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� Full wake structure of a horizontal axis turbine is experimentally studied.
� With a low TSR, the maximum velocity deficit occurs at the wake core.
� Wake rotation is non-uniform, which impacts on the process of wake mixing.
� Wake turbulence is strong and anisotropic and spreads largely in transverse direction.
� Near-wake is influenced by turbine stanchion, especially along water depth.
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A detailed experimental investigation of the wake propagation behind a horizontal axis turbine with
three blades was conducted in a recirculating water flume. An Acoustic Doppler Velocimeter was
employed to measure the time varying velocities at fifteen depths across the width of the open flume
to obtain the three-dimensional velocity and turbulence fields within the length of 20 Rotor Diameters
downstream. The experimental results indicated that velocity reduction in the wake was caused by both
the kinetic energy extraction and blockage effects of the tidal stream turbine rotor and stanchion. The
maximum velocity deficit occurred at the wake core due to a lower tip speed ratio and blockage of the
hub. The wake strip gradually enlarged with the distance downstream, with less mixing in the transverse
direction. The wake zone shifted towards the water surface in the vertical direction, which mainly
resulted from the merging of two wakes induced by turbine rotor and stanchion. The wake rotation
was also observed, and the maximum circumfluence velocity was approximately 20% of the stream-
wise velocity; thus, it had a significant influence on the process of near wake mixing. Furthermore, the
wake turbulence of the turbine was strong and anisotropic, which would have an impact on the beha-
viour of other turbines located downstream if they were in a turbine array. In addition, the turbine stan-
chion had a visible influence on the wake structure, especially near the wake, which should not be
neglected when studying the wake characteristics.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Marine renewable energy is expected to be increasingly har-
nessed because the ocean covers two thirds of the earth surface
and has abundant energy resources. With the advantage of pre-
dictability, tidal current energy has shown great potential to be
used for generating electricity in coastal waters [1–3]. Various tidal
stream turbines have been designed to convert the kinetic energy
of tidal currents into electrical power [4–6]. However, the power
capacity of a tidal stream turbine is limited by the classic
Lanchester-Betz theory [7]. Multiple tidal turbines should be com-
bined to form an array to maximize the extractable power at a
given site [8–11].

To determine the optimal layout of a turbine array, several
studies have been undertaken to investigate the effects of array
scale [12,13] as well as configuration [14,15] on the power output.
Also, energy extraction by a turbine induces a wake flow, which
may disturb the currents passing through the turbines down-
stream and impact on their performance [16–18]. Thus, it is crucial
to understand the turbine wake evolution process and the interac-
tions between turbine wakes [19,20].
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Computational fluid dynamics (CFD) codes have been widely
employed to investigate the wake structure of tidal current tur-
bines [21,22]. Sun et al. [23] used a CFD code to predict local-
flow changes resulting from the tidal current energy extraction. A
substantial drop in the free surface level was observed in the wake
immediately behind the turbine rotor. Mason-Jones et al. [24]
showed that the presence of a turbine stanchion resulted in an
asymmetric wake downstream, but did not provide much detail
about the wake velocity profiles. Lam and Chen [25], Lam et al.
[26] proposed a recovery equation to determine the minimum
wake velocity along the rotation axis downstream, and predicted
the lateral velocity distribution based on Gaussian probability dis-
tribution. Brutto et al. [27] expressed the radius expansion of a far
wake as a function of the ambient turbulence and thrust coefficient
to simulate the wake evolution of an isolated turbine. Regarding
turbine rotation, Shives and Crawford [28] adapted the actuator
disc-RANS simulation by including the k-x SST turbulence model
to predict the wake turbulence resulting from the breakdown of
trailed vortices from blade tips. Morris et al. [29] showed the swirl
characteristics of a turbine wake and pointed out that the wake
swirl was slightly affected by the blade number of turbine rotor
in the near wake. To reveal the evolution process of turbine wakes,
it is still necessary to validate the wake characteristics predicted by
CFD simulations. However, observations of turbine wakes in natu-
ral waters are not available yet.

Myers and Bahaj [30], Myers and Bahaj [31] used an actuator
disc to analyse the principal parameters that govern the develop-
ment of a wake structure behind a horizontal axis turbine. The
recovery rate of the wake structure was affected by the ambient
flow turbulence. Harrison et al. [32] and Nguyen et al. [33] com-
pared the RANS model results to experimental data measured
behind a disc. It was found that the wake velocity and turbulence
intensity were well simulated in the far wake, while wake turbu-
lence intensity was underestimated in the vicinity of the disc. Bat-
ten et al. [34] also compared the results of numerical model with
experimental data, and similar results were obtained. The wake
rotation behind a turbine rotor cannot be shown by the experi-
ments using an actuator disc.

