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Abstract: There is a rapid development in tidal 

current turbines to provide a fair share of global 

energy requirements. Tidal turbines are being 

installed in arrays to maximise the energy 

extraction. The performance of the tidal 

turbines and their impact on the flow will 

depend on the layout. This study aims towards 

improving the understanding of the effect of a 

staggered layout i.e. lateral and longitudinal 

spacing between the turbines, on flow structure. 

Four sets of experiments have been conducted 

for a four model turbines array. Each of the 

lateral and longitudinal spacing in the array has 

been changed twice. Velocity measurements 

have been taken with an Acoustic Doppler 

Velocimeter (ADV). The measurements were 

taken in six cross-section. 
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I .  INTRODUCTION  

The oceans are direct and tremendous sources of 
sustainable energy. Oceans cover more than 70% of 

the earth surface, thus store huge amounts of 

energy in different forms. The main types of energy 

stored are kinetic energy (wave and currents), 

thermal energy, chemical energy (osmosis) and 

biomass energy [1-2].  

Primarily, tidal power is viewed as two 

components. Potential power generated from the 

difference in vertical height between the high and 

low tides, and kinetic power caused by the 

movement of the tides.  

Depending on the energy component, the tidal 

energy devices are classified into tidal currents 

(streams) devices, tidal barrages and dynamic tidal 

power [3-5]. Tidal energy barrages exploit the 

potential energy by constructing a dam to hold the 

water and thus employing the same working 

principle as hydroelectric generation [2,5]. 

Whereas the tidal current devices utilise the kinetic 

energy of the water currents in a similar principle 

to the wind turbines. The turbine blades are made 
of typically made of lightweight composites due to 

their high specific flexural stiffness [6-10]. 

Turbines can be classified depending on the blade 

axis of rotation relative to the current flow direction 

into, horizontal axis and vertical axis turbines 

[2,11].  

Tidal currents are concentrated within narrow 

channels with high kinetic energy enough to make 

the exploitation of the energy feasible [12]. 

Therefore, laying the stream turbines in arrays to 

make the most of the currents of vital importance 

[13].  

Another motive to use multiple turbines is because 

the power capacity of an individual turbine is 

limited by the Lanchester-Betz theory. 

Accordingly, to maximise the power output at a 

certain cite, multiple turbines must be used, i.e. 

array. [13,14].  

However, the concentration of the resource and the 

presence of multiple turbines in the array require 

the understanding of the space between the turbines 

in the array. The spacing between turbines affects 
the extent of the wakes expansion and recovery 

following each row of turbines [3,15]. Wakes are 

fundamental factor in understanding the extent of 
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the energy exploitation within an array [15]. Since, 

they can affect the downstream device by reducing 

the velocity, increasing the turbulences, or creating 

asymmetrical flow profiles that results in an 
increased loading on some devices within the array. 

The investigation of the effect of the tidal turbines 

and tidal arrays on the wake has been an interest in 

many studies.  

The wake structure of marine turbines has been 

studied both numerically and experimentally in the 

literature. Numerical methods are widely used 

because they provide inexpensive yet reasonable 

measurements for understanding the flow[16]. Sun 

et al. [17] used an absorption disk to simulate a 

tidal turbine using CFD effluent in one of the 

earliest researches into the effect of the energy 

extraction from tidal turbines on flow structure. 

More CFD studies on the effect of a turbine have 

been conducted, also simulating the turbine as a 

disk [18,19]. These studies examined the effect of 
the turbulence and the turbulent inflow on the wake 

recovery.  

The higher the ambient turbulence levels, the more 
expeditiously the wake recover with downstream 

distance. Furthermore, the unsteady inflow has 

boosted the wake recovery as well. The same 

findings are also present in a recent study by 

Ahmadi.[20], where the effect of the upstream 

turbulence on the flow characteristics downstream 

of a laboratory-scale was investigated by using a 

hybrid Large Eddy Simulation/Actuator Line 

Modelling technique.  

