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Preface

The ongoing global energy transition represents one of the most significant technological and
societal transformations of the 21st century. Driven by the urgent need to mitigate climate change and
reduce greenhouse gas emissions, this transition aims to replace fossil fuel-based systems with cleaner,
renewable alternatives. Technologies such as wind, solar, hydro, tidal, geothermal, and bioenergy
are emerging as central components of a sustainable and diversified energy mix. Their integration
is fundamental to achieving a decarbonized and resilient energy infrastructure capable of meeting
the growing global demand while minimizing environmental impact. However, the variable and
nonlinear nature of these systems introduces complex physical challenges that require advanced tools
for analysis, design, and optimization.

In this context, numerical simulation—and, in particular, Computational Fluid Dynamics
(CFD)—has become an indispensable tool for understanding and improving the performance of
renewable energy devices. The steady growth in computational power, together with advances in
numerical algorithms, has enabled high-fidelity simulations that capture detailed flow, heat transfer,
and multiphysics interactions within renewable systems. These methods allow researchers and
engineers to analyze turbine aerodynamics and wake dynamics, optimize the thermal behavior of
solar collectors, and model multiphase flows in hydrogen or biofuel production processes. As a result,
CFED has significantly reduced the reliance on costly experimental testing and accelerated innovation
cycles in clean energy technologies.

Looking forward, the synergistic integration of Artificial Intelligence (Al) with classical numerical
simulation is expected to redefine the landscape of renewable energy research. Al-enhanced
models—such as physics-informed neural networks and machine learning-based optimization
frameworks—will enable real-time prediction, adaptive control, and design automation. This
convergence between data-driven intelligence and physics-based modeling will pave the way toward
more efficient, reliable, and sustainable energy systems, ultimately supporting the global pursuit of a
carbon-neutral future.

This reprint of the Special Issue presents recent advances and practical applications of
Computational Fluid Dynamics (CFD) simulations aimed at enhancing the understanding, design, and
optimization of renewable energy systems. The contributions encompass a wide range of technologies,
including wind, hydraulic, and solar energy systems, as well as hydrogen combustion processes.
Collectively, they demonstrate how high-fidelity numerical modeling can provide deeper physical
insight, support performance improvement, and guide innovation in clean energy technologies. The
editors believe that this reprint serves as a valuable reference for researchers and graduate students
seeking reliable methodologies for the prediction and analysis of renewable energy system performance

through advanced numerical simulations.

Omar Dario Lépez Mejia and Santiago Lain
Guest Editors

ix
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Special Issue on “CFD Applications in Renewable
Energy Systems”

Omar D. Lopez Mejia I'* and Santiago Lain >*

Department of Mechanical Engineering, Universidad de los Andes, Cra 1 Este N 19A-40,

Bogotd 111711, Colombia

PAI+ Group, Mechanical Engineering Department, Faculty of Engineering, Universidad Auténoma de
Occidente, Cali 760030, Colombia

*  Correspondence: od.lopez20@uniandes.edu.co (O.D.L.M.); slain@uao.edu.co (S.L.)

The global energy landscape is undergoing a critical transformation driven by the
urgent need to mitigate climate change, reduce greenhouse gas (GHG) emissions, and
ensure long-term energy security. Fossil fuel-based energy systems remain the dominant
source of global electricity and heat, contributing more than 70% of total carbon dioxide
emissions worldwide [1]. To counteract their impact, renewable energy—primarily solar,
wind, hydro, and marine—must rapidly replace traditional energy sources across all
sectors, including electricity generation, transportation, and hard-to-abate sectors. Yet,
integrating and optimising renewable energy systems poses significant engineering and
physical challenges due to their inherent variability, nonlinear behaviour, and complex fluid-
dynamic interactions. In this context, Computational Fluid Dynamics (CFD) has emerged
as a powerful modelling approach enabling detailed simulations of flow, turbulence, heat
transfer, chemical reactions, cavitation, and multiphase dynamics. These capabilities are
essential for improving the design, efficiency, and reliability of renewable energy systems
while also reducing experimental costs and development time. CFD enables researchers
and engineers to analyse complex flow phenomena in renewable energy systems, including
wind turbine wakes, vortex shedding in tidal and hydro turbines, flame dynamics in
hydrogen combustors, or convective and radiative heat transfer in solar collectors, among
others. Furthermore, advances in high-performance computing, turbulence modelling, and
integration of optimization and machine learning algorithms have greatly expanded the
predictive capabilities of CFD [2,3].

The aim of this Special Issue is to showcase recent developments and novel applica-
tions of CFD tools in the simulation of renewable energy systems. The accepted contribu-
tions are organised into five topics: (1) tidal energy, (2) hydraulic energy, (3) wind energy,
(4) combustion processes, including hydrogen, and (5) solar energy.

Regarding tidal energy, da Silviera et al. investigated the performance of overtopping
wave energy converters (WECs) using CFD simulations under both regular and irregular
wave conditions along the southern coast of Brazil [4]. They demonstrated that device
geometry—particularly, the ramp height-to-length ratio—strongly influences water capture
volume and energy conversion efficiency. Optimising this geometric parameter significantly
improved performance under realistic sea states, consistent with earlier CFD-based studies
that emphasised the importance of wave focusing and overtopping thresholds in WEC
efficiency [5,6]. A second contribution from the same research group introduces and
validates the WaveMIMO methodology for generating realistic irregular waves in CFD
simulations, using spectral data from Brazilian coastal sites. The study systematically

Processes 2025, 13, 3091

https:/ /doi.org/10.3390/pr13103091



Processes 2025, 13, 3091

examines key parameters—mesh refinement, time step, velocity boundary discretization—
and provides theoretical guidance to improve accuracy. Validation results show that
the optimised setup reproduces irregular waves with up to 8% better fidelity compared
to previous approaches, enhancing the reliability of coastal and wave energy systems
modelling [7]. An additional noteworthy contribution by Thangaraj et al. evaluated seven
hybrid Wells turbine designs (based on a NACAQ0015 airfoil) across a range of inlet fluid
velocities representative of coastal regions. CFD was used to assess torque, drag, and
hydrodynamic pressure, ultimately selecting the best-performing design for further study.
This optimal configuration was then refined through profile modifications (such as stepped-
back or zigzag airfoils), which delivered about 15.19% higher hydropower output compared
to the baseline design under identical conditions. The study also coupled hydrodynamic
modelling with structural, modal, and vibration analyses (including piezoelectric vibration
harvesting patches) to ensure that the design maintains structural integrity and offers
additional energy harvesting potential [8].

In hydro energy, Lu et al. conducted a comprehensive CFD and experimental study
on cavitation in pump-turbines operating under part-load conditions, with a focus on
entropy generation and vortex dynamics [9]. Using advanced flow diagnostics, such as
Proper Orthogonal Decomposition (POD), Dynamic Mode Decomposition (DMD), and the
Q-criterion, the study reveals the formation and evolution of small-scale vortices that inten-
sify cavitation and energy dissipation. The results show that the entropy production rate
correlates directly with hydraulic loss mechanisms, providing valuable insight into system
inefficiencies. In a related study, Yang et al. studied the effect of sediment concentration
and particle size on cavitation in a Venturi flow channel, combining high-speed photogra-
phy with a gas-liquid—solid numerical mixture model. Their findings demonstrate that
increasing the sediment concentration has a stronger influence than increasing the particle
size on reducing the cavitation number, extending the cavitation cloud length, accelerating
the cavitation evolution cycle, and intensifying shearing and re-entrant jet effects near walls.
Numerical predictions align reasonably well with experimental observations, although
simulations tend to overestimate the duration of the cavitation cloud evolution cycle [10].

Three contributions in this Special Issue focus on advancing the understanding of
wind energy devices. Malael and Stratila conducted Large Eddy Simulations to analyse the
dynamic starting behaviour of a vertical-axis wind turbine (VAWT) enhanced with passive
vortex control [11]. Their results show that incorporating a vortex-trap design improves
lift generation, accelerates self-starting, and enhances torque output. This study builds
on earlier CFD research investigating passive flow control mechanisms for improving
both vertical- and horizontal-axis wind turbines’ starting process [12]. Xu et al. evaluated
the aerodynamic effects of dielectric barrier discharge (DBD) plasma actuators installed
on wind turbine blade rudders. By varying the input frequency, they demonstrate that
plasma excitation increases lift at low angles of attack and modifies flow separation at
higher angles, especially under crosswind conditions. [13]. Contreras et al. used CFD with
FENSAP-ICE 2022 R1in ANSYS to evaluate the impact of surface roughness and turbulence
models on the aerodynamic performance of the S809 airfoil under both rime and glaze ice
scenarios [14]. Their findings revealed that ice accretion significantly increases drag and
reduces lift, primarily due to roughness-induced surface modifications, while the choice
of turbulence model resulted in relatively minor differences (under ~10%). The beading
roughness model was shown to more accurately capture aerodynamic changes during ice
growth, especially in representing the spatial variation of roughness across the iced airfoil.

Hydrogen combustion in micro-scale systems presents unique challenges due to high
diffusivity, flame instability, and temperature gradients. In this Special Issue, CFD was ap-
plied to simulate hydrogen-fuelled micro-planar combustors with dual cylindrical geometry
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and recirculating channels [15]. The study reports significant improvements in combustion
efficiency, temperature uniformity, and wall cooling, including a 580 K reduction in exhaust
temperature and a 14% increase in radiation efficiency. These results highlight the potential
of CFD to support the development of safer and more efficient hydrogen combustion
systems for portable and stationary applications [16,17]. Two additional contributions
focus on diesel-based fuels. Zhou et al. developed a detailed chemical-kinetics mechanism
(187 species, 735 reactions) to model the oxidation behaviour of ternary fuel blends of
hydrogenated biodiesel, ethanol, and diesel under varied temperatures (900-1400 K); an
equivalence ratio of 1.0; and a pressure of 1.0 MPa [18]. Their results show that, at lower
temperatures, increasing the biodiesel and ethanol content reduces OH radical production
and slows reactivity, while, at higher temperatures, the same increase enhances OH forma-
tion and promotes oxidation. This study also identified oleic and stearic methyl esters as
better surrogates for hydrogenated biodiesel kinetics than methyl decanoate and highlights
the central role of the CH,O — HCO — CO pathway in both low- and high-temperature
oxidation. Valifio et al. implemented a 3D CFD model using an Eulerian-Eulerian two-
phase flow formulation combined with a probability density function (PDF) to represent
particle size distribution and deposition in a BOSCH automotive diesel filter. The model
employs the Brinkman-Darcy approximation for flow through the filter media, showing
that under typical operating conditions, this approach simplifies porous medium modelling
without significant loss of accuracy. The resulting simulations qualitatively (and, in early
stages, quantitatively) reproduce the deposition patterns seen in used filters, particularly
the preferential deposition of particles in fold pleats and near inlet slots [19].

Regarding solar energy, a CFD-assisted experimental study investigated the thermal
performance of two flat-plate solar air heaters, emphasising the influence of geometry on air
temperature distribution and collector efficiency. Numerical results were validated against
experimental data, showing good agreement and confirming that geometry-induced flow
patterns significantly influence heat transfer [20].

In summary, this Special Issue highlights the essential role of CFD in advancing re-
newable energy technologies. Across different energy sources—tidal, hydraulic, wind,
combustion, and solar—the selected studies demonstrate how CFD delivers critical insights
into fluid—thermal interactions, energy conversion processes, and system-level optimiza-
tion. Looking ahead, the integration of CFD with Al-driven optimization, experimental
validation, and real-time data from digital twins offers significant potential. Future research
should also address key challenges, such as uncertainties in turbulence models, compu-
tational cost reduction, and scale-bridging simulations. We hope this collection inspires
further innovation in CFD applications for clean energy.

We thank all the contributions sent to this Special Issue and the support of all the
editors at MDPI that helped us in this process.

Author Contributions: O.D.L.M. and S.L. contributed equally to this work. All authors have read
and agreed to the published version of the manuscript.
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Particle Deposition Pattern on an Automotive Diesel Filter
Using an Eulerian Probability Density Function Method
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Abstract: A full 3D numerical simulation of the two-phase flow made up of (bio)diesel and particles,
has been carried out to reproduce the deposition pattern of particles in a BOSCH automotive filter.
From a probability density function (PDF), a simple Eulerian-Eulerian two-phase model is proposed
for diesel and particles. The proposed formulation allows for a detailed description of the relationship
between the velocity and size of the particles. A Brinkman-Darcy approximation has been considered
for the flow through the filtering paper and is proved to be sufficient for the typical filter working
conditions. The new tool is able to reproduce the deposition pattern shown by the used filters.

Keywords: filter; two-phase flows; Eulerian probability density function; particle size distribution

1. Introduction

The “trial and error” method is still the usual way to design new filters. This method
is both time- and cost-consuming, as it implies the design and construction of various
experimental test grids and prototypes that render the process difficult or impossible to
systematize [1]. At the most basic level, filtration is the process of separation from a fluid
suspension of undesired (or desired) particles while passing through a porous medium
(the filtering medium). The filter design can vary widely depending on the application, in
terms of both the internal pore structure (microscale design) and how the filtering medium
is deployed (macroscale design). However, not just any simple design can be deemed fit
for this purpose. The challenge for the automotive industry is not only to design filters
with higher efficiency but also, with the ever-increasing limits in space, to design filters
with smaller physical sizes. The most common design used to achieve this tradeoff is the
single-pass pleated filtering media approach (see Figure 1a); such a design is subject to
study in this present paper.

In the automotive industry, computational fluid dynamics (CFD) simulation programs
are already an established tool in the R&D departments, aimed at reducing the development
and time costs of designing different vehicle parts, such as injectors, inlet and outlet
manifold design, exhaust systems, etc. Although these tools have been used for more than
20 years in the automotive world, CFD programs are still not standard tools for fuel filter
development. The first numerical tools have been created only recently, with the lack of
both appropriate models and algorithms being the factors behind this delay [2,3]. In order
to reduce prototyping cycles, it is convenient to have a specific numerical simulation tool
on hand that can model particle filtration during the design stage.

Processes 2023, 11, 1100. https:/ /doi.org/10.3390/pr11041100 5 https://www.mdpi.com/journal /processes
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Figure 1. (a) Bosch filter device with the external holder removed to see the filtering medium. The

flow enters vertically through the upper-side external slots and exits through the upper-side central
duct; (b) 3.3 M cell mesh with pressure drop and velocity pattern.

Modern injection systems are very sensitive to the possible presence of solid particles in
the fuel (diesel or gasoline) since these particles can damage the injectors due to corrosion,
abrasion, or other effects [4]. Therefore, it is necessary to guarantee a certain level of
particle cleanliness to ensure that injection systems work properly throughout the entire
operating lifetime.

Diesel fuels contain a higher amount of water than gasoline (up to 500 ppm). In the
case of biodiesel, this is even worse. Consequently, it is necessary to filtrate an extra amount
of water [5] since water can cause corrosion problems in the injectors. Fuel filters for diesel
engines have to be able to filtrate the particles contained in the fuel and separate the water
droplets, which normally are collected at the bottom of the filter and purged periodically.

In diesel filtering, the considered flow is made up of a liquid for the continuous
phase and a solid for the discrete phase. Other relevant situations in particle filtering
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in the automotive industry involve gas-solid combinations, such as in the exhaust gas
manifold [6].

Filtering media must provide a certain level of efficiency depending on customer
requirements and/or particular industrial standards. In addition, the filter must have a
specific particle retention capacity. This capacity is defined by means of a change interval
or lifetime, which represents the guaranteed amount of kilometers before the filter gets
clogged due to the retained particles and has to be changed.

The use of either a filter with a wrong design or a filter medium that leads to lower
particle efficiency or a shorter lifetime, may have negative consequences, such as injector
damage or filter clogging. Therefore, the engine system must include a fuel filter, especially
for diesel engines, whose fuel contains a higher amount of particles.

From the numerical point of view, the simulation of multi-phase flows is not only
an interesting scientific challenge but, due to the number of industrial applications, such
as chemical reactors, combustion devices, medical inhalers, etc, it is also motivated by
economical and safety considerations. In the study of the single-pass filters for (bio)diesel-
from now on, diesel-vehicles, the difficulty is enhanced due to the presence of the fluid
flow through a porous medium coupled with the interaction between the filtering medium
and the particles. On the other hand, the flow rates in normal operating conditions render
small Reynolds numbers, i.e., laminar flow conditions. In any case, once the models have
been established, a code is needed to adequately discretize such models in the flow domain
and to numerically solve the resulting linear equations.

This paper presents one new CFD approach to solve the flow in a diesel filter device,
with the initial application to numerically reproduce the deposition pattern of particles shown
on a filter under real conditions. The paper is structured in various sections. In Section 1, a
brief description of an automotive diesel filter in a general situation is given. In Section 2,
a model is presented for the two-phase flow composed of diesel and particles, based on a
probability density function (PDF) approach [7] for the diluted phase position and size. In
Section 3, the Brinkman-Darcy approximation for the flow through the filtering paper [8]
is shown to be adequate for normal operating conditions of diesel filters. In Section 4, the
numerical results are depicted, which show a very good qualitative agreement in terms of the
deposition of particles on a used filter. Conclusions are drawn, and future work is suggested.

2. Eulerian-Eulerian Statistical Approach

In this section, the modeling approach of (solid) particles in a diesel flow is explained.
Water filtering has a different behavior and will be the subject of another study.

There are several alternatives for predicting the evolution of two-phase flows, depend-
ing on the approximation used to solve each phase. In Eulerian-Lagrangian approaches, the
continuous phase (diesel, in our case) is solved in the usual Eulerian frame. The dispersed
phase elements (solid particles, in our case) are tracked throughout the simulation, and
their interactions with the continuous phase are taken into account locally. These methods,
such as the Discrete Phase Model [9], are known to be able to reproduce accurately the
behavior of the system, but they can be numerically expensive, as a large number of discrete
elements must be used. Moreover, a mixed Lagrangian-Eulerian code is needed.

In Eulerian-Eulerian approaches, both phases are treated as being continuous after
introducing some kind of averaging procedure (time, space, ensemble, etc.) in the discrete
phase. The exact knowledge of the position of the particles is lost, which is, in principle, a
disadvantage for the modeling of the interaction between both phases, although, depending
on the averaging procedure, the necessary information for local interaction may be kept (as
in the present paper). As the formulation is purely Eulerian, the usual discretization and
numerical algorithms can be used in opposition to Eulerian-Lagrangian formulations.

In the present paper, an Eulerian-Eulerian approach is used. To choose the most
convenient average of the discrete phase, an analysis of the relevant interaction phenomena
in the present problem is pertinent. The void fraction of particles (the fraction of the total
volume occupied by particles) is extremely small. That means that both the particle-particle
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interaction and the influence of the particles on the diesel can be neglected. Therefore, the
flow of diesel can be solved independently. In the present case, the flow is laminar (the
Reynolds number is well below 200 in all cases), so there is no need for any turbulence
modeling, although other difficulties arise, as shown in Section 3.

On the other hand, the effect of the fluid on the particles should be considered, along
with the gravity field. The key parameter is the particle size since the forces acting on
the particles are directly related to their size. At this point, it should be stated that only
spherical particles are to be considered in this study. Of the various forces that can act on
the particles, such as drag, history (Basset), and buoyancy, the drag is considered the most
relevant under the present highly diluted conditions. The effect of gravity /buoyancy may
also be important for the bigger particles, given the density difference between the fluid
and the particles, so it should be taken into account as well. As the density of the particles
used to verify the filter quality is constant, the buoyancy is proportional to the cube of the
radius. In the end, the particle radii and velocities are the only relevant magnitudes needed
to characterize their evolution.

With these simplifying assumptions, the transport equations of the magnitudes char-
acterizing the discrete phase as a function of the particle radius may be obtained. In strictly
obtaining this, a probabilistic description should be considered. The reason is that bound-
ary conditions for the particles are only known in a probabilistic sense. One knows that the
particles entering the filter follow a specified size distribution, but no information about
the specific position, velocity, or size of any single particle in the flow is available. Even
this statistical information about the discrete phase at the boundaries is rather incomplete,
although some plausible assumptions make this limited information sufficient. The details
are found in Appendix A.

The resulting transport equations are, however, quite intuitive; firstly, we have a
continuity-like equation to express the conservation of the number density for the particles
of each radius (there is no agglomeration or wear of the particles):

ot dx
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where n(r, x; t) is the expected number density of particles of the size r at position x, and
u?(r,x; t)is their corresponding velocity. Secondly, the momentum conservation adopts
the form of the evolution of the velocity of small spherical particles in a laminar flow,
considering only the dominant terms, drag, and buoyancy in our case [10]:
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where pP and p are the densities of the particles and the fluid, respectively; 4773 /3 is the
volume of a spherical particle with diameter r; v is the kinematic viscosity; u is the fluid
velocity; and d/dt stands for the total time derivative of the velocity of the particle, that
is to say, its total acceleration or its Lagrangian time derivative. In Equation (2), the left
term represents the linear momentum variation of a spherical particle and its added mass
(because of the equivalent volume of fluid, which moves with the particle), whereas, on
the right side, there is first a buoyancy contribution and, next, a drag contribution up to
the second order to the relative velocities (the velocity of the particle relative to that of the
fluid) with an approximation valid for those velocity particles whose Reynolds number,
based on the relative velocity, is less than one, or the theoretical observed drag.

Values for the fluid properties and particle sizes are taken from those of Shell Fluid
41 doped with the fine test dust A2 ISO 12103-1. The details are shown in Table 1.
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Table 1. Flow properties and geometrical data. The intake area is the area of the annulus of the filter,
taking out the small section of the internal separating walls. Filtering paper K11B40A. Fluid values
for Shell Fluid 41. Fine test dust A2 ISO 12103-1 approximated by a Weibull distribution.

Geometrical Inflow area 9.13 cm?
Filter height 89.7 mm
Outer annulus diameter 80 mm
Inner annulus diameter 70 mm
Exit duct diameter 25 mm
Filtering Media Permeability K 2.81 x 10713
Porosity ¢ 0.517
Paper thickness L 0.65 mm
Flow Flow rate 120 L/h
Fluid density 850 kg/m?>
Fluid kinematic viscosity 13.6 ¢St
Particle density 2650 kg/m3
Dust concentration 50 mg/L
Prob. density function 2D = (”‘7 ) ’
xrefP
Size parameter xref = 14.3 ym
Shape parameter g=11

The boundary conditions at the inlet are given by the expected density number for
each particle size following a prescribed Weibull probability density function for the A2
dust, which is equally distributed in space and with particles that match the fluid velocity at
the domain entry. At the exit, zero gradient conditions are used, while non-slip conditions
are prescribed at walls. Notice that the void fraction information is known from n(r, x; t).

3. Diesel in the Paper Filter: Darcy-Brinkman Approximation

From the diesel point of view, as the flow inside the filter is not affected by the particles
during this short time (the permeability evolves very slowly in comparison to the flow
characteristic time), a single-phase flow in a porous medium is to be studied. This is the
object of the present section.

We use the approximations of Ochoa-Tapia and Whitaker [11] as the most convenient
way to describe the flow in the free and porous medium:

aui auiu]' . 19P d aui

B e o () ©
Low, 10wy  10P 0 (vow) v @
e dt e dx;  padx;  Oxp \ €0x; K™

where P is the fluid pressure without the hydrostatic contribution, ¢ is the porosity (the
empty volume fraction available for the fluid), and K is Darcy’s permeability in units of
[L]?>. The flow is assumed to be incompressible and to have a constant density; that is
to say, the null divergence constraint is applied on the velocity field, V- u = u;; = 0.
The gravitational effects on the fluid may be considered canceled with the hydrostatic
pressure gradient.

In Equation (4), the velocity is really a superficial volume average,

u; = <u1‘>5 = %/Vuidv =& /VuidV = e(ui>1, (5)

Vf ree

whereas the pressure is an intrinsic volume average.

11 1
p=(p) /VPdV=gV/VPdV=g<P>s. (6)
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These two types of averages, related by the porosity ¢, are chosen because they match the
velocity and pressure variables, respectively, from Equation (3) at the interface [11]. For this
reason, no average operator is written explicitly in the paper.

It should be noted that in Equation (4), one could add a second-order term, the
Forchheimer correction, to its right side, as follows: [12]

F
- K1/2 (ujuj)l/zui (7)

where F is a non-dimensional coefficient. However, the usual velocity magnitudes present
in the filtering problem with which we are dealing are small enough, and this leads to
neglect of Forchheimer’s correction from the formulation. One should also be aware that
the permeability is, in general, a second-order tensor, so K~ 'u; should really be K 1uj.
Again, the filtering paper is assumed to be isotropic at least along its flow-normal direction;
that is to say, Kl-;lu j=K ~1u,,, and the work can be performed with a scalar permeability.

Averages are computed over a mesoscopic (larger than the pore size, smaller than
the large-scale variations of the fluid) porous zone. In this sense, the previous equations
should be understood as valid on that scale.

The fluid and porous zones may be integrated as two different domains using
Equations (3) and (4), respectively, plus the incompressibility constraint, which is linked
by a proper boundary condition [13] as follows:

uf = Uy (8)
Pr =0
auf Ju
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where n represents the vector normal to the fluid-porous interface, and the sub-indexes f
and p stand for the fluid and porous media at the interface, respectively.

There is also the possibility of modeling the coupling between the porous and fluid
media by assuming that the whole computational domain represents a heterogeneous fictitious
porous medium [14] where € = 1 and k = oo in the free zones. This approach is justified [14]
at least in the Stokes case (without advection). Equation (4) is applied in the full domain with
the incompressibility constraint [15] and variable values of € and K, with a gradient singularity
at the inner interface between the porous and fluid media. That is the approach followed in
the present paper.

4. Numerical Results

Due to the purely Eulerian approximation applied, the two-phase formulation proposed
here has been incorporated into a standard CFD solver, OpenFOAM. OpenFOAM [16] is a
software package that solves partial differential equations discretized on 3D unstructured
meshes by finite volume methods. It is open-source, so the code can be modified to the needs
of each particular problem. Usually, some of the available pre-configured solvers are used as
a template and adapted, as in the present filtering problem. A computational fluid dynamics
SIMPLE algorithm was appropriate for the present case.

To represent the porous filter, a specific permeability value has been chosen by fitting
the pressure drop of a clean filter. This means that a snapshot of the behavior of the filter
at a particular time has been used. In fact, a different value does not change the general
pattern of the flow of particles, whose study is the main objective of this paper.

A typical filtering element without clogging is depicted in Figure 1a. The numerical
results for the pressure drop through the filter and the vertical component of the flow
velocity are presented in Figure 1b. An optimized all-hex 3.3 M cell mesh is used for this
purpose. A mesh detail from a cut through the filtering media is presented in Figure 2a
whilst the flow through the filtering media is detailed in Figure 2b. The mesh in the
normal direction of the interface(s) (free media (blue wireframe)/porous media (green/pink

10
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wireframes)) has been kept at a comparable size on either side of the interface(s). A WENO-
like approach for pressure/velocity has been used in the treatment of the interface to avoid
the under- and overshoots in the velocity profile.
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Figure 2. (a) Mesh detail in a plane through the filtering device (normal to z-direction); (b) velocity
vectors and pressure drop detail through the same plane.

