wind turbine by Lolland [13], in his study based on wind 

turbines  under yaw where the wake was noticed to meander 

around the center line and deviate away from the ground as it 

travels downstream. Maximum wake recovery was noticed for 

15° yaw angle of the turbine at 9 ≤ x/R ≤ 10. Notably, due to 
 

0°  
TSR =3  TSR = 5  TSR = 7 

 
 
 
 
 
 

5° 

 
 
 
 
 

10° 

 
 
 
 
 

15° 

 
 
 
 
 
 
 
 

Figure 7: Stream-wise (horizontal)  Velocity contours (Top View) – for various yaw angles at uniform inlet flow of U∞=0.73 m/s 
and TSR = 3, 5, 7 respectively. 
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stream-tube expansion effects, the wake initially deviates in a 

direction opposite to turbine yaw (i.e., positive side of Z axis); 

the  momentum  difference  between the  wake and the free - 

stream (in the upper bypass region) causes a shift of the wake 

towards the direction of yaw. This shift is more gradual as the 

yaw angle increases with an observed reduction of wake width 

closer to this shift. 

In addition, the extent of upstream influence  increases 

with  TSR  and,  is  likely to  be  correlated to  the  increased 

blockage associated with TSR.  At the higher TSRs analyzed 

(5 and 7), the region of upstream influence was observed to 

increases with yaw. Such a trend, however, was not noticeable 

at TSR of 3. Flow around the turbine can be observed to 

accelerate due to the blockage effects in the domain. One can 

also observe that the amount of deflection in the wake for a 

given yaw angle is largest at the maximum Cp point (TSR=5); 

however, the wake recovery was observed to be faster up to 

TSR=7. In addition, a delay is observed before the wake turns 

towards the direction of yaw from the direction of flow; this 

distance  is  ~ 2R and is independent of the yaw angle. The 

delay may be attributed to the resistance offered by a faster 

moving bypass region to the deflected wake as it tries to 

penetrate it. The velocity deficit created in the wake at a 

downstream location was observed to increase in magnitude 

with increasing yaw and TSR between 0 ≤ x/R ≤ 6. With 

increasing TSR, the velocity deficit can be observed to extend 

to larger downstream distances in the wake; however, as the 

flow propagates downstream, the flow velocity was recovered 

faster for the higher yaw angles. For the zero yaw case, the 

velocity recovery over 1≤ x/R ≤ 10, was about 10% recovery 

of the free-stream velocity. However, for yaw angle of 15°, 

the   velocity   recovered   was   42%  more   recovery  when 

compared to the zero-yaw case. 

 
2.    Wake Analysis 

 
Investigating  the  change  in the  flow patterns  of  water 

after encountering the turbine rotor provides an advantage to 

decide the optimum location of turbines in a tidal farm. 

Propagation of wake was governed by the (yaw) angle of the 

turbine rotor to the flow, rotational speed and flow velocity of 

water.  This  study  was  conducted  to  understand  how  the 

varying yaw angle and rotational speed would affect the wake 

generated at a uniform velocity of water inflow. Center of the 

wake  was  tracked  to  understand the deflection of the near 

wake downstream of the turbine. 

