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A B S T R A C T

Understanding the hydrodynamic interactions within tidal arrays is essential for designing turbine alignment and 
optimising power output. While three-dimensional simulations offer detailed insight into wake dynamics and 
velocity recovery, their computational cost is a main challenge, especially for large-scale farm designs. This study 
introduces a novel two-dimensional concept to simulate a tidal turbine based on turbine blade section modelling 
(BSM) as a representative of the entire rotor. The model integrates the Navier–Stokes (NS) solver-based Basilisk 
open source with adaptive mesh refinement (AMR) and embedded boundary conditions (EBC). The NS-BSM 
method was validated against physical flume experiments and numerical results. Several farm layouts with 
one, two, and three rows of turbines were tested. The NS-BSM achieves a balance between computational effi
ciency and physical realism, enabling rapid assessment of turbine-induced flow dynamics. The simulations were 
conducted in parallel using 48 CPUs, with 100 s of flow evolution completed at approximately 6 min. The NS- 
BSM accurately produced complicated flow patterns and velocity deficits in the near- and far-wake regions 
accurately. However, this approach does not resolve vertical flow dynamics, limiting its applicability for eval
uating wave‒current interactions, seabed scouring, and detailed loading on turbine blades or support structures. 
Despite these limitations, the NS-BSM serves as a practical tool for scenario-based tidal farm optimisation, 
significantly reducing computational demand while maintaining high accuracy.

1. Introduction

Marine renewable energy (MRE) is gaining momentum as a vital 
contributor to the global sustainable energy transition (Hasselman et al., 
2023). The rapid development of MREs presents both promising op
portunities and significant challenges (Li et al., 2022). In recent years, 
the exclusive economic zones (EEZs) of many countries have become 
focal points for investment, particularly offshore wind and solar farms 
(Cheynet et al., 2024; Díaz and Guedes Soares, 2020; Ramanan et al., 
2024). Within this expanding landscape, tidal stream energy (TSE) 
stands out as a consistent and predictable resource. The 

commercialisation of tidal turbines has accelerated the adoption of TSEs 
with active projects in the UK, Japan, France, and South Korea (Bae 
et al., 2010; Claire Cohen and Tim Baker, 2020; Kyuden Mirai Ltd, 
2025; Ocean Energy Europe, 2025). Energetic tidal sites where current 
velocities exceed 2 m/s with high frequency occurrence offer a sus
tainable energy source at competitive costs, especially if full exploitation 
is realised (Aljber et al., 2025, 2024a, 2023).

Tidal farms are essential for achieving cost-effective power genera
tion. By leveraging economies of volume, the deployment of larger farms 
reduces unit capital and operational expenditures through supply chain 
scaling and repeatable construction and maintenance processes (Aljber 
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et al., 2025; Arup, 2016; Smart and Noonan, 2018). However, farm-scale 
deployment affects local flow dynamics by introducing additional tur
bulence and reducing downstream tidal velocities. The available flow 
velocity at the downstream rows is a key factor in determining the 
overall power extraction efficiency. Hydrodynamic analysis of tidal 
turbine arrays is essential for optimising turbine placement and max
imising power extraction. Lessons from early wind energy development 
are highly relevant to TSEs, particularly with respect to wake in
teractions. Insufficient attention to momentum recovery and wake in
fluence in the Horns Rev Offshore wind farm led to a 40% reduction in 
downstream turbines compared with front-row turbines (Mehta et al., 
2014). This underscores the need for integrated wake considerations 
in tidal farm design. At candidate tidal sites, the available space for farm 
deployment is often constrained by the limited extent of high-velocity 
zones, avoiding conflicts of interest between stakeholders and the 
presence of environmentally protected areas, fisheries, or aquaculture 
zones (Aljber et al., 2024a; Philip Marsh et al., 2021; Marsh et al., 
2021b). Therefore, tidal farms must operate efficiently within these 
spatial constraints, necessitating careful optimisation of array spacing.

Experimental studies have been conducted to quantify the flow dy
namics in the wakes of tidal turbines. The wake recovery distance is a 
critical factor in determining the optimal position of downstream tur
bine rows. According to Gaurier et al. (2020), the wake recovery is faster 
in a highly turbulent zone, which is favourable for increasing the turbine 
density on the farm. Lateral spacing is typically determined by evalu
ating the lateral expansion of the wake. Typically, the wake exhibits 
slight asymmetry about the rotor centreline, which is influenced by flow 
vorticity and shear. The vortex intensity of the flow decreases in the 
near-wake region and reaches a nearly constant value far downstream 
(Zhang et al., 2021). Accordingly, some studies have suggested that a 
confined tidal array benefits from the blockage effect, which is achieved 
by minimising the lateral distance between rows (Liu et al., 2025; 
McAdam et al., 2013). Field surveys using acoustic Doppler current 
profilers (ADCPs) have been conducted to characterise the flow regime 
downstream of pilot tidal turbines in the UK, Canada, and Japan 
(Garcia-Novo et al., 2024; Guerra and Hay, 2024; Lieber et al., 2024). 
These studies consistently reported that velocity recovery occurs 
approximately 5–10 times the turbine diameter (D) downstream, 
depending on the turbine configuration and local flow conditions. 
ADCPs were deployed either on (global positioning system) GPS-tracked 
drifters or vessel-mounted systems to collect velocity profiles along and 
across the turbine wake. Flow recovery was assessed by comparing ve
locity measurements within the wake zone to those in the ambient un
disturbed flow. Despite valuable insights from experimental studies and 
field surveillance, expensive equipment and time consumption are 
major barriers. Furthermore, the absence of fully commissioned tidal 
farms limits information about full-scale farm-induced flow dynamics.

Three-dimensional numerical models have been widely used to 
investigate the flow dynamics and performance of single tidal turbines. 
Studies have employed Reynolds-averaged Navier–Stokes (RANS) sim
ulations to evaluate turbine behavior under different flow conditions 
(Mohammadi and GKnight, 2025; Song et al., 2020). While RANS offers 
moderate accuracy with low computational cost, large eddy simulation 
(LES) provides more detailed insights at higher computational demand. 
LES, coupled with embedded boundary conditions (EBC), has been used 
to study the hydrodynamics and loading of a single tidal turbine, 
showing that increased ambient turbulence accelerates wake recovery 
and amplifies unsteady blade loads by up to 50% (Ouro et al., 2017). 
Wang et al. (2020) and Zhang et al. (2022) highlighted the importance 
of fluid–structure interaction (FSI) methods for capturing blade defor
mation and wake structure, which cannot be captured by computational 
fluid dynamics (CFD) methods. Ahmed et al. (2017) reported that under 
low-turbulence conditions, RANS and LES yield similar phase-averaged 
loads and pressures. However, only the LES with synthetic inflow tur
bulence accurately captures the full frequency range of bending moment 
fluctuations. Geometry-resolved LES also reveals flow features near the 

turbine that are difficult to observe experimentally, highlighting its 
value for detailed load analysis and device optimisation. This high ac
curacy was also confirmed by Ouro et al. (2024) and Posa et al. (2024) in 
quantifying the effects of waves and the tip speed ratio on wake 
recovery.