As can be observed in Figures 1b and 2b, most of the pressure drop takes place in
the filtering media. The two-layer composition of the filtering media, the hydrophobic
(melt-blown), and the cellulose are highlighted in Figure 2b with green and pink wire-
frames, respectively. However, for the performed 3D numerical simulation, both media
were assigned the same properties (permeability and porosity), as given in Table 1. The
computational domain was reduced to a sixth of the full filtering device by taking into
account its cylindrical symmetry, as depicted in Figure 3, thus enabling reasonable comput-
ing times to be achieved (under two hours CPU time on an Intel Core i7-7700K four cores
4.2 GHz).

11
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Figure 3. Flux of particle mass arriving at the filtering media.

It is worth pointing out that horizontal velocities tend to become normal across the
filter medium, whilst, inside the free medium, they tend to align with the porous-free
interface, as can be seen in Figure 2b. This effect is a natural, expected consequence of
the presence of a Darcy medium (the filter) with low permeability. High lateral pressure
gradients parallel to the porous-free medium interface would imply (see Equation (3)) high
fluid accelerations and high velocities inside the free medium, which, in turn, would render
the flow incompatible with mass conservation and the provided boundary conditions. As
a result, most of the pressure drop inside the porous medium must be normal to those
interfaces. With the typical values of permeability in the studied filter, the dominant
contributions to the flow inside the porous medium (see Equation (4)) are the pressure
gradient and the Darcy one, which cancel each other almost exactly. With regard to the
free medium, the presence of a porous-free interface acts as a barrier that leads the flow to
try to surround it, until it impinges upon the inner corners of the filter folds. Of course,
there is a certain amount of flow passing through the filter before the folds as can be seen
in Figure 2b.

In Figure 3, the total mass per unit area and the arrival time at the clean filter are shown.
The qualitative agreement with Figure 4 is obvious, and the pattern is well explained using
the same considerations as in the previous paragraph: the porous-free interface leads most
of the incoming flow towards the folds of the filter through which, subsequently, more
particles are going. Eventually, and in longer calculations than those reported in this paper,
the flow would be diverted from the folds and become more evenly distributed along the
filter: particle deposition starts at the inner side of the folds and propagates upstream from
there (see Figure 4).

12
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Figure 4. Unfolded view of a typical stained filter and comparison with numerical results.

It should be noticed that the real conditions are not known. This includes, among
other things, the type of diesel used, its cleanliness, its particle distribution, its vibrations,
etc. Those effects should distort somehow the deposition pattern, which is preserved,
nevertheless, in its general characteristics. This is so that the main features of the flow,
described above, are not fundamentally affected by those effects.

In Figures 5-7, the same quantity, or the particle number flow through a clean filter,
is depicted but for progressively larger sized particles. One can notice the increase in
gravitational effects as the particles grow in size. This effect may be noticed in Figure 4,
and, in the total mass simulation, Figures 3 and 7, as well; there is not only a tendency
for particles to accumulate starting from the folds but also from its bottom area where
the larger sized particles aggregate. The most interesting feature of these simulations is
that both these cited effects may be explainable without resorting to long calculations with
variable permeability. In a clean filter with uniform properties, the flow is diverted so as
to increase the flow of filtered particles through the areas that, eventually, would become
more clogged.

13
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Figure 6. Flux of particle mass for particles with medium-sized diameter (30 < d < 40 um).
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Figure 7. Flux of particle mass for particles with diameters in the upper range of the distribution
(=70 pm).

Quantitative Comparisons

Although some small-scale distribution measurements are available [17], there are no
experiments to date that provide measurements of the spatial distribution of the mass of
particles absorbed in filters, such as the one studied in this article. In order to quantify the
good qualitative agreement observed between the flow pattern computed through a clean
filter and its observed amount of particle deposition, one further step has been considered,
and the findings are presented in Figure 8. As long as clogging does not significantly affect
the filter properties, the spatial distribution of the mass absorption will essentially remain
unchanged; only the local values will increase proportionally with time. Therefore, if we
normalize by the maximum value, the distribution is independent of time. It is recalled
that this is valid for relatively early times in the life of the filter, that is to say, as long as the
effect of clogging can be neglected.

For the filter, the picture (Figure 4 or Figure 8a) has been taken with a camera with a
linear response, and it is assumed that there is also a linear relationship between the gray
intensity level and the absorbed mass. This last assumption will be revisited later in this
section. In addition, a linear relationship is established between the numerical results and
the gray level of their representation (the grayscale version of the left side of Figure 4). The
gray levels are normalized in the [0, 1] range, with 1 representing the clearest value and 0
the most opaque one.
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Figure 8. Intensity profile: (a) averaging zone; (b) comparison. Notice the effect of the pleats that are
in contact with the upper side of the real device, which yields a double-peaked profile.

Due to the inherent noisiness of the data, and in order to perform a valid comparative
analysis, one has to perform some kind of spatial averaging. A representative area deter-
mined by the red and green lines of Figure 8a and its counterpart of the numerical data have
been considered for a two-step averaging procedure, resulting in the intensity data profiles
represented in Figure 8b. Firstly, the intensity profile was extracted by sweeping across
the red line and averaging along the green line. Secondly, the moving averages of a size
(15 px), which preserves the main features of the profiles, are calculated over the intensity
data obtained in the first step. The experimental irregularities in the pattern for the higher
and lower peaks of the profile reflect the impossibility of having perfect pleats without
deformations or any contact between their inner sides. The percentage difference between
the integrated values of the two curves (shaded areas in Figure 8b), which represent the
total mass of particles absorbed by the filtering area considered, amounts to 8.43%. This
relatively small difference is consistent with the assumption of the linearity that exists
between the gray level and the absorbed mass.

5. Conclusions

The full 3D simulations of particle filtering inside an automotive filter have been
presented, in which the continuous phase governing the equations is supplemented with
transport equations for the particle size distribution. The deposition pattern of particles on
a BOSCH filter used under real conditions has been qualitatively reproduced with good
quantitative behavior during the initial phases of clogging. This shows the potential of
this tool. In future work, a model relating pressure drop with particle clogging should be

16
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developed in order to estimate the evolution of permeability and predict the lifetime of the
filtering element.
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Appendix A

For a statistical description of the discrete phase, in which the particles are moving
in the diesel, the appropriate quantity is the droplet density function first introduced to
describe the droplets’ evolution in a spray [18,19]. The droplet density function n(v,r,x; )
is defined such that

n(v,r,x;t)dvdrdx

is the expected number of particles with velocities in the interval (v, v 4 dv), radii in the
interval (7,7 + dr), and positions in the interval (x, x + dx). This function contains all the
statistical information needed to describe our system.

Using conditional statistics, we can express this function as

n(v,r,x;t) = n(r,x;t) P(v|r,x; t), (A1)

where n(r, x; t) is the expected number density of particles with the radius r and position x
at time t, and P(v|r, x;t) is the probability density function (PDF) of the particle velocity,
conditional on the radius r and position x at time ¢. For the present analysis, we will derive
transport equations for the two quantities on the right-hand side of Equation (A1) to obtain
the statistical information of the discrete phase.

First, the expected number density n(r,x; t) is analyzed. This is the probable density
of the particles found in the small region dx dr. It can be easily expressed by means of the
Lagrangian PDF P, + . (x,7; t) of the particle radius r* and position xP ™ (where the sign +
is used to indicate the Lagrangian frame) [20]:

n(x,r,t)

N (A2)

PxP*r‘*’ (X, r; t) =
where N is the total number of particles in the domain, which is supposed to have negligible
fluctuations. Integration of the number density n over a finite region in (x, ) space would
then provide the probable number of particles in that region.

Remember that the statistical information of n(r, x; t) is equivalent to that provided by
P(x,r; t) once the total number of particles is known. As N should be a piece of provided

information, next, a transport equation will be derived for P(x,r;t).
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From the theoretical point of view, the description based on this PDF comes from a
description of an ensemble average (the average of a set of identical systems). Its transport
equation can be derived by standard methods [20]:

JP(r,x;t J dxpF
# = “3r dt] |x,r | P(r,x;t) (A3)
]
J dr+
75 [(dt|x,1’>P(1’,x;t)‘|
—JP(r,x; t)

where the overline represents an ensemble averaging, and the terms inside the parentheses
are conditional-averaged quantities (in the ensemble average approximation). | is the net
flux of the probability of the PDF P(r, x; t) crossing the boundaries of the definition domain
of the PDF. Notice that the term in | takes this form to guarantee that the integration of
the PDF in the probabilistic space is always equal to one. In the present case, the domain
in the physical space would be the zone of the device upstream from the paper filter,
and the “radius” space would be all the (positive) sizes except zero. In fact, the PDF is
implicitly conditional on being defined in the described region [20], as we are not interested
in particles outside that domain or with meaningless size. No increase or decrease in the
size of the particles, including coalescence or breaking up, should be considered, given the
low void fraction of particles in diesel. An accumulation is to occur for sure in the paper
filter, but this is outside our domain.

In steady-state situations, the last term in Equation (A4) is null, as the same number
of particles that enter the definition domain should leave it (either by being trapped in
the paper filter or crossing to the other side), so the net flux is zero. In the present case,
the PDF transport equation could be considered in a quasi-steady state. The reason is
that the effect of the particles on the filter changes very slowly compared to the fluid flow
characteristic times, which means that temporal variations of the paper filter properties can
be neglected in the transport equation. That is, for the duration of a car ride, changes in the
filter properties are negligible.

Should this PDF be described in the Lagrangian frame, it would be represented
numerically by particles evolving in the flow in a Monte Carlo simulation. This is essentially
what an Eulerian-Lagrangian description does. In the present case, our interest lies in the
use of an Eulerian-Eulerian formulation, so the PDF is represented as a set of notional
Eulerian fields [7]. Notice that the information obtained is identical for both representations.
In fact, in this case, the traditional distinction between Eulerian-Lagrangian and Eulerian-
Eulerian is really a distinction between two numerical algorithms to solve what essentially
is the same quantity, the PDF of the particle radius (and position).

For the particular situation described in this paper, as the flow is laminar, by using
the Eulerian-Eulerian approach, we will end up with non-stochastic Eulerian transport
equations for the particle-related magnitudes, whose derivation is the purpose of this
appendix. That does not mean that we know exactly the position of every particle in the
flow, as the boundary conditions are only known in a probabilistic sense.

From Equations (A2) and (A4), a conservation equation for the number density
n(r,x;t) is obtained (notice that the last term in Equation (A4) compensates for the one
appearing from the time derivative of N [20]):

on(r,x;t 0 dxpF
% = —g dt] |X,I’ Tl(r,x;t) (A4)
]

0 drt
—3 [(dt|x,r>n(r,x; t)}
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In the previous equation, the terms that are conditional on position x can be replaced
by their Eulerian counterparts:

%’txﬁ) = _aaxj[<pﬂ’j|r)n(r,x;t)] (A5)

— o[ () ntrxin)]

In Equation (A6), the variable x should be taken in the physical space, no longer in the
probabilistic space. The velocity of the particle uP and the radius variation #, as Eulerian
quantities, are now functions not only of time but also space.

We have already mentioned that the overline means some kind of ensemble average;
for example, we can imagine a set of repeated equivalent systems (filters with diesel and
particles). In the case of turbulent flows, as turbulence is a chaotic dynamical system,
each individual system will evolve in a different way. In the present case, however, the
flow is laminar, which means that the flow is not chaotic, so all the systems would evolve
in an identical way. As a consequence, we can safely remove the “overline” from the
previous equation. As, in this case, the particles do not change size, Equation (A6), which
is particularized for the particles inside the diesel, is rewritten as:

ot T ox

on(r,x;t) 2] {
j

uf(r, x; )n(r,x; t)} (A6)

Once the differential equation for n(r,x; t) is set up, the boundary conditions should
be prescribed. As the number density is a statistical magnitude, only statistical information
is needed. Hence, it is not necessary to prescribe the individual position of each particle,
just some kind of PDF information about the boundary.

Now, the second term of the right-hand side of Equation (A1), P(v|r,x;1), is analyzed.
This is the probability density of having a particle velocity value v conditional on its radius
r and position x at time f. In the present case, being a laminar flow with no particle
interaction, this is not a stochastic magnitude: the velocity evolution just depends on those
magnitudes under the problem conditions. Its value u? (7, x; t)) is obtained in our problem
by solving the transport equation of a small spherical particle in a laminar flow, considering
only the dominant, drag, and buoyancy terms [10]:

4rer du? 4rr’
P ! = — oP .
(p" +0.50) ——— (o= pP) =38 (A7)
—3pmrv(uf — u;)
_ 9prr?

lui? — il (u;” — u;)

where p? and p are the densities of the particle and the fluid, respectively; 4773 /3 is the
volume of a spherical particle with a diameter 7; v is the kinematic viscosity; u” is the
particle velocity; u is the fluid velocity; and d/dt stands for the total time derivative of the
velocity of the particle, that is to say, its total acceleration, or its Lagrangian time derivative.
In Equation (A8), the left term represents the linear momentum variation of a spherical
particle and its added mass (because of the equivalent volume of fluid, which moves with
the particle), whereas, on the right side, there is first a buoyancy contribution and, next,
a drag contribution up to the second order to the relative velocities (the velocity of the
particle relative to the velocity of the fluid) with an approximation valid for those velocity
particles whose Reynolds number, based on the relative velocity, is less than one, or the
theoretical observed drag.

Notice that several of these transport equations for the velocity should be solved, once
for each radius representative r considered in the particle size distribution.
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At this moment, we have a complete and closed system to calculate all of the variables
of interest (before entering the paper filter). To calculate the flux of particles entering the
filter, we multiply the velocity particle perpendicular to the filter surface times the particle
number for each radius. With this knowledge, the flux of the “volume” or mass of the
particles (they do have a constant density) is immediately deduced.
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Abstract: The main objective of this research was to create two different configurations of a flat-plate
solar air heater, namely, Conventional-Case A and Modified-Case B, and develop a three-dimensional
computational fluid dynamics (CFD) model using ANSYS R15.0. The purpose of the CFD model was
to simulate the heat transfer behavior of the proposed solar air heaters under unsteady conditions.
The RNG k-¢ turbulence model was employed for this CFD study. The experiments were conducted
on sunny days, under the same conditions as the Egyptian climate. The results of the experiments
show that the simulated CFD model and the measured outlet airflow temperatures, relative humidity,
and velocities of the two tested solar air heaters were compared. The developed model made very
satisfactory predictions. Moreover, the deviations between the average CFD outlet air temperatures
and the experimental results were 7% and 7.8% for Case B and Case A, respectively. The CFD-
simulated average relative humidity was reduced by 31.6% when using Case B compared with Case
A, and it was reduced by 28.8% when comparing the experimental data to Case B. Additionally, the
average CFD thermal efficiencies obtained for Case B and Case A were 28.7% and 21.6%, respectively,
while the average experimental thermal efficiencies for the cases were 26.4% and 18.2%, respectively.
The proposed model can be used to design and simulate other solar air heater designs.

Keywords: solar air heaters; natural convection; air gap; CFD modeling and thermal efficiency

1. Introduction

Solar energy has a beneficial effect on the development of sustainable and clean energy
sources [1]. However, although heating accounts for a significant portion of the global
energy consumption, it is given less attention compared to other sectors [2]. Among the
solar energy harvesting methods available, solar air heaters (SAHs) are widely recognized
as a cost-effective option for various purposes, including drying [3], room heating, and
industrial activities [4].

An SAH acts as a solar thermal collector that captures thermal solar energy and con-
verts it into warm air suitable for low-temperature residential and industrial applications [5].
As the energy demand continues to increase, with conditioning systems accounting for a
significant portion, SAHs could play a crucial role in reducing the energy consumption of
buildings. Conventional SAHs have been widely adopted worldwide for solar thermal
processes [6]. Due to its simple design, affordability, and low maintenance costs, the SAH
is an ideal choice for various applications, including heating, dehumidification, building
heating, energy storage, and drying agricultural products [7].

The thermal efficiency of an SAH is a crucial factor to consider when evaluating its
performance [8]. However, the coefficient of heat transfer between the absorber and the
airflow inside the SAH is low due to the thermo-physical properties of the airflow, a major
weakness that poses a significant limitation in the development of SAHs [9]. In an effort to
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enhance efficiency and cost-effectiveness, researchers have conducted numerous studies
over the years to increase the heat transfer coefficient [10]. A flat-plate solar air heater
(FPSAH) is a type of heat exchanger that converts radiated solar energy into heat [11].

Researchers have introduced various approaches to improve the heat transfer coef-
ficient of SAHs, including modifying their shape. For instance, rectangular [12], triangu-
lar [13], curved, spiral, corrugated, and circular absorber plates have been investigated [14].

Several studies have investigated the positioning of the absorber plate with respect
to the airflow to improve the heat transfer in SAHs [15-17]. Additionally, the addition of
baffles or fins has been explored as means of enhancing the heat transfer rate between the
absorber plate and the air [18,19].

Researchers have also explored alternative absorber shapes, such as U-shaped corru-
gation or V-shaped grooves, to enhance the efficiency of SAHs [20]. These studies have
demonstrated that the absorber position and air retention time in the collector are crucial
factors in improving the efficiency of the system. However, conducting experiments to
determine these factors can be time-consuming and expensive. Therefore, modeling and
simulation tools have been utilized to address these issues.

Sanjay and colleagues [21] utilized CFD to develop a model of an SAH with rib rough-
ening, examining how different rib arrangements affect the frictional loss and heat transfer
properties. Meanwhile, using ANSYS Fluent, Dongxu et al. [22] employed numerical
methods to investigate heat transfer in a roughened SAH featuring multiple V-shaped
ribs on the absorber plate. Espinosa et al. [23] developed a numerical model of an SAH to
estimate its thermal efficiency.

The literature reviewed lacks sufficient articles on simulating a flat-plate solar air
heater (FPSAH) using ANSYS Fluent, and there was limited discussion on choosing models
that accurately predict the mode and dynamics of heat transfer. This study aims to fill this
gap by identifying the required boundary conditions, thermo-physical material and fluid
properties, and meteorological conditions to create an accurate ANSYS Fluent model to
simulate the FPSAH, which has not been previously explored. Thus, the primary aim of
this research is to:

1.  Perform experimental investigations on two FPSAH designs under the weather con-
ditions in Shebin El-Kom, Egypt.

2. Evaluate the influence of operating parameters on the thermal performance of the
tested FPSAH designs.

3. Create a detailed and dynamic CFD model capable of accurately simulating the
real-world operation of FPSAHs under realistic operating conditions.

2. Test Rig Description

A schematic view of a conventional FPSAH (Case A) is presented in Figure 1. The
heart of the FPSAH, which is the absorber, was made of a 1 mm galvanized iron sheet with
dimensions of 1000 mm x 2000 mm, which was later painted black. The incoming solar
radiation penetrates a 3 mm glass plate with the same dimensions as the absorber, with a
distance of 100 mm between them. The air enters the solar air heater at a low temperature,
and the absorber then transfers the maximum amount of heat to the airflow so that the
outlet temperature reaches its maximum value. To minimize the heat lost to the atmosphere,
the absorber bottom wall was insulated with 100 mm of sawdust. The device had a tilt
angle of 30°, measured from the horizontal in the city of Shebin El-Kom, Egypt, which is
located at 30.56° N and 31.00° E. Similar to Case A, Case B refers to a modified FPSAH
using an air gap, as indicated in Figure 2. The gap between the two glass layers was 50
mm, with static air to raise the efficiency of the SAH. All the side walls of the upper glass
box were glass with a thickness of 3 mm.
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Figure 1. A schematic view of the conventional FPSAH, Case A.
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Figure 2. A schematic view of the Modified FPSAH, Case B.

Figure 3 exhibits a photograph of the test rig. The two tested FPSAHs (Case A and
Case B) were orientated in a southern direction to receive the most global irradiation
through the experiments.

The two tested devices were equipped with a set of calibrated K-type thermocou-
ples (range of —210 to +750 °C; accuracy of 1 °C; uncertainty of 1.3%) to measure the
temperature over time. The thermocouples were installed on each inlet, outlet, absorber,
glass, and side walls at different points to record the average values of the temperatures.
A calibrated digital pyranometer was used to measure the amount of global irradiation
(range of 0 to 2000 W/m?; accuracy of £10 W/m?; uncertainty v1.6%). Additionally, a
calibrated hot-wire anemometer was utilized to measure the inside velocity of the airflow
at different positions along the two tested solar air heaters (range of 0 to 25 m/s; accuracy
of £0.1 m/s; uncertainty of 1.2%).
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e

Case B

Figure 3. A photograph of the two FPSAH designs.

3. Thermal Analysis
3.1. Energy Balance

The energy balance of each part of the two tested solar air heaters {Case A and Case
B} can be established. The energy balance of each part can be obtained using the classical
method. In the chosen part, the total amount of the thermal flux can be written as the sum
of all exchanged energy among the parts and the amount of solar energy lost or gained by
this part. The thermal flux developed for each case of the solar air heater designed was
described as follows:

3.1.1. Conventional Solar Air Heater (Case A)

In case A, the airflow absorbs a portion of global irradiation transmitted through the
glass cover and then exchanges energy within both the flat-plate absorber and the glass
cover by convection, thus:

1
Sq = SL {Agc’fgc chI(t) + Aabhet—ab (Tab - Tf) + Agchcffgc (Tgc - Tf)] 1)
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MgcCpgc aTgC

Age

MgcCpgc aTgcu
Agc at

MgcCpgc aTgm
ot

Agc

Glass Cover

A portion of global solar energy is absorbed by the glass cover, which exchanges
energy with both the ambient air and airflow by convection and with both the flat-plate
absorber and the sky by radiation, thus:

ot

Absorber Plate

The flat-plate absorber absorbs a portion of the transmitted global solar energy via
airflow and the glass cover and exchanges energy with the airflow through convection,
with the glass cover through radiation, and with the insulation by conduction, thus:

Map Cpab 0Ty
Ay ot

= Tgch“abI(t) + hcffab (Tf - Tab) + hrabfgc (TgC - Tab) + Ucond (TIns - Tab)

3.1.2. Modified Solar Air Heater (Case B)

In Case B, the airflow partially absorbs the solar radiation, which is transferred by the
two glass covers, the stagnant air, and the energy exchanged through convection between
the SAH’s absorber and the lower glass cover, thus:

1
SQ = SL [AgcTstTgczo‘fI(t) + Azbhef—ab (Tab - Tf) + Agchcf—gcz (TgCZ - Tf):| 4)

Upper Glass Cover

The upper glass cover absorbs a portion of solar irradiation, exchanges the energy
with the ambient air through convection, then with the stagnant air, and with the lower
cover of the glass and with the sky through radiation, thus:

Stagnant Air

A portion of the global irradiation transmitted by the upper glass cover is absorbed
by the stagnant air, which then exchanges energy with the lower glass cover by convec-
tion, thus:

MstCpst aTst
Age ot

= ‘XstTgCI(t) + hcgcl—st (Tgcl - Tst) + hcgcu—st (Tgcu - Tst) (6)

Lower Glass Cover

The lower glass cover absorbs a portion of the global solar energy transmitted by the
upper glass cover and the stagnant air and exchanges energy with the stagnant air and the
airflow by convection. In addition, it exchanges energy with the absorber flat-plate and the
upper glass cover by radiation, thus:

Absorber Plate
The flat-plate absorber absorbs a portion of the transmitted global irradiation through

the stagnant air and the two glass covers and exchanges energy with the airflow by convec-

tion and with the lower glass cover by radiation and conduction from the insulation, thus:

Mmap Cpab aTab
Ay ot

25

= TgcsztTfO‘abI(t) +hefap (Tf - Tab) + hrabfgcl (Tgcl - Tab) + Ucond (Tlns - Tab)

= (chl(t) + hCex (Tamb - TgC) + hcffgc (Tf - TgC) + hrgcfbb (Tab - TgC) + hrgcfsky (Tsky - TgC) (2)

®)

= ochI(t) + heex (Tamb - TgCU) + thCH*St (TSt - Tgcu) + hrgcufgcl (Tgcl - Tgcu) + hrgcufsky (Tsky - Tgcu) ®)

= o‘gchCTstI(t) + hcgclfst (Tst - Tgcl> + hcffgcl (Tf - Tgcl) + hrgclfab (Tab - Tgcl) + hrgclfgcu (Tgcu - Tgcl) @)
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3.2. Calculation of the Relative Humidity
The relative humidity of the airflow though the FPSAH can be calculated as [24]:

ew — N(1+0.00115Ty, ) (Tgq — Twy)
€d

RH =

x 100 )

where T4 and Ty, are the dry and wet bulb temperatures, in °C.
N is a constant equal to 0.6687451584.

17.502Ty

ew = 6.112¢(7057+ 1 (10)
( 17.502T4 )
eq = 6.112¢ B0 14 11)
3.3. Thermal Efficiency
The thermal efficiency of the FPSAH can be calculated as [25]:
mC f(Tf — T )
P out int
= 12
MNth AgCI(t) ( )
The specific heat of the air is provided by:

Cpt = 1009.26 — 0.0040403T¢ — 6.1759 x 10 *T¢* — 4.097 x 10~/ T¢ (13)

T¢isin °C.

4. Economic Analysis

An economic analysis presents the performance of the FPSAH in terms of its cost
and benefits. The results of this analysis assist in selecting an appropriate device for any
specific type of application. The heating levelized cost (HLC) was the parameter utilized to
estimate the cost per kWh by considering key factors such as the capital cost, operating
cost, maintenance cost, lifetime, inflation rate, and the device efficiency, etc. The HLC is
estimated using the following equation [26]:

AC
HLC = N (14)

where AE is the average annual energy produced by the collector, while AC represents the
total annual cost for the collector and can be calculated as:

AC =FC+MC+OC —SF (15)
The fixed annual cost (FC) is determined by:
FC = CF.CC (16)

where CC is the capital cost of the collector, and CF is the capital recovery factor, which can
be calculated as:

L(1+1)"
CF= ——35— 17
(1+i)" -1 (17)
where n is the economic collector lifetime.
The annual maintenance cost (MC) per year is determined using:
MC = (0.15).FC (18)
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The annual savage factor (SF) is determined by:

SF = FF.S (19)
i

FF= 1 (20)

S=(02).CC (1)

where i is the annual interest rate, %.

5. Computational Fluid Dynamics (CFD)

CFD is a computer code that can predict and explain the phenomena associated
with heat, mass, flow, and energy, such as fluid flow, heat transfer, chemical reaction,
etc., involving numerical solutions of the conservation equations for energy, mass, and
momentum.