Wake   propagation   was   initially   studied   by  plotting 

velocity contours at different downstream locations for the 

rotational speed of 250 rpm (TSR = 5). Figure 8 presents the 

contour plots of wake development at different downstream 

locations (x/R = 1, 5, and 10) at yaw angles of 0°, 5°, 10° and 

15. The location of the turbine was considered as a reference 

point (0, 0, 0) and all other downstream locations are defined 

based on this reference point. It was observed that as the yaw 

angle increases, the velocity deficit behind turbine rotor is 

higher at the downstream locations closer to the turbine ( x/R < 

5); the (wake) deficit recovery increases as the yaw angle 

increases. The increase in velocity caused by the tip vortices 

was directly proportional to the yaw angle at downstream 

locations in close proximity to the turbine.   At downstream 

locations closer to the turbine rotor, the tip vortex can be 

clearly seen to interact with the surrounding flow, and the rise 

in velocity due to unsteady tip vortices increases with 

increasing yaw angle.   The velocity deficit inside the wake 

(blue region in color map) was higher at higher yaw angles at 

locations  closer to the rotor plane ( x/R=1). The interaction 

between the upper bypass region (region sandwiched between 

the wake and the free surface) and the wake increased with an 

increase in yaw angle leading to faster wake recovery. A close 

look at fig. 8 indicates traces of meandering as the wake 

propagates  downstream.  It is better  reflected by the 

distribution of mean velocity in the wake, shifting the velocity 

deficit center sideways (between the side walls) more strongly 

than the top and bottom. While meandering, the wake was 

observed  to  shift  upward  (towards  the  free  surface)  and 

towards the left-wall as it moves downstream from the turbine 

rotor. Similar to the observations are reported by Trujillo et al. 

[18] for a wind turbine wake. From the normalized velocity 

contours at different downstream locations, the wake was 

observed to meander towards the angle of yaw as the wake 

propagates downstream. The meandering was in tune with the 

distribution of mean velocity in the wake, shifting the velocity 

deficit in the wake at the center sideways more strongly than 

the top and bottom. This meandering experienced by the wake 

increases with increase in yaw angle and can be attributed to 

set of counter-rotating vortices formed by yaw of turbine 

deforming the wake. Furthermore, a deviation of the wake 

towards the free surface was also observed with a maximum 
 

 
 

Figure  8:  Normalized  velocity  contours  showing  wake 
deformation profiles at different downstream locations at TSR = 5 
(250 rpm) at different yaw angles. 
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deviation of about 5° for the case of 15º yaw. These results 

were consistent with the results obtained for wind turbine 

experimentation conducted by Howland et al. [17] using an 

actuator disk model. 

 
3.    Deflection of Center of Wake 

 
As stated earlier, with the yawed condition, the wake 

becomes   asymmetric   in  span  wise  direction,  making  it 

difficult to characterize its deviation from the baseline case 

(0°   yaw)   just   based  on  its  velocity  profile.  To  better 

understand  the  deflection of the wake, it was necessary to 

track the center of the wake and compare it for various yaw 

angle cases. Several techniques are used to calculate the center 

of the wake, the more prominent methods include using a 

Gaussian fitting to the velocity deficit profile [36], velocity 

tracking [37], or estimating the center of mass of the velocity 

deficit (wake) region. According to Gaussian fitting, the 

velocity profile of the sections where the center was to be 

calculated was extracted, and the Gaussian center for it was 

regarded  as  the  center  of  wake.  In  the  velocity  tracking 

method, the center of wake at a given cross-section was 

calculated as the mid-point between two locations with the 

local fluid velocity equal to 95% of free-stream velocity [37]. 

We choose a center of mass approach suggested by Howland 

et al. [17]. In this method, the coordinates of the center of 

wake were calculated at different downstream locations as: 
 

y
c 
( x) 

yU ( x, y, z)dydz 

 U ( x, y, z)dydz 

 
&   z

c 
( x) 

zU ( x, y, z)dydz (14) 

 U ( x, y, z)dydz 

where U (x, y, z)  U    u (x, y, z) ;      u is     the     time- 

averaged velocity, and, U∞ was the free stream velocity. 

Integration was performed over the wake region by assuming 
the wake width to be within 99% of the free -stream velocity. 
To obtain the wake center at different downstream locations 
(along the x axis), we neglect y dependency and use one- 

dimensional integration in z axis using, 

 
 

z ' ( x) 
zU ( x, y  0, z)dz 

 U ( x, y  0, z)dz 

 

(15) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Comparison of wake deflection (zc’) for  = 5º, 10º and 
15º tracked in XZ plane at hub height (y/D = 0) for (a) TSR=3, 
(b) TSR=5, and (c) TSR=7. 

