
Citation: Zhang, Y.; Ng, E.Y.K.;

Mittal, S. The Biffis Canal

Hydrodynamic System Performance

Study of Drag-Dominant Tidal

Turbine Using Moment Balancing

Method. Sustainability 2023, 15, 14187.

https://doi.org/10.3390/

su151914187

Academic Editors: Mohammad

Reza Pendar and Frederico Miguel

Freire Rodrigues

Received: 6 August 2023

Revised: 8 September 2023

Accepted: 20 September 2023

Published: 25 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

The Biffis Canal Hydrodynamic System Performance Study
of Drag-Dominant Tidal Turbine Using Moment Balancing Method
Yixiao Zhang , Eddie Yin Kwee Ng * and Shivansh Mittal

The School of Mechanical and Aerospace Engineering, Nanyang Technological University, 50 Nanyang Avenue,
Singapore 639798, Singapore; yixiao002@e.ntu.edu.sg (Y.Z.); shivansh001@e.ntu.edu.sg (S.M.)
* Correspondence: mykng@ntu.edu.sg

Abstract: Drag-dominant tidal turbine energy holds tremendous clean energy potential but faces
significant hurdles as unsuitability of the actuator disc model due to the varying swept blockage area,
unaccounted bypass flow downstream interaction, and rotor parasitic drag, whereas blade element
momentum theory is computably effective for majorly 3-blade lift-dominated aerofoil. This study
validates a novel method to find the optimal TSR of any turbine with a cost-effective and user-friendly
moment balancing algorithm to support robust tidal energy development. Performance analysis CFD
study of Pinwheel and Savonius tidal turbines in a Biffis canal hydrodynamic system was carried out.
Thrust and idle moment are analyzed as functions of only inlet fluid velocity and rotational speed,
respectively. These relationships were verified through regression analysis, and the turbines’ net
moment equations were established based on these parameters. In both simulation models, rotational
speed and inlet velocity were proved excellent predictor variables (R2 value ≈ 1) for idle and thrust
moments, respectively. The optimal TSR values for Pinwheel and Savonius turbines were 2.537 and
0.671, respectively, within an acceptable error range for experimental validation. The optimal basin
efficiency (ηopt, TSR) values for Pinwheel and Savonius in the 12% blockage channel were (29.09%,
4.0) and (25.67%, 2.87), respectively. The trade-off between TSRopt and ηopt is the key instruction
concerning electricity generation and environmental impact.

Keywords: drag-dominant tidal turbine; computational sustainability; turbomachinery moment
analysis; Savonius; Pinwheel

1. Introduction

The potential of tidal energy as a reliable source of energy has been identified as a means
of providing economic relief to communities located near coastlines or tidal channels. This
sustainable energy source has the capacity to generate more than 130,000 terawatt-hours of
electricity per year [1]. By utilizing smart grid infrastructure, the energy generated from tidal
and wave technologies can be used to power residential, commercial, and tourism sectors,
with the potential to meet 10% of the EU’s power demand by 2050 [2]. For this purpose,
drag-dominated tidal turbines (DDTTs) with simpler geometries and lower flow velocities
are ideal for deployment in slow water currents. These turbines include axial or crossflow
turbines with a horizontal or vertical axis of rotation, respectively. Optimized performance
of such turbines reduces maintenance requirements by identifying and addressing potential
performance issues, such as fatigue, wear, cavitation, or excessive loads throughout the
lifespan of tidal turbines. In this study, Pinwheel and Savonius are selected as two typical
examples of turbines.

To optimize the design of a small horizontal axis wind turbine for low wind speed
areas [3], the BEM theory was applied through the Qblade software (v0.6) and MATLAB
(R2023a) script. Ref. [4] conducted experimental evaluations of Pinwheel rotors with
different cutting styles in a wind tunnel and found that as the number of blades increases,
the tip speed ratio (TSR) decreases, and the coefficient of power (Cp) is maximum for the
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4-bladed rotor. Ref. [5] compared the performances of eleven different configurations of
Pinwheel wind turbines using computational fluid dynamics (CFD) simulations and the
Weibull distribution. Their findings suggest that an optimal TSR of 5.5, with a cut-in and
cut-off speed of 1.65 m/s and 12.5 m/s, respectively, can be achieved. Ref. [6] discovered
that the 2-bladed single-stage Savonius tidal turbine exhibited the highest power coefficient
in experimental comparisons with those possessing 3 or 4 blades. Refs. [7,8] performed
experimental investigations in a wind tunnel that verified an inverse correlation between
performance and the overlap ratio, which denotes the proportion of the turbine blade
overlap area to the total blade swept area. Refs. [9–11] investigated hydrodynamic turbine
rejection load under different front or rear guide vanes in high blockage pipe flow model
through entropy production theory.

To balance the computational cost, time, and accuracy, various simulation techniques
for turbomachinery simulation were developed. The actuator disc model, which assumes
the presence of a rotating virtual disc with or without porous holes perpendicular to the
inflow direction around the rotor [12], is found not suitable for use with vertical-axis
turbines due to the varying sweep area of the rotor plate [13] and the unsteady effect
of the unaccounted bypass flow interaction on the downstream wake for horizontal-axis
turbines [14]. Furthermore, it does not account for parasitic drag on the rotor and support
walls in both turbine configurations [15]. The blade element momentum (BEM) theory,
which is computationally effective for lift-dominated aerofoils [16], is found unsuitable
for drag-dominated hydrofoils that are not always NACA-series type [17]. Commercial
solvers like Ansys Fluent utilize expensive and labor-intensive models to optimize turbine
design by coupling them with complex mathematical programming for flow simulations.
However, this approach increases the complexity of the numerical solution, while the ex-
perimental validation for tidal turbines is a challenge for authors, as the required apparatus
is significantly more expensive compared to wind tunnel equipment.