5.1. Geometry Creation and Details of the Meshing

In any problem, the initial step in CFD is the creation of a geometric model. Three-
dimensional geometries of Case A and Case B were created using the ANSYS R15.0 Work-
bench, which provided Design Modeller as a design tool to develop the geometric configu-
rations of the physical problem domain. Figure 4 presents the geometric configurations of
both tested SAHs with similar dimensions to the designed experimental configurations,
which were imported into the ANSYS meshing module.

7 X 0000 0.500 1.000 ()

0.280 0750

(Case A) (Case B)

Figure 4. Geometric model for the two tested FPSAHs.
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Since the geometries of Case A and Case B did not involve any type of curved surfaces,
the CutCell meshing method was extremely well-suited [27,28] and could provide accurate
solutions with the moderate computational time required to use the ANSYS MESHING
workbench, as shown in Figure 5. The total number of nodes for Case A and Case B in the
meshed domain was 218,160 and 366,226, respectively, and the total number of nodes for
the elements was 206,400 and 343,600, respectively.

After the mesh generation, it was important to assess its quality as it can influence the
solution accuracy to a great extent. There were various available parameters in ANSYS for
assessing the mesh quality. Several of these important parameters were skewness, aspect
ratio, and element quality. In this research, some of these parameters were studied and
analyzed. From the survey, the average skewness value should be permanently less than
0.3 for a perfect mesh quality. Therefore, it is important to note that all of the elements had
skewness values of less than 0.1 for both the solar air heaters tested. Similarly, the aspect
ratio parameter was estimated for the generated mesh quality. The average aspect ratio
value for a good quality of mesh should be less than 2. All the elements had an aspect ratio
value of less than 1.2. These results show that the mesh, which was generated with mostly
hexahedral elements, was a perfect quality mesh for the skewness and aspect ratio.

. T
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50,

Case A Case B
Figure 5. Meshed CFD domain for the two tested FPSAHs.

5.2. Assumptions for Simulation

This type of solution requires some assumptions to simplify the complicated flow
geometries, such as solar air heater problems, with a small error value compared to the
exact solutions. The following assumptions were considered here for the CFD simula-
tion modeling:

1. As the surrounding air velocities were very low, the influence of the surrounding air
velocity was neglected, and free convection was assumed.

2. The bottom of the physical absorber of the system was insulated and was therefore
considered adiabatic.

3. Asthe variation in temperatures was medium, the air properties, such as the thermal
conductivity, specific heat, viscosity, and density, were assumed to be piecewise linear,
and the temperature and the physical properties of the solid materials were assumed
to be constants.

4. The pressure of the outlet air was assumed to be equal to the atmospheric pressure.
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5.3. Governing Equations
5.3.1. Mass Conservation Equation

The equation of mass conservation or the continuity equation can be expressed as the
following as within a controlled volume, the mass of the flow remains constant with time:

aa—‘t) 4V (pV) —0 (22)

5
where V is the overall velocity vector, and p is the density.

5.3.2. Momentum Conservation Equation

The change in momentum over time is equal to the sum of the force acting on the
system. This Navier-Stokes equation is reflective of the law of conservation of momentum,
and it can be expressed as:

a — —— = —
8t<pv> +V.<pVV) =-Vp+ V.t +pg (23)
where pg is the gravitational body force, and T is the viscous stress, which is given by:
_ — —T 2 =
T = p[(VV +VV > — 3V.VI] (24)

5.3.3. Energy Equation

Similarly, the first law of thermodynamics reflects the Navier-Stokes energy equation.
The energy conservation law states that the total energy of the system equals the sum of
work and heat added to the system.

—

— - =
V.(V(PE+P)) = V.(KegVT = ) ihy. i+ (et V) (25)
where K is the effective conductivity and can be provided by:

CpfHt

Ko =k
eff + Pr,

(26)

5.4. Boundary Types and Conditions for the Two Tested FPSAH Models

Defining appropriate boundary types and boundary conditions is important to achiev-
ing an exact solution for any fluid flow problem. The chosen boundary conditions were
a significant stage in the CFD simulation. Any CFD model solves the different equations
included in the model based on constraints. The physical or real boundary conditions
were simplified and idealized to insert them into the CFD simulation. For example, in this
research, the FPSAH bottom, which was insulated physically, was considered to have an
adiabatic wall as a boundary condition in the simulation setup. For the inlet and outlet
portions, the boundary conditions were taken into account for velocity inlet and pressure
outlet. Table 1 indicates the boundary types and conditions for the various parts of the two
tested solar air heaters. The description of the upper glass covers and side walls, which
were made from transparent window glass, assumed that they were semi-transparent walls,
as provided in the CFD setup. Due to the convection heat transfer between the surrounding
ambient air and the upper glass cover and side walls, the thermal conditions were assumed
to be a convection of 5.7 W/m? k from the empirical correlation of zero wind velocity. In
addition, the boundary conditions for the inlet of the FPSAHs was assumed to be a velocity
inlet with an average value of 1 m/s, and a gauge pressure of zero value was assumed for
the outlet boundary condition.
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Table 1. Boundary types and conditions for FPSAHs models.

Zone Name Zone Type Description Thermal Conditions Wall Thickness
Semi-Transparent Convection (5.7 W/m?2K)
Upper Glass Wall Wall T: 0.89- R: 0.08-A:0.03 And Radition 0.003 m
Semi-Transparent
Lower Glass Wall Wall T 0.89- R: 0.08-A:0.03 Coupled 0.003 m
Convection (9.5 W/m?-K)
Absorber Wall Wall Opaque And Radition 0.001 m
. Semi-Transparent . P
Side Walls Walls T 0.89- R: 0.08-A:0.03 Convection (5.7 W/m* k) 0.003 m
Inlet Velocity Inlet 1m/s
Outlet Pressure Outlet Gauge Pressure

0 kPa

where T, R, and A are the transmissivity, reflectivity, and absorption coefficients of glass, respectively.

5.5. Models Selection for Simulation

The operating parameters and models utilized in the simulation of Case A and Case B
for the two tested FPSAHs in the FLUENT ANSYS solver are indicated in Table 2. After
fixing the required input parameters and models, the solution was initialized. The time step
was initiated at 0.001 s and reached 5.0 s, according to the ease of time and convergence
needed to complete the solution of the simulation.

Table 2. Input parameters and models of the solver.

Function Specification
Space 3D
Time Unsteady; first-order implicit
Viscous Model Turbulence model; k-epsilon with RNG
Enhanced wall treatment with thermal effects
. Rosseland radiation model
Solver Setting with solar loading and solar ray tracing
Utilizing solar calculator
Radiation (latitude 30.5° N and longitude 31.01° E)
Days: 14:16.06.2022
Start time: 07.00 AM to End time: 07.00 PM
North and West directions of the SAH
. ) Solid Glass and Galvanized iron Thermo—physical propert.ieg includi.n.g:
Material Properties density; thermal conductivity; specific
Fluid Air heat capacity
Operating Pressure 101.3 kPa
Operating Conditions Gravity —9.81 Z-Direction
Operating Temperature 288.16 K

6. Results and Discussion

The performance of the flat-plate solar air heaters was influenced directly by the
weather conditions, especially the ambient temperature, global irradiance, and wind speed.
Figure 6 shows the average values of the minimum and maximum ambient air temperature
for Shebin El-Kom city, Egypt during the year. The high values were obtained during
the months of June and August. In the year under review, temperatures were low from
November to February. However, the global irradiance intensity increased with an increase
in temperature from March to October. Thus, it is possible to employ solar air heating in
Shebin El-Kom during this period. Therefore, the experimental tests were conducted on
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TEMPERATURE

4

sunny days from 14-16 June 2022. Figure 7 shows the hourly variations in the experimental
and CFD data for global irradiance as well as the ambient temperature and the ambient
relative humidity for the different sunny days tested. It can be seen from Figure 7 that
the results indicate a good agreement and similar trends between the CFD-simulated
results and measured data for the intensity of the solar global irradiance all over the
tested days (with maximum amounts of discrepancy of 7%). It can also be noted that the
CFD-simulated and experimental global irradiance increased gradually through the local
daytime and reached peak values at 12:00, after which they decreased according to the
weather conditions. In addition, the variations in the ambient air temperature during the
day ranged between 18 °C at night and 38 °C during the day. Figure 8 shows the variations
in the ambient air velocity throughout the daytime period of the tested sunny days; the
ambient velocities fluctuated between increment and decrement. According to Figure 8, the
minimum and maximum ambient velocity during the tested days ranged between 0.25 and
3.2 m/s, respectively.

Shibin El Kom Egypt Weather
AVERAGE MONTHLY TEMPERATURE AND PRECIPITATION
2°C 107°F 30 days

36°C 96°F Y == e 3 25 days

. ™

30°C 86°F \ 20 days

24°C 75°F / \ 15 days

18°C 64°F 10 days
5 days
. U 0 days
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
-~ DAY -e- NIGHT RAIN SNOW

Figure 6. Variations in average values of the minimum and maximum temperatures of the ambient
air for Shebin El-Kom city, Egypt during the year.

In the FPSAHS, the temperature of the absorber, the outlet air flow, glass covers, the
interior of the air gab, and the stagnant air play a pivotal role in the FPSAH’s performance.
In general, the effectiveness of the FPSAH depends on the difference in temperature
between the absorber and glass cover, as well as the difference in temperature between the
inlet and outlet airflows.
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Figure 7. Variations in global irradiance, temperature, and relative humidity of ambient air
during experiments.

The variations in the measured temperatures of the absorber, gab, glass covers, stagna-
tion air, inlet, and outlet airflow during the tested sunny days for the two tested solar air
heater configurations are indicated in Figure 9. From this Figure, it can clearly be seen that
the temperatures of the absorber and outlet airflow for Case B are higher when compared
with the temperatures of the absorber and outlet airflow in Case A. Thus, the presence
of stagnant air near each absorber plate is important in raising the thermal efficiency of
the FPSAH. In addition, it can clearly be seen from Figure 9 that the maximum absorber
temperatures obtained at 13:00 ranged between 76 and 73.5 °C for Case B and ranged
between 70.3 and 63.7 °C for Case A during the tested days.

Temperature (°C) and Relative Humidity (%)

N

Ambient Velocity (m/s)
b

"
P

14.06.2022 15.06.2022 16.06.2022
Date (Day/Month/Year)

Figure 8. Variations in ambient air velocities during experiments.
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Figure 9. Temperature evolution of the components and the two tested FPSAHs.

The temperature contours for the absorber and upper glass cover for both tested
Case A and Case B at different time intervals on 15 June 2022 are shown in Figures 10
and 11, respectively. The coding color for the temperatures is shown in the charts in
Kelvin. The color “blue” shows the minimum temperature values, and the color “red”
indicates the maximum temperature values. The temperature contour charts of the
flat-plate absorber and the upper glass cover suggest that:

e Inside the both tested solar air heaters, the temperatures of the flat-plate absorber and
upper glass cover begin to increase as global solar irradiation falls on the SAH. The
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temperature contours show increments of gradual increase until 14:00; after this point,
they decrease steadily.

e  Within the tested FPSAH models, the airflow temperature begins to increase as
the global irradiation falls on the absorber. After some time, the air flow begins
to heat up, and the density of the airflow decreases, leading to an increase in the
velocity of the airflow. The interior airflow temperatures inside both tested air
heaters gradually increased until 14:00; after this point, they gradually minimized.

Figures 12 and 13 present the CFD and the experimental results of the outlet airflow
temperature and the outlet airflow relative humidity, respectively, for the FPSAH models.
According to Figures 10 and 11, the results indicate similar trends and a good agreement
between the CFD-simulated and experimental results for the outlet air temperature and
the outlet airflow relative humidity all over the tested days (the maximum errors were
estimated to be 5.6% and 8.2% for the temperature and relative humidity, respectively).
The small deviations between the predicted CFD results and the experimental data
were explained by the fact of that ANSYS FLUENT takes the ideal characteristics for
galvanized iron and glass covers and not their real properties. Additionally, the most
likely cause for the deviation was that values of global irradiation used in the CFD
simulation were higher than the experimental measured values, as suggested by Figure 7.
From these figures, it can also be seen that when temperature increased, the relative
humidity decreased. This is because colder air does not require as much moisture to
become saturated as warmer air.

The contours of the airflow velocities inside the gap of the two tested FPSAHs, Case
A and Case B, at various time intervals throughout the daytime are drawn Figure 14.
Figure 14 shows clearly that the high-velocity airflow zones occur in the central section,
at the outlet of the tested SAHs. Near the walls (the absorber and glass covers), the
velocities are minimized. Additionally, it can be seen from the figure the outlet velocity
for Case B was higher than the outlet velocity for Case A for the different time intervals;
this is because of the higher temperature values of the SAH’s inner the gap, which led
to a decrease in the density and therefore an increase in the velocity for a similar mass
flow rate. The magnitudes of the velocities are in m/s. Furthermore, the predicted
contours of the velocity profile for the tested modified solar air heater (Case B) agreed
with the measured velocity inside the stagnant air gab, which measured by calibrated
hot-wire anemometers at different positions along the gap section, as can be seen in
Figure 2, by making a small hole in the right side of the glass wall and inserting the
sensing element (sensor) of the hot-wire anemometer to measure the airflow velocities.
We used the silicon rubber to ensure there was no leakage through these holes and the
inserted hot-wire anemometers. From the experimental results, the recorded velocities
were very small, near to zero.
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Figure 10. The absorber flat-plate temperature contours at various time intervals.
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Figure 11. The temperature contours of the upper glass cover at various time intervals.

Figures 15 and 16 indicate the comparison between the CFD simulation and the
experimental results of the airflow temperature and the relative humidity inside the two
tested SAHs (Case A and Case B) at different time intervals and in different positions
on 15 June 2022. In general, there were similar trends and a good agreement between
the CFD-simulated and experimental results at the different time intervals and different
positions (the maximum errors were estimated to be 4.3% and 7.5% for the temperature and
relative humidity, respectively). In addition, the airflow was heated for both tested solar
heaters as it traversed along the SAH. The temperature flux increased and decreased with
the solar irradiation. Solar air heaters also help to decrease the relative humidity during
the day. This is important in the application of SAHs, such as in solar drying, because the
reduction in the relative humidity of drying air increases the capacity to absorb humidity
from the dried products. From Figures 15 and 16, it can be noted that Case B helped to
maintain higher airflow temperatures and a lower airflow relative humidity compared to
Case A for the various time intervals and different positions.

37



Processes 2023, 11, 1227

80
75 = == = [Case A]-[Experimental]
[Case A]-[CFD]
) = =ofp= = [Case B]-[Experimental]
70 A [Case B]-[CFD] f‘ ﬁ‘
\ ]
65 ' p :‘
:J l‘ \ #
@ 60 [\ T 3 e
§ " \ 1 / l' X \
S 55 P \A £ 1%
[} v ]
2 s & ' W +
@ 50 ) * ! A A ] \
= [} \
= J \ ' \ . R
< a5 ; \ A I ]
2 ] \ 1 \
= w0 ! 4 : \ 4 N
et )|\ 4 4 \
3s . \ H | A O.. A,
J / ] \ L \ \
¥~ *
30 4" . - ..‘ i
Ve
25
20
14.06.2022 15.06.2022 16.06.2022
Date (Day/Month/Year)
Figure 12. Validation in the CFD outlet airflow temperature variation and the experimental data for
the two tested FPSAHs.
100
— e = [Case Al]-[Experimental]
o0 [Case A]-[CFD]
— ey = [Case B]-[Experimental]
[Case B]-[CFD]
30

N

]
+
)
’-.,’

Qutlet Relative Humidity (%)

14.06.2022 15.06.2022 16.06.2022
Date (Day/Month/Year)

Figure 13. Validation of the CFD outlet airflow relative humidity variation and the experiment data
for the two tested FPSAHs.
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Figures 17-19 present the CFD and the experimental results of the airflow velocities
and the CFD simulation results of the density and pressure ratio along the two tested air
heaters (Case A and Case B), respectively, for different time intervals and different positions
for 15 June 2022 at 10:00 AM; 1:00 PM, and 4:00 PM. Due to the airflow being heated along
with the FPSAH, the density decreased. However, this decrease was due to increased
values of solar irradiation. The velocity of the airflow increased along with the FPSAH, but
this increase was very low. Depending on the increase, the pressure ratio of the airflow
decreased along with the two tested solar air heaters, as indicated in Figure 19.
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Figure 14. Airflow velocity contours for the tested FPSAHs at various time intervals.

The heating levelized cost (HLC) can be utilized to compare the economic performance
of the tested and modified FPSAH (Case B) with the conventional case (Case A) delivering
hot air in the desired temperature range. It was computed for all types of cost, such as the
capital investment, operating cost, maintenance cost, and inflation rate, etc. The HLC is
the parameter that expresses the cost per kWh. It directly relates the cost involved and the
thermal performance of the FPSAH. The average lifetime of the two tested FPSAHs was
considered to be 20 years. For the modified FPSAH (Case B), the cost per kWh to deliver
hot air in the range of 70 to 80 °C is estimated at USD 0.0837, while for the conventional
FPSAH (Case A), delivering hot air in the range of 60 to 70 °C, the cost per kWh was
estimated at USD 0.0974 for the same tested inlet mass flow rates.
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Figures 20-22 present the CFD and experimental values for the average thermal efficiency,
average outlet air temperatures and average relative air humidity during the sunny period
of the experiment, from 7:00 AM to 7:00 PM, on 16 June 2022. From Figure 20, it can be seen
that the average CFD and experimental thermal efficiency values for Case B were higher than
that of Case A. The average CFD thermal efficiency values obtained for Case B and Case A
were 28.7% and 21.6%, respectively, while the experimental thermal efficiency values for the
two cases were 26.4% and 18.2%, respectively. Thus, Case B offers the best thermal efficiency.
In addition, from Figure 21, it is clear that the average CFD outlet air temperature values
were very close to the experimental results, with deviations of 7% and 7.8% for Case B and
the Case A, respectively. Furthermore, from Figure 22, it can be seen that the CFD-simulated
average relative humidity was reduced by 31.6% when using case B compared with case A,
and reduced by 28.8% for the experimental data compared to Case B.
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Figure 15. Validation of the CFD airflow temperatures variation and the experimental data for the
Case A and Case B FPSAHs tested at various time intervals.
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Figure 16. CFD validation of the airflow’s relative humidity variation and the experimental data for
the Case A and Case B FPSAHs tested at various time intervals.
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Case A and Case B FPSAHs tested at various time intervals.
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Figure 18. CFD airflow density results for the Case A and Case B FPSAHs tested at various time intervals.
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Figure 19. CFD airflow pressure ratio results for the Case A and Case B FPSAHs tested at various
time intervals.
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Figure 20. Simulated and experimental average thermal efficiency during the experimental period
for the tested Case A and Case B FPSAHs.
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Figure 21. Simulated and experimental average outlet air temperature during the experimental
period for the tested Case A and Case B FPSAHs.
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Figure 22. Simulated and experimental average relative air humidity during the experimental period
for the tested Case A and Case B FPSAHs.

7. Conclusions

The primary objective of this research was to design and manufacture two distinct
models of SAH (conventional—Case A and modified—Case B) and develop a comprehen-
sive three-dimensional CFD model to simulate the performance of the proposed FPSAHs.
The conclusions drawn from the CFD simulations and experimental results of this research
are as follows:
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The presence of stagnant air has a beneficial effect on the thermal efficiency of an
SAH.

CFD simulations provide solutions of satisfactory quality, demonstrating the effec-
tiveness of CFD as a tool for predicting the behavior and performance of FPSAHs.
Upon comparison of the CFD-simulated results with the experimental data for both
tested SAHs (Case A and Case B), it was observed that the simulated global irradiation,
air flow temperature, relative humidity, absorber and glass cover temperatures, and
air flow velocities closely matched the corresponding experimental data.

The average CFD thermal efficiency values obtained for Case B and Case A were
28.7% and 21.6%, respectively. Meanwhile, the average experimental thermal effi-
ciency values for these cases were 26.4% and 18.2%, respectively. Therefore, it can be
concluded that Case B offers the best thermal efficiency.

For both Case B and Case A, the average CFD outlet air temperature values demon-
strated deviations of 7% and 7.8%, respectively, which were very similar to the
corresponding experimental results.

Comparing Case B to Case A, the CFD simulation showed a 31.6% reduction in the
average relative humidity, while the experimental data exhibited a 28.8% reduction in
the relative humidity for Case B compared to the reference case.

By conducting a CFD modeling study, designers of FPSAHs can obtain a broad range
of efficient information which can help save costs and time before undertaking any
expensive and time-consuming experimental investigations.

8. Future Studies

The performance of more complex designs for a solar air heater can be investigated

with the help of the presented CFD modeling development approach.
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Nomenclature
Variable Definition Unit
ALp Absorber area m?
Age Glass cover area m?
Agt Stagnant air area m?
Cpge The glass cover specific heat J/kg-K
Cpst The stagnant air specific heat J/kgK
Cpab The absorber specific heat J/kg-K
Cpt The airflow specific heat J/kg-K
E The total energy ]
g Gravitational acceleration m/s?

The convective coefficient of the heat transfer between the airflow

het. W/m?.K
cf-ab and absorber /m
The convective coefficient of the heat transfer between the airflow 5
hefocu W/m--K
g and the upper glass cover
The convective coefficient of heat transfer between the 1 r
hcgcl—st Ve - ' owe W/ m?2.K

glass cover and the stagnant air
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The convective coefficient of heat transfer between the upper

2
hegeust glass cover and the stagnant air W/m™K
h The radiative coefficient of heat transfer between the lower glass 5

15el8CU cover and the upper glass cover W/m™K
The radiative coefficient of heat transfer between the lower glass
Rrgel-sky cover and the sky i W/m? K
The radiative coefficient of heat transfer between the upper glass 2
Brgou-ab cover and the absorber W/m™K
h The radiative coefficient of heat transfer between the absorber 5
rab-geu and the upper glass cover W/m™K
h The radiative coefficient of heat transfer between the upper glass W /m2
8ugel  cover and the lower glass cover /m”K
g
I(t) Global solar irradiation on the inclined surface W/m?
Mg Mass of glass cover kg
I The unit tensor -
?j The diffusion flux of species j -
The thermal conductivity W/mK
Mgt Mass of stagnant air kg
myp, Mass of absorber kg
P The static pressure Pa
Pry The turbulent Prandtl numbers. -
S Volumetric convective thermal power exchanged between airflow W/m?
Q and near component
The volume of airflow located between insulation plate and 3
S.L m
absorber
Tab The absorber temperature K
T The airflow temperature K
T The lower glass cover temperature K
Tgeu The upper glass cover temperature K
Tsky The sky temperature K
Tst The stagnant air temperature K
Tamb The ambient air temperature K
Tiout The outlet airflow K
Thint The inlet airflow K
Tt The stagnant air transmissivity coefficient -
Tge The glass cover transmissivity coefficient -
T¢ The airflow transmissivity coefficient -
o The airflow absorptivity coefficient -
Oge The glass cover absorptivity coefficient -
Xab The absorber absorptivity coefficient -
Ot The stagnant air absorptivity coefficient -
\7 Overall velocity vector m/s
T The viscous stress Pa
vs The molecular viscosity Pa-s
M The turbulent viscosity Pa-s
Abbreviations

Case A Conventional Solar Air Heater
Case B Modified Solar Air Heater

CFD Computational Fluid Dynamics
FPSAH Flat Plate Solar Air Heater
SAH Solar Air Heater
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Abstract: This work primarily investigates the performance and structural integrity of the Wells
turbines for power production in coastal locations and their associated unmanned vehicles. An
innovative design procedure is imposed on the design stage of the Wells turbine and thus so seven
different models are generated. In the first comprehensive investigation, these seven models under-
went computational hydrodynamic analysis using ANSYS Fluent 17.2 for various coastal working
environments such as hydro-fluid speeds of 0.34 m/s, 1.54 m/s, 12 m/s, and 23 m/s. After this
primary investigation, the best-performing Wells turbine model has been imposed as the second
comprehensive computational investigation for three unique design profiles. The imposed unique
design profile is capable of enhancing the hydro-power by 15.19%. Two detailed, comprehensive
investigations suggest the best Wells turbine for coastal location-based applications. Since the
working environments are complicated, additional advanced computational investigations are also
implemented on the best Wells turbine. The structural withstanding capability of this best Wells
turbine model has been tested through coupled computational hydro-structural analysis for various
lightweight materials. This best Wells turbine also enforces the vibrational failure factors such as
modal and harmonic vibrational analyses. Finally, advanced and validated coupled engineering
approaches are proposed as good methodology for coastal location-based hydropower applications.

Keywords: CFD; FEA; FSI; composite materials; hydro-energy; hybrid energy; forced and free

vibrations

1. Introduction

The Wells turbine is a type of turbine that was built specifically for the purpose
of harvesting energy from waves. The oscillating water column is the most common
application for this material. The Wells turbine, which was designed by Prof. Alan Arthur
Wells in Belfast and uses symmetrical blades, can convert the flow of air coming from
either direction into the same direction as the turbine’s spin. The angle of attack («) is quite
high, despite the fact that its efficiency is somewhat poor. The symmetrical airfoils that
are utilized in the construction of the Wells turbine blades are the root cause of the poorer
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efficiency as well as the high angle of attack. The capability of the Wells turbine to self-
rectify the flow of incoming waves is one of the fundamental properties that distinguish it
from other types of turbines. Additionally, the Wells turbine is a type of turbine design that
has been developed expressly for use in wave energy converters. This design is both highly
effective and adaptable, making it an excellent choice for this type of application. Because
of its potential to work effectively in bidirectional flow and its ability to self-rectify under
a diverse set of wave conditions, it is an excellent option for the generation of electrical
power from ocean waves.

The turbine is able to function well despite shifts in either the direction or the magni-
tude of the waves. This is accomplished by the turbine by angling a set of curved blades in
such a way that a pressure difference is created between the top and bottom surfaces of
the blade as the wave travels over it. This pressure differential is what causes the blade to
rotate, and the rotation is what drives the generator that converts the rotation into usable
electrical power. High rotating speed and the ability to be directly connected with electrical
generators are the two aspects of the Wells turbine that are considered to be its most impor-
tant characteristics. It is expected that the Wells turbine will play an increasingly vital role
in the development of wave energy technology as the world continues its search for new
renewable energy sources.