While three-dimensional LES offers high accuracy for single turbines, 
their substantial computational demands make them challenging for full 
tidal farm simulations, especially when coupled with EBC. To reduce 
costs, three-dimensional RANS models have been used effectively to 
simulate farm-induced wakes, such as for vertical-axis tidal turbines, by 
averaging the force coefficients on three-dimensional blades 
(Gauvin-Tremblay and Dumas, 2022). Other approaches have combined 
the actuator line method (ALM) with the lattice Boltzmann method 
(LBM) to model farms (Watanabe and Hu, 2022). Nuernberg and Tao 
(2018) applied three-dimensional RANS in OpenFOAM to study 
farm-scale flow and wake dynamics. They noted that further refinement 
is needed to resolve wake features accurately.

Simplified two-dimensional LES models with adaptive mesh refine
ment (AMR) have also been used to optimise the array spacing and 
power output, treating turbines as zones of enhanced bottom friction 
(Divett et al., 2016, 2013). Wallwork et al. (2024) applied goal-oriented 
mesh adaptation to a shallow-water tidal farm model, achieving array 
energy estimates within 2% of a high-resolution mesh. However, these 
models omit rotor-induced vorticity and underestimate downstream 
turbulence. Xu et al. (2025) proposed a mesh-based data-driven 
framework coupled with neural networks to predict the hydrodynamic 
performance of tidal turbine blades and maximise the power coefficient. 
A more balanced approach couples three-dimensional LES with the 
ALM, resolving full-scale wake behavior more accurately (Ouro et al., 
2019; Ouro and Nishino, 2021). However, this accuracy accounts for 
the tremendous computational demand.

High accuracy clearly accounts for large computational demands. 
Therefore, in this study, a novel concept was proposed to model tidal 
turbines and quantify the downstream velocity by providing a 
compromise of high accuracy and low computational cost. The tidal 
turbine is modelled on the basis of the blade cross section as the effective 
part for vorticity-induced flow dynamics. The model adopts the cross 
section of the blades to present the full turbine rotor in a two- 
dimensional domain. A simulation was conducted using the Navier 
Stokes solver in the Basilisk open-source flow solver with AMR and EBC. 
The model was validated with experimental and numerical results and 
demonstrated high fidelity in reproducing the downstream velocity 
fluctuations and turbulence intensity for different tidal farm layouts.

The paper is divided into seven sections. The first section is the 
introduction. The concept of the blade section model is described in 
Section 2. Section 3 presents the experimental studies that were used for 
validation, and the methods are described in Section 4. The results are 
presented in Section 5, followed by a discussion and conclusions in 
Sections 6 and 7, respectively.

2. Rationale of the blade section model (BSM)

The turbine extends in three-dimensional space and rotates in two- 
dimensional space, such as the X-Z plane, while the flow is moving in 
the Y-Z plane (Fig. 1). Within the X-Z plane, the rotor occupies an area 
determined by the rotor diameter, while the flow interacts with the 
blades to generate rotation. The pitch angle (the angle between the 
blade chord line and the rotational plane) of the blade determines the 
effective cross section that receives the flow, and the angle of attack (the 
angle between the blade chord line and the relative flow vector) de
termines the forces applied on the cross section. The tidal turbine 
defined by the blade sections is shown in Fig. 1(b). The flow interacts 
with the blade to generate rotation, as depicted in Fig. 1(c), and con
tinues to develop into a wake downstream. The lateral expansion of the 
wake in the crosswise direction is proportional to the rotor area. 
Therefore, the wake downstream is induced mainly by the blade section 
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and the rotation of the rotor. Hence, the hypothesis of this study is how 
to reproduce the flow-blade interplay accurately with minimum 
computational demand. Both the blade element momentum (BEM) 
theory and the ALM estimate the hydrodynamic forces acting on blade 
cross-sections, but they differ fundamentally in how these forces interact 
with the flow. The BEM divides the rotor into independent radial sec
tions and determines the sectional forces by enforcing the conservation 
of axial and angular momentum within each radial section, without 
explicitly resolving the surrounding flow field (Masters et al., 2011; Ning 
et al., 2015). In contrast, the ALM computes sectional lift and drag forces 
and distributes them into the computational domain as spatially 
distributed body forces acting on the fluid (Baba-Ahmadi and Dong, 
2017; Sorensen et al., 2015). This procedure represents the rotating 
blades within a three-dimensional flow simulation, allowing the turbi
ne–wake interaction to develop dynamically. In both approaches, the 
magnitude of the force depends on the local blade section geometry and 
hydrodynamic characteristics.

Thus, instead of conducting a two-way force–flow calculation, the 
blade can be constructed directly in the model using the EBC. With this 
approach, no modification is required in the governing equation (the 
flow solver model). The second idea is that constructing the full rotor in 
a three-dimensional space is computationally expensive. To reduce the 
computational burden, only the effective part of the rotor, the blade 
cross section, can be constructed. Figure 2(a) illustrates how the cross- 
section of the blade functions during the operation of the tidal turbine 
illustrates how the cross-section of the blade functions during the 
operation of the tidal turbine. The flow vectors interact with the blade 
cross-section, generating the lift force that causes rotation, and then, the 
flow continues downstream, developing into the wake (Fig. 2(b)). The 
velocity deficit downstream is determined by the wake evolution. 
Therefore, the blade cross-section (effective part) is adequate to produce 
the correct physical interaction of the entire blade. To produce lateral 
wake expansion of the three blades, three cross sections were 

subsequently used in two-dimensional space. The relationship between 
the flow and turbine blades can be presented in a two-dimensional 
space, as shown in Fig. 2(c). Each blade is presented as a cross- 
section, and the chord of the cross-section is extended to replicate the 
rotor area within a two-dimensional (X-Y) plane. Theoretically, on the 
basis of the aforementioned discussion, the blade-section model (BSM) 
should accurately produce the turbine–flow interplay. To validate this 
hypothesis, a numerical simulation was conducted following the setting 
of a series of tidal flume experiments, and the results from the BSM 
model were hindcasted with the physical flume results and three- 
dimensional RANS-BEM results.