Harrison et al.[21] used a model to investigate the 

performance of individual turbines within a five-

row array of turbines and the wake recovery 

velocity within the array. They used a combined 

blade element theory (BEM), and Reynolds 

averaged Naiver-Stokes (RANS) to achieve this 

goal. Mulualem et al.[22] used a CFD based 
immersed body force method to investigate the 

effect of the wake interaction on the individual 

turbines within a staggered arrangement in a tidal 

current farm. They found that there should be a 

balance between the blockage effect and the wake 

interaction.  

The blockage effect in the upstream resulting from 

the closely packed turbines could improve the 

performance of these turbines and the array, 

however, the wake interaction of those turbines 

might affect the downstream turbines thus affecting 

the power output of the array.  

Staggered configurations might help in achieving 

the balance if there are proper bypass flow regions 

which benefit from the accelerated flow resulting 

from the blockage effect [22]. Bai et al.[23] used a 

numerical model that was verified with 

experimental data to investigate the performance of 

arrays in a staggered and aligned position.  

They demonstrated that staggered arrays are better 

in term of power absorption than rectilinear arrays. 

Churchfield et al.[16] used a large eddy simulation 

of tidal turbines. They arrived at the same 

conclusion as the previous study that staggering the 

successive rows of turbines give higher power 

extraction. 

Nonetheless, several experimental studies have 

been conducted on tidal turbines. These studies 

either used scaled model turbines or disks to model 
the turbines [24,25] used scaled three-bladed model 

turbines to investigate the performance of tidal 

turbines by changing a few parameters such as the 

blockage ratio. Myers and Bahaj [26] used disk 

simulators to study the effect of the horizontal 

turbines on the wake structure, they concluded that 

the wake velocity is reduced in the near wake 

region. 

 However, in the far wake region, the wake velocity 

will depend on the mixing of turbulences. 

Moreover, they also studied how the proximity to 

the sea bed affects the wake recovery, and they 

found that the closer the disk to the sea bed, the 

more persisting the wake will be. Finally, they 

increased the turbulence by adding more roughness 
to the sea bed, but they realised that no reduction in 

the wake persistence could be achieved by 

increasing the seabed roughness. F. Maganga et 

al.[27] used model turbines to study the effect of 

horizontal tidal turbines on the flow and regarding 

the ambient intensity, they realised that increasing 

the turbulence intensity leads to a high rate of 

velocity recovery because of the formation of  

narrower wakes.  

A more detailed study of the near wake region has 

been conducted in Tedds et al. work [28] They 

studied the near wake region of a tidal turbine by 

using ADV measurements and a tidal turbine 

model.  

The authors focused on the effects of the turbine on 

the velocity field and the turbulent flow field. The 

study revealed the complexity of those fields, and 

how strong are anisotropic of the turbulence and 

they suggested avoiding near wake turbulence 

models based on the isotropy of the wakes.  

Chen et al.[29] used an ADV to take measurements 

and completed a similar experiment to the previous 

study in [28]. However, the study was expanded to 
include the far wake region as well. The 

measurements were taken up to 20 diameters.  
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From the experiment results, they showed that the 

velocity reduction is attributed to the blockage 

effect of the turbine rotor and stanchion.  

Moreover, it was also shown that there is strong 

anisotropic wake turbulence which will ultimately 

influence the behaviour of other turbines if they are 

located in an array. Paul Mycek et al.[30,31] 

conducted a two-part study to examine the effect of 

ambient turbulence on tidal turbines.  

The first part dealt with a single turbine and the 

second part with two turbines located axially one 

behind the other. They found that the higher 
turbulent intensity yields better performance in 

both cases, which is a similar finding to the 

previous study in [28], Stallard et al.[15] focused 

on investigating the effect of the lateral spacing 

between turbines in arrays on the wake developed.  