Relevant Works

Wells turbines with automated multi-objective optimization have been designed.
Torque and pressure loss were improved with OPAL++. The highest torque (G1) and the
lowest stress drop coefficient (G2) played major roles in the achievement of the highest
performance. Compared to its predecessor, the new turbine has a stall point of 0.3. Both the
G1 and G2 turbines have better efficiency than the reference turbine [1]. For sub-oscillating
flight, Wells turbines employed second-regulation and entropy technology in the form of
blades. Computational fluid dynamics (CFD) analyses of NACA airfoils with a sinusoidal
waft boundary have been performed. The efficiency of the second law was drastically
impacted by the angle of attack. This effect was quantified by the NACA 0015 between
15 and 25 degrees of attack. Airfoil section local entropy viscosity can be predicted via
numerical simulations. When considering entropy generation, the Reynolds number is
crucial, and NACAQ015 is more cost effective and uses less expensive alternative airfoils [2].
The authors” analyzed the coupled dynamics that included the aero-elastic and volatile
feedback of the movable blades. The most promising configuration was selected based
on the CFD results for reducing strain overall. The major outcome was that the total
pressure drop is three times that of a hard, rapid, straight blade [3]. To better depict drift
unsteadiness, a simpler, two-equation turbulence version was modified. Using the SST
(shear stress transport) transient fluid solver and a two-equation turbulence model, Open
FOAM evaluated the efficiency of a Wells turbine [4]. The Wells turbine’s suction-slotted
blades performed admirably. Four different suction slots were investigated. The pressure
decrease caused by the turbine drift coefficient was greatest in slots 4 and 7. Three-slot
turbines were efficient. A test was carried out on NACA 0015, and slots in the NACA 0015
airfoil model were also used [5]. Disc actuator blades investigated the evolution of the motor.
The “interference factors” between a turbine rotor’s series of blades and a single airfoil
determined the rotor’s carry behaviors also drag. There were greater air velocities inside
the blade passages in the CFD studies with the thicker rotors [6].Wells turbine performance
modeling and layout optimization using computational fluid dynamics were performed.
Wells turbine performance can be predicted with either an experimental, analytic, or CFD-
based model. Converting power from W to T waves is simple and inexpensive. A Wells
turbine is inferior to an impulse turbine. When compared to other airfoils, NACA0015
is more efficient and produced less global entropy. The proposed work was produced
the more using manual vanes and W-Ts with several stages. The cost of improved W-T
performance increases [7].
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Slots on both sides of an airfoil and glued guiding vanes were used in Wells turbines
to increase efficiency and torque. Torque was increased by the imposed turbine slots.
The Wells turbine’s manual vanes were optimized for speed, rotational autonomy, and
resistance to stalling. This action demonstrated that manual vanes function more effectively
upstream than downstream. Based on the calculations, the slotted turbine turned over more
quickly. Productivity, usability, and initialization are all enhanced with slotted blades and
manual vanes [8]. The authors’ proposed turbine must operate between 0 and 90 degrees
to accommodate the varying airflow needed to harness wave energy. The blades in a Wells
turbine’s cascade are perpendicular to the axis of rotation, are offset by 90 degrees, and
make it difficult to float. Complex stalls with a wide field of view can be simulated [9].
Different blade profiles, including NACA0020, NACA0015, CA9, and HSIM 15-262123-
1576, were studied. Circular motion of the Wind CA9 blade profiles with a rotor solidity of
0.64 were used in Wells turbines. Turbogenerators that rotate in a circle exhibited rapid
flotation tendencies. The performance curve of constant drift was slowed down by low flow
coefficients [10]. The performance of a lightweight Wells turbine in a cutting-edge sea wave
energy system was evaluated. Analysis was possible when the three-dimensional Navier-
Stokes equations were stabilized. Going with the flow is an incompressible mechanism
in SST k-turbulence. The efficiency of a turbine can be predicted by simulating the end
clearance [11]. Numerical and practical tests were conducted on a small, single-wing Wells
turbine with high solidity and no guide vanes. NACAOQ015 blades with a constant chord
were used in the prototype. After running normal incompressible Reynolds-averaged
Navier-Stokes (RANS) equations via finite-element simulations in three dimensions, the
numerical evaluation were completed. A relaxed decrease in torque and pressure was
identified [12]. In that study, regenerative ventilation was being evaluated for the possible
arrangement of a new experimental record by mounting a turbine atop an oscillating water
column. The DC systems were powered by the turbine, in which a NACA0015-based
design profile was imposed on blades. The waft coefficient should be less than 0.1, and
the turbine’s Reynolds number should be high [13]. Wells turbines make a lot of noise and
failed to work very well at high waft coefficients. These issues are resolved by skewing
and reshaping the blades of the booster turbine and the rotor. The turbine was distorted by
the Gurney flaps. The efficiency of blade profiles was enhanced [14].

The performance of Wells turbines with and without many planes was evaluated.
Biplanes used contra-rotating rotors, while monoplanes relied on manually operated vanes.
There were trials of a biplane turbine with two shafts. When compared to a monoplane
turbine with guiding vanes, the contra-rotating turbine had a similar operational range,
but it performed better post-stall and could withstand a pressure-drift ratio that was one
mile higher. High viscous losses in the turbine rotor are optimal for recovery [15]. Turbine
blades were imposed with symmetrical airfoils that revolve around a central hub. Energy
generation can be maximized by using the rotational speed control loop. The turbine only
spins in one direction, although the fluid can go in either direction. The goal of installing the
stress sensors has been achieved. The first sensor tracked strain, while the second tracked
pressure decrease from the faster generator [16]. Energy production is restricted by factors
such as the predictability of waves, the efficiency of devices, etc. By optimizing the sweep
angles of the blades, the performance and efficiency of the Wells turbine could be increased
via numerical optimization. This investigation was finished using the RANS equations
and determined the effectiveness in terms of strain, torque, and also waft. The authors’
maximized the torque factor, and cross-validation errors were reduced with the use of
Kriging. Increases in both turbine height and torque resulted from redesigned blade waft
coefficients [17]. The notable observations are as follows: blades on monoplane turbines
typically have a 90-degree angle, a Reynolds number of 8 x 10°, a Mach number of 0.4 at the
tip, and a hub-to-tip ratio of 0.6. Blades, tip clearance, and gliding efficiency are all distinct.
Drift can be anticipated with the help of torque. Convergence of solutions was hampered
by the discrepancy between axial velocity and tangential tip [18]. In this study, the authors
compared static stall to dynamic stall and operational design settings. Next, they took
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take a theoretical and practical look at two different ratios of tip clearance to chord length,
0.0056 and 0.0111. Three-dimensional measurements of steady-state and pulsed flow were
taken on Wells turbine prototypes. The rate at which a drift was occurring can modify the
flow. Offshore utility REWEC3 seawalls were depicted as Wells turbines at a 1:10 scale.
Gliding coefficients, torque, and strain drop were used to rate Wells turbines. Gliding
became unsteady in the sinusoidal current. Performance of turbines was influenced by tip
clearance [19]. Turbine performance was impacted by tip leaking glide. The investigation
of the drift of turbine blades was executed. An NACA 0020 bladed Wells turbine was
analyzed using CFD solver called FLUENT. The ratio of tip clearance to chord length grew,
which negatively affected turbine performance and positively impacted glide coefficient.
Turbine stall was brought on by boundary layer separation and tip leaking [20]. In the
ANSYS simulations, the waft coefficients, angles, and rotation speed were all fixed. The
SST turbulence model was imposed, and so the performance of the turbine improved as
the adjustable vane angle and float path vortices were increased. The efficiency gained
from a guide vane angle was significant, wherein an angle of 11.8 degrees and a glide ratio
of 0.21 were optimal. Separating the floats and switching the vortex profiles both increased
the efficiency of the guide vane attitude exchange [21].

In fragile systems, Wells turbine converters are typically used. Stronger lift forces
and separation behaviors are generated by IFS profiles due to their concave shape in the
submit-mid-chord region compared to NACA profiles. CFD analysis compared six different
IFS and NACA blade designs. In comparison to NACA, IFS’s operating spans and torque
technology improved by 24.1%, and the IFS torque was also improved. The maximum
torque coefficient was also increased by VIB20IFS, by 71 percent. VIB20IFS’s superior
separation region was validated by SS streamline contours [22]. Using NACA 0021 constant
chord blades, the tool simulated the efficiency of a Wells turbine. Turbine performance and
aerodynamics were predicted using the computer model. The model’s prediction of the
stall glide coefficient for the turbine was spot on. To better comprehend float physics and
optimize the turbine’s operating range and performance, both normal and stall scenarios
were investigated. Turbine stalling due to a loss of tip clearance was explained by CFD
data [23]. The aerodynamic forces, compressibility, and isolated and cascade float models
of the blade profiles were analyzed using a CFD model. When taking into account prior
data, the NACA 0015 blade profile was used and generated the strongest aerodynamic
forces. Additionally, the 15% CA9 blade was favored based on the estimated slope of the
cascade force and pressure curves. Once again, 15% CA9 performed better than NACA
0015 [24]. Power generation was improved by imitating the owl’s and merganser’s static
trailing edges. The ideal amount of static for trailing chords was between 0 and 10%. Its
glide coefficient was determined using the RANS equation with the help of ANSYS-CFX
Float at a simulated 15.0. The 5%C torque is improved by prolonging the SETE. Above
5%C, the working range decreased, and the stall factor got close to FC. The SETE blade
made it 23.4% of the way before stopping. The effectiveness of the SETE blades drops by
5.4% due to pressure loss. In comparison to blades with strong chord duration of the same
size [25], SETE generated more torque. A lumped parameter model was used to simulate
the interaction between the turbine and air mass in the chamber. The compressibility of
the air in the chamber is the mechanism between air volume and the turbine duct, and it
created hysteresis. Differences in performance do not matter for Wells turbines because
they operate at non-dimensional frequencies [26]. The onset and severity of stall are the
primary focus of this analysis of the turbine’s performance. Highsolidity to simulate an
oscillating water column wave power conversion device, a model utilizing Wells turbines,
was required. The NACA 0021-based design profile was used. Spalart—Allmaras turbulence,
and k-omega and Reynolds strain turbulence models were investigated using the RANS
equations as a constant. The increment in nearby torque contribution has been achieved
throughout the blade floor as the blade span is increased without blade separation. The
torque dropped during a stall [27]. Testing and modeling were performed on a miniature
version of the Wells turbine. A REWEC rotor with a NACA 0015 profile was implemented.
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Non-dimensional torque, efficiency, and pressure drop were calculated, as well as the inlet
and hub-nostril form of the turbine’s tip. Principal drift features were related to stagnation
pressure contours on iso-helicity surfaces and meridional tangential vorticity contours [28].

Based on the observations that are obtained from the literature survey [1-36], the
process of designing a Wells turbine and optimizing its performance is identified out and
so depicted in Figure 1.
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Figure 1. Work processes involved in this research.

Figure 2 represents the engineering procedures imposed in this work, which comprises
CFD, computational structural, and modal analysis. CFD is used for the development
hydrodynamic forces over the Wells turbine and for the estimation of torque produced by
the Wells turbine. The computational structural analysis is used for the selection of suitable
material that can effectively resist hydrodynamic loads and so provide a high lifetime to
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the blades. The modal analysis is used for the estimation of natural frequencies of the Wells
turbine and so supports the development of energy extractions through the Wells turbine.
Finally, the optimized Wells turbine with a high energy extraction rate and high structural
lifetime has been adopted in the energy extraction process for real-time applications.
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2. Computational Methodologies

From the literature survey [1-36], it is observed that the previous works failed to
impose the standard design calculations in the development of Wells turbine. Henceforth,
this work is finalized to impose standard design procedures for the development of Wells
turbine through the help of a bottom-up design approach. Since top-down approaches
comprise assumption-based initialization, this work confirms the use of a bottom-up design
approach. In a bottom-up approach, relevant design factors are chosen with previously
obtained data, creating what are typically termed as historical relationships. The collected
historical data and their typical relationships are revealed in Figures 3-5.
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Figure 3. Various Wells turbines’ data with respective power [1-36].
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2.1. Design Process

For this work, the imposed historical data and relationships concern the hydropower
in watts, number of blades used, chord length in mm, and the radius of a hub to blade in
mm. Figure 3 relates the various data of the Wells turbine with respective hydropower in
watts, which is collected from the prior-discussed literature survey [1-36]. From Figure 3,
it is observed that the maximum hydropower of 2250 W has been frequently imposed.

Figures 4 and 5 show the data of various Wells turbine with their corresponding
number of blades and their chord length in mm. From Figure 4, the obtained number of
blades is 7. Also, from Figure 5, the obtained chord length is 100 mm; i.e., CEVT = 100 mm.

2
AWells Turbine = 7T X (rblade) (1)
CirCuInWells Turbine = 27Whlade )
. B B
Circumwyelis Turbine = 7 X CWT +7x TWT 3)

From the shape of the conventional Wells turbine, the general relationships are derived,
which are expressed in Equations (1)—(3). Equations (1)-(3) express the cross-sectional area
of the Wells turbine and the circumference of the Wells turbine. To initiate the design
process, the clearances between the blades play a major role. In this work, three different
clearances are imposed, and so the different design data-based Wells turbines are framed.
For sample calculation, the tolerance (clearance) between blades is assumed as 100 mm,
and thus, TS, = 100 mm.

(1400 x 7)

U 0073
(2 % 22) mm

Circumblade = 1400 mm = 27rpjage = 1400 = 1plade =

Additionally, another historical relationship has been organized between the hub’s
radius and the blade’s radius. The comprehensive outcome of the recent historical rela-
tionship is revealed in Figure 6. Finally, from Figure 6, the unique relationship has been
derived and is expressed in Equation (4).

b _ 0 672 @)
Tblade

3V§Zh1 = 0.672 = 1y, = 0.672 x 334.1 = 224.5152 mm

6 8 10
Various data collected on Wells Turbine

Figure 6. Various Wells turbines with respective radii of the hub to blade [1-36].

The shortlisted airfoil for this work from the literature survey [1-36] is NACA 0015.
Table 1 depicts the final design data of the Wells turbine with different wingspan and main
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diameters in mm. Similarly, other cases are derived, and the seven cases’ design data are
listed in Table 2.

Table 1. Final design data of primary case.

SL. No Description Value
1 Chord length 100 mm
2 Wingspan 219.1696 mm
3 Hub Diameter 449.0304 mm
4 Main Diameter 668.2 mm
5 Chosen airfoil NACA 0015
6 Thickness for both hub and blades 15 mm (15% of the chord)
7 Number of blades 7

Table 2. Comprehensive design data of seven cases.

Design Cases Dimensions of Various Design Factors
CASET Main diameter = 445.46 mm; Hub diameter = 299.35 mm; Wingspan = 146.11 mm;
Tip clearance = 100 mm;
CASEIl Main diameter = 582.738 mm; Tip clearance = 100 mm
CASE III Main diameter = 552.703 mm; Tip clearance = 150 mm
CASE IV Main diameter = 732.036 mm; Tip clearance = 150 mm
CASEV Main diameter = 668.2 mm; Tip clearance = 200 mm
CASE VI Main diameter = 887.3696 mm; Tip clearance = 200 mm

Main diameter = 1106.5392 mm; Hub diameter = 449.0304mm; Wingspan = 438.3392 mm;

CASE VII Tip clearance = 200 mm

2.2. Computational Fluid Dynamics

Since this work primarily deals with the comprehensive investigations of various
performance factors, an investigation based on the flexible and advanced engineering
approach is mandatory for this work. Henceforth, the imposed Methodology for this work
is computer-aided engineering, in which CFD provides a major contribution and also aims
to determine the torque of the Wells turbine, hydrodynamic drag, hydrodynamic pressure
on Wells turbine, and hydrodynamic velocities over the Wells turbine.

2.2.1. Computational Model

The Wells turbine, along with relevant control volume, is taken here as the compu-
tational model. Seven different design profiles of the Wells turbine were designed with
the help of designed data. Each of the seven design profiles has a distinct hub diameter
and blade length variation. The Wells turbine is designed using CATIA. The seven models
have seven blades of NACAQ015 airfoil with a 100 mm chord. These seven models were
designed to obtain the result of maximum torque. In addition, a control volume is created
around the Wells turbine. The typical fluid dynamic control volume and the Wells turbine’s
traces are revealed in Figure 7. For the development of control volume, the diameter of
Wells turbine is picked as reference data, and so the entire volume is constructed. The
rear position of the control volume is kept higher than the frontal position of the control
volume. This imbalance in design data can permit the flow to settle after it impacts with
Wells turbine.
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Figure 7. A systematic view of Wells turbine inside the control volume.

2.2.2. Discretization

Figure 8 represents the discretized mesh of the Wells turbine with control volume. The
size function of the Wells turbine is “proximity and curvature” as the blade cross-section is
of airfoil geometry. So, to captures the trailing edge in an effective manner, the above-said
function is chosen. High smoothing is also chosen in addition to a fine relevance center.
Table 3 provides the number of nodes and elements obtained for different mesh face sizes
used for different cases of simulations that are imposed in grid independence study.

] 7 Se+003 Se+003 grremy P* -
_ 1

—
1.250+002 2.75a+003

Figure 8. Discretized mesh of Wells turbine.

Table 3. Statistical data of nodes and elements for seven cases.

Various Mesh Cases No. of Nodes No. of Elements
CASE-1 170,185 934,788
CASE-2 196,670 1,083,869
CASE-3 157,498 865,671
CASE-4 681,382 3,889,953
CASE-5 176,180 972,195
CASE-6 238,700 1,324,759
CASE-7 693,333 3,640,060

2.2.3. Boundary Conditions

In this analysis, four inlet velocities are used such as average steady state velocity of
water, shallow water velocity, wave celerity velocity, and the maximum wave velocity. The
pressure outlet is zero for all the inlet velocities, and the operating pressure is 103,125 Pa.
No slip condition is applied on the Wells turbine because of the friction. Instead, specified
shear is applied on the wall. Four inlet velocities are the average velocity of water, shallow
water velocity, intermediate water velocity, and deep water velocity. Average water velocity
is obtained using surface water velocity estimated as 0.4 m/s through Equation (5) and the
correction factor estimated as 0.85.
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Average velocity of water = 0.4 x 0.85 = 0.34m/s ®)
Shallow water velocity = 4/ g X 2)\—0 =>4/8 X % = 154m/s (6)

The shallow water velocity is estimated as 1.54 m/s with the help of Equation (6),in
which the imposed hydro-fluid properties density, dynamic viscosity, and kinematic vis-
cosity are used. The values of these properties are 1030 kg/m?3, 1.793 x 10~ kg/m-s, and
1.787 x 1076 m? s'.

2.2.4. Solver Data and Governing Equations

This study uses a pressure-based solver because of incompressible flow and constant
density. The turbulence models used are Spalart—Allmaras and k-epsilon with enhanced
wall treatment. The relevant shortlisted turbulence model is further imposed in all the
models that give the best out-turn for boundary layers to acquire an adverse pressure
gradient. Steady-state analysis is taken over for all seven cases. The turbulent viscosity
ratio is fixed as 10% because of the high density of the imposed fluid. Concerning the new
technology for renewable energy, the solver has to be setup with governing equations that
are obtained from CFD fundamental concepts [37-39]. The RANS equations are certain
to solve real problems using computational strategy, time continuity, and momentum
relationships. The coupled algorithm-based pressure and velocity coupling has been
implemented with higher-order approximations.

2.3. Computational Structural Analyses

In this part of the work, a structural analysis is carried out using the boundary condi-
tions that will be discussed further down to determine the total deformation, equivalent
stress, equivalent elastic strain, stress intensity, strain energy, shear stress, and normal
stress for materials such as carbon fiber-reinforced polymer (CFRP) materials, glass fiber-
reinforced polymer (GFRP) materials, and relevant lightweight alloys. This computational
structural analysis aims to determine a suitable lightweight material for the Wells turbine
that results in less deformation, stress, and strain with high lifetime.

The Wells turbine with the composition of seven blades is employed as a computational
model for this structural analysis. This turbine is designed to obtain the maximum efficiency
to extract the energy from ocean waves with the high-power design profile of NACA 0015.
Figure 9 shows the computational model of a seven-bladed Wells turbine. The discretization
is the next phase that is involved in this computational structural analysis. The discretized
mesh of the computational model used in this investigation is seen in Figure 10. The
“proximity and curvature” size function is implemented in this work, and the size function
can be perfectly captures the Well turbine curvatures. In addition, high smoothing is
selected, while a coarse relevant center is selected. Since all the seven cases are different in
terms of design data, the meshed elements are obviously different for all the seven cases.
For the sake of example, the statistical reports of case IV and case VI are provided that
further enhance the reliability of this work. The total number of nodes and elements in case
1V is 572,774, while the total number in case VI is 918,984.

In this study, the computational structural analysis has been computed with the help of
a one-way coupling-based fluid-structure interaction approach. For hydrodynamic loading
extraction purposes, two different inlet velocities are used for two different cases. One
is the surface velocity of water, which is 0.34 m/s, and the second is deep water velocity,
which is 23 m/s. The support used in this work is fixed support that is provided in all the
interactions between the hub and blades of the Wells turbine. The material properties of
the imposed lightweight materials have been extracted from the literature survey [40,41]
and engineering data library from the imposed computational tool, i.e., ANSYS Workbench
17.2. The governing equations imposed in this work used are from force-and-displacement-
based relationships, and stress-and-strain-based relationships [40,41]. For this analysis,
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each blade can be treated as a cantilever beam because of the production of fixed support
to the hub. The uniformly distributed loads are imported from hydrodynamic pressure
obtained through steady fluid flow analysis.

Figure 9. Typical representation of the computational model for structural analysis.
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Figure 10. Discretized structure of Wells turbine.

2.4. Computational Analysis for PVEH

The Wells turbine, which has seven blades, can be disassembled into its component
parts. To begin, the model is held in a stationary position while it is being supported. After
that, there is no restriction on how it vibrates. The frequency of the required material
is then determined via modal analysis, and this information is then employed in the
power of piezoelectric vibrational energy harvester (PVEH) calculations. Figure 9 is a
front-view illustration of a common computer model that is utilized in the process of
vibrational analysis. The discretized structure of the Wells turbine is shown in Figure 10.
The boundary condition that must be complied with is illustrated in Figure 11. For this
modal analysis, the discretization has been executed, and the details are as follows: the
number of nodes is 88,975, and the number of elements is 53,859. Also, the size function
used in this computational vibrational analysis is curvature, and this smoothing is high.
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Figure 11. A typical isometric view-based representation of imposed boundary conditions on the
Wells turbine (WT).

The inherent resonance frequencies and mode forms of a structure should be identified.
A linear dynamical analysis is the process of studying modes. Since the overall acceleration,
velocity, and location of the structure at each site are constantly unknown, the dynamic
response of a structure must be calculated by first solving the fundamental equation of
motion. Control of this system is defined by Equation (7) [42—47].

211 u
[mWT] { (:1)(2} + [CWT] { jx} + [KWT]{u} - {F(t)Hydrodynamic} @)

Since the resonance frequency and mode forms are independent of the external load,
they must be set to zero for modal analysis. However, the morphologies of natural frequen-
cies and modes can only be expressed using complex numbers; therefore, damping effects
are currently being disregarded. As seen in Equation (8), this first optimized governing
equation is for modal simulation.

d?u
[mwr] { dxz} + [Kwr[{u} =0 8)

From the perspective of time domain dynamics, this problem can be thought of as a
2
body either at rest or moving at a constant pace. Therefore, {% } (t) = 0; Equation (9), a
condensed version of the governing equation, governs the modal computation.

[Kwr[{u} =0 ©)

2.4.1. Experimental Validation—1

A thorough investigation of experimental analysis is conducted to ascertain the effi-
cacy of computational work. The MIDE quick pack QP 10W is utilized in the experimental
configuration the authors suggested. A total of 2.5 mW of power was retrieved for this
study. Therefore, in order to confirm the computational work and compare the experi-
mental setup, a three-dimensional model of the experimental setup is produced with the
assistance of CATIA, and then, it is analyzed in ANSYS Workbench 17.2. The authors
suggest the boundary conditions and material characteristics. A modal analysis is then
performed after the CFD simulation to ascertain the frequency of the relevant material.
Figures 12 and 13 [42—47] vividly illustrate the well-established research of aerodynamic
and modal analyses.
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Figure 12. Pressure distribution on the proposed experimental setup.
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Figure 13. Total deformation on the experimental setup.

A computational simulation is used to determine the required values for the calcula-
tion. Quick pack QP 10W is used as a calculation sample. Equations (10) and (11) substitute
the expected computational result-based data. The pressure on the piezoelectric patch is

34.179 N/m?2.
o 18 x T
Plresmete = dhumW?F I Pl (10)

[(WP) X (LPL)2 X ([tp] + [TPL])ﬂ . [1 —l—fX € X (plwm)]

36 6 12 2 + 4

Fina Intermediate -

Validation Validation (044 %L)°> L(044xL)* 5L2(0.44xL)® 13044 xL)> L*044xL)
pYalidation _ (P ) + (11)

Inputting the appropriate values into the equation yields an estimated power of
2.3 mW. Therefore, compared to experimental work, computational analysis error was
8%, which lies within the acceptable range. Table 4 contains a complete set of trial results
and suggested data of this work. It is evident from Table 4 that the error percentage is
within the allowed range, indicating that the PVEH patches can be used to extract electrical
energy using the mathematical and analytical approach that is being presented for this
work. With this imposed integrated strategy now verified, the authors are prepared to

apply it to further real-time use cases. But first, nature-inspired Wells turbine uses the same
methodology.

Table 4. Experimental and computational studies verify the legitimacy of electrical power extrac-
tions [42-47].

The Developed Electrical Power (mW) as The Resulting Electrical Power (in mW) Error Percentage
Measured in Experimental Settings from the Method Proposed Here 8
25 2.3 8
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2.4.2. Experimental Validation—2

In order to improve the reliability of the required procedure, a second research is
required after the first one has confirmed the accuracy of the results of the energy extraction.
This part is devoted to a validation study [42-47] because of the significance of the method
that was implemented in this part of work. A separate and easier-to-understand validation
design, which can be shown in Figure 14, has been developed. Figure 15 depicts the results
of applying the models. Using ANSYS Fluent, we were able to come up with an estimate
for the required pressure variation on the base model. Figure 16 illustrates the ultimate
effect that the vibrations of the base object had.

Figure 14. The typical isometric representations of secondly modified base model along with PVEH
patches.
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Figure 15. The typical isometric representations of pressure loads acting on the secondly modified
base model along with PVEH patches.
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Figure 16. The typical isometric representations of freely vibrated structure of secondly modified
base model along with PVEH patches.
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Similarly to the first experimental validation test, the second experimental test is also
conducted, and so the outcomes are listed in Table 5.

Table 5. Validation of electrical power extractions through experimental and computational out-

comes [42-47].
The Developed Electrical Power (mW) as The Resulting Electrical Power (in mW)
Measured in Experimental Settings from the Method Proposed Here Error PERCENTAGE
2.5 2.58 3.1

From Tables 4 and 5, it is clearly observed that the imposed energy extraction ap-
proach based on advanced computational method is reliable and suitable to impose in
real-time applications. Also, it is learned that the additional approaches such as CFD and
computational structural analysis are also validated with these experimental validations.

3. Results and Discussion

Firstly, the optimized Wells turbine is obtained with the help of CFD analysis for all
seven cases with four different inlet velocities, such as 0.34 m/s, 1.54 m/s, 12.10 m/s, and
23 m/s. Secondly, the computational structural analysis is taken for the optimized Wells
turbine using various lightweight materials.