3. Tidal flume experiment

Hydrodynamic analysis of the turbine–flow interplay is key for 
determining the optimal layout of a tidal farm. It is known that rotor 
rotation generates wake downstream, and the tidal velocity is reduced. 
Identifying the structure and extension of the wake is key for identifying 
the recovery distance for the velocity and quantifying the power 
extraction from the tidal turbine. Stallard et al. (2013a, 2015) conducted 
a series of physical experiments in an open-channel flume that was 5 m 
wide, 12 m long, and 0.45 m deep. The flow velocity was 0.47 m/s. A 
porous weir was used to generate a 10–12% turbulence intensity. A 
turbine with a diameter of D = 0.27 m was installed at mid-depth, and 
the turbine rows started at X = 6 m from the turbulence generator. The 
experiment was performed at a scale of 1:70 featuring a 19 m diameter 
tidal turbine at an approximately 31.5 m water depth. The turbine used a 
three-bladed rotor, and the geometry was optimised to match the thrust 
and power characteristics of full-scale turbines at a tip speed ratio of 4.5. 
Each blade followed a Göttingen 804 profile. The rotor was fabricated as 
a single unit layer of glass fibre-reinforced polymer acrylic. The exper
iments were conducted for a row of three turbines with a lateral space of 
1.5D Velocity measurements were taken downstream at 2D, 4D, 6D, 8D, 

Fig. 1. Turbine flow interplay analysis. (a) Full rotor blades in three-dimensional mode without the nacelle, (b) the rotor blades presented by the blade cross-section, 
and (c) the wake generation downstream due to the interaction between the flow trajectories and the blade.

Fig. 2. Conceptualisation of the blade section model (BSM). (a) Analysis of the flow effect on the blade cross-section, (b) the interaction between the flow and the 
blade section along with velocity vectors in two-dimensional space, and (c) the representation of the tidal turbine using the hydrofoil blade section in two- 
dimensional space (X‒Y plane).
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10D, and 12D The turbulence intensity (TI) was subsequently calculated 
at the same positions to quantify the wake structures and integrate them 
with the ambient flow. The TI in Eq. (1) is the standard deviation of the 
speed (fluctuations) divided by the reference speed. 

TI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(u − u)2
√

u0
(1) 

where u is the instant velocity, u is the mean velocity, and u0 is the 
reference velocity (0.47 m/s).

The authors reported that the mean flow velocity for a single rotor 
decreases to approximately 20% of the incident velocity in the near 
wake at 1.5D and then recovers to 80% at approximately 10D down
stream. These results agreed with the standard recommendation of 
longitudinal space between rows from the EMEC (European Marine 
Energy Centre Ltd., 2009). The highest TI, equal to 18%, was observed 
at 3D and then decreased to 10% at 10D For an array of three rotors, the 
individual wake was still identifiable at 6D. At 8D and beyond, the in
dividual wakes merged into a single wake, and the velocity deficit 
exhibited negligible variation across the channel width. The TI was 
approximately constant after 8D, with minor variation from the ambient 
TI.

In Olczak et al. (2016), the flume experiment was expanded to assess 
an array with multiple rows. The experiments included array layouts of 
two rows with 4D and 8D longitudinal spaces, where the first row 
featured three turbines and the second row featured four turbines. An 
array of three rows with 4D longitudinal space where the rows feature 
three, four, and five turbines from upstream to downstream. The arrays 
adopted staggered turbine layouts, and the lateral space was 1.5D in all 
the experiments. Furthermore, the authors conducted a numerical 
simulation via coupled RANS with BEM theory. The results of the nu
merical simulation were validated with flume experiment results. The 
conceptual layout of the physical flume experiments is shown in Fig. 3. 
The authors of the aforementioned studies published experimental and 
numerical results (https://royalsocietypublishing.org/doi/suppl/10. 
1098/rsta.2012.0159) (DOI: 10.13140/RG.2.1.3842.6482), which 
were used to validate our results.

4. Method

4.1. Incompressible Navier Stokes solver with a cell-centered formulation

In this study, all the numerical simulations were conducted via the 

Basilisk open-source flow solver. The Basilisk solver is based on C lan
guage and solves the one-, two-, and three-dimensional partial differ
ential equations on an adaptive cartesian mesh. For further information, 
Basilisk’s official documentation is available online (Basilisk, 2025). The 
incompressible, variable-density, Navier‒Stokes (NS) equation with 
cell-centred discretisation, centered.h library in Basilisk (Lagrée et al., 
2011; Popinet, 2009, 2003), was utilised to conduct the numerical 
simulation in this study. The governing equations for the NS solver with 
an EBC are described as follows: 

ρ(∂tu+u⋅∇u) = − ∇p +∇⋅(2μD) (2) 

∇⋅u = 0 (3) 

where ρ is the fluid density, u = (u, v) is the velocity field in the x and y 
directions, p is the pressure field, μ is the dynamic viscosity, and 
D =

(
∂iv+∂ju

)
is the deformation tensor.

The NS scheme uses a generic time loop that is stable when the 
Courant-Friedrichs-Lewy (CFL) condition is less than one. The method is 
a second-order (in space and time) discretisation of the incompressible 
NS equations that implements the Bell‒Collela‒Glaz scheme for veloc
ity advection (Bell et al., 1989) and a multigrid Poisson solver for 
pressure projection. In the centered NS solver, the pressure and velocity 
fields are computed through iterative loops. The predicted velocity field 
in the next time step u∗ (u∗ ≈ un+1) is first computed via a time dis
cretisation of Eq. (2) without considering the pressure term. 

ρ
n+1

2

⎡

⎢
⎣
u∗ − un

Δt
+u

n+1
2
⋅∇u

n+1
2

⎤

⎥
⎦ = ∇⋅μ

n+1
2
(Dn+D∗) (4) 

Afterward, a pressure correction is computed by solving the Poisson 
equation for pressure. 

∇⋅u∗ = ∇⋅

⎡

⎢
⎢
⎢
⎣

Δt
ρ

n+1
2

∇p
n+1

2

⎤

⎥
⎥
⎥
⎦

(5) 

The predicted velocity u∗ is then corrected via the newly computed 
pressure field to obtain the final velocity field un+1 at the next time step: 

un+1 = u∗ −
Δt

ρ
n+1

2

∇p
n+1

2
(6) 

This correction ensures that the final velocity field satisfies the 

Fig. 3. General arrangement of the physical flume experiment layout by Olczak et al. (2016).
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incompressibility condition. The boundary conditions (no-slip condi
tions) are identified beforehand at the embedded boundaries (turbines 
in this case).

