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1. Introduction 
Malaysia is a country that largely uses fossil fuels to produce energy. Because of the population and economic 

growths, industry development, technological advancements, and rising living standards, the country's energy sector is 
growing year after year. Due to this reason, the Malaysian government has started shifting their focus to renewable energy 

Abstract: The development of tidal turbines, particularly for shallow water applications, is still in its early stages. 
Vertical axis tidal turbines (VATT) are often preferred for shallow water due to the bidirectional nature of tidal 
currents. Implementing a channelling system around a tidal turbine can significantly stabilise the flow field, increase 
the current velocity, and enhance the energy efficiency of the turbine. However, there has been limited exploration 
of using channelling techniques to improve the performance of VATTs in turbid areas. This study employs a 
numerical analysis using computational fluid dynamics (CFD) to investigate VATTs. The VATT model is 
represented by a cylindrical object with a diameter and height of 5 meters. The simulation focuses on the wake 
characteristics and the design of turbine arrays. The Reynolds-Averaged Navier-Stokes (RANS) equations are 
utilised as flow viscous solvers in ANSYS Fluent, and the effectiveness of the ducts in energy conversion is 
calculated using the realizable two-layer 𝑘𝑘-𝜀𝜀 turbulence model. The primary objective of this study is to examine 
the impact of converging devices on tidal turbine performance and propose an optimal design for shallow water 
applications. The proposed ducted design shows an increase in current speed passing through the device by 11.1%. 
Although the wake generated by the multi-row staggered array layout disperses the flow to the side of the domain, 
the model demonstrates a 0.9% improvement in velocity magnitude. Conversely, the results for the single-row inline 
layout indicate the most favorable arrangement for shallow water applications, with a 19.4% increase in velocity 
magnitude and a shorter wake generation. 
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sources in order to reduce the dependency on hydrocarbons [1]. Despite the challenges faced by the coronavirus outbreak, 
Malaysia's utilization of the renewable energy industry is expected to grow in the coming decades. Numerous factors are 
needed to stimulate interest and development in renewable energy sectors, though none is more important than the 
policies and initiatives by the government [2]. Malaysia is united with all other global leaders in endorsing the programme 
in 2030 for Sustainable Development, which is a worldwide pledge to be even more responsible, robust, and rapidly 
improving, with 17 Sustainable Development Goals (SDGs) and 169 ambitions outlined [3].  

In the field of renewable energy, tidal is considered a relatively new resource. Notably, the main way to turn tidal 
energy into power is through tidal turbines. Similar to wind turbines, tidal turbines may be classified into two types, 
namely vertical axis tidal turbines (VATT) and horizontal axis tidal turbines (HATT). Since the kinetic energy of the 
flow stream is proportional to the cube of the current flow velocity, the flow velocity is the most important factor in 
producing power from tidal currents [4]. Tidal turbines come in a wide variety of designs, but several things need to be 
considered when selecting the best one to produce energy effectively. Current speed, top and bottom clearance, and 
deployment depth are among the elements that need to be taken into account. Even though not often employed in 
commercial sites, ducted systems have lately undergone some major advances. For instance, unidirectional and 
bidirectional ducts are types of converging devices utilised around a turbine rotor and have been outfitted on various 
prototypes.  

Due to the generated physical phenomena, both methods have been taken into consideration to improve a turbine's 
performance beyond flow velocity together with the structure [5]. This article aims to investigate the influence of 
converging devices on the wake generation, and also to propose an optimal converging device design for shallow water 
applications. A study by Hua-Ming et al. [6] highlighted the importance of the duct's interior wall design in improving 
its efficiency for energy conversion. Significantly, results from this study also demonstrate that the interior wall is a 
variable that can significantly affect the efficiency of tidal turbines, which agrees with a study conducted by Jo et al. [7]. 
For the current work, a turbine model with a diameter of 5.0 meters was constructed and tested with two duct designs to 
improve the wake turbulence downstream of the devices. 