3.1. CFD QOutcomes

In CFD, the primarily focused outcomes have been finalized as torque and hydrody-
namic drag; the secondary focused outcomes are hydrodynamic pressure acting on the
Wells turbine and hydrodynamic velocity variations in and over the same Wells turbine.

3.1.1. Results and Discussion on Design Data-Based Modified Cases

Firstly, the CFD investigations are computed on first case of the Wells turbine.
Figures 17-20 depict the hydrodynamic velocity and pressure variations that are acting in
and over the first case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies
are carried out. Based on the integrative effect among the four inlet velocity outcomes, the
velocity of 0.34 m/s performance is better than the others.
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-1,.83904002
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Figure 17. Pressure on first case based WT under hydrodynamic condition of 0.34 m/s.

Secondly, the CFD investigations are computed on the second case of the Wells turbine.
Figures 21-24 depict the hydrodynamic velocity and pressure variations that are acting in
and over the second case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies
are carried out. Based on the integrative effect among the four inlet velocity outcomes, the
velocity of 23 m/s performance is better than the others.
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Figure 18. Hydrodynamic velocity on first case based Wells turbine—0.34 m/s speed- case-1.
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Figure 19. Hydrodynamic velocity on first case based Wells turbine—1.54 m/s speed.
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Figure 20. Pressure on first case based WT under hydrodynamic condition of 23 m/s.
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Figure 21. Hydrodynamic velocity on second case based Wells turbine—0.34 m/s speed.
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Figure 22. Pressure on second case based WT under hydrodynamic condition of 1.54 m/s.

Figure 23. Hydrodynamic velocity on second case based Wells turbine—12.10 m/s speed.

Figure 24. Pressure on second case based WT under hydrodynamic condition of 23 m/s.

Thirdly, the CFD investigations are computed on third case of the Wells turbine.
Figures 25-28 depict the hydrodynamic velocity and pressure variations that are acting in
and over the third case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared and so the comprehensive studies are
carried out. Based on the integrative effect among the four inlet velocity outcomes, the
velocity of 0.34 m/s performance is better than the others.

Fourthly, the CFD investigations are computed on the fourth case of the Wells turbine.
Figures 29-32 depict the hydrodynamic velocity and pressure variations that are acting in
and over the fourth case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s, respectively. The other performance factors such as hydrodynamic
forces acting on the Wells turbine and torque produced by the Wells turbine are also
estimated through function calculator facility.
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Figure 25. Hydrodynamic velocity on third case based Wells turbine—0.34 m/s speed.

Figure 26. Pressure on third case based WT under hydrodynamic condition of 1.54 m/s.
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Figure 27. Pressure on third case based WT under hydrodynamic condition of 12.10 m/s.
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Figure 28. Hydrodynamic velocity on third case based Wells turbine—23 m/s speed.
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Figure 29. Pressure on fourth case based WT under hydrodynamic condition of 0.34 m/s.

Figure 30. Pressure on fourth case based WT under hydrodynamic condition of 1.54 m/s.
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Figure 31. Pressure on fourth case based WT under hydrodynamic condition of 12.10 m/s.

Figure 32. Hydrodynamic velocity on fourth case based Wells turbine—23 m/s speed.

Fifthly, the CFD investigations are computed on the fifth case of the Wells turbine.
Figures 33-36 depict the hydrodynamic velocity and pressure variations that are acting in
and over the fifth case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s, respectively. As similar as other cases, the performance factors are
also determined for this fifth model.
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Figure 33. Pressure on fifth case based WT under hydrodynamic condition of 0.34 m/s.
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Figure 34. Hydrodynamic velocity on fifth case based Wells turbine—1.54 m/s speed.

ANSYS
Pressure 2
77274 500 \

35771.156
5732188
-47235.531
-88738.891
130242 250
71745504
~213248.938
-254752.207
~296255 656
-337758.000

; s s 7
p— — :

Figure 35. Pressure on fifth case based WT under hydrodynamic condition of 12.10 m/s.

Figure 36. Pressure on fifth case based WT under hydrodynamic condition of 23 m/s.

Sixthly, the CFD investigations are computed on sixth case of the Wells turbine.
Figures 37—40 depict the hydrodynamic velocity and pressure variations that are acting in
and over the sixth case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies are
carried out. Based on the integrative effect, the 0.34 m/s inlet velocity result is the most
effective of the four possible inlet velocities.
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Figure 37. Pressure on sixth case based WT under hydrodynamic condition of 0.34 m/s.
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Figure 38. Hydrodynamic velocity on sixth case based Wells turbine—1.54 m/s speed.

Figure 39. Hydrodynamic velocity on sixth case based Wells turbine—12.10 m/s speed.

Seventhly, the CFD investigations are computed on seventh case of the Wells turbine.
Figures 4144 depict the hydrodynamic velocity and pressure variations that are acting in
and over the seventh case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies are
carried out. Based on the integrative effect, the performance of the 0.34 m/s inlet velocity
is superior to the other four possible outcomes.
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Figure 40. Pressure on sixth case based WT under hydrodynamic condition of 23 m/s.
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Figure 41. Pressure on seventh case based WT under hydrodynamic condition of 0.34 m/s.
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Figure 42. Hydrodynamic velocity on seventh case based Wells turbine—1.54 m/s speed.
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Figure 43. Pressure on seventh case based WT under hydrodynamic condition of 12.10 m/s.
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Figure 44. Pressure on seventh case based Wells turbine under hydrodynamic condition of 23 m/s.

Finally, the comprehensive outcomes of all four cases are listed in Tables 6-8. Table 6
comprises data on aerodynamic forces-based outcomes, Table 7 comprises comprehensive

data on torque, and Table 8 comprises comprehensive data on power extraction.

Table 6. Torque for various imposed Wells turbine cases.

Velocity Torque (Nm)
(m/s) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0.34 0.055215 0.154057 0.142265 0.246834 0.158302 0.418652 1.27369
1.54 1.49314 3.73196 3.9291 6.83129 3.84614 10.0088 30.0695
12.10 103.202 243.903 260.64 471.9 251.783 656.869 1919.9
23 380.127 884.07 957.654 1279.2 925.113 2393.45 6713.63
Table 7. Drag force for various imposed Wells turbine cases.
Velocity Drag (N)
(m/s) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0.34 9.09072 13.4306 13.2765 18.8315 19.0282 26.3446 59.7228
1.54 185.191 272.619 271.242 383.472 388.983 537.146 1219.24
12.10 11,454.7 16,795.5 16,702.1 23,630.1 24,011 33,159.2 73,799.7
23 40,891.8 59,962.9 58,965.2 82,569.6 81,523.9 113,105 245,682
Table 8. Power for various imposed Wells turbine cases.
Velocity Power (W)
(m/s) Case1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0.34 0.143368 0.30774 0.362951 0.417528 0.28004 0.581275 1.540195
1.54 20.07226 37.19742 4478828 60.95917 33.44393 69.07728 178.3818
12.10 11,463.88 20,004.22 26,920.69 35,328.13 18,015.37 38,139.29 92,229.6
23 81,805.03 134,024.3 98,913.09 183,986.5 127,204.8 263,356.2 594,207.1

The high power extraction rate and low hydrodynamic drag force are the predominant
selection factors involved in this work. From CFD outcomes, the torque and drag forces are
calculated, and they are listed in Tables 6—8. From Tables 6-8, based on integrative effect,
the reasonable drag developer with torque producer-based design model is shortlisted for
further investigation. From the outcomes listed in Tables 6-8, it is clearly observed that in
case-4,there is better extraction of a high amount of energy from the hydro-fluid sources
and also less drag produced than in other enhanced cases. Based on the integrative effect,
this decision has been made, and so case-4 is finalized as the best performer.
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3.1.2. Results and Discussion on Design Profile Modified Cases

Because of the high imposition of modernization, the hydro-fluid source is reducing
drastically. Thus, the authors finalized further design profile modifications on case-4. Three
more additional design profile modifications are imposed on the case-4-based Wells turbine.
The typical representations of all three profile-enhanced Wells turbines are revealed in
Figures 45-47.

In three advanced cases, two cases belong to stepped-back airfoil-based modified design
profiles, and one case belongs to a zigzagged airfoil-based modified design profile. As per
the aforesaid same boundary conditions and control volume dimensions, the computational
investigations are computed. The typical hydrodynamic velocity variations in and over
of all three advanced cases are revealed in Figures 48-50. Additionally, to obtain a further
view about the turbulence development and its effect that supports the development of high
hydropower, studies on turbulence behavior are also executed. The major outcomes of the
turbulence prediction such as turbulence dissipation rate and turbulence kinetic energy are
determined. The variations in turbulence dissipation rate and turbulence kinetic energy in
and over the Wells turbine are systematically revealed in Figures 51-56.
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Figure 45. A typical frontal view-based representation of first stepped-back airfoil-based Wells

0.100 0.300

turbine (advanced case-1).
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Figure 46. A typical frontal view-based representation of second stepped-back airfoil-based Wells
turbine (advanced case-2).
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Figure 47. A typical frontal view-based representation of third zigzagged-cum-stepped-back airfoil-
based Wells turbine (advanced Case-3).

After the successful completions of computations on all three additional advanced
cases, the torques are captured and listed in Table 8.

From Table 9, it is clearly understood that advanced case-2 is capable of enhancing the
hydro-power by 15.19 percent as compared to the conventional case-4.

Table 9. Comprehensive hydro-power outcomes of all the three advanced cases.

Number of Special Cases Description of Special Cases Torque (Nm) Observations
Base Case-IV normal cases 1279.2341 Not applicable
y . Torque is decreased by the
Case-1 Step-1 172.946 percentage of 86.48
g g Torque is increased by the
Case-2 Step-2 1473.54 percentage of 15.19
Case-3 Serration at top-up approach 1137.64 Torque is decreased by the

percentage of 11.07

ANSYS
R17.2

Academic

Figure 48. Hydrodynamic velocity variations in and over the Case-3-based Wells turbine.
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Figure 49. Hydrodynamic velocity variations in and over the Case-2-based Wells turbine.
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Figure 50. Hydrodynamic velocity variations in and over the Case-1-based Wells turbine.
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Figure 51. Turbulence eddy dissipation variations in base case.
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Figure 52. Turbulence kinetic energy variations in base case.
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Figure 53. Turbulence Eddy Dissipation variations in stepped-2 case.

Figure 54. Turbulence kinetic energy variations in stepped-2 case.
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Figure 55. Turbulence eddy dissipation variations in serration at top-up approach-based case.
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Figure 56. Turbulence kinetic energy variations in serration at top-up approach-based case.

3.2. Computational Structural Analyses

Computational structural analyses are performed using the boundary conditions
that are mentioned above. In this analysis, total deformation, equivalent elastic strain,
equivalent stress, shear stress, normal stress, stress intensity, and strain energy for various
materials are obtained to validate the material which can withstand stress, strain, and
deformation. The CASE-IV-based Wells turbine model is shortlisted as base computational
model for this structural analysis, in which the inlet velocity of hydrodynamic flow simula-
tion is analyzed at 23 m/s. Through the help of one-way coupling-based fluid-structure
interaction-based advanced approaches, the aforesaid computational structural analyses
are carried out. The typical front view-based structural outcomes such as stress intensity,
shear stress, strain energy, normal stress, equivalent stress, equivalent elastic strain, and
total deformation are revealed in Figures 57-63.
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Figure 57. Stress intensity of Wells turbine of the material epoxy carbon woven pre-230.
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Figure 58. Shear stress of Wells turbine of the material epoxy carbon woven pre-230.
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B: Static Structural
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Figure 59. Strain energy of Wells turbine of the material epoxy carbon woven pre-230.
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Figure 60. Normal stress of Wells turbine of the material epoxy carbon woven pre-230.
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B: Static Structural

Equivalent Stress
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Figure 61. Equivalent stress of Wells turbine of the material epoxy carbon woven pre-230.
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Figure 62. Equivalent elastic strain of Wells turbine of the material epoxy carbon woven pre-230.
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B: Static Structural
Total Deformation
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Figure 63. Total deformation of Wells turbine of the material epoxy carbon woven pre-230.

The structural outcomes are carefully monitored, wherein the maximum and min-
imum induced regions are noted. The attained outcomes of maximum and minimum
occurred regions are exactly fulfilled with the theoretical concepts of structural physics. In
particular, the stress factors are reacted maximally at the fixed end, and so the deformation
is maximally reacted at the free end of the Wells turbine. Since the basic structural physics
is confirmed, the same computational structural analysis is extended for other lightweight
materials such as alloys, CFRP composites, and GFRP composites. The lightweight alloys-
based structural outcomes are computed, and so the comprehensive data are listed and
shown in Figures 64-70.
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Figure 64. Comprehensive outcomes of equivalent elastic strain for various lightweight alloys and

unique composites.
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Figure 65. Comprehensive outcomes of total deformation for various lightweight alloys and unique
composites.

STRESS INTENSITY (MPa)

LIGHT WEIGHT MATERIALS

Figure 66. Comprehensive outcomes of stress intensity for various lightweight alloys and unique
composites.
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Figure 67. Comprehensive outcomes of strain energy for various lightweight alloys and unique
composites.
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Figure 68. Comprehensive outcomes of equivalent stress for various lightweight alloys and unique
composites.
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Figure 69. Comprehensive outcomes of normal stress for various lightweight alloys and unique
composites.
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Figure 70. Comprehensive outcomes of shear stress for various lightweight alloys and unique
composites.

Figure 64 shows the equivalent elastic strain results of all lightweight materials except
Kevlar-49-Epoxy because it has more equivalent elastic strain when compared to other
materials, which is shown in the above bar chart. The equivalent elastic strain obtained
from Kevlar-49-Epoxy is 0.055941 at the inlet velocity of 23 m/s.

Figure 65 depicts the total deformation results of all lightweight materials except
Kevlar-49-Epoxy because it is highly deformed when compared to other materials, which
is shown in the above bar chart. The total deformation obtained from Kevlar-49-Epoxy is
105.82 mm at the inlet velocity of 23 m/s.
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The stress intensity outcomes of all the lightweight alloys and few unique composites
are systematically revealed in Figure 66. With the consideration of low-stress-induced level,
the boron fiber and epoxy resin-associated composite performs well.

Figure 67 shows the strain energy results of all lightweight materials except Kevlar-
49-Epoxy because it has more strain energy when compared to other materials, which is
shown in the above graph. The strain energy obtained from Kevlar-49-Epoxy is 7402.7 m]
at the inlet velocity of 23 m/s.

The equivalent stress-, normal stress-, and shear stress-based structural outcomes are
computed for the shortlisted lightweight alloys and few unique composites. The respec-
tive comprehensive outcomes are revealed in Figures 68-70. Additionally, the deformed
magnitudes of the imposed lightweight materials based wells turbine are systematically
revealed in Figure 71. Since the load and supports are common for all the materials, the
low-reacting material is superior to provide a high lifetime. Henceforth, the boron fiber
and epoxy resin-associated composite reacts in a less effective manner, and so the same
lightweight material is chosen as the best material.

GFRP MATERIALS

Figure 71. Comprehensive outcomes of total deformation for various GFRP composites.

After the successful completion of first case of comprehensive structural studies, the
second comprehensive structural investigations are computed for various lightweight
GFRP composites. The imposed GFRP composites are E-GFRP-UD-, E-GFRP-Fabric-, E-
GFRP-UD-Polyester-, E-GFRP-Wet-, S-GFRP-UD-, and FR-4-GFRP-based composites and
their associates’” productions. The comprehensive structural outcomes of the third case that
contains GFRP-based outcomes are revealed in Figures 72-77.
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Figure 73. Comprehensive outcomes of equivalent stress for various GFRP composites.
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Figure 75. Comprehensive outcomes of strain energy for various GFRP composites.

86



Processes 2023, 11, 2625

©
o
2
[%]
(%]
w
o
[
(%]
-
<
=
o
]
4

SHEAR STRESS (MPa)

GFRP MATERIALS

Figure 77. Comprehensive outcomes of shear stress for various GFRP composites.

From Figures 72-77, it is observed that the S-GFRP-UD-Epoxy-based composite reacts
in a less effective manner than the other GFRP composites. Henceforth, the same S-
GFRP-UD-Epoxy-based composite is chosen as the best performer. After the successful
completion of the second case of comprehensive structural studies on GFRP composites,
the third comprehensive structural investigations are computed for various lightweight
CFRP composites. The comprehensive structural outcomes of the third case that contains
CFRP-based outcomes are revealed in Figures 78-84.
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Figure 79. Comprehensive outcomes of equivalent elastic strain for various CFRP composites.
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Figure 80. Comprehensive outcomes of equivalent stress for various CFRP composites.
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Figure 81. Comprehensive outcomes of stress intensity for various CFRP composites.
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Figure 83. Comprehensive outcomes of normal stress for various CFRP composites.

Figures 78-84 depict the graphical representation of structural analyses of the Wells
turbine at the inlet velocity of 23 m/s (deep water velocity), which comprises total deforma-
tion, equivalent elastic strain, equivalent stress, stress intensity, strain energy, normal stress,
and shear stress with the respective CFRP materials. By comparing the above-shown CFRP
materials, T-300 epoxy- and GY-70 epoxy-based composites in particular performed better
than other materials. Since the load-resisting behavior of these shortlisted lightweight
materials is high, the reaction is generated in a less effective manner than other materials.
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Figure 84. Comprehensive outcomes of shear stress for various CFRP composites.

3.3. Estimation of Power from Energy Harvester

Important steps in this evaluation include picking and calculating PVEH patches.
Several common and hybrid materials were analyzed in ANSYS. In the first step, the
authors calculated the power of various materials. Then, the computations were carried out
in two stages: an intermediate power estimate and a final power estimate. Equation (12)
necessitates the first iteration of intermediate power extraction.

Hybrid Wells Turbine _ dlz w22 18 % Tpr, Piwm (12)
Intermediate wm [(WL—WT) % (LPL)Z * ([tWT] + [TPL])AL} [1 +fx s*(plwm”

(13)

pHiybrid Wells Turbine __ (pHybrid Wells Turbine (" (0.44 + L)° L0044 xL)* | 5L2(0.44 xL)®  13(0.44 x L)2 L4044 * L)
Final - Intermediate 36 - 6 + 12 - 2 4

For the purpose of determining the power output of the PVEH patches, the previously
described mathematical procedures (Equations (12) and (13)) must be utilized. Table 10
provides a summary of the findings that were acquired through the utilization of a variety
of lightweight materials to harvest energy from the rotor span.

Table 10. Estimated energy outcome on 100% of the blade span.

Materials Energy Extracted (W) Materials Energy Extracted (W)
KFRP-49-UD 3375.524253 GFRP-E-Wn 1705.544864
CFRP-Wn-wet 3849.998201 GFRP-E-UD 2813.393605
CFRP-wet-UD 5148.895683 GFRP-E-wet 2250.131784
CFRP-UD-Pg 5294.984336 GFRP-S-UD 2960.020325
CFRP-Wn-Pg 3978.721358 GFRP-FR-4-Wn 1545.139361

Table 11 shows the total output power of CASE-1IV for the inlet velocity of 12.10 m/s
using different lightweight materials by placing PVEH patches on the seven blades of the
Wells turbine.
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Table 11. All-inclusive forecast of the Wells turbine’s total output power from the hybrid energy

scheme.

Lightweight Energy Extracted Through PVEH Patches (W) CFD RRef:‘:rt:I?lte

Materials Blade-1 Blade-2 Blade-3 Blade-4 Blade-5 Blade-6 Blade-7 1210m/s Power (kW)
GFRP-E-Wn 1705 1705 1705 1705 1705 1705 1705 50.07429
CFRP-wet-UD 5148 5148 5148 5148 5148 5148 5148 74.17529
CFRP-UD-Pg 5295 5295 5295 5295 5295 5295 5295 75.20429
CFRP-Wn-Pg 3978 3978 3978 3978 3978 3978 3978 65.98529
CFRP-Wn-wet 3849 3849 3849 3849 3849 3849 3849 65.08229
GFRP-E-UD 2813 2813 2813 2813 2813 2813 2813 35,139.29 57.83029
GFRP-E-wet 2250 2250 2250 2250 2250 2250 2250 53.88929
GFRP-S-UD 2960 2960 2960 2960 2960 2960 2960 58.58929
GFRP-FR-4-Wn 1545 1545 1545 1545 1545 1545 1545 48.95429
KFRP-49-UD 3375 3375 3375 3375 3375 3375 3375 61.76429

4. Conclusions

From this analysis, seven different seven-bladed Wells turbines are designed. Then,
CFD analysis for seven different Wells turbine is performed with four different velocities
such as 0.34 m/s, 1.54 m/s, 12.10 m/s, and 23 m/s. Through CFD investigation, pressure,
velocity, force, and torque are obtained. Using the obtained torque, CASE-IV has a torque of
1729.2 Nm at 23 m/s, and CASE-VI has a torque of 2393.45 at 23 m/s, which are concluded
as the optimized Wells turbines. Then, CASE-1V is adopted for the comprehensive struc-
tural analyses. The computational structural analyses on the Wells turbine use different
lightweight alloys, CFRP, GFRP materials, and few unique composites. From the help
of comprehensive structural outcomes, the following observations are obtained: Boron
Epoxy is the strongest element because it shows the minimum deformation, stress, and
strain compared to other lightweight materials. Compared to CFRP materials, GY-70-
Epoxy is considered the strongest element as it has low deformation, stress, and strain. By
comparing the GFRP materials, S-Glass-Epoxy-UD is considered the strongest material
because it has low deformation, stress, and strain. The shortlisted lightweight materials
are used for the hybrid energy calculation. The PVEH-based hybrid energy extraction
concept has emerged and has been imposed in this work for various shortlisted lightweight
materials. The hydrodynamic medium-based energy extraction from the Wells turbine
is listed in Table 10. The hybrid energy concept-based important outcomes are listed in
Table 11. From Tables 10 and 11, CASE-VI is a potential case for the enhancement power
from hydrodynamic medium as compared to other cases. Finally, a suitable material for
high-energy extractions through a hybrid energy mechanism is also found.

Author Contributions: Conceptualization, V.R,, ].T. and H.PJ.; methodology, V.R., ].T. and H.PJ.;
software, VR. and P.R.; validation, S.K.M. and H.A.Z.A.-b.; formal analysis, S K.M., VR. and PR,
investigation, S K.M., RR., VR. and PR; resources, VR, R.R., PR, and S.Z.; data curation, S.K.M.,
V.R. and PR.; writing—original draft preparation, S.K.M., PR. and H. A.Z.A -b.; writing—review and
editing, V.R., PR, J.T. and S.Z.; visualization, B.S.A., RR. and S.Z.; supervision, S K.M., VR, PR. and
S.Z.; project administration, S.K.M., VR. and PR.; funding acquisition, S.Z. and P.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by a Universiti Sains Malaysia Bridging GRANT under Project
No: 304/PAERO/6316608.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

92



Processes 2023, 11, 2625

Acknowledgments: This study has been performed based on the authors’ interests. It uses computa-
tional and experimental resources from the design and simulation laboratory and the Kumaraguru
College of Technology (KCT) aerodynamics laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclatures
Design Variables  Explanations
Cﬁ,T Chord length of blade in Wells turbine
Awells Turbine Frontal area of the Wells turbine
I'blade Radius of blade in the Wells turbine
Circumelis Turbine ~ Circumference of the Wells turbine
TEVT Thickness of blade in the Wells turbine
Thub Radius of hub in the Wells turbine
g Gravitational force
mwr Mass of the Wells turbine
Cwr Damping coefficient of the Wells turbine
Kwr Stiffness of the Wells turbine
F(t)Hydmdymmic Hydrodynamic forces acting on the Wells turbine
u Displacement
El}t]brnnig:?s Turbine 11 termediate generated theoretical power from the Wells turbine
PFHiZEIHd Wells Turbine Final generated theoretical power from the Wells turbine
diwm The piezoelectric material constant for PZT is 120.
w Force acting on the blade of the Wells turbine
f Natural frequency of the blade of the Wells turbine
Wi_wr Width of the Wells turbine’s blade
Lpr, Length of the piezoelectric patches
twT Thickness of the Wells turbine’s blade
Tpr Thickness of the piezoelectric patches

€ Dielectric constant of the material
Density of the base light materials
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Abstract: A methodology is proposed to extend datasets in a database suitable for use as a reference
tool to support an evaluation of damage mitigation by a barrier wall in a hydrogen refueling station
(HRS) during a vapor cloud explosion (VCE) accident. This is realized with a computational fluid dy-
namic (CFD) analysis and machine learning (ML) technology because measured data from hydrogen
explosion tests with various installed barrier models usually require considerable amounts of time, a
secured space, and precise measurements. A CFD sensitivity calculation was conducted using the
radXiFoam v1.0 code and the established analysis methodology with an error range of approximately
+30% while changing the barrier height from that was used in an experiment conducted by the
Stanford Research Institute (SRI) to investigate the effect of the barrier height on the reduction in
peak overpressures from an explosion site to far fields in an open space. The radXiFoam code was
developed based on the open-source CFD software OpenFOAM-v2112 to simulate a VCE accident
in a humid air environment at a compressed gaseous or liquefied HRS. We attempted to extend the
number of datasets in the VCE database through the use of the ML method on the basis of pressure
data predicted by a CFD sensitivity calculation, also uncovering the possibility of utilizing the ML
method to extend the VCE database. The data produced by the CFD sensitivity calculation and the
ML method will be examined to confirm their validity and applicability to hypothetical VCE accident
simulations if the related test data can be produced during experimental research. The database
constructed using core data from the experiment and extended data from the CFD analysis and the
ML method will be used to increase the credibility of radXiFoam analysis results for VCE accident
scenarios at HRSs, ultimately contributing to safety assurances of HRSs in Republic of Korea.

Keywords: hydrogen energy; hydrogen refueling station; barrier; vapor cloud explosion; peak
overpressure; CFD; OpenFOAM; machine learning; safety evaluation

1. Introduction

To build a stronger economic society using hydrogen energy in Republic of Korea, a
roadmap for the construction of 1200 hydrogen refueling stations (HRSs) for transportation
vehicles by 2040 was proposed by the Korean government [1,2]. However, this plan is facing
delays when compared to the original timeline, as residents around the HRS sites to be built
in a large city are opposing its construction. They claim that HRSs are not safe, referring to
an explosion accident that occurred at a compressed hydrogen storage tank connected to
a water electrolysis facility in Gangwon technopark in Republic of Korea [3]. In addition,
the memory of a hydrogen explosion accident at a nuclear power plant in Japan and its
detrimental effects on the environment continually enhances residents’ anxiety over the use
of hydrogen energy in Republic of Korea [4-6]. From the end of 2023, liquefied hydrogen
(LH2) will be produced in large quantities at several facilities and supplied to consumers
through LH2 hydrogen stations in Republic of Korea [7]. Thus, the residents’” concerns
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over the safety of HRSs are considerably greater because stations with LH2 contain more
hydrogen compared to typical refueling stations.