This study studies a supplementary moment balancing algorithm [18] that integrates cost-
effectiveness and user-friendliness as the fundamental theory for performance optimization in
tidal turbines. The research presents two-moment definitions, along with their mathematical
derivation, focusing on moment values concerning the actuator disc model. The proposed
moment definitions are internally and externally validated in relation to flow speed (U1) and
rotational speed (ω). The study incorporates the moving reference frame (MRF) into the
computational fluid dynamics (CFD) hydrodynamic system to determine the optimal power
coefficient and operating conditions. Experimental and numerical validation is performed,
and the wake flow velocity distribution is visualized to conduct a comprehensive channel
parametric study. This investigation encompasses wake decay length (WDL), blockage effect,
and channel efficiency in a restricted area of the tidal turbine.

This research contributes two significant insights: firstly, it assesses the tidal turbine’s
ability to effectively harness kinetic energy from the flow in the channel and identifies the
downstream extent of wake decay before the upstream velocity is restored. These factors
serve as crucial indicators for evaluating the environmental and ecological sustainability
of tidal turbines. Secondly, the algorithm provides preliminary results to aid engineers
in comprehending the optimization process by selecting the most suitable computational
technique. The proposed approach utilizes steady and k-ε turbulence models, which are
efficient for 3-D CFD models on standard laptops. Consequently, the algorithm considerably
reduces the computational costs associated with testing various tidal turbine designs by
presenting a sustainable numerical computational method.

2. Methodology
2.1. Numerical Model Development

The previous study tested the rectangular channels with seawater continua for Pin-
wheel and Savonius turbines [18]. The geometries of the Pinwheel and Savonius turbines
were developed using SolidWorks and subsequently imported into the Star-CCM+ plat-
form. A similar method was also investigated through the real channel case by comparing
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the optimal hydraulic turbine array alignment while maintaining the same blockage [19].
For further investigation, a double-trapezoid cross-section channel retrieved from Malini
(Figure 1) concerning the rotors being tested by HE Powergreen S.r.l. in the Biffis canal in
Bussolengo, Italy, was used to perform simulations under the same continua and position
with the previous study. The channel’s cross-section view and scales are summarised in
Figure 2. This study planned to change the surrounding walls shape and surface boundary
conditions (BCs) to validate the moment balancing method with actual environmental
impact investigation.
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2.2. Mesh in CFD Simulation

It is important to highlight that the flow domain for the Savonius turbine was designed
with a longer downstream length of 13D (Rotor Diameter), whereas the Pinwheel turbine
had a downstream length of 9D. The entire channel was 6:1, scaling down from the real
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channel scale for the convenience of saving meshing memory and parametric study. This
design decision was made to ensure the achievement of a fully extended vortex for the
Savonius turbine, given that its wake decay length is longer compared to that of the
Pinwheel turbine [22–26]. The grid size of the trapezoid-profile tank was gradually refined
into a smaller size of 2D × 2D × 4.5H and D × D × 2H cuboid (H is the rotor height),
using a gradient mesh refinement approach at 60% and 30% of the grid base size (0.0822 m),
respectively. The refinement process continued until it reached the Pinwheel/Savonius
rotor plate at 5% of the base size. The domains have been showed in Figure 3 below.
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Ref. [18] utilised the Savonius blade and channel area from [27] to calculate the
blockage and aspect ratio with their definition equation shown as Equations (1) and (2). The
aspect ratio is defined as the ratio of channel width to channel height, and the blockage ratio
is the ratio of the rotor blades’ sweep area to the channel cross-section area. Maintaining
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the same aspect ratio value from this study was necessary for the dimensionless operation
so that further modelling setup and simulation are conducted without the channel size and
turbine blockage’s parameter’s impact. This study investigated the models by multiplying
the Savonius turbine’s blade radius by a factor of 3.58 for an equal blade and channel area
to Pinwheel’s. To maintain the same blockage and aspect ratio of 0.12 and 1.85, respectively,
the blade and channel area for the Pinwheel and Savonius turbines remained constant at
0.283 m2 and 2.358 m2, respectively.

Aspect Ratio = Channel Width = 0.600 m
Channel Height = 0.325 m = 1.85 (1)

Blockage Ratio = Blade Area = 0.022 m2

Channel Area = 0.195 m2 = 0.12 (2)

The downstream velocity fields are plotted under different TSRs to observe the block-
age effect [27]. Experimental studies and numerical simulations were conducted to deter-
mine the optimal performance characteristics of a miniature Savonius turbine operating
in a water channel with a low in-flow velocity of 0.5 m/s. The study revealed that the
optimal TSR of 0.7 achieved the highest maximum power coefficient (Cp) value of 0.23.
The 2 mm sheet thickness was implemented based on [28]. The scales of the two models
are summarized in Table 1.

Table 1. Scales of the CFD Models.