4.2. Embedded boundary condition (EBC) with a volume of fluid (VOF) 
advection scheme

The embedded boundary is constructed starting from a uniform 
Cartesian grid ΩΔ; then, it is generalised to a quadtree/octree AMR. For 
the simulation set-up, a distance function Φ was defined, which is the 
turbine geometry in this case (blade section). Afterward, a discrete 
piecewise continuous representation of the rigid boundary, ΓΔ, is 
embedded in the grid ΩΔ and intersects the underlying cells to form 
irregular fluid control volumes, V (Fig. 4(a), Fig. 4(b). The VOF quan
tities in the cut-cell, the volume fraction c and the area fraction f of the 
effective volume of the fluid. Note that the superscripts f and v in Fig. 4
(b) denote the cell face and vertex, respectively, following the Basilisk 
notation (Ghigo et al., 2023). In each cut-cell, the discrete rigid 
boundary δΓΔ satisfies Eq. (7) for a line: 

nΓ⋅x = α (7) 

where nΓ is the inwards unit normal vector to the discrete rigid boundary 
and where α is the intercept.

The interface in each cell is described via a piecewise-linear VOF 
scheme and is used to solve the advection equation. By assuming that the 
volume fraction c is bounded between zero and one, the interface po
sition xn is described by Eq. (8): 

xn =

{
xn− 1/2 + ciΔ for 0 < ci < 1

undefined otherwise (8) 

Basilisk consists of field values in 3 × 3 structured neighbors, and 
stencils are employed to access these values. As defined in Fig. 4(b), the 
distance function Φ is sampled on the Cartesian grid edges. Therefore, 
the interface position is not defined when the volume fraction c is not 
bounded between zero and one.

Then, the flux Fn+1/2 is computed geometrically via the flow velocity 
u and the interface position x (Fig. 5), as described in Eq. (9): 

Fn+1/2 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 if xn + u
n+1

2
Δt ≤ xn+1/2

un+1/2 if xn ≥ xn+1/2

1
Δt

⎛

⎜
⎝xn + u

n+1
2
Δt − x

n+1
2

⎞

⎟
⎠ otherwise

(9) 

The height function determines the distance between the interface 
and the cell edge and can be defined along either the x- or y-coordinate. 

y = h(x) (10) 

or 

x = h(y) (11) 

On a two-dimensional cartesian grid, the optimal stencil is aligned 
with the normal direction of the interface. For the AMR, a local asym
metric stencil adapted to the geometry of the interface is built. When the 
interface cannot be described by a vertical or horizontal line, the solu
tion adapts a parabolic curve. For further reading, refer to (Ghigo et al., 
2023; Limare et al., 2023; Popinet, 2018, 2011, 2009)

4.3. Adaptive mesh refinement (AMR)

The Basilisk framework employs an AMR system built on a tree- 
based Cartesian grid. This mesh is refined automatically, allowing the 
local resolution to increase where needed. The maximum and minimum 
refinement levels (28 and 25, respectively) are specified as part of the 
simulation setup, which is equal to approximately 0.09 m in the turbine 
and wake region and approximately 0.75 m in the undisturbed flow 
region. A grid independence study was conducted across three hierar
chical AMR maximum refinements (27, 28, and 29). The turbine blade 
geometry was fixed at level 8 across all runs to isolate the sensitivity of 
the wake flow from geometric representation effects. The L2 norm of the 
difference in the velocity deficit profile was used to quantify the 
convergence rate with higher resolution (Sabia et al., 2026). L2 tracks 
the difference in the velocity deficit profile shape between two grid 
levels at a given station x and is defined as follows: 

L2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

j=1

(
ΔuLi

(
yj

)
− ΔuLi+1

(
yj

))2

√
√
√
√ (12) 

Fig. 4. (a) Two-dimensional representation of the Cartesian embedded boundary with cut cells by a solid irregular volume fraction defined by the rigid boundary δΓΔ 

and (b) the level-set representation of the cut-cell by the distance function Φ and the volume-of-fluid quantities (Ghigo et al., 2023).

Fig. 5. The graphical advection scheme of the VOF method with the flux 
calculation Fn+1/2 (blue area) represented by the time-dependent velocity and 
Cartesian grid position for the embedded boundary (Popinet, 2011).
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where ΔuLi is the normalised velocity at x (X/D = 2, 4, 6, 8, 10, and 12) 
with level i sampled at discrete y-points and ΔuLi+1 is the normalised 
velocity at the same location with level i + 1. Since the two grids have 
different y-samplings (different grid points), the profiles were interpo
lated to a uniform grid of N = 500 points prior to comparison.

As shown in Fig. 6, L2 decreases consistently between consecutive 
refinement pairs at every downstream station. Transitioning from level 7 
to 8, L2 ranges from 0.076 in the near wake (X/D = 2) to 0.021 at (X/D =
12). Transitioning from level 8 to 9, L2 decreases to 0.033 and 0.007, 
respectively, at the same stations, confirming that the wake profile 
shape converges monotonically with refinement. Furthermore, the 
global domain-averaged velocity changes by less than 0.005% between 
levels 7 and 8 and less than 0.008% between levels 8 and 9, indicating 
negligible sensitivity of the bulk flow to further refinement beyond level 
8. On the basis of these results, level 8 is selected for all production runs 
as an optimal approach that balances accuracy and computational 
resources.

In this study, an initial resolution of 28 (equivalent to 256 × 256 grid 
points) was selected to accurately construct the turbine geometry within 
the simulation domain. The turbine undergoes rotational motion, and its 
geometry is reconstructed at every time step. To control refinement, a 
custom wavelet-based algorithm was implemented (van Hooft et al., 
2018), using thresholds based on both the velocity field and the vol
ume fraction (turbine geometry). The mesh refines if the change in the 
velocity exceeds a 0.001 tolerance threshold; otherwise, the refinement 
level remains minimal (coarse mesh) within the undisturbed velocity 
region. At a high resolution of 28, each dimension has 256 cells, and the 
total number of cells in the domain is 28 × 28, which is equal to 65,536 
cells. The turbine geometry is embedded within the dense cells at time 
step zero. The mesh adaptivity during the simulation is shown in Fig. 7. 
After the first step, the number of cells decreased from 65,536 to 6838 
(the mesh was refined only around the turbine geometry). As the 
simulation evolved, the number of cells increased to approximately 20, 
000 cells, which is approximately 30% of the initial cell number, 
following the evolution of the wake. The AMR strategy plays a critical 
role in achieving computational efficiency. Previous studies have shown 
that it can reduce the simulation time by more than 85% compared with 
simulations using uniform Cartesian grids (Aljber et al., 2024b; Lee 
et al., 2015; Popinet, 2020).

4.4. Model setup and BSM construction

To ensure consistency in the results comparison, the simulation setup 
closely followed the physical experiments (Olczak et al., 2016; Stallard 
et al., 2013a). For the single-row configuration with three turbines (D =
0.27 m, and Göttingen 804 blade profile), the computational domain 
was set to 21 × 14 m. The turbines were positioned at X/D = 7, leaving 

X/D = 14 of downstream length, and centered laterally with Y/D = 7 
clearance on each side. For the remaining experiments, the domain was 
extended to 24 × 20 m. These dimensions were chosen to minimise the 
boundary effect on flow development.