The Korea Gas Safety Corporation (KGS), the organization responsible for the safety of
hydrogen energy facilities in Republic of Korea, decided to reinforce the specific technical
regulations pertaining to HRSs to increase safety on the basis of experimental research and
numerical simulations [8]. One such effort is specifically to present a method by which
to devise a standard model for a damage-mitigation wall, also referred to as a barrier,
around the storage tanks at a HRS or the boundary of a HRS on the basis of the results of a
quantitative risk assessment (QRA) and based on the distance between the storage tank
at the HRS and the facilities surrounding the HRS [8-10]. To perform the QRA, various
accident scenarios should be taken into account after investigating the possibility of a
hydrogen gas release from certain components and the corresponding frequencies based
on datasets and the design of the HRS [11]. The extent of such damage resulting from each
accident scenario, including individual risk and social risk levels, must be predicted using
a verified computational code [12].

The most frequent and damaging type of accident in resident areas around a HRS,
transferring the damaging effects over long distances from the explosion site considering
various accident scenarios, may be a vapor cloud explosion (VCE), which occurs due to
hydrogen released from a storage tank into an air environment at a HRS [13]. This likely
stems from how the pressure wave propagates at the speed of sound to distant locations
in all directions in an air environment from the explosion site at the HRS as soon as the
pressure builds due to the combustion energy released from the hydrogen-—air chemical
reaction. If a pressure wave with a magnitude exceeding a certain value, as shown in
Table 1, arrives at structures or where people are, harmful effects, such as broken glass
or even ear injuries, may occur [14,15]. Thus, a three-dimensional computational fluid
dynamic (CFD) code is useful for quantitatively evaluating the propagation of pressure
waves due to a VCE at an HRS because pressure waves generally tend to lose strength as
well as change direction when colliding with structures around an HRS as they propagate
through air [16]. In addition, applying the CFD codes, including the open-source software
OpenFOAM, for a VCE analysis has been conducted wildly in the areas of process safety
and loss prevention [17].

Table 1. Damage criteria according to overpressure values [14,15].

Overpressure (kPa) Damage Effect
0.2 Partially broken windows
1 Breaking glass
3 Minor damage to structures and injuries to people
5 Broken structures in houses
7 Partially damaged houses and much harm to people
14 Starting value for lethal effects on humans
15 Slightly damage to roofs and walls of structure
18 Approximately 50% of houses damaged per block
20 Steel structure of building is damaged and pulling away from
the foundation
35-50 Structure destroyed

We developed a CFD code, radXiFoam, using OpenFOAM-v2112 to simulate a VCE
accident in a humid air environment at an HRS after validation through several test results,
which included the overpressure reduction effect by a barrier [18,19]. We used open-source
software because we can freely distribute radXiFoam to engineers who work on the safety
of HRSs. The released radXiFoam will be used to predict harmful effects due to hypothetical
VCE accidents at HRSs, and the QRA, on the basis of the predicted CFD results, will be
reviewed by the KGS to approve the safety evaluation results for HRSs before the granting
of a construction permit from the licensing institute.
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To increase the confidence of hypothetical VCE accident analysis results, using radXi-
Foam as a reference tool, we used a database consisting of experimental data and validated
analysis data fed into radXiFoam with an error range to utilize quantitative data to describe
the barrier effect of overpressure reduction on several VCE types. Herein, radXiFoam anal-
ysis results validated against test data can provide overpressure data at various locations
where measurement devices are not installed, as well as visualized pressure contours from
the explosion site to a far-field in an air environment. The datasets in the database can
provide criteria to safety engineers, who must judge the credibility of radXiFoam results
before using the calculated overpressures through the barrier as the QRA inputs, as the
CFD results for hydrogen explosions occurring around structures in open spaces tend to
vary according to the geometrical model, the mesh distribution in the grid model, the
numerical and empirical constants used in the CFD models, and the time step size in
the transient calculation [20]. Such efforts to use databases for safety evaluations of gas
explosion accidents are also underway in other countries [21-23].

However, it is difficult to obtain sufficient VCE test data with various barrier models
in a short period before starting to construct HRSs actively around protected facilities
because gas explosion tests usually require safe experimentation at secured locations [24,25].
One feasible means of overcoming this difficulty in obtaining the data is to extend the
database using CFD sensitivity calculations on the basis of validated radXiFoam results
for VCE test data with the installation of the barrier. In addition, we are now considering
the use of a machine learning (ML) method [26] to produce new datasets based on existing
data in the VCE database when no available data for a certain HRS exists in the database.
However, this idea of using the ML method to generate datasets for a safety evaluation
should be examined if the related data can be produced in our experimental research [8],
despite the fact that this type of trial using the ML method to reinforce a database is
currently used in other industries [27].

2. Use of the VCE Database for HRS’ Safety Evaluations

To build a database to be used as a reference tool for a hypothetical VCE scenario
analysis at an HRS with a barrier, first we collected published test data produced by a
foreign institute, in this case, Stanford Research Institute (SRI) [24,25,28]. The plan is to
add Republic of Korea’s own hydrogen explosion test results by installing various barrier
models to the VCE database after analyzing the data, with this enacted by the KGS and
other institutes [8]. According to the test plan, a hydrogen—air mixture volume of 40 m3 with
the barrier installed will be exploded to measure the overpressure reduction through the
barrier. This may create unique data which can extend the range of the database because
previous VCE tests with the installation of such a barrier were generally gained when
using a hydrogen-air mixture volume of 5.2 m® under a stoichiometric condition [24,25,28].
The datasets of the overpressure in the VCE database will be categorized according to
the hydrogen-air mixture volume, hydrogen concentration, ignition method, existence
of obstacle geometries, weather conditions, and the barrier model. Such a categorized
database will contain the criteria to be used to anticipate the hydrogen explosion strength,
the harmful effects, and the degree of damage mitigation by the barrier.

Safety engineers can compare their VCE accident analysis results, which will be used
as the input for the QRA, with the suitable datasets in the database if conditions similar
to those of the accident scenarios, such as the hydrogen concentration, relative humidity
of the air, and the distributed range of the hydrogen-air mixture, exist in the database,
as shown in Figure 1. This comparison can increase the credibility of the VCE accident
analysis results by radXiFoam because CFD results basically have uncertainty arising from
the modeling process of the VCE accident scenarios [20]. Thus, the database should contain
a broad range of data related to VCE accident scenarios at HRSs, including several barrier
models, to the greatest extent possible, to increase the credibility of safety evaluations
of HRSs to be constructed with a barrier around protected facilities so as to meet KGS
regulations. Therefore, the data produced by radXiFoam sensitivity calculations for various
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barrier models can be efficiently used to increase the utilization of the VCE database, as
such data compensate for the lack of test data stemming from the limited gas explosion
experiments. If the ML can properly produce reference data for HRSs, which will be
constructed in various areas in large cities, using a published theory based on existing
datasets in a database [26,29], safety engineers can use the produced data as reference
materials for comparisons with calculated radXiFoam results for a VCE accident analysis.

radXiFoam analysis results by engineers - ORA &

Hypothetical VCE accident scenarios

Safety Evaluation

I e VCE database:

Barrier Tube Trailer Overpressure
H2 Cylinder —_ 3 - — - reduction by the
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Figure 1. Plan for the utilization of the VCE database.

3. Producing Datasets Using the CFD Analysis
3.1. RadXiFoam Solver

We developed an open-source CFD solver, radXiFoam, to simulate a VCE accident in
a humid air environment at a HRS and its damaging effects on residents around a HRS on
the basis of XiFoam implemented in OpenFOAM-v2112 [18,19]. The combustion solver
XiFoam, using a flamelet progress variable model, is usually applied to simulate the flame
acceleration phenomena in a premixed combustion area considering an effective compu-
tational cost when compared to a solver based on a detailed chemical kinetic model [30].
However, XiFoam does not currently simulate humid air conditions, which may affect the
VCE analysis results, as XiFoam only considers the transport equations of species for the
fuel mixture fraction (ft) and regress variable (b) [19]. From the calculated results of ft and
b in the fuel-oxygen mixture, XiFoam can calculate only the mass fraction of the fresh fuel
and the burnt fuel in an inhomogeneous mixture model in OpenFOAM-v2112.

Therefore, we added species equations for the water vapor (wv) and nitrogen gas (ny)
to the existing species equation in XiFoam (Equation (1)) to consider a humid air condition,
setting the relative humidity to 40%, and developed what is termed the vaporInnhomo-
geneous mixture model, which can calculate the variations in the gas concentrations in a
hydrogen-—air mixture as the combustion proceeds [18]. In Equation (1), the variable i indi-
cates a certain species, such as water vapor or nitrogen gas. In addition, we implemented a
radiative heat transfer term to the energy equation into XiFoam (Equation (2)) to calculate
the precise enthalpy variation in the mixture of hydrogen, air, and water vapor, as the
existence of water vapor may affect the heat transfer phenomenon through the absorption
and emittance of thermal photons discharged from the combustion region.

To simulate thermal photon absorption by water vapor accurately according to the
relevant concentration in the air, we modified “GreyMeanAbsorptionEmission.H” in Xi-
Foam to include the partial pressure of the water vapor (py) in the gas mixture to calculate
the absorption coefficient (4,,) and then proposed it as “VaporGreyMeanAbsorptionEmis-
sion.H” in radXiFoam. In Equation (3), ky is the absorption coefficient depending on the
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gas temperature [31]. For a radiative heat transfer model, first we apply the P-1 radiation
model (Equation (4)) to calculate the radiative heat transfer through the water vapor in
the air, which is described in detail in the literature [32,33]. We also proposed an effective
correlation model (Equation (5)) for the laminar flame speed based on the fuel equivalent
ratio in the hydrogen—air mixture considering the initial water vapor, which was modified
from a complicated form implemented in XiFoam [18,33-35]. In Equation (5), T}, is the
unburnt gas temperature, T, is the reference temperature (300 K), p is the pressure, p, is the
reference pressure (1 bar), Sy, is the laminar flame speed in the reference condition, and ¢
is the fuel equivalence ratio.
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3.2. Analysis of SRI Test 4-02 Using radXiFoam

In order to determine whether radXiFoam can accurately simulate the VCE phenomena
and the overpressure decrease due to the use of a barrier in an air environment, a validation
analysis was conducted on the basis of measured data from SRI Test 4-02 [24,25]. SRI
conducted a gas explosion test using a hydrogen-—air mixture volume of 5.2 m3 under a
stoichiometric condition of approximately 30 vol.% with the installation of a barrier, as
shown in Figure 2 and Table 2 [24,25]. The barrier, which had a height of 2 m, width of 10
m, and thickness of 0.1 m, was located 5.1 m from the ignition point in a tent to reduce
the propagation of the damaging effects due to the VCE. The gas explosion in the tent
was started using an electric spark device, which emitted a spark for 2 ms, located 2.5 cm
above the center of the bottom plate, with the removal of the plastic film that covered the
boundary of the tent. An obstacle type of geometry to induce flame acceleration was not
used, except for the supporting bars of the plastic film and the measurement devices in the
tent. Pressure sensors to measure the overpressure reduction due to the barrier were located
2 m behind (P2) and 2 m in front (P4) of the barrier, as shown in Figure 2, also measuring
the overpressure increase owing to the VCE in the tent (P3). The overpressures at 11 m,
21 m, and 41 m from the ignition point were also measured to record the characteristics of
the pressure wave propagation behind the barrier.

P4, Pressure 2m

in front the wall Pg, Pressure at top
vom of the wall P7,Freefield P8
T8-S = im - P8, Free-field Pressure probe 41 m range
Wal Pressure sensor (21 m range)
3 (11 m range) &
107 m3] - ! 'E
Vi
UL s . N S—
P1, In the tent P2, Pressure 2 m

P5, Reflected pressure

Sensor on face of wall behind the wall

Pressure sensor

Figure 2. Schematic diagram of the SRI test facility [24].
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Table 2. Conditions of the SRI hydrogen explosion tests [24,25].

Test No H,-Air Mixture H, Con. Ambient Wind Ignition Barrier
’ Volume (m®) (vol.%) Temp. (K) (m/s) Method Existence
4-02 5.2 29.9 283.45 2.0 Electric spark o

Barrier dimensions: Height x Width x Thickness =2m x 10 m x 0.1 m.

A three-dimensional grid model utilizing a half-symmetric condition to simulate the
SRI test facility was developed using the blockMesh utility in OpenFOAM-v2112 [19], as
shown in Figure 3. To determine the horizontal length along the x-direction in the grid
model, we considered a required separation distance of 30 m between the HRS and the
first protected facilities located around the HRS in the KGS codes [9,10]. Thus, we did
not include pressure sensor P8, located 41 m from the ignition point in the grid model,
to reduce the computational time. We also decreased the width of the grid model to 5 m
from the distance of 10 m used in a previous analysis [36] to ensure effective sensitivity
calculations of the various barrier heights during a suitable computational time. A total
of 2,569,440 hexahedral cells with an approximate cell length of 1.5 cm around the tent
region and 15 to 25 cm at the far field region from the tent were generated in the grid model
to resolve the rapid flame acceleration due to the spark ignition and the propagation of
the pressure wave in the air environment. The cell length sizes in the grid model were
determined based on previous mesh sensitivity calculation results [36]. The boundary
conditions for the grid model are shown in Figure 3a. The opening condition allows for the
inflow and outflow of air through the applied surfaces and simultaneously uses a wave
transmissive outflow condition that can be expressed by Equations (8) and (9) [19,36]. In
Equation (9), W), is the patch wave speed, ¢, is the patch face flux, S¢ is the patch face
area vector, ¢, is the patch compressibility, and vy is the ratio of specific heat. A patch
refers to a surface on which the opening condition is applied. An emissivity value of
0.072 was assigned to the bottom wall region in the tent on the basis of radiative property
literature [32] on the simulation of the radiative heat transfer from a combusted gas to a
steel wall.
S =0 ®
Dt

out flow
Wy = Zr + \/T )
5 Ve

The initial conditions used to simulate the test conditions in Table 2, including the
hydrogen concentration in the tent, were given as the corresponding hydrogen mass
fraction (ft), as shown in Figure 3b, using the utility program setFields in OpenFOAM-
v2112 [18,19]. The spark ignition model, previously developed on the basis of other SRI test
cases [24,25], used to initiate the hydrogen combustion in the tent region, was applied to
simulate electric spark operation for 2 ms with an equivalent energy of 40 J [20]. To capture
the pressure wave propagation and reflection accurately after collision with the barrier in
the air environment, we used a small time step of approximately 1.0 x 107® s to 1.0 x 104
s in the transient calculation time of 0.1 s.

The calculated temperature and pressure distribution on the symmetric plane using
radXiFoam with the established methodology (Table 3) over time are correspondingly
shown in Figures 4 and 5, which indicate that the results reasonably predict the progress of
the VCE from the ignition in the tent region to the pressure wave propagation to the air
environment with the formation of a semi-spherical pressure band. The pressure buildup
in the combustion region results from the combustion energy due to the hydrogen-—air
chemical reaction, which progresses continually as the flame propagates in the tent region.
Figure 5 shows that the barrier effectively prevents pressure wave propagation along the

horizontal x-direction, i.e., from the tent region to the air environment. As a result of this
prevention, the pressure in the region below the barrier height is lower than those of other
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regions in the rear area of the barrier. Thus, the calculated peak overpressure of 5.27 kPa at
P4, located 2 m in front of the barrier, is reduced to 1.67 kPa at P2 at 2 m behind the barrier.
The comparison of pressure waves at the local positions of P2, P4, P6, and P7 shows that
the CFD results accurately predict the measured peak overpressures with an error range
of approximately +30%, as shown in Figure 6. However, the predicted pressure waves at
each measurement location pass approximately 28 ms faster than in the test data. This can
be explained by the fact that we neglected the transition period from the laminar flame
to the turbulent flame by assuming fully turbulent mixing and combustion in the spark
ignition model.

Opening condition : Upper, Left, Right, Back
/ \\\‘ |

‘Q‘
Barrier
(Plate type) L

11m
Symmetry

condition : Front

Wall
condition :

0.000 0.010.0150.02 0.029
| I

(b)
Figure 3. Grid model of the SRI Test 4-02 facility: (a) Geometric model and boundary conditions;
(b) Mesh distribution and hydrogen mass fraction (ft) in the grid model.
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Table 3. Analysis methodology for the VCE explosion test with a barrier.

Parameter Models
e Open-source software radXiFoam v1.0 based on OpenFOAM-v2112
o Thermal-hydraulic solver algorithm PIMPLE [19]
e Combustion model Flamelet progress variable
e Turbulence model k-w SST
e Wall function kqR/omega
o CFL number <0.8
e Mesh type Hexahedral
® Mesh size at the far field ~25 cm
o Ignition model Spark ignition model

Temp. (K)
2.6 x 103

—2.0x10°
—1.5x10°

—1.0x 10°

2.8 x 102

(c) (d)
Figure 4. Temperature distribution over time (front view): (a) t=0.01s; (b) t =0.02s; (¢) t =0.03 s;
(d)t=0.04s.

Pressure (Pa)
1.122 x 10°

1.100 x 10°

—1.050 x 10°

t1.m0 x10°
9.740 x 10*

(a)

Pressure Band Formation

[y

(b)
Figure 5. Cont.
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Pressure Wave

(c)

(d)
Figure 5. Pressure distribution on symmetry and wall planes: (a) t = 0.01 s; (b) t=0.02s; (c) t =0.03 s;
(d)t=0.04s.
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21 m); (e) Prediction uncertainty.
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3.3. CFD Sensitivity Calculation Results and Discussion

To assess the effect of the barrier height on the reduction in the overpressure due to the
VCE, we conducted a sensitivity calculation while changing only the barrier height from
2 m to 3 m and 4 m in the input files and with the established analysis methodology used for
the SRI Test 4-02 calculation (Table 4), as we judged that the height variation in the barrier
had an obvious effect on the overpressure reduction on the basis of simulation results from
an overseas institute [28]. We carefully controlled the input parameters for the blockMesh
utility to produce a nearly identical mesh distribution around the barrier between the grid
models for Cases—1 to —4 to eliminate the mesh dependency on the calculated pressure
distribution. In addition, we calculated Case—1 again using a new grid model, in which
the width only extended from 5 m to 10 m, to investigate the effect of the location of the
outflow condition along the y-direction in the grid model on the pressure field calculation
(Case—4). It is expected that the comparison results of the local overpressures between
Case—1 and Case—4 will produce a good guideline for the development of a grid model to
analyze hypothetical VCE accident scenarios at HRSs to be performed by safety engineers.

Table 4. Sensitivity calculation on the basis of a CFD simulation for SRI Test 4-02.

Case No. Barrier Grid Model Number of Cells
Height (m)/Width (m)/R (m) Length (m)/Width (m)/Height (m) (Grid Model)
Case—1 2/0.1/5.1 27/5/11 2,569,440
Case—2 3/0.1/5.1 27/5/11 2,568,800
Case—3 4/0.1/5.1 27/5/11 2,568,160
Case—4 2/0.1/5.1 27/10/11 3,478,390

Range (m): horizontal distance from the ignition point.

The CFD sensitivity calculation results for various barrier heights of 2 m, 3 m, and 4 m
(Figure 7a—c) show that the height of the pressure wave that propagates from the tent region
to the air environment blocked by the barrier is increased as the barrier height increases.
This feature indicates that the affected area on the ground in the rear region of the barrier
from the propagating pressure wave is also increased as the barrier height increases. As a
result of these effects according to the barrier height, the predicted peak overpressures at
the P2 location are decreased from approximately 1.7 kPa to 0.85 kPa as the barrier height
is increased from 2 m to 4 m (Figure 8a). This distinct difference may stem from the fact
that the magnitude of the pressure wave and the elevation of the pressure band formation
around the tent region are nearly identical regardless of the barrier height because the
exploded hydrogen-—air volume in the tent region is equal to 5.2 m? in Cases—1 to 3.
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Figure 7. Pressure distribution on symmetry and wall planes according to the case: (a) t = 0.037 s
(Case—1); (b) t =0.030 s (Case—2); (c) t = 0.031 s (Case—3); (d) t = 0.034 s (Case—4); A (Pressure wave
propagating to the outer region from the tent region); B (Reflected pressure wave propagating to
the outer region along the surface of the barrier); C (Pressure wave propagating to the outer region
after bypassing the barrier); a (Pressure wave propagating to the barrier from the ten tent region);
b (Reflected pressure wave propagating to the location of P4 from the barrier).
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Figure 8. Comparison of overpressures at local positions between Cases—1,2 and —3: (a) P2 (2 m
behind the barrier); (b) P6 (range: 11 m); (c) P7 (range: 21 m); (d) P4 (2 m front of the barrier).

However, the calculated overpressures at P4, of which the location is 2 m in front of the
barrier, show no significant differences between the cases tested here, as shown in Figure 8d.
This result can be explained by the fact that the propagation of the pressure wave in front of
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the barrier proceeds continually as hydrogen combustion takes place from the tent region
to the outward region along the y-direction while maintaining a hemi-spherical-type shape
on the ground (Figure 7b—d, “A”). The reflected pressure wave after the collision with the
barrier (Figure 7b-d, “B”) mainly flows to the outward region along the y-direction on
the surface of the barrier because the strength of the pressure wave from the tent region
exceeds that of the pressure wave reflected from the barrier.

As a result of this propagation pattern of the pressure wave in front of the barrier, the
location of the wave transmissive outflow condition, for which the Neumann condition for
the wave velocity applies (Equation (8)), may affect the calculation of the pressure field in
the area in front of the barrier by radXiFoam using the PIMPLE algorithm (Figure 9a) [19].
In addition, this effect appears to exist in the calculated overpressure at the P2 location
in the rear region of the barrier (Figure 9b). This can be explained by the fact that the
direction of the pressure wave passing the barrier along the y-direction turns to the P2
location despite the fact that the corresponding wave’s strength is considerably decreased.
Therefore, we can conclude that the wave outflow condition in the VCE simulation should
be located at some distance away from the explosion site to calculate the pressure field
accurately when assuming proper pressure wave decay while the wave propagates to the
outflow region.
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Figure 9. Comparison of overpressures at local positions between Cases—1 and 4: (a) P4 (2 m front of
the barrier); (b) P2 (2 m behind the barrier).

4. Producing Datasets Using Machine Learning
4.1. Development of the Neural Network Model

To develop a neural network model, using the open-source software of python 3.7 [37],
TensorFlow 2.3.0 [38], and Keras 2.3.1 [39], capable of predicting the overpressures in the
rear region of the barrier according to the barrier height and the distance from the explosion
site during the VCE of the hydrogen—air mixture volume 5.2 m3, we used the calculated
overpressures for 0.1 s at the locations of P2, P6, and P7 with barrier heights of 2 m and
4 m (Figure 8) as the training data for the neural network model. This development of
the neural network model started with a conceptual design model, as shown in Figure 10,
which was configured with hidden layers, neurons, activation functions, and loss functions
using the commercial software Mathematica [29,40,41]. The completed model consisted of
eight hidden layers with different numbers of neurons and activation functions separately
applied to each layer to minimize the loss value, as shown in Table 5. The loss value
calculated by the mean squared error function in the developed neural network model was
approximately £1.24%.
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Figure 10. Conceptual design of hidden layers, neurons, and activation functions for the neural

network model: (a) Conceptual design model; (b) Plots and numerical expressions of the activa-

tion functions.

Table 5. Number of neurons and activation functions according to the hidden layers.

Hidden Number of Name of

Layers Neurons Activation Function
1 110 Exponential Linear Unit (ELU)
2 280 Scaled Exponential Linear Unit (SELU)
3 190 Rectified Linear Unit (ReLU)
4 170 Exponential Linear Unit (ELU)
5 100 Self-Gated Activation Function (Swish)
6 140 Scaled Exponential Linear Unit (SELU)
7 50 Exponential Linear Unit (ELU)
8 70 Scaled Exponential Linear Unit (SELU)
9 250 Rectified Linear Unit (ReLU)

Loss Function and Value: Mean Squared Error and 0.0124; Learning Rate: 0.0005.
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4.2. Overpressure Data Produced by the ML Method and Discussion

The overpressure data produced at the P2, P6, and P7 locations by the developed neu-
ral network model for barrier heights of 2.5 m and 3.5 m during VCE with a hydrogen-air
mixture volume of 5.2 m? are shown in Figure 11. From a comparison of the overpressures
between the data produced by the ML method and the training data for the neural network
model, we can judge that the data generated by the ML method accurately represent the
characteristics of the pressure wave in the rear region of the barrier. The peak overpressures
at P2, P6, and P7 locations decrease as the barrier height increases and the distance from
the ignition point increases.
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Figure 11. Overpressure data produced in the rear region of the barrier using the ML method: (a) P2
(2 m behind the barrier); (b) P6 (range: 11 m); (c) P7 (range: 21 m).

Therefore, we can expect that the ML method will be effective when used to extend the
datasets using credible data in a VCE database when proper datasets for safety evaluations
of HRSs to be constructed around protected facilities do not exist. However, through this
study, which generated overpressures using the ML method, we also found that a neural
network model that considers the features of pressure wave propagation, which arose in
the area in front of the barrier and the region behind the barrier, should be developed
separately.

5. Conclusions

A methodology was developed to configure a database to provide criteria to safety
engineers who will conduct CFD analyses of hypothetical VCE accidents to evaluate the
safety of HRSs to be constructed around protected facilities in a large city. The proposed
methodology is to extend the datasets in the VCE database using the CFD sensitivity
calculations and the ML method on the basis of measured data obtained from VCE experi-
mentation, assuming the installation of a barrier wall. CFD sensitivity calculations using
an established analysis methodology for the VCE phenomena will not only generate new
datasets but will also provide visualized results to support evaluations by safety engineers.
In addition, datasets based on various grid models in CFD sensitivity calculations can
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provide a guideline for the development of a grid model for VCE accident analyses in HRSs.
We also uncovered the possibility of using the ML method to produce new datasets quickly
when proper test datasets for comparisons with CFD analysis results for hypothetical VCE
accidents do not exist. However, from this study, we realized that the training dataset to be
used should be carefully chosen, considering the application purpose when developing a
neural network model. Finally, we conclude such an extended VCE database, as discussed
here, can sufficiently compensate for the lack of gas explosion test results with a barrier
installed and can be effectively used as a reference tool to increase the safety of HRSs in
Republic of Korea.