 
2. Simulation 
2.1 Boundary Condition 

Based on previous studies conducted by Rahman et al. [8] and Suhri et al. [9], the simulation method employed the 
following boundary conditions: initial velocity (𝑈𝑈𝑜𝑜) set at 1 m/s [10]-[13], density (𝜌𝜌) at 1023 kg/m3, and dynamic 
viscosity (𝜇𝜇) at 0.00092 Ns/m2. The ducted device was positioned 12.5D meters away from the domain's inlet, as depicted 
in Fig. 1. In this work, D represents the turbine diameter. Fig. 1(b) illustrates that the depth of the domain was 6D (i.e., 6 
x 5 meters = 30 meters), which adequately represents the shallow water conditions in the vicinity of Malaysia [14]. 

The ducted device was designed using SOLIDWORKS, while the domain was created using ANSYS Design 
Modeller. Subsequently, grid sensitivity analysis was performed after defining the Inlet, Outlet, and Top walls. The 
simulation utilised a realizable two-layer 𝑘𝑘-𝜀𝜀 turbulence model based on Reynolds-Averaged Navier-Stokes (RANS) 
equations. The turbulence intensity of 5% was set for both the inlet and outlet boundaries. The top wall boundary 
condition was specified as shear. To ensure accurate convergence, a second-order upwind scheme was employed for 
momentum, turbulent kinetic energy, and turbulent dissipation energy at the boundary cells, as it provides more precise 
results compared to the first-order scheme. The residual absolute criterion value was set to 1e-06, and a standard 
initialisation was computed. The simulation ran for 500 iterations, with convergence achieved after 300 iterations. 

 
 

(a) Front view (b) Side view 
Fig. 1 - Device placement inside the domain 

 
2.2 Modelling 

The duct's cross-sectional area decreases gradually from the entrance to the front of the turbine, while it increases 
progressively from the rear end of the turbine to the outlet. This configuration allows for the calculation of tidal current 
energy, as the flow velocity increases steadily when the cross-sectional area of the ducts fore body decreases. 
Furthermore, as the cross-sectional area of the duct's body progressively increases, the flow velocity in the wake can be 
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reduced, leading to a more stable wake flow field and preventing boundary layer separation. The design of the two ducting 
configurations in  

Fig. 2 incorporates parameters obtained from earlier research conducted by Huang Ming et al. [6],[8]. This study 
aimed to conduct a numerical simulation to analyse the 3D viscous flow environment around the duct of a vertical axis 
current turbine. Specifically, the focus was on observing the flow velocity within the duct and considering velocity 
fluctuations. The placement of the ducted tidal turbine within the domain is illustrated in Error! Reference source not 
found., and the dimensions of the domain can be found in Error! Reference source not found.. While previous studies 
by Borg et al. [5], [9] have explored the effectiveness of the ducted tidal current turbine, they did not specifically analyse 
the function of the duct. In this study, the viscous flow field surrounding the duct was modelled using the Reynolds-
Averaged Navier-Stokes (RANS) equations and continuity equations, implemented through ANSYS Fluent. Notably, 
grid sensitivity analysis was performed to determine an appropriate mesh element size for the simulation. 

 
Fig. 2 - Cross section of the ducting designs employed in the current work 

 

 
Fig. 3 - Computational domain 

 
Table 1 - Domain parameters 

Parameters Value 
Length of the domain, L 800 m 
Width of the domain, W 80 m 

Depth of domain, D 30 m 
 

In order to capture flow fluctuations accurately, a denser mesh is preferred and considered more desirable. However, 
it’s important to note that using a very small element size or a dense mesh requires higher computational resources, 
resulting in longer calculation times. As the level of mesh refinement increases, the impact of further refinement on 
numerical results diminishes. To enhance the quality of the mesh elements, the inflation refinement method was employed 
in this study. The transition ratio was set at 0.3 m, similar to face sizing, with a maximum growth of five layers. 
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Furthermore, an inflation option with a growth rate of 1.2 was selected. Five different refinement values were evaluated, 
as summarised in Table 2, with the very fine and very coarse settings yielding approximately 5,367,000 and 771,000 
elements, respectively. 

Furthermore, the results of the sensitivity analysis are depicted in Fig. 4, where the velocity values were extracted 
from the centre of the object at a distance of 12D downstream. It can be observed that the ‘Fine’ mesh configuration 
yielded the highest maximum velocity (0.882038 m/s) at a reasonable computational cost. Therefore, this mesh setup was 
selected for subsequent simulations.  

Fig. 5 illustrates the element size in the domain, which was set to 2.0 meters, while the faces and edges were set at 
0.3 meters and 0.25 meters, respectively. The fine mesh refinement with inflation exhibited a positive skewness 
distribution, with a mean skewness value of 0.38, which is considered highly acceptable. 