Further experimental studies were undertaken to investigate
wake propagation using scaled model turbines [35–37]. Stallard
et al. [38] measured flow velocities along axes behind a horizontal
axis turbine rotor, with Tip Speed Ratio (TSR) being about 4.7, to
investigate the wake recovery. The maximum velocity deficit
occurred around the rotation axis, but the high turbulence inten-
sity occurred at blade tips in the near wake. Mycek et al. [39],
Mycek et al. [40] showed the distribution of the velocity deficit
and wake turbulence at a horizontal plane across turbine centre
within 10 RD downstream. It was found that the wake shape and
length were considerably influenced by the ambient turbulence
intensity. Tedds et al. [41] carried out experiments using a model
turbine with TSR being 6.15. The largest velocity deficit occurred
at the blade tips, and the near wake turbulence was strongly aniso-
tropic due to swirl effects. With detailed velocity measurements,
Stallard et al. [42] showed the development characteristics of wake
rotation and vorticity within 2 RD behind the turbine rotor. Atch-
eson et al. [43] conducted towing tests in a lake using a 1:10th
scale horizontal axis turbine and measured the velocities along
the turbine axis within 5 RD downstream. The varying inflow
velocity induced little difference in wake velocity deficit, but it
had a marked influence on the wake turbulence intensity. Indeed,
the characteristics of turbine wake induced by the towing test
were different from that produced by open channel flows. Morandi
et al. [19] measured the flow velocities at 0.125 RD behind a scaled
model turbine to investigate the influence of TSR on the three-
dimensional velocity deficit and wake turbulence immediately
downstream.
It can be seen from the existing studies that the effects of tidal
current energy extraction on wake development have been inves-
tigated using both the CFD models and experiments in open chan-
nel flows. However, the three-dimensional characteristics of the
wake structure still lack a good understanding. The experimental
data measured behind scaled model turbine were largely limited
to the axes of turbine rotors or a few cross-sections in the near
wake, the whole evolution process of the three-dimensional struc-
ture of turbine wake was hardly revealed due to lack of the mea-
sured data. However, the performance of a tidal stream turbine
located in a large array is influenced primarily by wake structure,
especially in the far wake, of the upstream turbine. A good under-
standing of the evolution process of the wake structure is crucial to
optimize the arrangement of tidal turbine array in the next stage.

In the current study, experiments were conducted in an open
flume to further investigate wake structure of a horizontal axis tur-
bine with three blades. The three-dimensional velocities were
measured at sixteen cross-sections from 1 RD upstream to 20 RD
downstream of the turbine to analyse the development of wake
velocity deficit, wake rotation and wake turbulence. The aim of
the study was to enhance our understanding of the whole wake
evolution process and its three-dimensional characteristics. Fur-
thermore, the experimental results could provide measured data
for validating the results from numerical model simulations con-
ducted to investigate the influence of horizontal axis turbines on
the tidal flow and turbulence fields.
2. Experimental set-up

The experiment was conducted in a re-circulating water flume
using a horizontal axis tidal stream turbine with three blades.
The three-dimensional velocities were measured at sixteen cross-
sections to investigate the wake characteristics behind the turbine
in the flume. All of the measurements were obtained based on the
same turbine operating and inflow conditions.
2.1. Flume configuration

Tests were undertaken in a model channel located within a re-
circulating water flume, and the channel bed and walls were made
of perspex panels. The testing section of the rectangular flume was
14.4 m long by 0.8 m wide and 0.8 m deep, and the water depth
was 0.54 m. A 4.0 m long transition section was used to generate
a smooth connection to the test section and to increase the flow
velocity, as well as to steady the flow pattern. As shown in Fig. 1,
a vertical porous plate with rectangular grids was fitted at the
flume inlet to remove large scale eddies from the tank underneath
the flume. This resulted in a spatially, nearly uniform velocity dis-
tribution and anisotropic turbulence at the inlet of the flume. The
form of the transition section in x-y plane along the flow direction
follows a hyperbolic relationship:

y ¼ �0:2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16� 3x0

p
ð1Þ

where x0 in the flow direction is 0m 6 x0 6 4m, with the width
varying from 1.6 m to 0.8 m. Between the testing section and water
outlet, there was another section that was 2 m long by 1.6 m wide.
A similar porous plate was located at the outlet to reduce water
level oscillations downstream.

The flow velocity field employed the right-handed coordinate
system, with the turbine rotor centre as the coordinate origin O
(0, 0, 0), as shown in Fig. 2a. The longitudinal, transverse and ver-
tical axes are denoted as x, y and z, respectively. Correspondingly,
the longitudinal, transverse and vertical velocities are denoted as
u, v and w, respectively.
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Fig. 1. Schematic of the hydraulic re-circulating water flume and the location of the three blades turbine.

(a) Locations of cross-sections where velocity measurement was made, the numbers on both sides of dash lines denote the distance 
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(b) Locations of velocity measurement made at all cross-sections except the blade swept area.