6. Future Studies

The datasets produced by the CFD sensitivity calculation and the ML method will be
examined to confirm their validity and applicability after related test data are produced
experimentally. VCE accident simulations with the installation of various barrier models in

HRSs will be conducted, and their results will be confirmed on the basis of the datasets in
the VCE database.
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Nomenclature

Variable Definition Unit

Awy Absorption coefficient of water vapor [—]

E emission contribution [—]

ft Fuel mixture fraction [—]

G radiation intensity [W/m?]
h Enthalpy [J/kg]

K Thermal conductivity [W/m-K]
k Absorption coefficient depending on the gas temp. [—]

P Pressure [Pa]

q Heat flux [W/m?]
S Source/Sink of species-i [kg/ m?-s]
Su Laminar flame speed [m/s]

Sct Turbulent Schmidt number [—]

T Temperature K]

U Velocity [m/s]

Y; Species-i mass fraction [—]

o Turbulence effective viscosity [kg/m-s]
p Density [kg/ m?]
05B Stefan-Boltzmann coefficient [—]

© Fuel equivalent ratio [—]
Subscripts

o Reference condition

u Unburned

wv Water vapor
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Abstract: Ice formation on structures like wind turbine blade airfoils significantly reduces their
aerodynamic efficiency. The presence of ice on airfoils causes deformation in their geometry and
an increase in their surface roughness, enhancing turbulence, particularly on the suction side of the
airfoil at high angles of attack. An approach for understanding this phenomenon and assessing its
impact on wind turbine operation is modeling and simulation. In this contribution, a computational
fluid dynamics (CFD) study is conducted using FENSAP-ICE 2022 R1 software available in the
ANSYS package. The objective was to evaluate the influence of surface roughness modeling (Shin
et al. and beading models) in combination with different turbulence models (Spalart—Allmaras
and k-w shear stress transport) on the estimation of the aerodynamic performance losses of wind
turbine airfoils not only under rime ice conditions but also considering the less studied case of glaze
ice. Moreover, the behavior of the commonly less explored pressure and skin friction coefficients
is examined in the clean and iced airfoil scenarios. As a result, the iced profile experiences higher
drag and lower lift than in the no-ice conditions, which is explained by modifying skin friction and
pressure coefficients by ice. Overall, the outcomes of both turbulence models are similar, showing
maximum differences not higher than 10% in the simulations for both ice regimes. However, it is
demonstrated that the influence of blade roughness was critical and cannot be disregarded in ice
accretion simulations on wind turbine blades. In this context, the beading model has demonstrated an
excellent ability to manage changes in roughness throughout the ice accretion process. On the other
hand, the widely used roughness model of Shin et al. could underestimate the lift and overestimate
the drag coefficients of the wind turbine airfoil in icy conditions.

Keywords: turbulent flow; rime and glaze ice; wind turbine rough surface; CFD simulation;
aerodynamic loss

1. Introduction

Simulation and modeling techniques have become increasingly valuable in studying
and analyzing ice accretion on wind turbines. These methods offer numerous advantages
compared to experimental approaches, including cost-effectiveness, efficiency, and the
ability to explore diverse icing events. Nonetheless, achieving accurate ice accretion model-
ing on wind turbines demands a comprehensive approach involving multiple disciplines,
encompassing thermodynamics, aerodynamics, heat transfer, and mass transfer.

Computer-aided engineering techniques are commonly utilized to conduct these anal-
yses, employing various tools and approaches for numerically solving coupled differential
equations through finite element and finite volume methods [1-3]. Additionally, emerging
methodologies such as deep learning, genetic algorithms, and artificial intelligence have
been utilized in some instances, as evidenced by a few examples in recent years [4-6]. In
real terms, during the last twenty years, several investigations have been performed to
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study the influence of icing on wind turbines using simulation methods. These studies
aim to enhance our understanding of the phenomenon and provide valuable insights for
designing more resilient and efficient wind turbine systems [7-10].

Computational fluid dynamics (CFD) is a common tool used to simulate various
phenomena in turbomachinery [11], including the accumulation of ice on specific blade
sections of the wind turbine [12]. The amount of ice accretion is predicted by numerical
models, which can affect the airfoil geometry and decrease aerodynamic performance.
Some examples of such studies include Etemaddar et al. [13]; Villalpando et al. [14]; Han,
Kim and Kim [2]; Jin and Virk [15,16]; Yirtici et al. [17], Yirtici et al. [18].

In most computational fluid dynamics (CFD) studies focused on icing events in
wind turbines, the flow along the blade span is often neglected due to its complexity
and high computational costs. Instead, these studies usually focus on two-dimensional
airfoil profiles placed at specific sections of the blade span. The decision to simplify the
analysis using 2D airfoil models and neglecting the 3D rotating effect is driven by practical
considerations. Accounting for the full 3D rotational flow requires significantly more
computational resources and time. By focusing on specific sections of the blade span,
researchers can still gain valuable insights into the aerodynamic behavior of the wind
turbine under icing conditions while keeping the computational requirements within
manageable limits. While this approach may introduce some limitations in capturing the
complete 3D flow physics, it still provides valuable information for understanding the
impact of ice accretion on the performance of wind turbines. Researchers continue to
explore advancements in modeling techniques and computational capabilities to better
address the complexities of 3D rotating flows in future studies [19-21].

After conducting a review of the literature, it was noticed that popular icing programs
were initially designed for simulation icing in aeronautics [3,22-24]. The icing programs
primarily developed for simulating aircraft icing are not specifically tailored to account
for wind turbines’ distinct operational and weather conditions. Wind turbines and aircraft
exhibit distinct icing dynamics attributed to various factors. These factors encompass
differences in operational altitude, angle of attack (AoA), airfoil positioning concerning
the ground, the contrast between fixed-wing and rotating blades, and the impact of air
compressibility at varying airspeeds [24].

Indeed, a few programs for in-flight icing have undergone adaptations, testing, and
validation to replicate the formation of ice on the blades of wind turbines. The main
emphasis of these adjustments lies in integrating the distinctive atmospheric conditions
during operation and accounting for the geometry and rotation of the wind turbine blades.
Consequently, models originally crafted for simulating icing on aircraft may display in-
congruent behaviors when employed in simulations for wind turbines. The distinctions
in operational conditions and blade characteristics necessitate adjustments to the existing
models. For instance, wind turbine blades experience different airspeeds, air temperatures,
and humidity levels compared to aircraft wings. The rotation of wind turbine blades
introduces a time-varying flow field, leading to variations in the ice accretion patterns.

Additionally, the complex geometry of wind turbine blades, including their twist and
taper along the span, requires specific considerations for accurate simulation. By adapt-
ing, testing, and validating these in-flight icing programs for wind turbines, researchers
and engineers aim to address these incompatibilities and develop models that effectively
capture the icing behavior unique to wind turbines. These modifications enable more
reliable assessments of ice accretion effects and aid in designing and optimizing wind
turbine systems for safe and efficient operation in icy conditions [12,14,24]. For instance,
Etemaddar et al. [13] concluded that wind turbines could operate under icy conditions by
reducing their cut-off speed to minimize the risk of damage to components. The authors
used LEWICE 1.6 software and the Blade Element Momentum (BEM) code WT-Perf to
reach this conclusion. Another example is the study of Han, Kim and Kim [2], in which a
CFD model was used to suggest that modifying the pitch angle is necessary for maintaining
steady power in wind turbines during icing periods. However, the study concluded that
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maximum turbine efficiency under these conditions can be achieved below the rated speed
by operating at a variable speed via generator torque control.

While software packages like NASA’s LEWICE and FENSAP-ICE (currently part of
ANSYS) are commonly employed for investigating icing, they have predominantly been
utilized in aeronautical applications. LEWICE and FENSAP-ICE have been extensively used
and validated for simulating ice accretion on aircraft surfaces. These packages incorporate
specialized algorithms and models tailored to aircraft icing phenomena, considering droplet
impingement, ice shape evolution, and ice shedding. However, their application to wind
turbine icing simulations requires careful evaluation and adaptation to account for wind
turbines’ unique characteristics and operational conditions.

To effectively utilize these software packages for wind turbine icing studies, validating
their performance against experimental data and real-world observations specific to wind
turbines is essential. This process involves assessing their ability to capture ice accretion
patterns, evaluating the effects on aerodynamic performance, and accounting for the
complex interactions between rotating blades, atmospheric conditions, and ice-shedding
dynamics. By conducting thorough testing and validation, researchers and engineers can
enhance the reliability and accuracy of these software packages for wind turbine icing
simulations, enabling a better understanding and mitigation of icing-related challenges in
the wind energy industry [19,25].

However, using these two programs, various investigations have devised approaches
for replicating ice accumulation on wind turbine blades [15,26-28]. Homola et al. [29]
employed FENSAP-ICE to anticipate the formation of ice on the airfoils of the NREL 5SMW
benchmark wind turbine. In the study of Etemaddar et al. [13], FLUENT was utilized for
aerodynamic computations and ice accretion was simulated using LEWICE. The resultant
lift and drag coefficients, C;, and Cp, were computed through ANSYS FLUENT and
then corroborated against experimental measurements from the wind tunnel at “LM
Wind Power”.

The simulation of ice accretion usually comprises a sequence of four primary mod-
ules [24,30,31]. The first module involves aerodynamic calculations to determine the
flow characteristics around the wind turbine blade. This is achieved by solving the
Navier-Stokes equations, including continuity (Equation (1)), momentum (Equation (2)),
and energy (Equation (3)).
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In this context p,; denotes air density and fl represents the fluid velocity vector. The
subscript a pertains to the air solution, T denotes the static air temperature measured
in Kelvin, o'/ signifies the stress tensor, k, is the thermal conduction coefficient, and E
and H are the total initial energy and enthalpy, respectively. Usually, such equations are
supplemented with turbulence models aimed at describing the fluctuating characteristics
of the flow around the wind turbine blades.

The second module focuses on calculating the trajectory of water droplets in the
airflow. This can be performed using either a Lagrangian approach, which tracks individual
droplets, or an Eulerian approach, which considers the behavior of droplets as a continuous
phase. Simulating the droplet trajectories, the module determines where the droplets
impinge on the blade surface. The third module entails thermodynamic computations
to evaluate the rate of ice accumulation in a specific location over a designated period.
These calculations consider air temperature, humidity, and droplet properties to estimate
how ice accumulates on the wind turbine blade surface. The fourth module deals with
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the geometry of the wind turbine blade and enables updating the blade shape as the ice
grows. This is important because ice accretion alters the blade’s geometry and surface
roughness, affecting its aerodynamic performance. The module ensures that the evolving
geometry due to ice growth is accurately represented in the simulation. By integrating
these four modules into a comprehensive simulation framework, researchers and engineers
can obtain insights into the aerodynamic effects of ice accretion on wind turbine blades and
make informed decisions regarding turbine design, operation, and ice protection strategies.

This layer of ice enhances the likelihood of boundary layer detachment on the suction
side of the airfoil, known as the extrados, resulting in an aerodynamic stall occurring at
a lower AoA compared to a clean scenario without ice. Given the intricate nature of this
phenomenon, the fluctuations in flow velocity and the formation of eddies become exceed-
ingly challenging to predict. Addressing these disturbances at a small scale necessitates
employing an unsteady Navier-Stokes equation and incorporating a high level of detail.
However, these vortices and fluctuations diminish in size at higher Reynolds numbers.
Hence, the Reynolds averaged Navier-Stokes (RANS) approach becomes more appropriate
where the velocity fluctuations in the flow field are averaged over time [24].

Various Reynolds-averaged Navier-Stokes (RANS) models and adaptations are ac-
cessible, contingent upon the specific application, each relying on distinct methodolo-
gies for computing turbulent eddy viscosity. Addressing this diversity, numerous turbu-
lence models, including but not limited to Spalart-Allmaras, k-epsilon, k-omega, shear-
stress transport (k-omega SST model), and large eddy simulation (LES), are usually em-
ployed. These models are extensively applied in studying flows surrounding airfoils and
wind turbines [24].

The Spalart-Allmaras model (SA) is a one-equation turbulence model. This additional
equation models the turbulent viscosity transport. This model is employed in aerodynam-
ics because of its compromise between computational cost and accuracy [24]. The k-epsilon
model stands as a turbulence model with two equations, addressing both the turbulent
kinetic energy (k) and the rate at which it dissipates (epsilon). It has demonstrated adequate
performance in simulating ice accretion, gaining widespread popularity owing to its numer-
ical stability, efficiency in computational resources, and rapid convergence rate [24,29,32].
The k-omega model is also a two-equation model that solves the turbulent kinetic energy
(k) and the specific dissipation rate of kinetic energy (omega). It is used in cases where
k-epsilon is insufficient but has a lower convergence rate as it is more non-linear [33].
Finally, the k-omega SST model, introduced by Menter [34], represents a two-equation
model that amalgamates features from the k-omega and k-epsilon models. It employs these
models in distinct flow regions, activating the k-omega model close to the wall and resort-
ing to the k-epsilon model when situated away from the surface [24]. Such a turbulence
model is more accurate than others because of its ability to handle flow recirculation zones,
offering a satisfactory approximation of flow separation and elucidating the creation of
distinct vortices at both the trailing and leading edges [24,34,35].

Reference [24] addressed the various modeling approaches and simulation techniques
available for wind turbine icing. This article specifically highlighted the distinct charac-
teristics of wind turbine icing simulations, including the unique operational conditions
and software capabilities required. Furthermore, the potential and suitability of various
software tools for wind turbine icing simulations were thoroughly discussed. In particular,
the adaptability of software FENSAP-ICE for wind turbine icing simulations, its integration
with ANSYS, and the insights provided by the previously published articles collectively
contribute to the growing understanding and progress in the modeling and simulating of
icing on wind turbines. These developments facilitate more accurate assessments of the
impact of icing on wind turbine performance and aid in designing mitigation strategies to
ensure safe and efficient wind turbine operations.

Recently, Martini, Ibrahim, Contreras M, Rizk and Ilinca [12] performed a compu-
tational analysis on a NACA 64-618 airfoil of the iced NREL SMW benchmark wind
turbine, utilizing ANSYS FLUENT and FENSAP-ICE. The investigation focused on evalu-
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ating the precision of aerodynamic loss estimation for airfoils affected by icing using two
turbulence models (Spalart-Allmaras and k-w SST) and the effect of surface roughness
distribution using the Shin et al. [36] model available in the ICE3D module in FENSAP-ICE.
Etemaddar et al. [13] and Homola et al. [29] used published research, numerical investi-
gations and experimental studies in the existing literature for comparison. These authors
found that neglecting surface roughness from calculations underestimates the effect of
ice on aerodynamic performance. On the other hand, they concluded that the choice of
turbulence model had a limited influence on the resulting aerodynamic losses caused by
icing, compared to the impact of considering roughness. A similar conclusion was attained
by the authors of [37], where they found that the extent of the ice-induced roughness and
its height drove the decrease in the aerodynamic performance of the studied airfoils as the
angle of attack increased.

The previous discussion demonstrates that the accuracy of icing modeling depends heavily
on roughness, which has been emphasized by various authors in the field [24,38-40]. Roughness
plays a significant role in airfoil performance as it affects the boundary layer transition and
flow separation, critical factors in aerodynamic efficiency [39-41]. Even small amounts of ice
can significantly affect an airfoil’s performance. Therefore, it is crucial to consider the effects
of roughness at every step of the ice growth calculation [37,41]. Considering the roughness
height as a parameter in heat transfer analysis ensures that the effects of surface roughness on
convective heat transfer are adequately accounted for, leading to more reliable and precise
thermal assessments and design considerations [42,43]. For example, modelers studying
aircraft icing extensively utilized computational fluid dynamics (CFD) to analyze the local
heat transfer coefficient across various aircraft components. The findings suggested that
surface roughness could substantially amplify local heat transmission, even in the presence
of a thin layer of ice [44].

However, determining the roughness height of structures such as wind turbine blades
necessitates conducting experiments, as detailed in the study of Blasco, Palacios and
Schmitz [40]. These experiments can be tedious and costly, and their applicability is limited
as they depend on the airfoil type and wind tunnel configuration. In response to the above,
different research centers have various ways of describing roughness [24]. For instance,
the traditional NACA roughness model originated through distributing typical grain sizes
uniformly from the leading edge downstream on both the pressure and suction surfaces [45].
The sand-grain roughness model of Shin et al. [36], initially designed for aeronautics, is
the most frequently employed correlation for predicting ice surface roughness along wind
turbine blades. This model was specifically designed to match the ice shapes predicted
by the LEWICE code to experimental ones and for the atmospheric conditions typical of
aviation, which makes the model lack generality [37]. This empirical correlation relies
on the Shin and Bond formula, which computes the non-dimensional height of small-
scale surface roughness: ks/c as a function of static temperature, airfoil chord length c,
median volume diameter (MVD), liquid water content (LWC), and the relative wind speed
(see Equation (4)).
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where each sand-grain roughness parameter is provided by Shin et al. [36]:
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An alternative to the previous roughness model is the so-called beading model avail-
able in ANSYS-FENSAP-ICE. This model considers both constant and varying distributions
of sand-grain roughness and integrates them into the existing turbulence models. After
activation of the beading model, the prediction of sand-grain roughness height on the
surface caused by moving and freezing beds is enabled [38], i.e., there is an automatic
transfer of the spatially and temporally evolving roughness data to the airflow module at
the end of each shot. As a result, the roughness height changes dynamically and depends
on the contaminated area.

As a matter of fact, the sand-grain roughness model of Shin et al. [36] is used in nearly
every CFD investigation focused on icing, where it is employed to gauge the roughness
of the ice-covered surfaces on wind turbine blades [24,37]. However, as far as we know,
there is a scarcity of icing studies in the literature comparing the influence of the surface
roughness model, particularly the beading model, on the aerodynamic performance of
wind turbine airfoils.

Therefore, this paper presents a numerical study conducted in the iced S809 airfoil
where the impact of the surface roughness model on its aerodynamic coefficients is ad-
dressed. Moreover, the influence of the employed turbulence model is also evaluated. The
results for the clean airfoil were validated with the experiments in [46] and simulations
of [47]. The predicted rime ice shape was validated with the experimental studies of [48].
Two methodologies for estimating roughness (the Shin et al. [36] model and beading model)
are compared, as well as the effect of icing type, rime ice, and the much less studied case of
glaze ice on aerodynamic performance. Such influence of icing conditions and roughness
is evaluated and discussed by examining the lift and drag coefficients and skin friction and
pressure coefficients.

2. Geometrical Configuration and Mesh Generation

The geometrical model was based on an airfoil used by the National Renewable Energy
Laboratory (NREL). The S809 airfoil is used in the two-bladed NREL Phase VI turbine [49],
which is present along the entire length of the blade. This study will focus on the section at
95% radius of the blade, primarily because it corresponds to the area closest to the blade tip,
where ice accumulation is most prevalent. Furthermore, this region of the blade is the main
region responsible for turbine performance [50,51]. The chord of the S809 at this radius is
0.358 m, and the airfoil has the following specifications [52]:

Max thickness: 21% at 39.5% of the chord from the leading edge.

Max camber: 1% at 82.3% of the chord from the leading edge.

The geometric model was constructed using the DesignModeler 2022 R1 software,
which is part of the ANSYS suite. Figure 1 illustrates the model, showcasing a sizable
computational domain encompassing crucial flow disturbances, particularly downstream.
The positioning of boundaries and the size of the domain were determined based on prior
studies that demonstrated satisfactory agreement with experimental and numerical data.
For example, the computational domain used by Villalpando, Reggio and Ilinca [14] and
Hildebrandt and Sun [39] was extended by 12.5 chords in front of the airfoil and 20 chords
behind; in the case of Zanon et al. [53], the domain boundaries were located at 20 chord
lengths. Considering the above, the chosen dimensions of the computational domain were
the same as the ones used by [53]. This guarantees that the boundary conditions applied to
the external domain do not disrupt the flow in the neighboring region or compromise the
accuracy of the results.
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Figure 1. Illustration of the computational domain geometry.

The computational domains have been discretized using a non-structured grid gener-
ated with ANSYS Meshing 2022 R1 software. Figure 2 provides an overview of the utilized
meshes. To adequately describe the boundary layer development, the mesh around the
airfoil has an O-grid topology, including 25 prism layers (see Figure 3). Beyond the prisms
zone, a non-structured mesh based on tetrahedra was created, ensuring their aspect ratio is
close to the prisms to guarantee a smooth transition between both mesh regions.

The following sections present the calculations for ice accretion, including an esti-
mation of the aerodynamic characteristics of clean and iced airfoils. Additionally, the
performance losses occurring under specific icing scenarios are evaluated.

Figure 3. Detail of the prism layers around the airfoil. (a) Leading edge. (b) Trailing edge.
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3. Numerical Simulation Setup and Verification Study

Simulations of ice accretion on the S089 airfoil were carried out with the software
FENSAP-ICE integrated into the ANSYS platform. They were performed on a desktop
computer with a Windows 11 operating system, Intel Core i5 10th generation processor @
2.90 GHz, and 24 GB RAM.

FENSAP-ICE operates in a modular system (see Figure 4) with three components:
the FENSAP module is used for aerodynamic calculations, DROP3D is used for droplet
impingement, and ICE3D is used for ice growth calculations. Moreover, FENSAP-ICE
has two methods to estimate the roughness due to ice accretion: the beading model and
the Shin et al. [36] model; both methods were used to compare their effect on the airfoil
aerodynamic coefficients. Data regarding the simulation setup can be found in Table 1 for
two ice conditions: rime (dry regime) and glaze (wet regime).

Clean Airfoil N Aerodynamic Calculations Aerodynamic Coefficients
(20) (FENSAP Module) | (Cy(a) and Ch(a))

Aerodynamic Coefficients
(Cpicea(@) and Cp jceq(a))

; FENSAP-ICE Software

= e e e e = - ——

|, lcing conditions: ! Aerodynamic Calculations Droplet impingement
Rime and Glaze (FENSAP Module) (DROP3D Module)

|

Roughness heigh:

Y
Ice growth calculation

Beading model and (ICE3D Module)
Shin et al model Includes the
I roughness models:
Beading model and
Iced Profile B Shin et al model

(Mesh displaced) [ l

Figure 4. Flowchart of the CFD simulation using FENSAP-ICE.

Table 1. Overview of the simulation parameters.

Parameters Rime Glaze
Air speed U [m/s] 42 42
Angle of attack, AoA [°] 4 4
Reynolds number 3.4 x 10° 3.4 x 10°
MVD [pum] 20 27
LWC [g/m?] 0.05 0.12
Ice density [kg/m?] 750 917
Accretion time (min) 30 30
Temperature (°C) -10 -5
Turbulence model Spalart-Allmaras/k-w SST Spalart-Allmaras/k-w SST
Convergence criterion 1x107° 1x107°

Note: the parameters for the rime condition were taken from Han, Palacios and Schmitz [48] to validate and
compare the results. The glaze ice condition parameters were estimated based on in situ measurements from the
non-profit applied research center “Nergica” in Québec, Canada.

The validation of the flow around the clean airfoil was performed with the two
considered turbulence models under the same conditions described in Table 1. The
Spalart—-Allmaras (SA) model was chosen because it is widely used in aerodynamics and
due to its good computational cost/accuracy performance ratio and the k-w SST model
was chosen because it is more robust and performs better in flows with strong adverse
pressure gradients.
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A spatial verification test or mesh independence study was performed in the no-ice
conditions. Three distinct grids were created to verify mesh convergence, adjusting the
number of elements. Localized mesh refinement was opted for, indicating that variations
in spatial discretization are concentrated around the airfoil. The procedure commenced
with a coarse discretization at the outer limit of the boundary layer and progressed to a
finer discretization along the profile wall (see Table 2).

Table 2. Number of elements in the considered meshes.

Mesh Number of Elements
1 870,726
2 1,235,620
3 1,655,379

Intending to resolve the boundary layer development, all the grids use a thin layer
around the airfoil, which is discretized by 25 layers of prisms. The initial height of these
layers was set at 7.6 x 107 m, a value determined to maintain y* < 2. This value of
the variable y™ is suggested by the numerical requirements imposed by the k-w SST
turbulence model.

The CFD grid independency study involved calculations in successively refined
meshes, evaluating the convergence of the most relevant variables. The lift and drag
coefficients, C;, and Cp, were chosen in this case. They are defined as:

L D
CL=-—=; Cp=+—= 9
3pcli? 3pcU? ©
where L and D represent the dimensional lift and drag forces, and c is the airfoil chord length.
Table 3 showcases the verification outcomes for the generated meshes. The conver-
gence error, expressed as a percentage, was computed by assessing the difference in the
aerodynamic coefficient for each mesh compared to the most refined mesh, i.e., mesh no. 3.

Table 3. Convergence errors for each mesh.

K-w SST Model Spalart-Allmaras Model
Mesh No. CL Cy, Error Cp Cp Error CL Cy, Error Cp Cp Error
1 0.5405 1.66% 0.014877 5.81% 0.5617 3.81% 0.013611 3.55%
2 0.5506 0.18% 0.015824 0.19% 0.5459 0.89% 0.014540 2.84%
3 0.5496 0.015794 0.5411 0.014058

As can be seen in Table 3, the maximum difference between mesh no. 2 and 3 is less
than 3%. Either mesh could be used for the study, so the computational cost was also used
to decide. Although mesh no. 3 has 33% more elements, the difference in computational
time was minimal, so it was decided to work with it. For example, the complete simulation
(i.e., of the three modules FENSAP, DROP3D, and ICE3D) took 24 h for mesh #2 and 26 h
for mesh no. 3. The convergence study was performed with the two turbulence models,
the k-w SST being the one with the lowest error percentage. In addition, as depicted in
Figure 5, the lift and drag coefficients attain a nearly constant value, demonstrating that
the achieved solution is mesh-independent.
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Figure 5. Aerodynamic coefficients vs. the number of elements. Lift coefficient (left) and drag
coefficient (right).

As previously mentioned, FENSAP-ICE has three modules: FENSAP, DROP3D, and
ICE3D; for each of them, the values of the relevant variables are given in Table 4.

Table 4. Parameter values in each ANSYS FENSAP-ICE module.

Parameters FENSAP DROP3D ICE3D
Characteristic length 0.358 m
Airspeed U 42m/s
Air static pressure 101325 Pa
. . —10 °C (rime)
Air static temperature —5°C (glaze)
Velocity angle of attack 4°
L. 0.05 g/m3 (rime) 0.05 g/m3 (rime)
Liquid water content (LWC) n. a 0.12 /m? (glaze) 0.12 g/m? (glaze)
. 20 pm (rime)
Droplet diameter (MVD) n. a 27 um (glaze) n. a
Droplet distribution n. a Monodisperse n. a
Total time of ice accretion n.a 1800 s
Roughness model n. a Beading model/

Shin et al. [36] model

Upon completing the simulation, ICE3D produced the geometry of the iced airfoil,
generating the computational mesh, which was subsequently employed to estimate aero-
dynamic lift and drag coefficients under rime and glaze ice conditions.

4. Results and Discussion

The results presented here demonstrate the validation of the obtained aerodynamic
parameters for the S809, comparing them with experimental data and findings from prior
numerical studies on this airfoil [46—48]. The performed CFD simulations consider two
turbulence models in conjunction with two roughness scenarios and two different types of
icing (rime and glaze).

In computational fluid dynamics (CFD) simulations, several models are used to
account for turbulence development, including the models chosen in this work: Spalart—
Allmaras (SA) and k-w SST, which belong to the Reynolds-averaged Navier—Stokes (RANS)
family. These models have been widely studied in the literature for wind turbines [35].
The k-w SST model is advantageous for modeling flows around wind turbine blades as it
allows analyzing the turbulent boundary layer at large angles of attack [54]. On the other
hand, the Spalart-Allmaras model is often used due to its low computational cost and
acceptable precision in turbulent flow modeling, particularly in aerospace applications [29,
55]. However, it has a disadvantage in describing the boundary layer behavior with adverse
pressure gradients compared to the k-w SST model [12].