Since the NS equations are elliptic in form, the flow field is computed 
simultaneously across the domain. This removes the need for a spin-up 
time but increases the sensitivity to boundary conditions. A CFL of 0.5 
was used, with an inlet velocity of u0 = 0.47 m/s. The time step was 
automatically adjusted on the basis of the spatial resolution of the AMR 
with respect to the CFL condition. The velocity was imposed with 
Dirichlet boundary conditions at the inlet (left) and an outflow at the 
outlet (right) with Neumann conditions. The pressure at the inlet was set 
with Neumann conditions to maintain numerical stability. No-slip con
ditions were imposed on all the embedded boundaries. The dynamic 
viscosity was set to 0.01 (cell-face value), and the density was fixed at 
1025 kg/m³. A velocity damping coefficient of 0.065 was used for the 
single-row case, and 0.085 was used for the multirow configurations. 
These values were selected on the basis of multiple trial simulations and 
depend on the blockage effect, which is the proportion of the domain 
cross-section occupied by turbines. A greater blockage effect leads to a 
greater velocity reduction across the domain.

The BSM implementation followed the following three stages:
(I) Identify the blade geometry using the National Advisory Com

mittee for Aeronautics (NACA) profile construction with Eq. (13): 

naca00xx(x, y, a) = y2 −
(
5 × a × 0.2969 ×

̅̅̅
x

√ )2
− 0.126 × x

− 0.3516 × x2 + 0.2843 × x3 − 0.1036 × x4

(13) 

By using Eq. (13), any NACA profile can be constructed with a C 
routine function after the main parameters, such as the chord length, 
chamber thickness and position, are identified.

(II) Construct the turbines as a static geometry via the level-set 
function using Algorithm 1.

(III) impose time-dependent rotation on the turbines. For the turbine 
rotation in the BSM, Algorithm 2 was identified with the same infor
mation as Algorithm 1, and only the blade angle was modified to include 
an additional value updated at each time step. According to Ouro et al. 
(2019) and Stallard et al. (2013a), the rotational speed (omega) of the 
turbines was ω = 15.33 rad/sec. In the BSM, the turbine rotation is 
governed by θ(t) = ω⋅t and updated at each time step in Algorithm 2 as 
θb(t) = θb

0 + θ(t).
Notably, when rotational motion was introduced, the simulation 

failed after the first time step was completed. This issue arose because 
the volume fraction field (representing the turbine) was defined at the 
initial condition, where the velocity was zero. Once the turbine begins 
rotating, the location of zero velocity shifts, leading to numerical 
instability and a simulation crash. To resolve this, an additional event 
was implemented to enforce zero velocity at all volume fraction loca
tions throughout the simulation. The simulations were performed on a 
high-performance computing (HPC) cluster consisting of six nodes (with 
AMD EPYC 7352 CPUs with 24 cores). One node with 2 CPUs and 48 
cores was used to conduct the simulation. Parallel computing was 
employed via OpenMPI, and a 100 s simulation was completed at 
approximately 4 to 8 min of wall-clock time. The velocity evolution 
stabilised after the first 40 s, and the velocity statistics were collected 
after 80 s.

4.5. Statistical metrices

To provide a better understanding of the validity of the NS-BSM 
approach, statistical measurements were calculated against the phys
ical experiment using the root mean square error (RMSE) and the bias 
(B), and the accuracy was compared with the RANS-BEM results from 
Olczak et al. (2016). 

Fig. 6. L2 norm of the streamwise velocity deficit profile difference between 
consecutive AMR maximum refinements (27, 28, 29) at X/D = 2, 4, 6, 8, 10, 
and 12.

M. Aljber and H.S. Lee                                                                                                                                                                                                                        Applied Ocean Research 173 (2026) 105174 

6 



RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(mi − oi)

2

√

(14) 

B =
1
n
∑n

i=1
(mi − oi) (15) 

where n is the number of samples, mi is the modelled result, and oi is the 
observed value.

5. Results

5.1. Single row

5.1.1. Three turbines
The simulation results of one row with three turbines (Stallard et al., 

2013b) are shown in Fig. 8. The normalised velocities and turbulence 
intensity (TI) are presented in Fig. 8a and b. The normalised velocity is 
calculated as Δu = 1 − u/u0, and the TI is calculated following Eq. (1). 

Fig. 7. The grid resolution adaptivity according to the number of cells (grid points) and the simulation time steps along with the initial adaptivity around the 
turbine blades.

Algorithm 1 
Turbine geometry construction using a level-set formulation.

① Specify the turbine array
(
ni,nj

)

② Initialise the vertex-based level-set field ϕ(x)
③ For each grid vertex xk:
• For each turbine index (i, j):

• For each blade b ∈ {1,2,3}:
Define turbine centre xi,j

d
◾ Define the effective blade angle

θb(t) = θb
0

◾ Compute the rotated coordinates

xr = Rb(θb)
(
xk − xi,j

d

)

◾ Update the level-set value 
ϕ(xk) = min (ϕ(xk),ϕb(xr))

④ Convert ϕ to volume fractions cs and face fractions fs
⑤ Apply geometry cleaning and boundary enforcement

Algorithm 2 
Time-dependent turbine geometry rotation.

① Specify the turbine array
(
ni,nj

)

② Initialise the vertex-based level-set fieldϕ(x)
③ For each grid vertex xk:
• For each turbine index (i, j):

• For each blade b ∈ {1,2,3}:
◾ Define turbine centre:xi,j

d
◾ Compute the instantaneous angular position:θ(t) = ω⋅t
◾ Define the effective blade angle

θb(t) = θb
0 + θ(t)

◾ Compute the rotated coordinates 

xr = Rb(θb)
(
xk − xi,j

d

)

◾ Update the level-set value 
ϕ(xk) = min (ϕ(xk),ϕb(xr))

④ Convert ϕ to volume fractions cs and face fractionsfs
⑤ Apply geometry cleaning and boundary enforcement
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The individual wake evolution continues until approximately 6D is 
reached; then, it merges into a single wake. As shown in Fig. 8(c), the 
NS-BEM accurately captured the velocity variation downstream. At 2D, 
the RMSE and B were slightly greater, but the values improved down
stream, reaching 0.06 and − 0.058 for the RMSE and B, respectively, at 
12D The crosswise velocities at the positions of the turbines were 
accurately captured by the NS-BSM, emphasising a reliable approach 

with a negligible computational cost. The TI was calculated at the same 
location as the normalised velocity. Although the RMSE and B were 
greater than those of the velocity comparison, the NS-BSM captured the 
TI variation across the farm. Like the velocity, the TI accuracy increased 
downstream, reaching 1.24 and − 0.57 for the RMSE and B, respectively, 
at 12D In the high-turbulence zone downstream, at 2D and 4D, the 
NS-BSM overestimated the TI values by approximately 3% to 5%, and 

Fig. 8. The simulation results for the three turbines: (a) the normalised crosswise velocity at 80 s; (b) the turbulence intensity (TI) at 80 s; (c) cross comparison of the 
velocity (top) and TI (bottom) with the experimental results at 2D, 4D, 6D, 8D, 10D, and 12D downstream.
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these values were minimised to less than 1% after 6D After 8D, the TI 
became approximately equal to the ambient turbulence because of 
mixing with the lateral flow. The NS-BSM method produced the main 
features of velocity deficit and TI downstream despite the fluctuating 
RMSE and B values. The BSM relies on the accurate and direct con
struction of the blade section geometry, and as discussed in Section 2, 
the downstream wake is generated because of the flow‒blade section 
interaction. Therefore, even though the BSM is a reduced 
two-dimensional model, it produces flow-interaction physics with 
decent accuracy.