Fig. 2. Velocity measurement locations.
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2.2. Model turbine

A three-bladed turbine rotor was employed to extract kinetic
energy from the flow passing through the rotor swept area. The
rotor diameter was 0.3 m, and the pitch angle was 15�. A descrip-
tion of blade profile is given in Table 1. As seen in Fig. 1, the turbine
rotor was mounted on the centreline of the channel by a stanchion,
and the hub height of the turbine rotor was 0.29 m above the floor.
In the vertical direction, the top of the turbine rotor tip was sub-
merged 0.1 m below the water surface and the bottom of the rotor
tip was 0.14 m above the floor. In the longitudinal direction, the
rotor was located 10.0 m from the flume inlet and 10.4 m from
the flume outlet.

The hydrodynamic performance of the tidal stream turbine is
usually represented by several parameters, including the blockage
ratio, TSR, thrust coefficient and power coefficient.

The blockage ratio a is defined as the ratio of the rotor swept
area At ¼ pR2 to the cross-section area of flow A ¼ LH:

a ¼ At

A
¼ pR2

LH
ð2Þ

where R = 0.15 m is the rotor radius, L = 0.8 m and H = 0.54 m are
the channel width and water depth under the testing condition,
respectively. Thus, the blockage ratio was approximately 16.4% in
this study.

The TSR is defined as the ratio of the rotor tip velocity to the
inflow velocity:

TSR ¼ xR
U0

ð3Þ

where x is the rotor angular velocity, with an averaged value of
132.6 rpm and a mean-square deviation of approximately
1.12 rpm, and U0 � 0:59 m=s is the mean longitudinal velocity of
incoming flow. Therefore, the TSR of this turbine was:

TSR ¼ xR
U0

¼ 132:6� 2p
60

� 0:15
0:59

� 3:53 ð4Þ

The thrust coefficient Ct is obtained from:

Ct ¼ 2F
qAtU

2
0

ð5Þ

where F is the thrust on the turbine rotor.
The power coefficient Cp is defined as the ratio of power P taken

by the tidal steam turbine to the maximum available power P0
from the incoming flow passing through the swept area:

Cp ¼ P
P0

¼ T �x
1
2qAtU

3
0

¼ F � ut

1
2qAtU

3
0

ð6Þ

where T is the torque on the turbine rotor, ut is the mean velocity
passing through the turbine rotor.

2.3. Velocity measurement

An Acoustic Doppler Velocimeter (ADV) was used to measure
the time varying velocities; subsequently, the three-dimensional
mean velocities and turbulent flow fields were obtained. The
ADV was fixed on a platform that freely moved along the cross-
section of the channel. The whole measurement system also
Table 1
Detailed blade profile description.

Location Diameter (m) Chord length (m) Twist (deg)

Widest section 0.130 0.045 30
Blade tip 0.300 0.030 15
moved along the flow direction. The ADV employed in this study
had four 10 MHz receiving elements, one of which was marked
with a red coil to show the direction of velocity component u. In
this study, the velocity range was from 0.0 to 1.0 m/s, with measur-
ing accuracy being within �0:5% of the velocity. At each measure-
ment point, velocity data were recorded for 60 s at a sampling rate
of 200 Hz to ensure the accuracy of the time-averaged velocity and
turbulence statistics. The ADV signal quality, represented by the
signal to noise ratio (SNR) and correlation coefficient (COR), was
tested prior to each set of measurements. The majority of the sam-
ples had SNR > 20 dB and COR > 90%, which indicated that the mea-
surement data were reliable.

Velocity measurements were carried out at sixteen transverse
sections from upstream to downstream of the turbine over the
range x = (�1RD, 20RD), with a longitudinal spacing between sec-
tions increasing downstream (see Fig. 2a). Time varying velocities
at thirteen transverse sections downstream were used to investi-
gate the wake structure and turbulence flow field behind turbine
rotor. In the vertical direction, measurements were collected at fif-
teen heights, with a regular spacing of 0.03 m. The top layer of the
velocity measurements was submerged 0.07 m below the free sur-
face, and the bottom layer was located at 0.05 m above the floor. In
the span-wise direction, velocities were measured across the width
of the channel at a lateral spacing of 0.025 m. The details of the
measurement locations are illustrated in Fig. 2b, where 435 veloc-
ity samples were collected at each cross-section.

2.4. Flow characteristics

Time varying velocity u is recorded to determine the mean flow
velocity and turbulence intensity:

u ¼ �uþ u0 ð7Þ

where �u ¼ 1
N

PN
i¼1ui is the time-averaged velocity, N is the number of

velocity samples for 60 s and u0 represents the fluctuating velocity.
The wake velocity deficit Udef is calculated as:

Udef ¼ 1� utt

�u

� �
� 100% ð8Þ

where utt is the time-averaged velocity at a location with turbine
installation.

The dimensionless Reynolds shear stress Rxy is defined as:

Rxy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðui � �uiÞðv i � v iÞ
�����

�����
vuut

U0
ð9Þ

The dimensionless longitudinal turbulence intensity Ix is defined as:

Ix ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðui � uiÞðui � uiÞ
vuut

U0
� 100% ð10Þ

Similarly, the time-averaged velocities ð�v; �wÞ, Reynolds shear stres-
ses ðRyz;RxzÞ and turbulence intensities ðIy; IzÞ can also be computed
in the same way.