They aimed to compare the wake characteristics of 

an isolated single rotor with different arrays of 

turbines. They found that for 3D, the wake profile 

is similar to a single rotor whereas, for spacing less 

than 2D, the wake starts to merge within 4D 

downstream.  

Nuernberg & Tao [3] used Particle Image 

Velocimetry (PIV) measurements to examine the 

wake characteristics of a staggered array layout of 

scaled tidal turbines.  

They concluded that close spacing between 

turbines leads to a substantial reduction in the 

velocity recovery. Moreover, the wider the lateral 

spacing, the less significant the longitudinal 

spacing impact on the rate of velocity recovery. 

Although the study of the effect of the tidal turbine 

array has been studied numerically 

but it experimentally has not been extensively 

studied. Some authors studied the impact of an 

array of three turbines such as [32,33].  

However, to the author knowledge there has not 

been a study on the effect of the layout of a four 
turbines staggered array on the 

wake structure using an ADV device. This work 

will provide answers to the effect of 

layout of the wake through a set of       

experiments. 

II .  EXPERIMENTAL TECHNIQUE   

 

All the tests were performed at the Fluids 

laboratory at the University of Aberdeen. The 

Flume is 0.3 m wide and 12.5 m long with a wall 

height of 0.46m. The first turbine is positioned 
approximately in the middle of the flume, at a 

distance 6 m away from the entrance of the flume 

to ensure that the flow is fully developed, as shown 

in Figure 1.  

Nortek Acoustic Doppler Velocimeter (ADV), was 

used to obtain the velocity components and the 

turbulences statics. The device has a 10MHz 

receiving element and a sampling volume of 9 mm. 

The velocity data were sampled at a rate of 25 HZ 

and a sampling period of 90s, which resulted in 

2250 samples at each point. The sampling volume 

and the sampling rate were based on the 

recommendation of the adv manual to get good 

results quality [34]. Moreover, the data collected 

had a signal to noise ratio (SNR) higher than a 
15db and 

correlation coefficient higher than 75. 

2.1 Turbine arrangement 

Four model turbines were used in this experiment 

as shown in Figure 1 Top view of the flume and 

the position of the first turbine  in the array 

 

 

 

 

 

 

. Individually each turbine has a diameter of  7.6 

cm 

(3 

in)  

(0,0) 

Left wall 

Right wall 
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The turbines are placed in staggered position as shown in 

Figure 3. The effect of the of the lateral (X)  and 

longitudinal (Y) spacing effect on the flow has 

been conducted by changing the lateral and 

longitudinal distance in the second and third row of 

the array as shown in 

Figure 3. The transverse spacing between the 

second-row turbines has been varied between 1.5D 

(11.4 cm) and 2D (15.2cm).  

Figure 1 Top view of the flume and the 

position of the first turbine  in the array 

 

 

 

 

 

 

 

Figure 2 The model turbine used in the 

experiments 

Whereas, the longitudinal spacing between the 

second and third turbine has been changed between 
3D (22.8 cm) and 6D (45.72 cm). The experiments 

were denoted by a symbol that showed both the 

longitudinal (L1) and lateral (T1) spacing of the 

experiment, these symbols, are used in the 

discussion of the results to differentiate the 

experiment. For example, E3,1.5 refers to a 3D 

longitudinal spacing between the second and the 
third row in the array, and 1.5D lateral spacing 

between the centre turbines in the second row 

2.2 Flow conditions: 

Changing the fluid properties is impractical for 
testing equipment and increasing the velocity will 

require the blade to operate at high rotational 

velocity. Thus, Froude number (Fr)  is the ratio of 

the inertia to the gravitational force as in [26] 

 
𝐹𝑟 =

𝑈0

√𝑔 ℎ
 (1) 

   

where U is the flow velocity, g is the acceleration 

due to gravity and h is the water depth. Froude 

number becomes of high importance when the 

gravitational effect cannot be ignored. This 

happens when the free surface is in close proximity 
to the blade. The Froude number is taken as .22 for 

this study. This number is adopted from the range 

specified for different turbines arrangements in 

[34].  