5.1.2. Five turbines
For the second case, five inline turbines in one row were simulated, 

as illustrated in Fig. 9. The results of the NS-BSM were compared with 
the experimental and RANS-BEM results from Olczak et al. (2016). The 
rotation of the turbines accelerated the velocity passing within the farm, 
as shown in Fig. 9a. At position 4D, the RANS-BEM overestimates the 
velocity passing between turbines by approximately Δu = 10 %. The 
NS-BSM presented a consistent velocity solution across the farm, albeit 
with slight underestimation of the velocity passing between turbines. 
The statistical metrics were approximately improved in the NS-BSM, 
with a RMSE of 0.05 and B of 0.017, compared with 0.066 and 0.03, 
respectively, in the RANS-BEM. Although the RANS-BEM represents a 
three-dimensional model, the method relies on one-dimensional annular 
momentum theory and two-dimensional hydrofoil data to identify the 
blade element force. Additionally, the RANS-BEM approximates the ef
fect of the instantaneous velocity and predicts only the mean wake 
downstream without resolving vortex shedding. At 8D downstream, 
individual turbines wakes clearly merge in the NS-BSM results (Fig. 9b), 
whereas the RANS–BEM still shows distinct wakes until 10D. In the 
near-wake region at 4D (Fig. 9a), the velocity decreased by approxi
mately 40% within the individual wakes. By 8D, the shear layers at the 
individual wake edges expanded and interacted through enhanced 
mixing with the ambient flow, entraining the high-velocity fluid be
tween turbines and smoothing the transversed velocity profile. The ve
locity recovered at this location by approximately 20% (green color). 
The rotating blade sheds strong vortices, which enhance the turbulent 
kinetic energy at the individual wake edges and accelerate the merging 
of the wake structure.

5.2. Multiple rows

The tidal farm was extended to multiple rows, which increased the 
complexity level of wake generation and meandering downstream. 
Following the original experiments of Olczak et al. (2016), three tidal 
farm cases were simulated: Case I contained two rows with X = 4D 

longitudinal distance, Case II contained two rows with X = 8D longi
tudinal distance, and Case III contained three rows with X = 4D longi
tudinal distance. The rotational speed for the first row was fixed at 15.33 
rad/s, whereas for turbines downstream, the rotational speed was 
reduced because of the effect of the upstream row. For the second-row 
turbines in cases I and II, the rotational speeds from the physical ex
periments were adopted (Table 1). For reference, the relative positions 
of the turbines in the second row are denoted as TT ‘top’, TM ‘top 
middle’, BB ‘bottom’, and BM ‘bottom middle’. For Case III, three rows 
with a 4D longitudinal distance, the rows consisted of three, four, and 
five turbines from upstream to downstream, respectively. The rotational 
speed for the first row was 15.33 rad/s, and this value differed for the 
downstream turbines (Olczak et al., 2016). The three-row configuration 
is the most complicated case for numerical models because of the 
overlapping wake of 12 turbines from three rows. Assigning an indi
vidual rotational speed to each turbine introduced numerical in
stabilities during the simulations, which in turn affected the overall 
results. The rotational speed was imposed as an incremental blade angle 
at each time step (see Section 4.4, algorithm 2). However, as the number 
of turbines increased, applying distinct speeds required additional nes
ted loops. Combined with complex flow interactions, this led to simu
lation breakdowns. To address this, the rotational speeds of the turbines 
in the second and third rows were averaged and uniformly applied 
across all the turbines in the corresponding row. This compromise 
ensured stable numerical performance while still producing reliable 
results. The rotational speeds were 12.724 rad/s and 11.866 rad/s for 
the second and third rows, respectively (Table 1). For reference, the 
relative positions of the turbines in the third row are TT ‘top’, TM ‘top 
middle’, MM ‘middle middle’, BM ‘bottom middle’, and BB ‘bottom’.

5.2.1. Case I: two rows, 4D spacing
The results for Case I are shown in Fig. 10; the first row contains 

three turbines, and the second row contains four turbines. At position 
6D, compared with the RANS-BEM, the NS-BSM accurately captured the 
velocity deficit and variation across the farm. The velocity reduction 
peaks were mostly underestimated by the RANS-BEM. Farther down
stream at 8D, the performance of both numerical models was signifi
cantly lower than that at the 6D position. This deterioration is caused by 
the wake overlapping from the two rows induced by different turbine 
rotation speeds. At 8D, the individual wakes remain identifiable at the 
two middle turbines, whereas the upper and lower turbines illustrate a 
reduced individual wake effect because of rapid turbulence mixing with 
the ambient flow. At the two middle turbines, the velocity reduction was 
approximately 40%. The velocity reduction in both the NS-BEM and the 
RANS-BEM was approximately 47% at the two middle turbines. How
ever, the NS-BEM produced relatively correct physical behavior 

Fig. 9. Simulation results for the five turbines: (a) normalised crosswise velocity at 80 s and (b) cross comparison of the velocities of the RANS-BEM, NS-BSM, and 
flume experimental results at 4D, 8D, and 10D downstream.

M. Aljber and H.S. Lee                                                                                                                                                                                                                        Applied Ocean Research 173 (2026) 105174 

9 



according to the experimental results. With respect to the RANS-BEM, 
the velocity deficit showed a uniform pattern across the farm without 
accounting for the relatively smoothened upper and lower wakes. 
Notably, the reduced velocity zone for the NS-BSM was narrower at 8D, 
which was caused by the elevated effect of the two rows given the 

shorter longitudinal distance. Turbines in the two-dimensional domain 
rotate with different rotational speeds, creating an area of reduced ve
locity downstream. The velocity at the lateral spaces near the farm 
(upper and lower) increases. Therefore, the coupling effect from the first 
and second rows accelerated turbulence mixing and velocity recovery 

Table 1 
Rotational speed (ω) for the second and third rows of turbines downstream for three cases: Case I (X = 4D), Case II (X = 8D), and Case III (X = 4D). The locations of the 
turbines are presented in Figs. 10, 11, and 12. The turbines in the second row are TT ‘top’, TM ‘top middle’, BM ‘bottom middle’, and BB ‘bottom’, and those in the third 
row are TT ‘top’, TM ‘top middle’, MM ‘middle middle’, BM ‘bottom middle’, and BB ‘bottom’.