Before the turbine was installed, velocity measurements were
conducted at two cross-sections, i.e., at -4RD and 4RD downstream.
The profiles of the time-averaged velocities at the two cross-
sections were very similar, as shown in Fig. 3. In the lateral direc-
tion, the longitudinal velocities were approximately uniform over
the range �0.25 m � Y � 0.25 m, and the velocity ranged from
0.57 to 0.61 m/s in the vertical direction when Z > �0.15 m. In
the main flow region, the mean longitudinal velocity was 0.59 m/
s. The value of Reynolds number of incoming flow in the open
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Fig. 3. Profiles of the time-averaged velocity at cross-sections upstream (-4RD) and downstream (4RD) of the turbine rotor. The number in legend shows the lateral location Y
(m).
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channel was Re ¼ UH=m ¼ 318600. As seen in Fig. 4, the values of
the turbulence intensity at the two cross-sections mainly varied
in the range of 2–8%, and a slightly stronger turbulence was seen
close to the bottom and walls of the channel. Over the swept area,
the inflow turbulence intensity was approximately 2%. Generally,
both the velocity and turbulence intensity profiles were asymmet-
rical close to the flume walls in the transverse direction, while
good symmetry was seen in the main flow region.

Secondary flows were observed near the water surface and
channel walls, the maximum transverse velocity and vertical
velocity at the cross sections were 0.034 m/s and 0.024 m/s,
respectively. The components of the secondary flow at the cross-
sections were generally less than 0.05U0, which had no signifi-
cantly influence on the turbine rotation and wake development.

2.5. Performance of the turbine

The performance of a tidal stream turbine is typically charac-
terised by the thrust coefficient and power coefficient. In this
study, the flow thrust on the turbine rotor was measured by a
full-bridge dynamic strain gauge, which was located at 0.5 RD
downstream of the rotor plane and mounted on the hub end
X=-4RD                     
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Fig. 4. Profiles of the longitudinal turbulence intensity at cross-sections upstream (-4RD)
location Y (m).
(shown in Fig. 5). The strain gauge was installed in a cylindrical
case of the same diameter as the turbine hub. A stainless steel ball
with a 0.01 m diameter was fixed on the central axis of the strain
gauge and connected to a concave nut that rotated with the turbine
rotor. The strain gauge was calibrated by the measurement of the
strain capacity corresponding to the increments of static load, from
0.5 kg to 1.5 kg, applied to the steel ball. A good linear relationship
was obtained between the applied load andmeasured strain capac-
ity, with an error of approximately 1.0%. Thrust data were recorded
via a strain gauge module with a bridge voltage of 10 V, and each
record was collected for a 60 s duration at 200 Hz.

The flow velocities at the rotor cross-section were only mea-
sured outside of the rotor swept area, and the missing velocity val-
ues were determined by interpolation. Then the discharge inside of
the swept area was obtained based on the concept of mass balance
and the average velocity passing through the rotor was found
0.46 m/s. In the current study, the mean inflow velocity in the main
flow region was 0.59 m/s and the measured average thrust of
incoming flow on turbine rotor was 5.12 N. Using Eq. (5), it was
found that the thrust coefficient was 0.41. Using Eq. (6), it was
found the kinetic energy extracted by the tidal stream turbine
was 2.36 W and the maximum available power from the incoming
                    X=4RD
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and downstream (4RD) of the turbine rotor. The number in legend shows the lateral



Fig. 5. Dynamic strain gauge and the equipment assembly of the thrust measurement.
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flow passing through the swept area was 7.26 W. Therefore, the
power coefficient was 0.33. As the angular velocity of turbine rotor
was 13.88 rad/s, and the torque on turbine rotor was found to be
0.17 N m by Eq. (6).

The rotor’s performance is influenced by the blockage ratio due
to the acceleration of flow through and around the turbine rotor
[44,45]. For blockage ratio below 10%, the turbine performance
variation is small; but for blockage ratio beyond 10%, the perfor-
mance is significantly improved as the TSR being higher than 4.0
[46]. In the current study, the blockage ratio was 16.4%, and the
TSR was about 3.53. Thus blockage correction was necessary. There
are two commonly adopted models for blockage correction, both of
which were based the concept of ‘equivalent free-expanded
upstream flow’ [47,48]. Bahaj et al. [47] proposed an upstream
velocity that would lead to the same power extraction as that an
unlimited cross-section, while Whelan et al. [48] substituted the
velocity of incident flow with that of the bypass wake directly. In
this study, the former method was adopted. Based on this method,
the performance of the turbine rotor with the equivalent operating
condition in an unconstrained flow were obtained. Correspond-
ingly, the thrust coefficient and power coefficient were found to
be 0.39 and 0.31, respectively.
Fig. 6. Development of the wake structure at cross
3. Wake velocity deficit

3.1. Three-dimensional structure

The three-dimensional structure of the longitudinal velocity
deficit shown in Fig. 6 was used to investigate the wake develop-
ment. It was observed that a higher velocity deficit occurred close
to the rotor axis, rather than the rotor blade tips, just downstream
of the rotor, with a maximum velocity deficit of approximately
51.6% at X = 1RD. The velocity deficit rapidly recovered to 20% by
5.5RD downstream. Further recovery of the velocity deficit was
gradual over the range of 5.5–10RD, with a deficit of 11.1%
observed at 10RD downstream.