2.3 Data representation:  

The wake recovery can be indicated by using a 

parameter known as velocity deficit. The Velocity 

deficit indicates the rate of recovery when it is 

plotted downstream of a tidal turbine or an array of 

tidal turbines 
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Figure 3 Top view of turbine arrangements and transverse measuring points along the flume  

 

This parameter which can be calculated as, 

𝑈𝑑𝑒𝑓𝑥 = 1 −
𝑈𝑥

𝑈0
̅̅ ̅̅                                              (2) 

where 𝑈𝑑𝑒𝑓𝑥 is the longitudinal velocity deficit,  �̅�0 

is the upstream cross-sectional average velocity in 

the longitudinal direction. Whereas the turbulence 

intensity is normally calculated as: 

𝑇𝐼 =
√

1

3
(𝑢′2

+𝑣′2
+𝑤′2

)

𝑈0
                                   (3) 

Where (𝑢′), (𝑣′) (𝑤′) ,  are  the root mean square 

(RMS) of the turbulent velocity fluctuations in the 

longitudinal , lateral and vertical directions. 

III .  RESULTS 

 

The results are represented in the lateral and 

vertical profiles 

3.1 Longitudinal profile 

3.1.1 Wake recovery 
The highest velocity deficit in Error! Reference 

source not found., is observed in the near wake 

region behind the turbine at 3D from the last 

turbine, with a slower rate of recovery up to 5D. 

The cause for the high values of velocity deficit in 

the near region following the turbine could be 

attributed to the blockage effect, which decreases 

with the increase in the downstream distances [35]. 

The profile of the rate of recovery of velocity in all 

experiments is comparable to the previous studies 

in [14],[36]. 

                                  Figure 4: Longitudinal variation of velocity deficit downstream of the array 

Increasing the distance in the lateral direction 

increases the rate of recovery of the velocity i.e. 

lesser values of velocity deficit, as shown in Error! 

Reference source not found..  

Conversely, this is not clear when the distance 

between the central turbines and the third row of 

the array increases in the longitudinal direction.  

The small transverse spacing results in the adjacent 

wakes to form a wide single wake that decreases 

the rate of wake energisation as noticed in the work 

of [12]. The profiles of 1.5D spacing in the lateral 

direction, in experiments E3,1.5 and E6,1.5, are 

almost identical and they show a faster rate of 

recovery after 5D in the longitudinal direction. On 

the other hand, the profile of 2D spacing in the 
lateral direction shown in experiments E3,2 and 

E6,2, show a better rate of recovery in comparison 

to the previous spacing lateral spacing.  

3.1.2 Turbulence intensity 

The values of the turbulence intensity are higher in 

the region behind the turbine, due to the combined 

effect of the rotor and the structure. The same could 

be observed in the work of [15]. There is a 

reduction in the values of the turbulence intensity 

with the increase of the downstream distances. This 

reduction is a result of the decline in the turbulent 

kinetic energy. 

 The difference in the turbulence intensity values is 

perceptible up to 5D after which, the values are 
almost the same, as the turbulence intensity levels 

approach the upstream level.  

All in all, the increase in the transverse spacing 

lead to higher turbulence and a better wake 
recovery. Whereas increasing the lateral spacing 

reduces the turbulences and increase the wake 
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recovery. Therefore, an optimal spacing in both directions is needed for a better wake recovery.  

 

Figure 5: Longitudinal variation of turbulence intensity 

 

3.2 Lateral profile 

The lateral profiles of the velocity deficit are shown 

in Figure 5.5. The wake profile is approximately 

symmetrical in all experiments with the highest 

velocity deficit occurring at the centreline of the 

array. As the distance increases in the direction of 
the flow the rate of velocity recovery increases. 