 
Table 2 - Grid sensitivity analysis of ducted VATT 

Type Element number 

Very Fine 5.367 x 106 
Fine 2.474 x 106 

Medium 1.452 x 106 
Coarse 1.000 x 106 

Very Coarse 0.771 x 106 
 

 
Fig. 4 - Maximum velocity plotting with number of elements 

 

 
Fig. 5 - Fine mesh with inflation refinement 

 
2.3 Analysis 
2.3.1 Tidal Stream Energy Conversion Theory 

The power generated by a tidal current turbine can be determined using various formulas available for wind energy 
calculations. The only difference in these formulas lies in the density values used for tidal and wind sources. Therefore, 
the expression for the power generated by the tidal stream current can be given as follows [15]: 

 

𝑃𝑃 =  
1
2
𝜌𝜌𝜌𝜌𝜌𝜌³ (1.1) 
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where 𝜌𝜌 is the density of the fluid, 𝜌𝜌 is the area of the turbine rotor and 𝜌𝜌 is the velocity of the fluid. The HATT and the 
VATT have different cross-sectional areas, 𝜌𝜌. In the case of the VATT, the cross-sectional area is: 

𝜌𝜌 = 𝐻𝐻 ×  D (1.2) 
 

The VATT is equal to the height (𝐻𝐻) multiplied by the diameter (D) of the rotor. Because of some losses, the tidal 
current can harvest a part of this power, and the formula can be modified as follows [16]: 

 

𝑃𝑃 =
1
2
𝐶𝐶𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌³ (1.3) 

 
 
where 𝐶𝐶𝑝𝑝 is the power coefficient. Tidal turbine efficiency, 𝜂𝜂, can then be calculated using the following expression: 

 
𝜂𝜂 = 𝐶𝐶𝑝𝑝 × 100% (1.4) 

 
2.3.2 Governing Equation of Incompressible Viscous Flow 

It is possible to formulate the incompressible fluid continuity equation as follows: 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 (1.5) 

 
where the velocity components in the X, Y, and Z directions are denoted by 𝜕𝜕, 𝜌𝜌, and 𝜕𝜕, respectively. For the transfer of 
momentum, Reynolds-Averaged Navier-Stokes (RANS) equations are as follows:  

 

𝜌𝜌
𝜕𝜕𝜕𝜕𝚤𝚤�
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝜕𝜕𝚥𝚥�
𝜕𝜕𝜕𝜕𝚤𝚤�
𝜕𝜕𝜕𝜕𝑗𝑗

= −
𝜕𝜕�̅�𝑝
𝜕𝜕𝜕𝜕𝑖𝑖

+
𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

(𝜇𝜇
𝜕𝜕𝚤𝚤�
𝜕𝜕𝜕𝜕𝑗𝑗

− 𝜌𝜌𝜕𝜕𝚤𝚤,���𝜕𝜕𝚥𝚥,���) (1.6) 

 
where 𝑝𝑝 is time-averaged relative pressure, −𝜌𝜌𝜕𝜕𝚤𝚤 ,𝜕𝜕𝚥𝚥 ,������ is the Reynolds stress tensor, 𝜌𝜌 is the liquid density, and 𝜇𝜇 is the 
liquid's dynamic viscosity. 
 
2.3.3 Turbulence Intensity 

The intensity of turbulent (𝑇𝑇𝑇𝑇𝑥𝑥) flow is defined as relative to the mean incidence velocity 𝑈𝑈𝑜𝑜 as [17]: 
 

𝑇𝑇𝑇𝑇𝑥𝑥 =  
�(𝜕𝜕𝑥𝑥 − 𝑈𝑈𝑥𝑥)

𝑈𝑈𝑜𝑜
 (1.7) 

 
where 𝜕𝜕𝑥𝑥is the value of velocity on the x-axis plane, 𝑈𝑈𝑥𝑥 is the velocity magnitude and 𝑈𝑈𝑜𝑜 is the initial velocity. 
 
3. Result and Discussion 

Data validation is a crucial step in ensuring the reliability and accuracy of generated data. It involves assessing the 
quality and reliability of a data source before utilizing, importing, and processing the data. In the context of this research, 
Table 3 presents the published data that was used for validating and verifying the simulated results. It is important to note 
that while Stallard et al. [17] used a transient approach in their work, this study employed a steady flow method due to 
computational constraints. 