As seen from Fig. 6, there was also an obvious decrease in the
velocity behind the turbine stanchion, with a velocity deficit of
up to 25% at X = 1RD downstream. However, the velocity deficit
induced by the blockage effects of the turbine stanchion rapidly
decreased with the longitudinal distance. The whole wake devel-
oped into a nearly circular area by 4RD downstream, and the influ-
ence of the stanchion became negligible. Further downstream, a
similar wake structure was maintained, while the velocity deficit
decreased. The zone of the velocity deficit slightly expanded with
-sections over the range 1–10RD downstream.
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the distance, and the radial gradient of the deficit was more uni-
form over the wake region. However, the rotor wake was narrowed
in the vertical direction with distance due to the constraint of the
free surface and channel bed.

3.2. Transverse development

The development of the velocity deficit at the Z = 0.0 m plane is
presented in Fig. 7a. It is clear that the wake was approximately
symmetrical near the centreline of the turbine rotor. The maxi-
mum velocity deficit was close to the rotor axis immediately
downstream. Tedds et al. [41] showed that the largest velocity def-
icit behind the three-bladed turbine was around the blade tips of
the rotor. The differences were mainly influenced by the TSR of
the turbine rotor and blockage effects of the turbine hub. Corre-
sponding to Fig. 6, a heavy flow disturbance induced by the rotor
was seen at 1RD downstream. The rapid recovery of the velocity
deficit was observed over the range of 1–5.5RD, followed by a
slower recovery. It was almost maintained at a constant 5% beyond
18RD downstream.

From 1RD to 5.5RD, a near Gaussian profile was observed in the
velocity deficit distribution along the transverse direction. Further
downstream, the transverse profile became much more uniform.
As shown in Fig. 7a, a bypass flow with a velocity deficit occurred
around the rotor immediately downstream. The wake strip became
narrower in the transverse direction within 5.5RD downstream,
and then, this strip was slightly enlarged, with less diffusion over
Fig. 7. Profiles of the velocity deficit at the (a) Z = 0.0 m an
the distance 5.5–20RD downstream. The final width of the wake
was approximately 1.5 times that of the rotor diameter at 20RD.
The wake shape was influenced by the ambient turbulence, i.e.,
the wake strip was larger and more diffuse for ambient flow with
a higher turbulence intensity than that with a lower one [39]. In
the current study, the ambient turbulence intensity in the main
flow region was about 2%, and the lateral expansion of the wake
strip was small.

3.3. Vertical recovery

In contrast to the symmetric transverse profile, the velocity def-
icit profile at the Y = 0.0 m plane was asymmetrical near the rotor
centreline, as shown in Fig. 7b. At 1RD downstream, the maximum
deficit was located at the centreline of the turbine rotor, while a
velocity reduction was also observed above the centreline in the
vertical direction. The deficit value was up to 25% at Z = 0.12 m
due to the combined actions of the energy extraction by the tur-
bine and blockage effects of the turbine stanchion. However, the
velocity deficit induced by the turbine stanchion rapidly recovered
and the two wakes merged to form a single wake from 3RD down-
wards. Interestingly, its centreline tilted slowly towards the water
surface as the wake moved downstream. As shown in Fig. 4, the
turbulence strength of the ambient flow, without the turbine,
was nearly uniform along the water depth above Z = �0.15 m,
which cannot result in a faster recovery of the velocity deficit
below the rotor axis. In addition, the effect of the turbine rotation
d (b) Y = 0.0 m plane downstream of the turbine rotor.
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on the wake recovery was small beyond 3RD downstream (see Sec-
tion 4). In the current study, the stanchion caused an obvious
velocity deficit above the turbine rotor, the initial upwards move-
ment of the wake was considered to be mainly caused by merging
the two wakes. However, the surface proximity could also result in
the upward movement [16].
3.4. Blockage effects

The blockage correction revealed that the high blockage ratio
improved the performance of the rotor. The effect of blockage on
the characteristics of wake velocity deficit is shown in Fig. 8. At
the rotor plane (X = 0RD), the bypass flow accelerated significantly,
with the maximum increment of flow velocity being approxi-
mately 6.5% around the rotor tips (see in Fig. 8a). At Y = ±0.25RD,
the velocity deficit was higher within the distance 2–5.5RD than
(a) Lateral profiles of velocity deficit, the legen
from turbine roto