Experiment Second row Third row

ωTT (rad/s) ωTM (rad/s) ωBM (rad/s) ωBB (rad/s) ωTT (rad/s) ωTM (rad/s) ωMM (rad/s) ωBM (rad/s) ωBB (rad/s)

Case I 
(X ¼ 4D)

13.49 11.95 11.8 13.64 ✖

Case II 
(X ¼ 8D)

13.95 12.417 12.417 13.95 ✖

Case III 
(X ¼ 4D)

12.724 11.866

Fig. 10. Simulation results for Case I, the two rows of turbines with a longitudinal distance of X = 4D: (a) the normalised crosswise velocity at 100 s and (b) cross- 
comparison of the velocities of the RANS-BEM, NS-BSM, and experimental results at 6D and 8D downstream.

Fig. 11. Simulation results for Case II, the two rows of turbines with a longitudinal distance of X = 8D: (a) the normalised crosswise velocity at the second 100 s and 
(b) cross-comparison of the velocities of the RANS-BEM, NS-BSM, and experimental results at 10D and 12D downstream.
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downstream. The two-dimensional setup amplifies this behavior since 
there is no vertical mixing.

5.2.2. Case II: two rows, 8D spacing
For Case II in Fig. 11, the longitudinal space between the two rows 

was extended to 8D, which allowed for a higher rotational speed than 
that in Case I (Table 1). At 10D, the velocity reduction in the individual 
wake was approximately 75%, whereas in the RANS-BEM, the velocity 
reduction was approximately 55%. The RMSE was 0.13 greater for the 
NS-BSM than for the RANS-BEM (0.08). However, the B improved to 
0.0001 for the NS-BSM compared with − 0.045 for the RANS-BEM. 
Compared with that in Case I (Fig. 10), the velocity at the lateral edge 
of the farm, at 12D, was improved. This improvement is due to the 
greater distance between the two rows. For Case I, the close longitudinal 
distance between the two rows increased turbulence mixing, and the 
confined conditions of the two-dimensional domain with no vertical 
mixing caused a squeezing region downstream. In Case II, this effect was 
reduced by the recovery distance before the second row. The NS-BSM 
slightly underestimates the velocity between turbines at 12D by 
approximately 5% relative to the experimental measurements, whereas 
the RANS-BEM overestimates velocities both within the individual 
wakes and in the interturbine regions. In Case II, the individual wakes of 
the upper and lower turbines remain distinguishable at 12D, reflecting 
the longer recovery distance between the two rows. In contrast, in Case 
I, the second row is exposed to higher ambient turbulence, which ac
celerates wake mixing and results in smoother, less distinct wakes for the 
upper and lower turbines.

5.2.3. Case III: three rows, 4D spacing
The results of the NS-BSM are compared with those of the RANS-BEM 

and the physical experiment for Case III in Fig. 12. At position 10D, the 
velocity experienced a major reduction, approximately 75%, at the 
upper and lower turbines of the farm, whereas the velocity reduction 
was relatively consistent for the middle turbines, approximately 55%. 
The staggered arrangement of the turbines in three rows enhanced the 
velocity divergence toward the upper and lower edges of the farm. At the 
upper and lower turbines, the higher velocity increased the thrust force 
(Olczak et al., 2016), creating uneven velocity deficit across the farm. 
The NS-BSM accurately captured this variation in velocity at 10D 
because of the accurate construction of the rotors. In the RANS-BEM, the 
fluctuations were consistent, and the two velocity reduction peaks at the 
two edges were not captured. As shown in Fig. 12(a), the largest velocity 
reduction, approximately 80%, occurred between the first and second 

rows at 2D The turbines in the middle received higher velocities because 
of the blockage effect induced by the rotation of the turbines at the 
edges. The velocity reduction between the second and third rows was 
approximately 70% at 6D. This velocity reduction pattern illustrated the 
benefits of a staggered array arrangement in which the velocity recovery 
increased, allowing a higher velocity for the turbines downstream.

5.3. Farm boundary and wake interaction

The downstream vorticity expansion (top) for Cases I, II, and III, 
alongside the velocity vectors (bottom) for the same layouts with mul
tiple rows, are shown in Fig. 13. In all the cases, the strongest vorticity 
appears at the lateral edge of the farm (Fig. 13, top), where the turbine 
wakes directly interact with the surrounding high-velocity flow. This 
behavior stems from velocity divergence induced by the rotating tur
bines, which is further intensified at the edges where turbines operate at 
higher rotational speeds than those in the middle. The elevated vorticity 
persists for approximately 4D downstream of the last row in all the cases. 
The short spacing between the first and second rows in Cases I and III 
enhances the wake–wake interactions, accelerating the flow at the 
lateral boundaries. As shown in Fig. 13(a) and (c), the velocity vectors 
are deflected inwards toward the wake zone, which causes the lateral 
boundary to contract (see also Figs. 10(b) and 12(b)). Case II exhibits 
weaker contraction because of the longer recovery distance between 
rows.

This lateral boundary contraction was not observed by the RANS- 
BEM results of (Olczak et al., 2016) (Figs. 8–12) or by the LES-ALM of 
Ouro et al. (2019), likely because the three-dimensional wake parame
terisation smoothed out the two-dimensional mixing effects. The 
NS-BSM approach successfully resolves the velocity deficits while 
maintaining substantially lower computational costs. Despite its 
inherent two-dimensional limitations, the NS-BSM provides a practical 
and efficient tool for array design, which is particularly valuable as the 
TSE sector moves from pilot-scale to commercial-scale deployment.