The velocity profile at 20D has a comparable 

profile to the upstream profile of the turbine shown 

at  2D in front of the array. However, the velocity 

has not fully recovered. Moreover, the effect of the 

second row is clear in the edges of the curves of the 

3D and 5D of experiments E3,1.5 and E3,2 and 

lesser extent in E6,1.5 and E6,2.The wall effect is 

much clearer in E3,2 (Error! Reference source 

not found.-b) and E6,2 (Error! Reference source 

not found.-d)  

 

 

Figure 6 : Lateral variation of velocity deficit in (a) E3,1.5, (b) E3,2, (c) E6,1.5, (d) E6,2 

because of the reduced space between the centre 

turbines and the wall. This visible in the right wall 

where the flow is decelerating. The figures 

resemble the profiles of three turbines in [37], with 

composite blades [38] where a single turbine is put 
in the rear. It is noticeable that the wakes start to 

merge at 10D and completely merge at 15D. To 

summarize, the increase in the lateral spacing 

between the centre turbines leads to a faster 

recovery rate, as shown when comparing E6,2 and 

E3,2 with E6,1.5 and E6,2.  

Moreover, the profiles for the array layouts that 

have the same lateral profile is almost identical, in 
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contrast to the experiments with different 

longitudinal spacing.  

3.3 Vertical profile 

The vertical profile for the velocity deficit is shown 

in Figure 5.6. The measurements are taken from 2D 

upstream to 20D downstream. At 3D there is a 

large velocity deficit at the centre line. The velocity 

deficit reduces at this location to approach the 

upstream velocity at the tip of the blade above the 

rotor’s centreline.  However, the velocity deficit 

profile is not symmetrical around the rotor centre. 

Below the centreline, the velocity seems to be 
slower, and the velocity deficit is higher than above 

the rotor centre. Nevertheless, this could be 

because of the lower part of the turbine rotor is 

close to the 

 

Figure 4: Vertical profile of velocity deficit (a) E3,1.5, (b) E3,2, (c) E6,1.5, (d) E6,2

flume floor. All the experiments seem to have the 
same profile, were further downstream the velocity 

deficit measurements seem to decline. The rate of 

decline is high between 5D and 10D, and then the 

rate slows down for the remainder measurements 

downstream. The lowest velocity deficit occurs at 

20 D, where the shape velocity deficit profile 

approaches the upstream velocity profile. The 

increase in both the lateral and longitudinal spacing 

had a positive effect on the vertical velocity 

recovery as in E6,2. 

IV. CONCLUSIONS 

The results showed that for all experiments there 

was a faster rate of recovery from 5D to 20D 

downstream of the array in the longitudinal 

direction. In these experiments, increasing the 

lateral distance while maintaining the same 

longitudinal distance between the turbines in the 

second row and third row, lead to a better rate of 
recovery and higher turbulence intensity values at 

3D behind the turbine In the lateral profiles of the 

velocity deficit, in all experiments, the effect of the 

second-row turbines seem to disappear after 5D 

downstream of the array. 

Further, the highest velocity deficit occurred at the 

centre line of the array 3D downstream of the array. 

Moreover, changing the lateral distance between 

turbines resulted in a faster rate of recovery in the 

lateral profile. The same trend happened in the 

vertical profiles of the velocity deficit when 

changing the lateral distance between the turbines. 

The distribution of the turbulence intensities 

appears to be concentrated in the middle of the 

cross-sections of 3D and 5D. After 5D, the 
distribution is pattern less, because of the rapid 

mixing between the wakes and the surrounding 
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flow. The highest values of the turbulence intensity 

are at cross-section 3D downstream of the array.  

However, the array with the smallest lateral and 

longitudinal distances between the second and third 

row had the highest values distributed at this cross-

section. The drag force coefficient seems to be 

affected by lateral distances, as the increasing the 

lateral distance lead to lower values of drag force. 
All in all, increasing the lateral distance lead to 

better velocity deficit profiles and lower drag 

coefficients. 
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