Parameter Pinwheel Savonius

Blade Radius [m] 0.30 0.211

Rotor Diameter [m] 0.60 0.422

Rotor Height [m] 0.60 0.670

End-Plate Diameter [m] - 0.235

Blade Area [m2] 0.283

Channel Width [m] 3.370

Channel Height [m] 2.137

Channel Area [m2] 2.358 (3.370 × 2.137)

Aspect Ratio 1.85

Blockage Ratio 0.12

The volume mesh overview and cross-sectional views are shown in Figures 4 and 5,
respectively. For the Pinwheel turbine, a grid number of 277,793 cells was selected based on
a fluid velocity of 0.8 m/s, rotational velocity of 8.0 rad/s, and TSR of 2.58. For the Savonius
turbine, a grid number of 679,092 cells was selected based on a fluid velocity of 0.54 m/s,
rotational velocity of 5.75 rad/s, and TSR of 0.63. The grid independence tests are shown
in Figure 6. Fluid temperature for Savonius and Pinwheel simulation is assumed at the
default value of 25 ◦C with seawater densities of 1025 kg/m3, respectively. k-ε turbulence
steady-state segregated solver with continuity criterion set to residuals of magnitude 10−3

was selected for both models. This consistent choice aids in the comparison of the Cp-TSR
performance curve simulation findings.
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As shown in Figure 6, a grid independence test was conducted for both turbines. The
Pinwheel turbine was tested under a rotational speed of 8.0 rad/s with a fluid velocity
of 0.8 m/s (TSR = 2.58), while the Savonius turbine was tested under a rotational speed
of 5.25 rad/s with a fluid velocity of 0.67 m/s (TSR = 0.46). The aim was to evaluate
the sensitivity of the simulation results to changes in grid size and refinement level. The
simulation results showed mild variations across different grid numbers for both turbines.
This indicated acceptable numerical stability and convergence for this model setup. Con-
sequently, the results suggested selecting a minimum grid resolution of 0.3 million grids
for the Pinwheel turbine and 0.7 million grids for the Savonius turbine for the subsequent
simulations. The grid number choice has been showed as red dots in Figure 6a,b. These
choices allow us to meet accuracy requirements while minimizing computational costs.

2.3. Domain and Boundary Conditions

To ensure accurate analysis results, adjustments were made to the dimensions of the
inlet, outlet, and surrounding walls of the stationary region. These adjustments aimed to
facilitate the complete development of upstream and downstream flow while avoiding any
influence on the analysis outcomes. Both the inlet and outlet boundaries were positioned
upstream and downstream from the centroid of the turbine system. The side walls were
assigned a symmetry boundary condition, and the top and bottom walls were assigned
as slip and non-slip (rough) wall boundary conditions, respectively. These settings are
intended to replicate the conditions of the Biffis canal watershed, thereby ensuring further
simulation purposes. Throughout all flow simulations, seawater was considered as the
working fluid. Figure 7 depicts the lateral view of the computational flow domain. The
fluid domain was created on a 3-D scale and divided into a stationary region and a rotating
domain, which housed the Pinwheel and Savonius turbine [29]. The left-side wall of the
static domain, serving as the inlet, adopts a velocity boundary condition. Here, initial con-
ditions (ICs) are specified within a predetermined range to govern the velocity parameters.
This approach facilitates the integration of the MRF (moving reference frame) method into
the actuator disc model, enabling the simulation of computational fluid dynamics (CFD)
models. To establish a seamless interface between the rotating and static domains, a sliding
wall is defined, ensuring minimal friction between them. Throughout the simulation of
Savonius and Pinwheel turbines, the fluid temperature is assumed to maintain default
values at 25 ◦C, while the utilized seawater densities stand at 1025 kg/m3. In the rotating
domain, the blade surfaces are uniformly subjected to the wall friction condition, with the
implementation of an identical y+ hybrid wall function. As for the outlet, positioned at the
right-side wall, it is set as a pressure outlet featuring a relative pressure of zero Pa.
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For the surrounding walls of the channel, the upper part was set as a slip plane,
where the fluid slid along the wall without any shear force, and the fluid velocity did
not correspond to the wall velocity. This was used to simulate a calm lake surface while
neglecting the fluid’s waves and wave equations. Hence, it remained a relatively low
computational cost to resolve the entire boundary layer even if the grid is relatively coarse.
The lower walls, including the slopes and seabed, were treated as wall friction BCs governed
by the y+ hybrid wall function, combining low-Reynolds number and high-Reynolds
number wall functions based on the y+ value. A rough plane with a roughness thickness of
0.02 was determined for the actual soil and vegetation on the seabed. The friction equations
for the upper and lower walls are given as Equations (3) and (4), respectively.

vSlip = vext − ({v}ext ·n)·n (3)

where the superscript “ext” indicates that the value is extrapolated from neighbouring
grid cells within the domain. n = a

|a| , where a represents the outward grid surface normal
vector, and this correction ensures the consistency between the normal component of the
wall’s fluid velocity and the grid flux.

v+Rough = 1
κ ln
(

E
f ·y

+
)

(4)

where the superscript “+” is regarding the dimensionless velocity v+Rough and dimensionless
distance y+ near the wall where the fluid velocity gradually increases with distance from
the boundary surface, followed by logarithmic law relationship as Equation (4). The von
Kármán constant κ = 0.42, and the turbulence dissipation rate E = 0.9 were used for the
present study. f is the roughness function, which can be expressed as Equation (5) [30]:

f =


1 f or R+ ≤ R+

smooth[
B
(

R+ − R+
smooth

R+
rough − R+

rough

)
+ CR+

]a
f or R+

smooth < R+ < R+
rough

B + CR+ f or R+ > R+
rough

(5)

where a = sin
[

π
2 ·

log(R+/R+
smooth)

log(R+
rough/R+

smooth)