 
Table 3 - Details on the validation data used in this study 

Experimental Data* Comparison of single devices with research findings from Clary et al.  [18] 

Experimental Data** Comparison of multi-row staggered array devices with research findings from 
Stallard et al.  [17] 

Experimental Data*** Comparison of single-row inline devices with research findings from Olczak et al. 
[19]  
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3.1 Comparison Between Ducted and Non-Ducted VATT 
This study focuses on examining the progression of wake turbulence throughout the domain. By analysing the 

velocity contour, it is possible to identify the wake characteristics at different locations, both near and far from the turbine. 
Fig. 6 illustrates that the side of the cylinder experiences the highest velocity. As the flow passes through a non-ducted 
turbine, the velocity decreases initially and then rapidly increase again. The merging of the wake occurs at a shorter 
distance. There is a noticeable decrease in velocity from 1 m/s to 0.98 m/s after a certain distance, which is caused by an 
accumulation of wakes resulting in a stagnant area, as shown in Fig. 6(b). The velocity recovery for the non-ducted 
turbine ranges from 0.8 m/s to 0.98 m/s before returning to the original velocity. In Fig. 7, the separated wake generated 
by the ducted turbine (A1) and the point of merging can be observed. This phenomenon can be attributed to the section 
of the duct wall responsible for guiding the water flow. The transition from varied velocities to a uniform flow velocity 
takes a significant amount of time. The velocity recovery range for ducted design A1 is 0.8 to 1 m/s, while the region 
between the duct wall and the turbine exhibits the highest velocity. 

After passing through the ducted turbine, the water's velocity decreases to 0 m/s and then gradually increases back 
to its initial velocity. Ducted turbines exhibit a maximum velocity of 1.8 m/s, distinguishing them from non-ducted 
turbines. Fig. 7 and Fig. 8 reveal that both converging devices have similar interior designs for the inlet, aimed at capturing 
more tidal current and directing it towards the device. Minor modifications were made to improve the generated wake, 
including slight changes at the end of the interior wall for both designs. However, design A2 features a straight panel 
instead of a diffuser design like A1, specifically at the rear interior duct. The maximum velocity for ducted design A2 is 
2 m/s, while the minimum velocity is 0 m/s. The area between the wall duct and the turbine exhibits the highest velocity, 
as depicted in Fig. 8. Similar to ducted design A1, the velocity decreases to 0 m/s and eventually returns to its original 
value. The merging of the wake takes less time compared to ducted design A1, but more time compared to the non-ducted 
turbine. In terms of velocity, non-ducted turbines have higher values compared to ducted design A2, where the maximum 
velocities observed are 2.2 m/s, 2 m/s, and 1.8 m/s. Various wake characteristics were observed between the two designs. 

 

 
 

(a) Velocity contour of the full domain for non-ducted model (cylindrical object) 

 
(b) Close up view of the velocity contour for non-ducted (cylindrical object) 

Fig. 6 - Velocity contour of non-ducted model (cylindrical object) 
 

 
Fig. 7 - Velocity contour of ducted A1 
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Fig. 8 - Velocity contour of ducted A2 

 
According to a previous study conducted by Clary et al. [18], it was observed that as the distance increased, the 

velocity gradually returned to its initial value. In the case of the non-ducted design, the velocity magnitude plot displayed 
a bimodal distribution. This phenomenon is a result of the height input in the CAD model, leading to varying velocity 
magnitudes at the top and bottom of the cylinder. Based on Fig. 9(a), the peak velocity magnitudes are 0.65 m/s for ducted 
design A1, 0.69 m/s for ducted design A2, and 0.85 m/s for the cylinder. The percentage deviation, as shown in Error! 
Reference source not found., is negative, indicating that the simulation data exceeds the experimental data due to 
differences in domain and device characteristics. At a distance of 8D downstream, the maximum velocities observed are 
0.73 m/s for ducted design A1, 0.7 m/s for ducted design A2, and 0.87 m/s for the non-ducted turbine, as depicted in Fig. 
9(b). It is apparent that there is a slight increase in velocity from 6D to 8D.  