(b) Longitudinal variation of velocity deficit, the 
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that immediately downstream. While at Y = ±0.5RD the flow accel-
erated within the distance 2–5.5RD, and the velocity increment
was up to 1.12% (Fig. 8b). As shown in Fig. 7a, the wake strip
behind the rotor became narrowed in the transverse direction
within 5.5RD downstream. This was due to the higher speed flow
around the rotor, which caused strong wake mixing in the shear
stress layer over the distance 2–5.5RD downstream. Beyond
0.6RD in lateral direction, the flows almost accelerated along the
longitudinal distance downstream. Compared to the study of Stal-
lard et al. [38], with blockage ratio being 2.5%, the wake strip
behind turbine rotor was narrower in this study.
4. Wake rotation

As presented in Fig. 9, the wake rotation caused by the turbine
rotor was observed within the region of the longitudinal velocity
d above the figure denotes the longitudinal distance
r cross-section

legend above the figure denotes the lateral distance 
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Fig. 9. Development of wake rotation in the cross-sections downstream. The colour variance represents the deficit of the longitudinal velocity, and the arrowhead represents
the circulation vector.
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deficit over the range 1–4RD downstream. In the vertical plane, the
anti-clockwise circumfluence was nearly symmetrical near the
central axis of turbine rotor. Since the turbine hub was stationary,
the circulation downstream only occurred in the region between
the turbine hub and rotor tips. However, a secondary flow also
appeared behind the turbine stanchion due to the blockage effects.
Compared to the rotor wake rotation, the secondary flow behind
the stanchion was relatively weak, rapidly decreased and was neg-
ligible by 3RD downstream.

The high tangential velocity was mainly located within a circu-
lar band of 0.03 m < R < 0.10 m at 1RD downstream. The distribu-
tion of the circumfluence velocity was non-uniform in the
circular band, with a maximum tangential velocity of approxi-
mately 20% of the stream-wise flow (see Fig. 10). Over the interval
1–2RD, the wake rotation speed rapidly reduced and the velocity
distribution became more uniform at 2RD. The rotation region
slightly expanded outwards and shifted upwards with distance,
which played an important role in the process of wake propaga-
tion. At 1RD downstream, entrainment of the surrounding flow is
observed between the rotating wake and ambient flow. Further
downstream, the entrainment decreased and the transverse veloc-
ity of the ambient flow increased in the vertical plane, which indi-
cated that the process of wake mixing between turbine wake and
the ambient flow occurred. As shown in Fig. 10, the ambient flow
with a high tangential velocity entered the wake zone from one
side of the rotor, while the wake flow with a low tangential veloc-
ity entered the ambient flow from another side. Similar to the
velocity deficit recovery, the circumfluence behind the turbine
rotor rapidly decreased in the near wake, and no obvious wake
rotation was observed in the velocity deficit area after 5.5RD
downstream.

5. Wake turbulence

5.1. Turbulence intensity

The ambient turbulence intensity had effects on the behaviour
of the horizontal axis turbine, its performance fluctuations dramat-
ically increased with high turbulence intensity [40]. In addition,
the wake shape, length and strength were also influenced by the
ambient flow turbulence intensity. Therefore, the wake turbulence
of an upstream turbine may affect the performance and wake
recovery of other turbine located downstream. This study investi-
gated the wake turbulence intensity of a horizontal axis turbine to
further understand the process of wake mixing.

5.1.1. Three-dimensional structure
The distribution of the longitudinal turbulence intensity Ix

behind the rotor is shown in Fig. 11. Immediately downstream, a
higher turbulence intensity was observed above the central axis
of the rotor due to both the rotor rotation and appearance of the
turbine stanchion, with a maximum turbulence intensity of
approximately 23%. Similar to the velocity deficit, the effect of
the stanchion on the turbulence intensity sharply decreased over
the distance of 1–2RD downstream, and the turbulence intensity
was almost uniform over the wake zone at 2RD downstream. With
the distance increasing downstream, the area of the turbulence
intensity slightly extended in the transverse direction and shifted
from the water surface towards the wake core. The region of turbu-
lence intensity approached a circle by 5.5RD and further spread
outwards in the transverse direction over the range of 5.5–10RD.
Compared to the ambient turbulence with turbine absence
(Fig. 4), the turbulence intensity close to the channel bed and walls
was not significantly influenced by the presence of the rotor within
10RD downstream.

5.1.2. Decay in planes
The distribution of the turbulence intensity in the x-y plane, at

Z = 0.0 m, is presented in Fig. 12a. Close to the blade tips, the turbu-
lence intensity was generally expected to be higher than that at
other areas due to the maximum speed of the rotor blade and gen-
eration of tip vortices. However, for a low TSR, a higher turbulence
intensity area was located close to the wake core, with a maximum
turbulence intensity of approximately 15.5% at 1RD downstream.
The value of the turbulence intensity was rapidly reduced within
4RD downstream, with a gradual decrease further downstream.