]
. R+ is determined by the Equivalent Sand-grain Rough-

ness r times y+/ywall and is selected at 1.2 as an empirical value [31]. Other parameters
are valued as B = 0, C = 0.253, R+

smooth = 2.25, and R+
rough = 90 from the classical study’s

suggestion [32].
In this study, the flow turbulence was described by the realizable k-epsilon with

two-layer (RKE 2L) method for the simulations conducted in STAR-CCM+. The RKE 2L
method determines the turbulence dissipation rate (ε) and turbulence viscosity (µt) as a
function of the distance from the wall in the near-wall layer. These values are seamlessly
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integrated with the results obtained from solving the transport equations in regions away
from the wall. The turbulent kinetic energy equation is solved throughout the entire fluid
domain. To discretize and solve the mass and momentum integral conservation equations,
the segregated solver is employed. Additional information about this solver can be found
in the StarCCM+ user manual. Equation (6) provides the calculation of µt by combining
the turbulence kinetic energy (k) and turbulence dissipation rate (ε).

µt = ρCµ fµ
k2

ε
(6)

where

Cµ = Model coefficient, equal to 0.9 in RKE 2L;
fµ = Damping coefficient, equal to 1 in RKE 2L.

The k and ε are obtained from the following transport equations Equations (7) and (8),
where the velocity and direction are derived along the x direction. In comparison to the
classical k-epsilon model, the RKE 2L model supplemented the model constant with more
precise parameters (C3ε) that account for the interaction between the turbulent boundary
layer and the turbulent core. This leads to a more accurate description of the turbulent
mixing layer, making it particularly suitable for rapid motion and high-viscosity fluid
turbomachinery systems, such as those operating under idle moment conditions.

∂(ρk)
∂t + ∂(ρkUi)

∂xi
= ∂

∂xi

[(
µ + µt

σk

)
∂k
∂xi

]
+ fcGk + Gb − ρε−YM + Sk (7)

∂(ρε)
∂t + ∂(ρεUi)

∂xi
= ∂

∂xi

[(
µ + µt

σε

)
∂ε
∂xi

]
+ C1εε− C2ε

ρε2

k+
√

Uiε
+ ε

k C3εGb + Sε (8)

where

Gk = Turbulent kinetic energy generation coefficient;
Gb = Turbulence dissipation rate generation coefficient;
YM = Specific dissipation rate to turbulent kinetic energy ratio;

C1ε, C2ε, C3ε = Model constants, equal to max
(

0.43, Sk
5ε + Sk

)
; 1.9 and 1.0, respectively, in RKE

2L;
Sk, Sε = User-defined source terms;
σk, σε = Turbulent Prandtl numbers, equal to 1.0 and 1.2, respectively, in RKE 2L.

Then, as described later in the text, the net moment is defined under the assumption
of rotating machinery reaching equilibrium and steadiness. In this scenario, the time-
dependent terms in the turbulence model become negligible. Therefore, in our simulation
model, we ultimately opt for the “steady flow + 2-layer realizable k-epsilon turbulence
model” as the governing equations for fluid flow. In the discussion section, we also address
the accuracy differences between the RKE 2L model and the k-omega turbulence model,
ultimately opting for the RKE 2L model.

2.4. Moment Analysis Method

Previous works investigated moment analysis of a single turbine in either horizontal
or vertical axis configuration by utilizing a fixed inlet flow speed scheme. The TSR ranges of
this study follow a dynamic TSR matrix for the simulations as studied in [18]. In this study,
the simulation algorithm aims to investigate the net moment of rotating machinery under
different BCs, specifically the rotating speed and flow velocity. The net moment values
obtained are then used to determine the equilibrium state of the turbine’s rotational motion,
indicated by the net moment approaching zero. This neutral point of the net moment is
proven to determine the optimal power coefficient Cp, opt, which is essential for assessing
the turbine’s performance.

Furthermore, to calculate the useful power generated by the turbine (P = ω · M),
it is necessary to establish a net moment balancing equation at the neutral point. At
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this point, the approximate zero net moment can be considered as the sum of the flow’s
thrust moment (acting as positive torque) and the turbine’s rotation moment (acting as
resistance). To facilitate this calculation, the positive torque is defined as the thrust moment,
MThrust(U1, 0), governed by thrust coefficient CT and fluid velocity U1. The resistance
effect is summarized as the Idle moment, MIdle(0, ω), which is defined when the turbine
is rotating at constant speed in still water hence, a load is exerted on the turbine. It is
governed by the viscosity and centrifugal force of the fluid. The idle and thrust moments
are functions of the boundary conditions, namely the rotational velocity ω and the fluid
velocity U1, respectively. Mathematical derivations are presented below to demonstrate the
feasibility of this algorithm within simulation systems.

Previous studies have documented the definition and composition of net torque in
rotating machinery such as [33] studied the performance dependence of VAWTs on the
moment of inertia in an unsteady wind tunnel, and proposed Equation (9) with the net
angular momentum ∆L as a sum of torque of wind turbine τw, brake τB and load τL.