Figure 9a-c shows the wake deflection coordinates (zc’) at 

various downstream locations for different yaw angles at TSR 
values   3,  5,  7  respectively.  It  was  observed  that  wake 
deflection increases with increasing yaw angle. Initially (x ≤ 

2R), the center of wake experiences a steeper deviation in a 

direction opposite to the yaw, this is confirmed through by 

cross verifying the wake center co-ordinates with the stream- 

wise velocity contours of fig.7. Upon comparison, it was 

observed that initially, up to x = 2R, the center of wake 

experiences large variations. However, beyond x > 2R, the 

wake-center tends to meander slightly with a reduction in 

velocity deficit. The initial randomness is observed for all yaw 

angles with the deviations highest for TSR = 5. As the wake 

travels downstream, the center of the wake stabilizes faster for 

larger values of yaw, suggesting that the velocity deficit 

recovery was more as discussed earlier in the previous section 

[13]. As the wake travels downstream (beyond x/R = 6), the 

wake-deflection co-ordinates stabilize as the deficit in velocity 

is reduced, as can be observed for the 15° yaw case at TSR =3. 

Wake deflection stabilization occurs due to the cushioning 

effect due to the tip vortices in the wake. As the turbine TSR is 

varied, it was observed that the yaw recovery of wake occurs 

at a faster rate as it travels downstream due to increased 

diffusion of freestream momentum into the wake . From the 

plots in fig 9, it can also be observed that, with increasing 

TSR, the influence of yaw decreases as the distance traveled 

by wake increases with the flow almost parallel to the free - 
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stream at x ~10R. However, based on the combination of TSR 
and  yaw  angle,  a  maximum  offset  of  zc’  up  to  1.5R  is 

observed. This information is useful for designing turbine 
layouts in a tidal farm. 

 
IV.  CONCLUSIONS 

 
The objective of the current study was to understand the 

performance variation and characterize the wake generated by 

a tidal  turbine  under  yawed  inflow conditions.  A κ-ω SST 

turbulence model with curvature correction was used. The 

results were benchmarked with experimental data for the case 

of a yaw angle of 0°. A rotating reference frame methodology 

was implemented to transform unsteady flow in the stationary 

frame to a steady flow in the rotating frame. A performance 

study was conducted by comparing the values of power 

coefficient  (CP )  and thrust  coefficient  (CT )  under  varying 

effects of TSR and the yaw angle of the turbine. They were 

compared with experimental data [26] for zero degrees yaw 

turbine. Furthermore, wake propagation was studied with the 

help of normalized velocity, and velocity deficit contours and 

by tracking the center of the wake. The significant findings 

from this study can be summarized as follows: 

 
a.    Turbine performance was observed to decrease with 

increase  in yaw angle. For individual yaw angle, the 

dependency of CP  and CT  on TSR remains the same, but when 

individual performance curve of different yaw angles was 
compared with each other, a power deficit was observed. A 
maximum deficit of close to 26% was found at TSR value of 5 

(that corresponds to the maximum CP) between 0° yaw to 15° 

yaw. A maximum reduction of around 8% was experienced in 
thrust coefficient between 0° and 15° yaw angle at TSR values 
of 7. 

 
b.    Wake propagation was studied up to a downstream 

distance  of 10R. From normalized velocity contours, it was 

observed that the wake recovery distance decreases with 

increasing yaw angle. This can prove to be useful in a farm 

setup where the distance between two downstream turbines 

can be reduced by placing a turbine yawed to the flow 

upstream; thereby increasing the farm turbine density which 

may subsequently lead to enhanced cumulative farm power 

output. 

 
c.  By  studying  wake  propagation  at  different 

downstream locations (1<x/R<10), it was concluded that the 

wake meanders as the downstream distance increases, with the 

center moving towards  the direction of yaw. In addition, it 

was observed that the center of wake pitches up towards the 

free surface as it propagates downstream. 

 
d.    A center of wake analysis was used to quantify the 

wake recovery over a range of yaw angles. The results suggest 

that the wake tends to stabilize with increasing downstream 

distance   for  higher  yaw  angles  which  might  be  due  to 

increased interaction of momentum from free stream velocity 

with the wake. 
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