Furthermore, it can also be seen that the percentage deviation decreases, indicating that the flow velocity is 
approaching the freestream velocity, as shown in Error! Reference source not found.. At 12D downstream, the highest 
velocities are 0.88 m/s for ducted design A1, 0.72 m/s for ducted design A2, and 0.96 m/s for the non-ducted turbine. All 
devices exhibit a significant increase in velocity from 6D to 12D. The wake of the non-ducted turbine begins to recover 
at 12D, while ducted design A1 shows a gradual recovery, and ducted design A2 requires a greater distance for recovery. 
Similar to the observations at 8D, the percentage deviation at 12D, shown in Error! Reference source not found., 
decreases, indicating a closer alignment of the flow velocity with the freestream velocity. Considering these results, it 
can be inferred that using individual ducted turbines with the A2 design may not be suitable for implementation in an 
array for shallow water applications, as subsequent devices downstream of the array could be significantly affected by 
the slow-moving current. 

 
Table 4 - Percentage deviation at 6D 

 Simulation  Experiment*  Percentage Deviation (%) 
A1 0.66 

0.9 
-34.36 

A2 0.69 -31.12 
Cylinder 0.85 -14.77 

 
Table 5 - Percentage deviation at 8D 

 Simulation Experiment* Percentage Deviation (%) 
A1 0.73 

0.92 
-27.10 

A2 0.70 -30.01 
Cylinder 0.87 -12.93 

 
Table 6 - Percentage deviation at 12D 

  Simulation Experiment* Percentage Deviation (%) 
A1 0.88 

0.98 
-11.7962 

A2 0.72 -28.3222 
Cylinder 0.97 -3.1332 

 
3.2 Multi-Row Staggered Array Configuration 

To examine the interaction between multiple ducted turbines, a simulation was conducted using a setup similar to 
the one described in Olczak et al.'s study [19]. The study in [19] observed a 20% increase in individual rotor thrust, 
prompting the investigation of a seven-turbine array. The turbines were arranged in a staggered pattern with a lateral 
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spacing of 1.5 times the rotor diameter (D) and a longitudinal spacing of 8 times D, as shown in Fig. 10. This configuration 
allowed for a comparison between the multi-row boundary condition and the design of a single ducted turbine. 
 

  
(a) Velocity magnitude at 6D (b) Velocity magnitude at 8D 

 
(c) Velocity magnitude at 12D 

Fig. 9 - Comparison of maximum velocity magnitude between the proposed design and published data 
 

 
 

Fig. 10 - Staggered array setup 
 

The second row of turbines, consisting of four ducted devices, initially has a flow velocity of 0.61 m/s. As it moves 
a few meters, the velocity increases to 0.81 m/s. However, instead of merging, the wake scatters to the side wall of the 
domain, as shown in Fig. 11(a). This may be due to the insufficient width of the domain to display the combined wake. 
Interestingly, the velocity contour profile in Fig. 11(b) demonstrates that the staggered array conforms to the expected 
velocity profile. The deep blue and light blue areas indicate higher velocity when the flow encounters the turbine surface, 
followed by a decrease in velocity after passing through the turbine. The collision of high-velocity flow with the turbine 
surface results in energy loss, creating a low-velocity region behind the turbine. Based on Fig. 11(b), it can be inferred 
that the velocity outside the wake in a closed channel must be much higher than the free stream to maintain volume flow 



Rosli et al., Int. Journal of Integrated Engineering Vol. 15 No. 7 (2023) p. 57-71 

 65 

rate continuity, since the average wake velocity is lower than the free-stream velocity. This effect causes the flow to rise 
around the tidal current turbine [20].  

According to Fig. 11(b), the maximum velocity for the first row of turbines is 2.02 m/s, but it should be noted that 
the maximum speed reaches 2.22 m/s. This increase is visible in the space between the second-row turbine and the wall 
duct, as the narrow gap enhances velocity. The green region behind the turbine elongates as it traverses the velocity 
contour of the domain in a staggered pattern. The turbulent mixing leads to slower velocities, which delays the recovery 
of the downstream wake. Consequently, the limited clearance between the duct wall and turbine hinders the smooth flow 
of kinetic energy, resulting in excessive energy dissipation at the end of the wall duct, as illustrated in Fig. 12. A small 
area of red colour, indicating a value of 0.1 m2/s2, indicates high kinetic energy for the A2 ducted design. It should be 
noted that the velocity is 0.1 m/s per second. The high velocity causes the flow from the three cylinders in the first-row 
turbines to merge in the close wake of the second-row turbine. Even with increased longitudinal spacing between each 
row, the velocity takes longer to stabilise. 