∆L = I dw
dt = (τw − τB)− τL (9)

By applying the principle of conservation of angular momentum and assuming steady
operation in Equation (10), the sum of the external moments (Στ) is zero as derived in
Equation (10) or the form of moment balancing equation in Equation (11):

Στ = ∆L = τw − (τL + τB) = 0 (10)

Mnet,opt(U1, ω) = MThrust(U1, 0) + MIdle(0, ω) = 0 (11)

where the thrust moment is the torque generated by the wind turbine i.e., MThrust = τw
and the idle moment is equal to the sum of the load torque and the braking torque i.e.,
MIdle = τL + τB. In the case of the horizontal axis Pinwheel turbine, the simulation result
finds that the braking torque τB is zero, thus noted as MIdle

∗ . Table 2 illustrates the
investigation of the three moments in the CFD simulation cases, leading to the situations
described in the aforesaid definitions.

Table 2. Summary of the net, idle, and thrust moment cases in CFD simulation cases.

Target Set Initial Set Conditions in CFD

MThrust (U1, 0) Static turbine, varying inlet flow velocity

MIdle (0, ω) Rotating turbine, fixed inlet flow velocity

MNet (U1, ω) Rotating turbine, varying inlet flow velocity

The mathematical expression of the idle and thrust moments with aspect to ω and U1
is derived from the steady state and incompressible flow modified Navier–Stokes equations
in the MRF form, containing the additional centrifugal force terms in the momentum
conservation shown as Equation (12) [34]. The source term of the relative coordinate system
is used to derive the expression of idle moment MIdle on the rotor plate through integration
as Equation (13). Hereby the MIdle is linearly related to only the ω2 as the product of force
arm r and pressure difference p.

ρ
(

∂U1
∂t + U1∇2U1

)
= −∇p + µ∇2U1 + ρ

(
ω2r + 2ωUrotational

)
(12)

MIdle =
∫
(
∫

pdA +
∫

τdA)dr (13)
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The thrust moment MThrust will be calculated as Equation (14) which is the product
of the thrust force and force arm. The Pinwheel and Savonius with different cross-section
profiles are then derived as the corresponding form.

MThrust = FThrust·l = 1
2 ρACTU1

2 × l =


(

ρπD3CT
16

)
·U1

2 (Pinwheel)(
ρabCT

2

)
·U1

2 (Savonius)
(14)

To summarise the algorithm of the moment balancing method, the turbine performance
study will be simplified to find the value of net moment (targeting variables) close to zero
on the corresponding TSR graph (x-axis values). This value represents the equilibrium
state, and the corresponding TSR is considered the optimal TSR. Subsequently, the idle
moment and thrust moment corresponding to this equilibrium state are calculated based
on the rotational speed and inflow velocity. This information is then used to establish the
moment balancing equation and calculate the useful power using Equation (15).

Cp,opt =
Puseful

Pin
=

ω·MThrust/Idle
1
2 ρAU3

1
(15)

The two independent variables, i.e., U1 and ω comprise a dynamic tip speed ratio
(TSR) matrix using Equation (13), are shown for both turbines as Tables 3 and 4. The
turbine’s optimal TSR can be obtained by the Cp-TSR curve.

TSR = ωR
U1

(16)

Table 3. Dynamic TSR matrix in different initial conditions for Pinwheel rotor.

TSR
Rotational Speed ω (rad/s)

6.67 7.50 8.00 8.17

Inlet
speed U1

(m/s)

0.4 5.00 5.63 6.00 6.13

0.5 4.00 4.50 4.80 4.90

0.6 3.34 3.75 4.00 4.09

0.7 2.86 3.21 3.43 3.50

0.8 2.50 2.81 3.00 3.06

0.9 2.22 2.50 2.67 2.72

1.0 2.00 2.25 2.40 2.45

Table 4. Dynamic TSR matrix in different initial conditions for Savonius rotor.

TSR
Rotational Speed ω (rad/s)

4.50 5.25 5.75 6.00 6.25 6.75

Inlet
speed U1

(m/s)

0.33 2.88 3.36 3.68 3.84 4.00 4.32
0.46 2.06 2.41 2.64 2.75 2.87 3.10
0.50 1.90 2.22 2.43 2.53 2.64 2.85
0.54 1.76 2.05 2.25 2.34 2.44 2.64
0.67 1.42 1.65 1.81 1.89 1.97 2.13
0.83 1.14 1.33 1.46 1.53 1.59 1.72

3. Results and Discussion
3.1. Idle and Thrust Moment Relationship Quadratic with U1 and ω

The validation results with aspect to idle and thrust moments relationship with the corre-
sponding BCs ω and U1 under the CFD simulation model aimed to prove the assumption and
mathematic derivation in Section 2.4 and Equations (13) and (14). For internal validation of the
simulation findings, regression analysis was performed for the idle and thrust moments with
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rotational speed and inlet fluid velocity as independent variables, respectively. Rotational speed
and inlet velocity are found to be exceptional predictor variables, with R2 ≈ 1, for idle and
thrust moments, respectively, in both models. The quadratic relationship between Midle −ω
and MThrust −U1 is shown in Figures 8 and 9, respectively.
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Figure 8. Midle −ω quadratic relationship for (a) Pinwheel and (b) Savonius turbines. “The red dash
line is the fitted quadric curve”.
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Figure 9. MThrust −U1 quadratic relationship for (a) Pinwheel and (b) Savonius turbines. “The red
dash line is the fitted quadric curve”.