6. Discussion

Three-dimensional RANS models can offer reasonable estimates of 
the mean wake deficit (Apsley et al., 2018; Olczak et al., 2016). How
ever, RANS models do not resolve instantaneous wake dynamics. 
Three-dimensional LES can capture instantaneous wake dynamics and 
time-dependent structural loading but with high computational de
mand. (Ouro et al., 2019) reproduced the physical experiments of 

Fig. 12. Simulation results for Case III (three rows of turbines with longitudinal distances of X = 4D): (a) the normalised crosswise velocity during the second 100 s 
and (b) cross comparison of the velocities of the RANS-BEM, NS-BSM, and experimental results at 10D and 12D downstream.
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(Olczak et al., 2016; Stallard et al., 2013a) using a three-dimensional 
LES model where the turbines were presented via the ALM. The au
thors reported that they conducted simulations for 360 s on a super
computer using 51 processors, and the simulation time was 15 days. The 
LES-ALM accounted for high resolution (0.01 m and 0.005 m at the 
turbines and wake region, respectively) to capture the velocity and TI 
fluctuations in a single row of three turbines. However, with respect to 
the two rows, the model did not produce an accurate velocity deficit in 
the near-wake region at 6D in Case I (two rows with X = 4D longitudinal 
distance) or at 10D in Case II (two rows with X = 8D longitudinal dis
tance). One reason could be that the ALM method presents the turbine 
via drag forces within the mesh nodes, which does not present an ac
curate blade geometry. (Kang et al., 2014) reported that simplified 
representative models that neglect turbine geometry cannot capture key 
instability mechanisms responsible for the wake meandering observed 
in experiments. Wake structures such as tip vortices generally lose 
coherence a few diameters downstream, whereas large-scale wake 
meandering can persist much further. Therefore, not only velocity 
deficit recovery but also the spatial and temporal characteristics of 
turbulent structures must be considered.

All the cases in this study were simulated for 100 s since the velocity 
regime stabilised after 40 s. The simulation took approximately 4 to 8 
min of wall-clock time. The AMR levels were defined between 25 

(coarse) and 28 (fine), corresponding to spatial resolutions of approxi
mately 0.75 m for the ambient flow and 0.09 m in the turbines and wake 
regions. Comparatively, the high resolution in the RANS-BEM from 
(Olczak et al., 2016) around the turbines and in the wake region was 
approximately 0.05 m in the X direction and approximately 0.03 m in 
the Y and Z directions.

The NS scheme in Basilisk essentially supports direct numerical 
simulation (DNS) since it does not include an inherent turbulence model 
or subgrid-scale parameterisation. However, to implement a DNS, the 
model must solve all physical scales (Kolmogorov and near-wall scales) 
in space and time (Moin and Mahesh, 1998). Hence, the grid spacing Δ 
must be sufficiently small relative to the Kolmogorov (dissipation) 
length scale η and satisfy the condition Δ/η <

∼
1, where η is calculated as 

follows: 

η =

(
ν3

ε

)1/4

(16) 

where ν is the kinematic viscosity (in this study, ν =
μ
ρ ≈ 9.75 × 10− 6m2 

/s) and ε is the kinetic energy dissipation rate 
(
m2/s3), which represents 

the kinetic energy loss at small turbulent scales. ε is calculated as fol
lows: 

ε = 2νDijDij (17) 

where Dij is the deformation tensor from Eq. (2).
Using Eqs. (16) and (17), a statistical analysis was conducted for the 

spatial resolution in Case I (two rows with X = 4D longitudinal distance). 
The proportion Δ/η was found to be between approximately 0.07 and 
693, with an average value of 40.8, which means that on average, the 
grid cells are approximately 40.8 times greater than 1. This indicated 
that the NS-BSM does not satisfy a DNS condition. The Δ/η average of 
40.8, however, suggested a weighted proportion toward the DNS value 
of 1. To investigate this proportion further, a probability density func
tion (PDF) test was conducted, as presented in Fig. 14(a). The PDF for a 
randomly selected computational cell represents the probability that the 
resolution proportion Δ/η falls within a given interval (0.07 and 693). 
The proportion Δ/η is depicted on a logarithmic scale in Fig. 14 for ease 
of illustration, with two reference lines of Δ/η = 1 and 10 and an 
average value of 40.8. The majority of the Δ/η values range between 1 
and 100, with approximately 80% of the proportion being less than 40.8, 
mostly in the turbines and wake region where the high resolution is 
concentrated, as presented in Fig. 14(b).

Although the NS-BSM simulation with a maximum AMR level of 28 

(Δ ≈ 0.09 m) did not satisfy the DNS resolution requirements, the 
computational effort was strategically concentrated in regions govern
ing the turbine–flow interaction and wake evolution (Fig. 14(b)). High 
accuracy was achieved by using the EBC, ensuring an accurate geometric 
representation of the turbines. Additionally, the two-dimensional 
simulation reduced the computational demand while maintaining high 
performance.

Therefore, the numerical tests and validations presented in this study 
emphasise the applicability of the hypothesis that the turbine can be 
accurately presented and simulated on the basis of the blade cross 
section.

7. Conclusion

Quantifying flow dynamics is a critical step toward optimising tidal 
array design. While three-dimensional models provide valuable insights 
into wake behavior, flow recovery, and turbine interaction, their high 
computational cost continues to be a major barrier to large-scale ap
plications. The proposed two-dimensional NS-BSM approach integrates 

Fig. 13. Vorticity expansion downstream along with the velocity vectors for Cases I, II, and III with multiple rows of turbines in a staggered layout: (a) Case I, two 
rows with X/D equal to 4 longitudinal distances; (b) Case II, two rows with X/D equal to 8 longitudinal distances; (c) Case III, three rows with X/D equal to 4 
longitudinal distances.
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a simplified yet effective turbine representation with an AMR-based 
solver. This approach demonstrates that two-dimensional simulations 
can serve as a practical compromise between physical realism and 
computational efficiency. The studied cases consumed approximately 6 
min on average of wall-clock time to simulate 100 s of turbine-flow 
interaction. The NS-BSM method was shown to reproduce key flow 
features, including wake expansion, velocity deficit and recovery dis
tance, in good agreement with experimental and numerical references.

The NS-BSM offers a valuable engineering tool for rapid scenario 
testing and early-stage optimisation of turbine layouts where multiple 
array configurations must be evaluated. However, its primary limitation 
lies in the two-dimensional framework, which cannot resolve vertical 
flow structures. This restricts its applicability to processes such as 
wave–current interactions, vertical mixing, sediment transport, and 
seabed scouring. Similarly, the simplified rotor representation limits its 
ability to predict detailed hydrodynamic loads on turbine components 
and support structures. Consequently, the NS-BSM cannot serve as a 
replacement for three-dimensional CFD models where such processes 
are of primary interest.

Despite these limitations, the NS-BSM fills an important niche in the 
tidal array modelling hierarchy. It provides a computationally efficient 

alternative for array-scale layout optimisation, bridging the gap be
tween overly simplified analytical models and computationally 
demanding three-dimensional simulations. The horizontal wake dy
namics captured by the NS-BSM are sufficient to estimate array-scale 
power extraction using actuator disc theory, offering a practical 
pathway to performance assessment without full three-dimensional 
resolution. Furthermore, the computed array-scale velocity fields can 
serve as boundary conditions for localised three-dimensional simula
tions, enabling detailed rotor-level analysis at reduced computational 
cost. Future work will focus on two directions: coupling the NS-BSM 
with reduced-order models to incorporate vertical flow processes and 
integrating adaptive levelised cost of energy (LCOE) calculations to 
extend the framework toward economic tidal farm optimisation.
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