 

 
(a) Full domain 

 

 
(b) Close up view 

Fig. 11 - Velocity contour for the multi-row staggered array 
 

 
Fig. 12 - Turbulence kinetic energy contour of the multi-row staggered array 
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Through a comparison between the experimental findings by Olczak et al. [19] at a downstream velocity of 10D and 
the staggered array depicted in Fig. 13, it is observed that the lowest velocity for ducted design A2 is 0.26 m/s. The 
experimental results exhibit the highest fluctuations around the right peak. By examining the data, it can be inferred that 
the velocity of ducted design A2 is lower than the experimental data at the 10D position. The mean absolute error (MAE) 
at a downstream position of 10D is 0.3, considering the 38 data points shown in Fig. 13. These findings indicate that the 
velocity with ducted design A2 is relatively low at these downstream locations. Moving to a downstream position of 12D, 
as depicted in Fig. 14, the velocity begins to increase, with the lowest recorded value being 0.66 m/s. However, the 
velocity for ducted design A2 at 12D is still lower than the corresponding experimental data, indicating a growing 
deviation between the two. This suggests that as the downstream distance increases, it takes more time for the fluid flow 
to stabilise and fully recover from the wake effects. The MAE at 12D downstream is 0.26, which shows a decrease from 
10D to 12D, reaching a value of 0.04. This decrease can be attributed to the flow moving further away from the devices 
and starting to recover. 

 

 
Fig. 13 - Velocity magnitude at 10D of the multi-row staggered array 

 

 
Fig. 14 - Velocity magnitude at 12D of a multi-row staggered array 

 
3.3 Single-Row Inline Configuration  

Using the same mesh refinement with inflation and soft behaviour, a model was created consisting of a single row 
of three turbines, following the arrangement discussed earlier.  

Fig. 15 illustrates the configuration of the inline layout, where each ducted turbine is positioned with a lateral spacing 
of 1.5 times the rotor diameter (1.5D) from the adjacent ducted walls. Fig. 16 reveals that the wake recovery of the top 
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ducted turbine is the fastest compared to the middle and bottom ducted turbines. This is evident from the shorter length 
of the light green region, representing a velocity of  
0.86 m/s. In contrast, both the middle and bottom ducted turbines exhibit slower velocity recovery, indicated by the longer 
length of the light green region. The inline layout aligns with the fundamental velocity profile as shown by the velocity 
contour, similar to the staggered array. Furthermore, Fig. 16 demonstrates higher velocity upon impact with the turbine 
surface and a lower velocity after passing through the ducted turbine. The maximum velocity achieved in the single-row 
inline array is 2.15 m/s, which is lower than that of a multi-row array. 

Fig. 17 highlights the dissipation of excess energy at the end of the wall duct due to the restricted passage of turbulent 
kinetic energy between the duct wall and the turbine. For the ducted design A2, a small red region with a value of 0.09 
m2/s2 indicates high kinetic energy. This value is 0.01 m2/s2 lower than that observed in the multi-row staggered layout. 
The diminished kinetic energy can be attributed to the fact that a significant portion of the flow's energy has already been 
dispersed throughout the curved structure of the cylinder turbine. In order to assess the viability of the single-row inline 
layout arrangement, a comparative study was conducted by comparing the numerical data obtained from the modelled 
simulation with the results of small-scale tests performed by Stallard et al. [17]. 

 

 
Fig. 15 - Inline setup 

 

 
(a) Full domain view 

 
(b) Close up view  

Fig. 16 - Velocity contour of inline configuration 
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Fig. 17 - Turbulence kinetic energy contour of single row inline configuration 

 

  
(a) Velocity magnitude at 8D (b) Velocity magnitude at 10D 

 

 
Velocity magnitude at 12D 

Fig. 18 - Velocity magnitude at 8D, 10D, and 12D of single row inline configuration 
 