The relationship between the three moments is visualized in Figure 10. It can be
demonstrated that the idle moment exhibits minimal deviation from a constant value with
the growth of TSR, whereas the thrust moment curve closely adheres to the shape of the
net moment curve. The rotor’s balanced state is represented when the net moment is zero,
that is, the neutral point of the simulation.
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Figure 10. Net, thrust, and idle moments curves for (a) Pinwheel and (b) Savonius turbines.

3.2. Cp vs. TSR Curve

For the external validation of the simulation findings, the optimal Cp and TSR are
found and compared with the reference studies for Pinwheel and Savonius, which lie in
the acceptable range of experimental validation. The results are summarised in Table 5 and
shown in Figure 11 by applying the central difference method for interpolation methods
where the difference between the Cp values at two neighbouring points are divided by the

distance between them as the mathematical expression: f ′(x0) =
f (x0+h)− f (x0−h)

2h .

Table 5. Validation for characteristic optimal TSR values.

Model Reference Experiment Result Simulation Result Error Percentage

Pinwheel
(Optimal TSR) [4]

2.0
For traditional Pinwheel 2.537

( 2.537 − 2.0
2.537

)
× 100 = +21.16%

3.5
For optimal aerodynamic

shape Pinwheel
2.537

( 2.537 − 3.5
3.5

)
× 100 = −37.96%

Savonius
(Optimal TSR) [27] 0.7 0.671 ( 0.671 − 0.7

0.671 )× 100 = +4.32%
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As the most classic and simple VATT, the experimental research results of Savonius turbines
are based on extensive measurements, yielding relatively accurate findings. Our simulation
experiments align well with these results, with an error rate of only +4.32%. By adopting more
precise interpolation methods, we can further reduce the error rate significantly.

On the other hand, Pinwheel turbines, being a novel type of DATT turbine, are less
commonly utilized in undersea environments. Experimental results for Pinwheel turbines
often require more sophisticated equipment and a larger dataset for support. A study [4]
compared traditional pinwheel designs, which have blades without trimming, with those that
have undergone hydrodynamic performance improvement through optimized blade shapes.
In this study, the Pinwheel design implements a cut on the blade edge, and the optimal TSR
determined using the moment balancing analysis method lies between the range of the two
aforementioned designs. The upward and downward deviations were +21.16% and−37.96%,
respectively. This does not imply that the study’s results are inaccurate; rather, it indicates that
the design falls within the upper and lower bounds of blade optimization, therefore providing
valuable reference data for further studies and comparison.

3.3. Wake Velocity Vector Plots

The blade tip of the Pinwheel exhibited a maximum speed value of 2.68 m/s, as
indicated by the red glyphs. As one progresses towards the center of the Pinwheel, the
speeds gradually decrease and approach zero at the incident edge, which is highlighted by
the dark blue glyphs in Figure 12.Sustainability 2023, 15, x FOR PEER REVIEW 15 of 25 
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Figure 13 illustrates the presence of the whirling phenomenon within the wake area of
the Savonius turbine. Specifically, the downstream portion of the wake exhibits a gradual
reduction in tangential velocity, with a maximum value of 1.5 m/s, as denoted by the
red glyphs. It should be noted that the high fluid velocity predominantly occurs on the
near-surface of the blade for both turbines. At the curved surfaces of the blades, the fluid
generates rotational motion for the turbine. Regarding the wake decay length, the Pinwheel
demonstrates a notable recovery of downstream flow compared to the Savonius turbine.
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3.4. Flow Velocity and Wake Distribution

Figures 14 and 15 below indicate the simulation results of velocity scalar plots of
Pinwheel and Savonius under different TSR ranges, respectively. For Pinwheel, as TSR
increases, the downstream flow field has the following principles:

1. For the wake downstream, the wake decay length (WDL) gradually shortens as the
inflow velocity increases and the turbine’s working tip speed ratio (TSR) decreases.
This indicates that the minimum distance required for the wake to be blended with
the bypass flow reduces, leading to the gradual restoration of upstream velocity and a
decrease in its impact on the downstream water potential.

2. Regarding the vortex, when the inflow velocity is lower, and the TSR is higher, the
downstream backflow significantly dissipates and transforms into forward flow. Two
regions have small vortices between the turbine blades at the ninety-degree gap. With
increasing inflow velocity and slowing down of rotation (reducing TSR), these two
small vortices gradually disappear and merge into the main vortex.

3. The fluid in the tail part of the Pinwheel turbine maintains static flow, creating a dead zone.

For the Savonius turbine, the downstream flow is depicted in Figure 15, and the
distinctive features compared to the Pinwheel turbine mainly occur in the bypass flow,
summarized as follows:

(1) Due to its slender and tall shape, the turbine compresses the bypass flow in the upper
and lower regions, especially at lower TSR and higher flow velocities. This feature
becomes particularly pronounced at TSR = 1.14. In fact, the narrow and elongated
bypass enhances the channel’s blockage efficiency.

(2) Concerning the downstream wake, the presence of bypass flow and the friction with
the seabed further weaken the near-bed flow velocity, making it challenging for the
downstream flow to quickly return to a level close to the upstream velocity. This has
long-term effects on the downstream environment, particularly on fish species with
upstream migration habits. The length of the wake diffusion layer (WDL) increases
with increasing TSR, consistent with the pattern observed in the Pinwheel turbine.

(3) Regarding the vortex shape, two vortex streets originate from the upper and lower
blades and extend downstream. At high TSR, when TSR > 2.87 (near-idle opera-
tion), the vortex streets merge to form a larger dead zone where quasi-steady flow
concentrates at the ends of the blades.