Fig. 11. Three-dimensional structure of the longitudinal turbulence intensity at cross-sections over the range of 1–10RD downstream.
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Fig. 10. Tangential velocity of wake rotation in the cross-sections at X = 1RD, 2RD, 3RD and 4RD downstream of the turbine rotor. The dashed curve denotes the rotor radius,
and the dotted curve denotes the hub radius.
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Fig. 12. Profiles of the longitudinal turbulence intensity at (a) Z = 0.0 m and (b) Y = 0.0 m downstream of the turbine rotor.
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The turbulence intensity did not fully recover to the ambient tur-
bulence conditions, even at 20RD, where the turbulence intensity
was approximately 5%, which was higher than the intensity with-
out the turbine. The strip of high turbulence intensity expanded in
the transverse direction and almost reached the full width of the
channel at 20RD downstream. This indicated that the ambient tur-
bulence resulting from the turbine had a significant effect on the
performance fluctuation and wake characteristics of turbines
located downstream, as well as two sides.

The change of the turbulence intensity distribution in the x-z
plane, at Y = 0.0 m, is shown in Fig. 12b. The strongest turbulence
appeared at Z = 0.15 m in the vertical direction immediately
behind the turbine, which was probably due to the rotor tip vor-
tices and the presence of the stanchion. A smaller peak was seen
around the wake centreline at 1RD downstream. Consistent with
Fig. 11, the turbulence intensity rapidly decreased within 2RD
downstream. Two peaks moved towards to each other and merged
to form a single peak, and the turbulence intensity was more uni-
form with distance. However, no obvious expansion of the turbu-
lence intensity strip was seen in the vertical direction, and the
strip became narrowed along the water depth further downstream.

5.2. Reynolds shear stress

The wake turbulence was anisotropic due to blade rotation and
presence of a support structure. Numerical model simulations
were conducted to study the turbine wake using a standard turbu-
lence model based on an isotropic turbulence assumption, which
could not exactly capture the turbulent flow fields in the near-
weak [23]. Therefore, it is crucial to have insight into the turbu-
lence anisotropy induced by tidal stream energy extraction. The
Reynolds shear stress is usually used to characterise the degree
of turbulence anisotropy.

The distribution of Reynolds shear stress Rxy at cross-sections
behind the rotor is depicted in Fig. 13. The large Reynolds shear
stress Rxy was located in the area around the rotor hub and turbine
stanchion, with a maximum Reynolds shear stress Rxy of approxi-
mately 0.11 at 1RD downstream. Then, the area of the Reynolds
shear stress Rxy in the turbine wake broke down into two, but
the shapes of these two areas were asymmetrical around the
Y = 0.0 m plane. The Reynolds stress Rxy reduced along the distance
in both of these two areas, but with different decay rates. The max-
imum value of the shear stress Rxy was approximately 0.04 at 10RD
downstream, which indicated that the turbulent flow was still not
fully recovered.

The distribution of Reynolds shear stress Rxy in the x-y plane
(Z = 0.0 m) is presented in Fig. 14a. Two similar peaks of Reynolds
shear stress Rxy occurred close to the rotor hub at 1RD behind the
turbine rotor. The maximum shear stress was approximately 0.08,
i.e., the turbulent flow fields were very anisotropic downstream of
the turbine hub. The shear layer was very thin just behind the rotor
and was less than one diameter at 1RD downstream. With the lon-
gitudinal distance increasing, the shear layer naturally developed
and spread almost linearly outwards in the transverse direction,



Fig. 13. Distributions of the Reynolds shear stress Rxy at cross-sections downstream of the turbine rotor.

Fig. 14. Profiles of Reynolds shear stress at (a) Z = 0.0 m and (b) Y = 0.035 m downstream of the turbine rotor.
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which meant that the degree of turbulence anisotropy decreased
while the influence area expanded.

As shown in Fig. 13, the highest Reynolds shear stress Rxy was
located at Y = ±0.035 m, rather than at the turbine centre
Y = 0.0 m. To further investigate the characteristics of turbulence
anisotropy, the vertical profile of the Reynolds shear stress Rxy at
Y = 0.035 m is presented in Fig. 14b. Along the vertical direction,
two Reynolds shear stress Rxy peaks were observed at 1RD down-
stream, with peak values of approximately 0.11 and 0.06, respec-
tively. Over the range of 1–3RD, the peaks values rapidly
decreased, especially for that induced by the stanchion. In the ver-
tical direction, the two peaks merged along the distance and even-
tually formed into a single shear layer at 4RD downstream. The
shear layer also seemed to move upwards further downstream.
The distributions of Reynolds shear stresses Ryz and Rzx behind
the turbine rotor are given in Appendix A and B, respectively.
6. Discussion

In terms of tidal stream energy extraction, it is important to
understand the wake characteristics of an isolated turbine because
the unsteady loading and performance of other turbines in a tur-
bine array are influenced by the upstream wake, which also deter-
mines the optimized configuration of multi-turbines [49]. A
perforated disc was employed to investigate the wake propagation,
but the decay rate of the turbulent kinetic energy may be greater
than using a turbine rotor because the swirl effects of the turbine
rotor are neglected.