By analysing Fig. 18, which compares experimental data at 8D, 10D, and 12D downstream with the modelling data, 
it can be observed that the wakes from the single-row inline turbine did not merge to form a single wake further 
downstream. Individual wakes are still discernible at the 12D position. The maximum simulated velocities at 8D, 10D, 
and 12D are recorded as 0.72 m/s, 0.73 m/s, and 0.74 m/s, respectively. The presence of the turbine between the ducts 
creates a local blockage, resulting in a high-velocity bypass flow between them. This can be inferred from the distribution 
of streamwise velocity after the approach flow encounters the turbines. The mean absolute error (MAE) between the 
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simulated and experimental values of velocity, as depicted in the velocity chart in Stallard et al. [17], is 0.08 at 8D, which 
is comparable to the MAE at 10D. At 12D, the MAE drops to 0.07. Across each cross-section, the turbulence remains 
relatively constant regardless of water depth. Fig. 19 shows that the turbulence intensity (𝑇𝑇𝑇𝑇𝑥𝑥) measures 1.45 at 8D, 1.46 
at 10D, and continues to increase to 1.49 at 12D. This suggests that the rate of momentum recovery slows down as the 
downstream distance increases. If the turbulence intensity remained constant, the wake zone may not have extended as 
much. Additionally, the turbulence intensity begins to decrease as velocity increases. Similar to the previous observation, 
the turbulence intensity value decreases as velocity increases, as velocity and turbulence intensity are inversely related. 
 

  
(a) Turbulent Intensity at 8D (b) Turbulent Intensity at 10D 

 
Turbulent Intensity at 12D 

Fig. 19 - Turbulence intensity of single row inline configuration at three downstream distances 
 

At a distance of 8D, both the ducted design A2 and Experimental Data** demonstrate the lowest absolute error, 
measuring at 2.46%. This can be attributed to the direct relationship between velocity and turbulence intensity observed 
in both datasets at this specific distance. Therefore, the lower inaccuracy can be explained by this correlation. Fig. 19(a) 
visually depicts this result, with one marker stacked on top of another. Moving to 10D, Fig. 19(b) indicates the lowest 
absolute inaccuracy at 8.74%. This suggests that as the flow moves farther away from the tidal devices, both velocity and 
turbulence intensity gradually decrease. It implies that the turbulence intensity in the Experimental Data** is lower 
compared to the ducted design A2. As a result, it becomes possible to analyse the discrepancies between the plots of the 
Experimental Data** and the ducted design. 

At a distance of 12D, the minimum absolute inaccuracy is registered at 18.6%. This can be ascribed to the gradual 
reduction in velocity as the flow moves farther away, leading to a decrease in turbulence intensity. In Fig. 19(c), the gap 
between the two plots appears wider (∆𝑇𝑇𝑇𝑇𝑥𝑥 ≈ 0.3) compared to the distances of 8D and 10D. This suggests that the 
turbulence intensity in the Experimental Data** is lower than that in the simulation data. The discrepancy between the 
experimental and simulation results progressively increases from 0.45 at 8D to 0.57 at 10D, and further to 0.63 at 12D. 
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This elevated error can be attributed to the utilization of different simulation methods. For instance, this study employed 
the steady flow approach, while the Experimental Data** was obtained from work employing a transient flow method. 

 
4. Conclusion  

The performance of ducted designs A1 and A2 in comparison to a single non-ducted turbine showed significant 
improvements in term of the incoming velocity experienced by the device. Ducted design A1 achieved a velocity 
amplification of 22.2% but suffered from a diverging wake pattern. Ducted design A2, on the other hand, demonstrated 
an 11.1% velocity increase and improved wakes, with similar wake recovery to A1. The proposed convergence device 
design successfully prevented wake divergence caused by amplified velocity in shallow water applications. Ducted 
turbines generally outperformed non-ducted turbines, although they had slower wake recovery. The multi-row staggered 
turbine combined with ducted designs showed superior velocity performance and lower mean absolute error (MAE) 
values at 10D and 12D compared to the single-row inline turbine. However, the merging of wakes in the multi-row 
staggered arrangement was unfavourable for shallow water conditions. For shallow water installations, shorter wake 
generation is preferred to maintain turbine performance. The single-row inline arrangement proved most effective, 
achieving a 7.5% velocity increase compared to A2, generating shorter wakes, and exhibiting the smallest MAE at 8D, 
10D, and 12D. Overall, the straight interior wall duct exhibited superior performance, achieving the goals of investigating 
convergence devices' impact and proposing the best design for shallow water applications. 
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