The upstream velocity U1 and downstream velocity U2 for the two turbines are
summarised in Table 6, where the new parameter “basin efficiency η” is indicated in
Equation (17) for both Pinwheel and Savonius. The basin efficiency measures how the
turbine blockage affects the channel’s downstream and flow power collection. From Table 6,
as the U1 decreases, the Pinwheel and Savonius of basin efficiency show a similar quadratic
trend, where the η reaches a peak at 0.6 m/s (TSR = 4.0) for Pinwheel at 29.09%, and
0.46 m/s (TSR = 2.87) for Savonius at 25.67%. Low η happens when the TSR is too low or
too high. However, an abnormal case on Savonius is observed when U1 is greater than
0.83 m/s and η. These two cases, corresponding to Figure 12’s TSR = 0.32 and 0.39, are
affected by the jet flow on the bypass as a flow enhancer effect, as discussed previously.

Basin e f f iciency (η) =
use f ul power

power removed f rom f low
=

Puse f ul

Pin − Pout
=

ω·MThrust/Idle
1
2 ρAU1

3 − 1
2 ρAU23

(17)
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Figure 15. The wake’s velocity field for the Savonius turbine; TSR ranging from 1.14 to 4.32.

This study indicates an intriguing observation: the optimal TSR of a turbine (e.g., 0.83
for Savonius) does not coincide with the TSR corresponding to its channel efficiency, η
(e.g., 0.46 for Savonius). The optimal TSR of a turbine represents the working rotational
speed at which it can maximize the collection of incoming flow energy, indicating its
power generation efficiency. On the other hand, the channel efficiency η represents the
efficiency of collecting kinetic energy from upstream and restoring it downstream in the
waterway, representing the environmental energy utilization efficiency. For instance, when
the flow velocity difference between upstream and downstream becomes smaller, the power
removed from the channel decreases, leading to greater η.

Therefore, achieving a balance between power generation efficiency and environmen-
tal energy utilization efficiency is crucial for the utilization of tidal stream turbines. Within
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this range of TSR values, it is essential to make informed judgments based on specific
requirements and practical considerations.

Table 6. Basin efficiency η under different inflow speeds U1 for Pinwheel and Savonius turbine.

Pinwheel

U1 TSR U2 Puseful Premoved η WDL (in m)

1.00 2.0 0.924 255.46 1208.48 21.14% 0.92

0.90 2.5 0.822 208.87 880.98 23.71% 1.15

0.80 3.0 0.724 160.46 618.74 25.93% 1.38

0.70 3.5 0.628 115.23 414.51 27.80% 1.57

0.60 4.0 0.535 75.93 261.03 29.09% 1.64

0.50 4.5 0.453 45.93 151.06 25.58% 1.70

0.40 5.0 0.372 24.67 77.34 19.62% 1.75

Savonius

U1 TSR U2 Puseful Premoved η WDL (in m)

0.83 1.14 0.787 108.86 698.51 15.59% 0.98

0.67 1.65 0.636 47.93 358.60 13.37% 1.07

0.54 2.25 0.506 35.58 192.41 18.49% 1.26

0.50 2.53 0.460 33.32 151.06 22.06% 1.22

0.46 2.87 0.417 30.19 117.63 25.67% 1.34

0.33 4.32 0.304 9.35 43.43 21.52% 1.58

3.5. Error and Uncertainty Discussion

The deviations in optimal Cp and TSR for the two models could be due to the relative
viscosity, which is a measure of the fluid’s resistance to flow and decreases as its temperature
increases. The water temperatures for Pinwheel and Savonius models were assumed to be
25 ◦C, as it was not specified in the literature. k-ω model has been increasingly popular due
to its accuracy in simulating rotating machinery [35]. The optimal TSR obtained with k-ε
turbulence is 0.671 when Cp reaches the neutral point at 0.000. The k-ω model provides a Cp
value of 0.045 under the same optimal TSR given in [27], as shown in Figure 16. Through
the central difference method for interpolation, the k-ω model calculated optimal TSR at
0.741 with the error rate at +5.58%, i.e.,

(
0.741−0.7

0.741

)
× 100% = 5.58% from the previous

experiment. Although the difference between the two turbulence models is less significant,
an important reason to choose k-ε model over k-ω is the shorter computational time, i.e.,
faster convergency speed. Hence, k-ε turbulence was used for the two models.

Table 5 shows the comparison and error analysis of the Pinwheel’s optimal TSR calculated
using the torque balance simulation method and experimental results from the external
literature [4]. Pinwheel’s traditional shape was created by cutting a square along its four
corners towards the centre and folding half of a quarter to form the swirling channel, while
the remaining half of the quarter formed the blade, as illustrated in the upper part of Figure 17.
However, after experimental exploration, the optimal Pinwheel shape was determined to
involve cutting along the front for 60 mm and edge for 80 mm to obtain blade shapes that
align better with the streamlined trajectory, as shown in the lower part of Figure 17.
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Figure 16. Cp vs TSR curve near the neutral point of k-ε (black dash) and k-ω (red) turbulence model
for the Savonius turbine.
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Figure 17. Pinwheel turbine traditional (top) and optimised configurations (bottom) of front-cutting
(bottom left) and edge-cutting (bottom right) (Reprinted/adapted with permission from Ref. [4].
2023, Nemoto, Y.; Ushiyama, I. Experimental Study of a Pinwheel-Type Wind Turbine. Wind. Eng.
2003, 27, 227–236. https://doi.org/10.1260/030952403769016708).