Using a model tidal stream turbine, the near-wake structure of a
horizontal axis rotor was studied over the range 2–7 RD [41]. The
maximum velocity deficit occurred immediately downstream of
the rotor blade tips, rather than at the centre axis of the rotor,
which was different from our experiment results due to the differ-
ence in TSR and hub blockage. Similar to our results, Tedds et al.
[41] also showed that the wake turbulence induced by the blade
rotation was anisotropic and the turbulence models based on the
isotropic concept could not accurately capture the turbulence fea-
tures. Constrained vertically by the free surface and channel bed,
the turbulence structure behind the turbine rotor was also aniso-
tropic far wake, and the horizontal length was many times the ver-
tical length [50]. This was a limitation of our study, where the
channel width scale was approximately 1.6 times the depth and
the horizontal development of the turbulence structure in the far
wake could be influenced by the channel width.

The motion of tip vortices affected the wake mixing. The near
wake rotation of the horizontal axis turbine was observed in our
experimental investigation, as well as the study of Stallard et al.
[42]. At 1 RD downstream, our study showed that the distribution
of the circumfluence velocity was non-uniform in a circular band,
and the maximum tangential velocity, which was approximately
20% of the stream-wise velocity, was located below the rotor cen-
tral axis. The high tangential velocity was nearly uniformly dis-
tributed within a circular band at 1 RD in Stallard’s study. The
non-uniformity of wake rotation resulted in a different degree of
wake mixing behind the turbine rotor and may further affect the
wake recovery rate of the near wake in the vertical direction. How-
ever, existing physical experiments studying on the development
of three-dimensional wake structure downstream are very limited,
which makes it very difficult to have a like to like comparison.
Therefore, further investigation on the wake development behind
tidal turbine is necessary.

From the experiments we have obtained improved understand-
ing of the wake characteristics, including velocity deficit, wake
rotation and wake turbulence over the full wake length. These
results could be used, for example, in arranging a turbine array
to avoid energy reduction caused by wakes interaction. For the
case of a relatively small ambient turbulence intensity and high
blockage ratio, the lateral spacing between two turbine axes in
an array is 1.5RD, and then the longitudinal distance between
two rows should be longer than 5RD due to wake rotation
upstream. However, if the array is staggered arrangement, then
the longitudinal distance between two rows should be shorter than
12RD because the wake turbulence intensity spreads in the trans-
verse direction.
7. Conclusions

The performance of tidal stream turbines located in a turbine
array is influenced primarily by the upstream wake. A good under-
standing of the full wake structure of a single turbine is crucial to
optimize the arrangement of a tidal turbine array in the next stage.
The process of wake recovery of a model horizontal axis turbine
with three blades was experimentally studied. Detailed ADV mea-
surements were undertaken at sixteen cross sections from 1 RD
upstream to 20 RD downstream to investigate the wake structure
along the full length of the turbine wake. The three-dimensional
characteristics of the wake velocity deficit, wake rotation and wake
turbulence behind the tidal stream turbine were obtained.

The mean velocity deficit downstream of the turbine was
mainly induced by the kinetic energy extraction and the blockage
effects of the turbine rotor and stanchion. With a low TSR of tur-
bine rotor, the maximum velocity deficit was located at the wake
core in the near wake. Wake rotation occurred immediately down-
stream, and the circumfluence velocity was up to 20% of the
stream-wise flow velocity, which had a significant impact on the
process of wake mixing. The wake strip was slightly enlarged
and less diffuse in the transverse direction, as the ambient turbu-
lence intensity was low and blockage ratio of the rotor was high.
In the vertical direction, two wakes induced by turbine rotation
and stanchion rapidly merged to form a single wake, and its cen-
treline tilted slowly towards the water surface as the wake moved
downstream.

For the far wake, both the turbulence intensity and Reynolds
shear stress behind the turbine spread laterally, but expansion
along the water depth was limited. This indicated that the turbu-
lence strength and anisotropy resulting from a turbine would affect
the performance of other turbines located both downstream and
on two sides. In addition, the characteristics of the wake structure
immediately downstreamwere considerably influenced by the tur-
bine stanchion, but the effects were only limited in the near wake.

The originality of the paper was that this was the first experi-
mental study to systematically investigate the three-dimensional
characteristics of the whole wake structure of a three-blade tur-
bine rotor, which enhanced the understanding of the evolution
process of the three-dimensional wake structure. Furthermore,
the study provided the details of the extent of rotating flow and
anisotropic wake turbulence structure, as well as the distributions
of Reynolds stresses.
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Appendix A. Reynolds shear stress Ryz

Fig. A.15 presents the distributions of Reynolds shear stress Ryz

at cross-sections by 10RD downstream, with the maximum Rey-
nolds stress being up to 0.08 at 1RD downstream.



Fig. A.15. Distributions of the Reynolds shear stress Ryz at cross-sections downstream of the turbine rotor.

Fig. B.16. Distributions of the Reynolds shear stress Rzx at cross-sections downstream of the turbine rotor.
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Appendix B. Reynolds shear stress Rzx

Fig. B.16 presents the distributions of Reynolds shear stress Rzx

at cross-sections by 10RD downstream, with the maximum Rey-
nolds stress being up to 0.065 at 1RD downstream.
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