For the experimental results of the optimal TSR for the traditional pinwheel and
the optimal pinwheel mentioned above, the literature provided values of 2.0 and 3.5,
respectively. This helped identify the range of optimal TSR for the pinwheel under different
improved blade shapes. The blade shape used in this paper fell between the traditional
and optimal shapes, resulting in an optimal TSR value of 2.537. The error range, compared
to the maximum and minimum values, still fell within a reasonable range in between.

https://doi.org/10.1260/030952403769016708
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Furthermore, since there are limited experimental results for the Pinwheel hydrodynamic
test, the numerical solutions presented in this paper serve as valuable simulation references
for Pinwheel performance tests, contributing to future research in this field.

Furthermore, the computational analysis yielded findings suggesting that the gap
between the up and down plates in the domain channel used for the Savonius simulation
was narrower in comparison to the channel walls. This narrower gap was a consequence of
maintaining a consistent blockage ratio throughout the parametric study, which resulted in
the formation of a slender and tall shape for the Savonius turbine. As a result, the upper
and lower clearances of the channel were reduced. In instances where the incoming flow
velocity was high, this reduction in clearances could potentially create a flow enhancement
effect similar to that observed in a diffuser, potentially exacerbating the instability of idle
and thrust moments. However, it is important to note that due to the inherent design of
vertical-axis generators, the uncertainty in torque analysis results for Savonius turbines
was found to be higher in comparison to horizontal-axis turbines.

In terms of the blockage effect from Figures 14 and 15, they both conclude that when
the turbine’s blockage ratio is 12% in a channel, a low TSR working condition leads to
a longer wake decay length; that is to say, the blockage, by comparing the bypass flow
and wake flow, exerts less effect on downstream flow. This suggests that the low TSR
working condition of a tidal turbine will adversely affect the channel’s downstream flow
speed. The channel ecosystem will require a longer time to restore this part of speed.
Otherwise, the flow pattern alternation can result in a change in sediment deposition with
fluid–sediment–structure interaction or scouring, erosion patterns, and migratory paths
of marine species. Comprehensive environmental impact assessments (EIAs) are required
to investigate the blockage ratio before the installation of tidal turbines to identify and
mitigate potential adverse effects.

4. Conclusions

This study successfully established the algebraic equations between newly introduced
parameters with the turbine’s net moment and applied this method to model validation in
the actual Biffis canal hydrodynamic system. It is found that at the neutral point, idle and
thrust moments will offset each other in the optimal state. By this method, the optimal TSR
for the Pinwheel turbine is 2.537, and for the Savonius turbine is 0.671. In both simulation
models, rotational speed and inlet velocity were proved as excellent predictor variables (R2

value ≈ 1) for idle and thrust moments, respectively.
The significance of the moment balancing equation is to replace the unsteady cyclic

volume force analysis with a simplified steady moment analysis. This method is useful
in simulations for determining the values of U1 and ω to achieve equilibrium. Engineers
can determine the optimal power coefficient by observing their model results for the net
moment approaching zero, indicating a neutral point where the idle and thrust moments
are equal and can be used interchangeably to calculate the useful power coefficient.

The optimal basin efficiency ηopt, as another parameter of environmental energy
utilization efficiency, is observed at 29.09% when TSR is approximately 4.0 for Pinwheel
and at 25.67% when TSR is 2.87 for Savonius. This provides a reference for the trade-off
between optimal tip speed ratio (TSR) and basin efficiency η, which would be useful for
any practical environmental impact assessments. The simulation results prove that the
moment balancing method is suitable for the application of turbine configuration design
and machinery test by commercial software with less computational time and cost. Hence,
the proposed technique is feasible to supplement the existing industry methods, support
sustainable production, and maximize the economic viability of tidal energy projects in
climate-resilient coastal areas with straits formed between small islands.

Finally, in the subsequent stage of the study, it is crucial to examine the suitability
of the NACA series blade configuration for the lift-dominant turbine through moment
analysis. This presents additional challenges and opportunities since the current BEM
method is widely employed, offering a balance between accuracy and computational cost.
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Furthermore, it is essential to investigate and test the CFD model that incorporates multiple
turbine array alignments, considering significant flow interaction and wake loss. This
paper provides a numerical validation of the moment balancing method and highlights
that the optimal TSR should be guided by the channel efficiency ηopt for the development
of computational and environmental sustainability in tidal turbine hydrodynamic systems.
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Nomenclature

L Angular momentum: kg·m2/s
A Cross-section area of a rotor plate, m
U1 Inflow speed, m/s
R Rotor radius, m
CP Power Coefficient
CT Thrust Coefficient
R Rotor radius, m
CFD Computational Fluid Dynamics
EU European Union
DDTTs Drag-dominated tidal turbines
k-ε Kappa-Epsilon Turbulence Model
k-ω Kappa-Omega Turbulence Model
SST Shear-Stress Transport Turbulence Model
VATs Vertical Axis Turbines
DDTTs Drag-Dominant Tidal Turbines
BEM Blade Element Method
MRF Moving Reference Frame
WDL Wake Decay Length

GREEK LETTERS
r Density, kg/m3

λ Tip Speed Ratio
ω Turbine’s rotation speed, rad/s
µ Dynamic Viscosity, Pa·s

SUBSCRIPTS
opt Optimal case

SUPERSCRIPTS
* Offset condition
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