122



Processes 2023, 11, 3371

4.1. Clean Airfoil

Clean airfoil drag and lift coefficients were estimated to assess the aerodynamic loss
due to icing. Then, the results were compared with the measured coefficients on the same
airfoil under varying angles of attack, serving as a validation for the simulation. The
CFD simulation results of the S809 airfoil were validated with experimental data from
Somers [46]. The numerical flow coefficients were also compared with the CFD study by
Tan [47], using the same turbulence model (Spalart-Allmaras).

The experimental study carried out by Somers [46] took place at the low-turbulence
wind tunnel of the Delft University of Technology Low-Speed Laboratory in the Nether-
lands. The study’s primary objectives were to achieve a maximum lift coefficient insensitive
to roughness and obtain low-profile drag coefficients within a specific range of lift coeffi-
cients and Reynolds numbers. The airfoil model used in the experimental study was made
of aluminum, with a chord length of 600 mm and a span of 1248 mm. The model was tested
at various Reynolds numbers based on the airfoil chord, ranging from 1.0 x 10° to 3.0 x 10°.
The tests were conducted with the airfoil surface both smooth (without roughness) and
with roughness introduced at specific locations (0.02¢c on the upper surface and 0.05¢ on the
lower surface) to promote the transition of the boundary layer from laminar to turbulent.

Regarding Reynolds number effects, at the design Reynolds number (2.0 x 10°), the
maximum lift coefficient achieved was approximately 1.01, which met the design objective
of 1.0 [46]. The trailing-edge stall behavior was gentle and occurred at approximately 20°
angle of attack. Minimal hysteresis was observed at angles of attack beyond the maximum
lift and below the minimum lift. Concerning the effect of roughness, Somers [46] found that
the maximum lift coefficient was not significantly affected by the addition of roughness
at any of the Reynolds numbers tested. However, when using fixed transition, the drag
coefficients tended to be excessively high at both low and high lift coefficients. This fact
was primarily attributed to the roughness height being comparable to the boundary-layer
thickness on the upper surface at low lift coefficients and on the lower surface at high lift
coefficients. This resulted in an additional contribution to drag known as pressure drag,
caused by the roughness itself. The impact of roughness on drag was more pronounced at
higher Reynolds number.

The simulations by Tan [47] assessed the aerodynamic performance of the NREL 5809
airfoil with a trailing-edge flap. The length of the airfoil chord was 1 m, and a structured
mesh of 150,000 cells around the airfoil was used. The simulations were performed using
the commercial CFD software ANSYS Fluent 2022 R1 to solve the RANS equations in
conjunction with three turbulence models (Spalart-Allmaras, SST k-w, and Wray—Agarwal)
at Reynolds number 10° (free stream velocity equal to 15 m/s) at angles of attack from
0° to 20°. The computations were performed with double precision, with a second-order
upwind scheme for the convection terms and a second-order central difference scheme for
the diffusion terms, and the SIMPLE algorithm was used for the pressure-velocity coupling.
Only the results of the unmodified profile with the Spalart-Allmaras turbulence model
were used to validate this study.

As shown in Figure 6, the lift coefficients estimated with the two turbulence models are
close to those obtained experimentally by [46]; however, at an AoA of 15°, the CFD results
slightly overpredict the experimental values. The disagreement between computations
and experimental data at this AoA can be explained by the stall experienced by the airfoil,
which is a phenomenon difficult to compute.

In the case of the drag coefficient (see Figure 7), both turbulence models presented a
slight overestimation for angles of attack of 0° and 5° and an underestimation for angles
of attack of 10° and 15°. This behavior is similar to that found by [12] and is associated
with the stall phenomenon. The difference between the present SA computations and those
of [47] are only significant at an AoA of 15°, and they are attributed to the known draw-
backs of the SA turbulence model in regions characterized by high-pressure gradients [1].
Nevertheless, the disparity noted at elevated angles of attack between the experimental
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data and numerical drag outcomes for the no-iced airfoil was deemed less critical because
it appears beyond the operational ranges of the considered wind turbine [9,49].

Figures 8 and 9 depict the streamlines around the S809 airfoil, showing the flow
recirculation zone (enclosed in the red circle) at an angle of attack of 15° for both turbulence
models; the presence of such zones generates a decrease in lift and an increase in drag in the
airfoil. The maximum error obtained with the k-w SST model in C;, was below 10%, while
the same error obtained with the Spalart-Allmaras model was 15%. This shows that the
k-w SST model better estimates the lift coefficient. On the other hand, when comparing the
present Cy, curve obtained with SA turbulence model with the results of [47], a maximum
difference of 6% is observed even though the same turbulence model was used; this may
be associated with the fact that this author used a much coarser structured mesh and the
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Figure 6. Lift coefficient versus AoA for the S809 airfoil, Sommers’s data from [46], Tan’s data
from [47].
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Figure 7. Drag coefficient versus AoA for the S809 airfoil, Sommers’s data from [46], Tan’s data
from [47].
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Figure 8. Pressure contours and streamlines at AoA of 15° of the clean profile using Spalart-Allmaras
turbulence model.

Figure 9. Pressure contours and streamlines at AoA of 15° of the clean profile using k-w SST
turbulence model.

Comparing the outcomes of both turbulence models, the lift coefficient estimate
obtained with the Spalart-Allmaras model was approximately 5% higher on average than
that obtained with k-w SST. Consistently, the drag coefficient for the Spalart-Allmaras
estimate was about 10% lower than the estimate obtained with the k-w SST model.

Further insights about the flow behavior around the airfoil under separated conditions
can be devised by analyzing the skin friction, C o and pressure, Cp, coefficients. They are

defined as: - p
Cr=-—2: C,=-—% 10
T de " o i
Ty = pu*2 (11)

where Ty, is the wall shear stress and py is the local gauge pressure.

Figure 10 shows the skin friction coefficient, Cy at AoA of 15°. The trends of both tur-
bulence models are very similar, showing overlapping curves along the intrados (pressure
side) and small differences in the extrados (suction side). In the figure, the stagnation and
separation points can be identified as those with Cy = 0; the first ones are located close to
the leading edge, while the second ones are approximately placed at half of the chord. It is
seen that the Spalart-Allmaras model predicts a later boundary layer separation than the
k-w SST model, which is consistent with the streamlines depicted in Figures 8 and 9.
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Figure 11 displays the pressure coefficients C,, also at an AoA of 15°. The upper side
curves correspond to the suction side (extrados) and those of the lower side to the pressure
side (intrados). Both turbulence models predict very similar values of C; in the intrados
but the SA model provides more negative pressure coefficients than the k-w SST model
along the first half of the chord in the extrados. The two models provide similar values
in the second half of the chord. The higher suction forecasted by the SA model reflects a
higher lift coefficient than that obtained with the k-w SST model, as confirmed in Figure 6;
consequently, the SA also yields a lower drag coefficient than the two-equation model.
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Figure 10. Skin friction coefficient at AoA of 15° of the clean profile with both turbulence models.
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Figure 11. Pressure coefficient at AoA of 15° of the clean profile with both turbulence models.

In the subsequent analysis, considering that the likelihood of flow separation is in-
creased by icing, the performance of both turbulence models in the presence of rime and
glaze ice was investigated by comparing their results with those of the clean airfoil. More-
over, the effect of the roughness modeling on the aerodynamic coefficients is also studied.

4.2. Iced Airfoil

In Figure 12, the accumulation of ice at the leading edge is illustrated. A minor
portion of the collected supercooled water does not instantly freeze upon contact with
the airfoil’s leading edge, leading the water to subsequently flow back and freeze at the
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trailing edge beyond the impingement zone, a phenomenon observed in the study by
Fortin and Perron [42].
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Figure 12. Comparison of the predicted ice shape (non-dimensional thickness versus non-dimensional

chord) with the experimental results of Han et al. [48]. The clean shape, i.e., without ice, is also shown
for comparison.

Concerning the leading edge (see Figure 12), the ice shape closely resembled the one
depicted by Han et al. [48]. This similarity enables us to assert that the model and the simu-
lation tools employed are adequate. However, the aerodynamic coefficients could not be
validated because this study only showed the shape of the ice generated at the wind tunnel
airfoil. However, since the alteration in the airfoil aerodynamic coefficients depends on the
airfoil shape, it was decided that simulating a shape similar to that obtained experimentally
would be sufficient. The validation was performed for both turbulence models.

It can be observed in Figure 12 that the ice shape for the two types of ice is quite
similar, agreeing with [48], which is remarkable. Despite a 50% increase in LWC and a 35%
increase in MVD in the case of the glaze ice, the difference in the accumulated ice shape at
the leading edge is minimal and even comparable to the results obtained experimentally
under rime ice conditions.

Since FENSAP-ICE performs the remeshing for the iced airfoil, it was decided to verify
if the condition imposed for the y* was still satisfied. This parameter is essential since the
performance of the k-w SST model depends on its ability to describe the boundary layer
development, so this value should be below 5 (or even less than 1) for better accuracy [56].
Although not shown, the values of y* for the clean airfoil are less than 1 throughout the
profile, except for the leading-edge zone (30% of the profile), where it reaches a maximum
value of 2.15. However, in the iced airfoil cases, the ¥ moderately increases, reaching a
maximum value of 3.14, mainly at the airfoil’s leading edge. This is to be expected since it
is the area where the ice accumulates. Therefore, the corresponding elements experience a
rearrangement or deformation.

Despite the increase in 7, it can be stated that the remeshing process for the condi-
tions studied is acceptable, and the meshes generated by the software satisfy the primary
conditions for the turbulence model to provide accurate results. This, in turn, highlights
the importance and attention that should be paid to the initial meshing process.

The results obtained for each simulated ice regime (dry and wet) are presented below.
For each case, the effect of the turbulence and roughness models on the aerodynamic
coefficients of the iced airfoil was evaluated.
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4.2.1. Dry Regime—Rime Ice

Rime ice forms when supercooled water droplets, which are liquid droplets at temper-
atures well below freezing, i.e., lower than —10 °C, come into contact with the cold surfaces
of the turbine blades. These supercooled droplets freeze quickly upon contact, adhering to
the blade surfaces. Following [45], rime ice formation is favored at low temperatures, low
liquid water content, small mean volume diameter, and low air velocities.

Regarding the results for the lift coefficient (see Figure 13), the obtained Cy was
slightly higher than in the case of the no-ice airfoil at an angle of attack of 5°, 1.04% with the
Spalart—Allmaras model and less than 2% with the k-w SST model. This fact happens at
low angles of attack, and it has been observed previously [37,40,46], probably because the
ice-induced roughness at this AoA has a positive effect of triggering the transition from
laminar to turbulent boundary layer, which is less prone to separation than the laminar one.
There is a noticeable increase in drag (Figure 14) at this incidence angle, promoted by both
the ice shape and the induced roughness [42,45]. However, for larger angles of attack, Cr, in
the iced configurations is notably reduced, and Cp is largely increased regarding the clean
case; in fact, drag augments faster with growing AoA. This is because apparent roughness
causes the stall phenomenon to be anticipated up to an angle of around 10°, as indicated in
Figure 13. The most significant differences in lift between the different models are observed
at an AoA of 10°. This fact can be explained by the sudden expansion of the separation
zone, the uncertainty of the transition position, and the inaccuracy of the turbulence and
roughness models in predicting them.
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Figure 13. Lift coefficient for the rime ice, Shin’s data from [36].
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Interestingly, the Shin et al. [36] roughness model predicts a larger lift decrease than
the beading model at high angles of attack. However, in the case of the SA turbulence
model at 15°, such a trend is inverted, and the Cj, provided by the beading model is lower
than for the Shin et al. [36] model, a fact that does not happen for the k-w SST formulation.

Figures 15 and 16 show the behavior of the skin friction (Cy) and pressure (Cp) co-
efficients in the iced configurations with rime ice at an AoA of 15°. Comparing with
Figures 10 and 11, it can be seen that the peak of skin friction at the leading edge is higher in
the case of ice than in the clean configuration; conversely, the maximum pressure coefficient
magnitude at the same location is lower in the iced scenario than in the clean situation.
Moreover, the overpressure in intrados is higher in the clean profile than in the case with
ice; at the same time, in the first half of the chord, the suction is also higher than in the iced
configuration. As a result, the lift coefficient decreases with the presence of ice. Regarding
the friction coefficient, rime ice occurrence increases C in the intrados and promotes an ear-
lier boundary layer detachment than in the clean profile. As a consequence, the separated
flow region is the largest in the presence of rime ice, aggravating the stall phenomenon
and implying lower lift and higher drag than in the no-ice configuration. Looking at
Figures 15 and 16, the performance of both turbulence models in the iced scenario is very
similar, showing some differences only in the location of the flow separation point in the
extrados, which is predicted earlier by the SA than by the k-w SST model.
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Figure 15. Rime ice: skin friction coefficient at an AoA of 15° of the iced profile with both turbulence
and roughness models, Shin’s data from [36].
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Figure 16. Rime ice: pressure coefficient at AoA of 15° of the clean profile with both turbulence and
roughness models, Shin’s data from [36].
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Regarding the influence of the roughness model, it is found that its larger influence
happens in the skin friction coefficient (Figure 15), showing only a moderate effect on C,
distribution along the leading half chord of the profile extrados (Figure 16). In the intrados,
the Shin et al. [36] model predicts a noticeably higher Cy than the beading model, which is
attributed to the extent of the rough region: the roughness height is uniform in the case of
Shin et al. [36], while in the beading model, it is higher close to the leading edge, where
the ice layer develops. Therefore, the larger the rough surface, the larger the wall shear
stress, as should be expected. A similar situation happens in the extrados; logically, the
friction coefficient is close to zero behind the point of flow separation. Here, the beading
model predicts an earlier flow separation than in the Shin et al. [36] model, which implies
a larger recirculation bubble on the extrados; this is illustrated in Figures 17 and 18 by
the streamlines in the case of the SA turbulence model. Interestingly, in the intrados, the
beading model predicts a secondary maximum of Cy close to the leading edge, around 10%
of the chord length, precisely where the ice generates the higher roughness height. On the
other hand, owing to the regular roughness distribution, the Shin et al. model displays a
maximum much later, around 40% of the chord.

Figure 17. Rime ice: pressure contours and streamlines at AoA of 15°; beading model and Spalart-
Allmaras model.

Figure 18. Rime ice: pressure contours and streamlines at AoA of 15°; Shin et al. [36] model and
Spalart-Allmaras model.

As shown in Figure 19, the roughness estimated by the beading model and caused by
ice affects mainly the airfoil leading edge (17% of the chord in this case). In comparison,
the roughness estimated by Shin et al. is a fixed value along the 100% of the airfoil.
This may imply an underestimation of the lift coefficient since the presence of roughness
may accelerate the separation of the boundary layer. As can be seen from Figure 19,
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the roughness estimated with the Spalart-Allmaras model is somewhat lower than that
estimated by the k-w SST model. From that figure, it can be seen that in the beading model,
the ice roughness extends much more on the intrados than on the extrados.
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Figure 19. Distribution of the roughness height along the S809 airfoil for rime ice at an AoA of 15°,
Shin’s data from [36].

Using the beading model (see Table 5), it was found that for angles of attack of 0°
and 10°, the loss in lift coefficient using both turbulence models was less than 5%. For an
angle of attack of 5°, around a 3% increase in the lift coefficient was obtained with the two
turbulence models. However, for 15°, there was a loss of 41.74% with the Spalart-Allmaras
model and 26.78% with the k-w SST model. The average loss in the lift coefficient was
9.10% using the k-w SST model and 12.59% using the Spalart-Allmaras model. Regarding
the drag coefficient, the behavior was as expected, and as the angle of attack increased,
so did the drag coefficient, reaching its maximum at 15°. Again, the highest increase was
estimated by the Spalart-Allmaras model, with an average value of 43.93%.

Table 5. Aerodynamic loss estimated using the beading model with rime ice.

Clean Iced (Beading Model) % Difference (Iced vs. Clean)
Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST
AOA (°) Cp Cp CL Cp CL Cp CL Cp CL Cp CL Cp

0 0.124 0.012 0.123 0.013 0.124 0.013 0.120 0.014 —1.88% 6.73% —2.16% 8.68%
5 0.632 0.015 0.639 0.016 0.651 0.016 0.662 0.018 3.13% 8.81% 3.43% 10.61%
10 1.106 0.026 1.029 0.029 1.066 0.034 0.988 0.037 —3.61%  31.67%  —4.04%  26.37%
15 1.284 0.065 1.129 0.069 0.748 0.148 0.827 0.109 —41.74% 12851%  —26.78%  57.79%

Average: —12.59% 43.93%  —9.10%  25.86%

The Shin et al. model, shown in Table 6, predicts a more pronounced drop in Cy,
regarding the beading model: an average value of 17% for the SA model and around 19%
for the k-w SST model. However, the trend at an AoA of 5° is maintained with a forecasted
slight increment of around 1% by both turbulence models. Likewise, a considerable
augmentation in the drag coefficient is predicted by the Shin et al. [36] model, with mean
increments of more than 80% and 68% for the SA and k-w SST models, respectively.
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Table 6. Aerodynamic loss estimated using the Shin et al. [36] model with rime ice.

Clean Iced (Shin et al. Model) % Difference (Iced vs. Clean)
Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST
AOA (°) CL Cp CL Cp CL Cp CL Cp CL Cp CL Cp

0 0.124 0.012 0.123 0.013 0.095 0.022 0.089 0.023 —2296%  72.35%  —27.33% 72.70%
5 0.632 0.015 0.639 0.016 0.638 0.025 0.652 0.027 1.04% 66.96% 1.87% 68.00%
10 1.106 0.026 1.029 0.029 0.999 0.045 0.851 0.049 —9.61%  77.00%  —17.33% 65.94%
15 1.284 0.065 1.129 0.069 0.815 0.134 0.774 0.116 —36.50% 106.89%  —31.48%  66.70%

Average: —17.53%  80.80%  —19.50%  68.34%

Therefore, looking at the numbers in Tables 5 and 6, which are shown in
Figures 13 and 14, it can be stated the Shin et al. [36] model tends to predict lower Cy, and
higher Cp in the iced airfoil than the beading model. This fact is attributed to the fact that
the Shin et al. [36] model assumes that the entire profile is covered by ice. Therefore, the
whole profile is considered to be a rough surface. On the contrary, the beading model
assumes that the increase in roughness occurs only in areas contaminated by ice. In the
case of the S809 profile, only the leading edge is contaminated (see Figures 12 and 19).

Additionally, looking at Figures 15 and 16, it can be concluded that the impact of
turbulence modeling on the pressure and skin friction coefficients of the iced airfoil is lower
than that of the roughness model.

4.2.2. Wet Regime—Glaze Ice

Glaze ice is formed in conditions of temperatures between —10 and 0 °C where the
droplet, after impact, runs along the surface in the flow direction before freezing completely,
occupying a wider surface than in the case of rime ice. The frozen liquid forms a smooth,
transparent, and translucent layer of ice on the blade surface.

Regarding the results for the lift coefficient (see Figure 20), similarly to what happened
for rime ice, the obtained Cy, was a little bit over that of the clean airfoil at an angle of
attack of 5°, between 2% and 3% depending on the turbulence and roughness models.
However, for larger angles of attack, the lift coefficient decreases noticeably, even more
than in the case of rime ice. Moreover, the drag coefficient increases at the same time,
reaching higher values than in the case of rime ice (see Figure 21). Of course, this is again
due to the anticipation of the stall phenomenon, which is illustrated by the streamline’s
behavior shown in Figures 22 and 23 in the case of the SA turbulence model and for the
two considered roughness models.
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Figure 20. Lift coefficient for the glaze ice, Shin’s data from [36].
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Figure 22. Glaze ice: pressure contours and streamlines at an AoA of 15°; beading model and
Spalart-Allmaras model.

Figure 23. Glaze ice: pressure contours and streamlines at an AoA of 15°; Shin et al. [36] model and
Spalart-Allmaras model.

Figures 24 and 25 show the behavior of the skin friction (Cy) and pressure (Cp) co-
efficients, respectively, in the iced configurations with glaze ice at an AoA of 15°. When
comparing such coefficients with the clean profile scenario, the trends are similar to those
observed with rime ice: the Cy peak at the leading edge is higher than in clean conditions
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and C, magnitude in the same position is lower than in the no-ice scenario, being even
lower than in the case of rime ice (Figure 25). This observation is consistent with the lower
CL, coefficients attained under glaze ice (Figure 20). In the case of the friction coefficient,
shown in Figure 24, the separation points in the extrados are not so clearly identified as in
the clean profile; the C f curves show, for all the cases, a smooth decreasing shape reaching
very low values already at 15% of the chord, suggesting a detached flow, as observed in
Figures 22 and 23. As for rime ice, both turbulence models provide very similar results
for both coefficients, with the differences mainly located in the area between the leading
edge and 20% of the chord. Here, the C, and Cy predicted by the SA model are somewhat
higher than those provided by the k-w SST model.
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Figure 24. Glaze ice: skin friction coefficient at an AoA of 15° of the iced profile with both turbulence
and roughness models, Shin’s data from [36].
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Figure 25. Glaze ice: pressure coefficient at an AoA of 15° of the clean profile with both turbulence
and roughness models, Shin’s data from [36].

The influence on the same coefficients of the roughness model can also be seen in
Figures 24 and 25. Apparently, C, is only slightly modified by the roughness model, being
noticeable only in the leading 20% of the chord in the profile extrados for the k-w SST
model. However, differences are more obvious in the skin friction coefficient. In the
intrados, similar to what happened with rime ice, the secondary maximum of C predicted
by the Shin et al. model is close to 40% of the chord, while the beading model predicts a
bump near the leading edge with a maximum of around 20% of the chord; the extent of
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such a bump coincides with the region of the profile contaminated with ice (see Figure 26).
In the extrados, the Shin et al. [36] model predicts higher values of Cy than the beading
model, except perhaps in the area very close to the leading edge. In summary, it can be
stated that the Shin et al. model provides higher values of the skin friction coefficient than
the beading model; however, the last one can concentrate the friction effects on the area
where the ice is deposited, while the first model distributes such an influence along the
whole profile. In this sense, it can be argued that the beading model responds better to the
physics of the problem than the Shin et al. [36] model, at least for the present application to
wind turbine profiles.
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Figure 26. Distribution of the roughness height along the S809 airfoil for glaze ice at an AoA of 15°,
Shin’s data from [36].

As shown in Figure 26, the roughness estimated by the beading model in the case of
glaze ice affects approximately 24% of the airfoil. As seen from that figure, the roughness
estimated with the Spalart-Allmaras model is lower than that estimated by the k-w SST
model (around 8%). On the contrary, the Shin et al. model predicts a uniform roughness
along the profile with a very similar value to the case of rime ice.

Using the beading model (see Table 7), it was found that for angles of attack of 0° and
10°, the loss in lift coefficient using both turbulence models was less than 7%. For the angle
of attack of 5°, a 3.5% increase in the lift coefficient was obtained with the two turbulence
models. However, at 15°, there was a loss of 36.71% with the Spalart-Allmaras model
and 44.65% with the k-w SST model. The average loss in the lift coefficient was 15.10%
using the k-w SST model and 12.80% using the Spalart-Allmaras model. As in the rime ice
conditions, the drag coefficient followed the expected behavior, increasing monotonically
with the angle of attack, reaching its maximum at 15°. Again, the highest increase was
estimated by the Spalart-Allmaras model, with an average value of 59.34%.

Table 7. Aerodynamic loss estimated using the beading model with glaze ice.

Clean Iced (Beading Model) % Difference (Iced vs. Clean)
Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST
AOA (°) CL Cp CL Cp CL Cp CL Cp CL Cp CL Cp

0 0.124 0.012 0.123 0.013 0.117 0.015 0.116 0.015 —5.80%  18.25%  —6.04%  19.46%
5 0.632 0.015 0.639 0.016 0.653 0.018 0.663 0.018 3.32% 20.08% 3.55% 20.68%
10 1.106 0.026 1.029 0.029 1.047 0.041 0.966 0.041 —5.39%  61.91% —6.15%  48.20%
15 1.284 0.065 1.129 0.069 0.812 0.153 0.625 0.153 —36.71% 137.12%  —44.65% 119.05%

Average: —12.80% 59.34%  —15.10% 51.85%
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The results obtained with the Shin et al. model in the wet regime are presented in
Table 8 and follow similar trends as in rime ice. In this case, the average drop in the lift
coefficient in the ice scenario is around 19% with the SA model and 23% in the k-w SST
model. A slight increase of about 2% in Cp, is predicted for an AoA of 5°, similar to what
happened with the beading model. At the same time, Cp increases with mean increments
of around 94% and 83% for the one and two equation turbulence models.

Table 8. Aerodynamic loss estimated using the Shin et al. [36] model with glaze ice.

Clean Iced (Shin et al. Model) % Difference (Iced vs. Clean)
Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST Spalart-Allmaras k-w SST
AOA (°) CL Cp CL Cp CL Cp CL Cp CL Cp CL Cp

0 0.124 0.012 0.123 0.013 0.092 0.021 0.089 0.023 —2539% 7210%  —29.98%  72.81%
5 0.632 0.015 0.639 0.016 0.643 0.026 0.656 0.028 1.85% 70.89% 2.47% 71.71%
10 1.106 0.026 1.029 0.029 1.005 0.049 0.844 0.053 —9.12%  93.16%  —18.05%  78.95%
15 1.284 0.065 1.129 0.069 0.778 0.154 0.661 0.145 —39.37% 138.91%  —41.44% 109.14%

Average: —18.93% 93.77%  —2298%  83.15%

In general, the Shin et al. model predicts lower Cp and higher Cp than the beading
model, which is the same trend as in rime ice. Again, this difference is mainly attributed to
the airfoil area covered by ice (see Figures 12 and 26). On the other hand, the trends of the
influence of the ice roughness model on the aerodynamic performance of the S809 airfoil
are very similar for both turbulence models, SA and k-w SST (see Tables 7 and 8). This fact,
together with the curves of C £ and C, shown in Figures 24 and 25, means that, in terms of
the simulation outcomes, the modeling of ice-induced roughness is more critical than the
election of turbulence model.

4.3. Analysis of the Aerodynamic Performance of the Iced Airfoils

As anticipated, ice on the S809 profile reduced the lift coefficient under both regimes,
rime and glaze (Figures 13 and 20), while Cp, increased (Figures 14 and 21). This agrees with
the results in the literature [12,29,48,57,58]. The following tables compare the aerodynamic
coefficients between the different ice scenarios considering the roughness and turbulence
models employed.

The average difference in the lift coefficient (see Table 9) between the dry regime and
the wet regime using the beading model was 7.67% with the k-w SST model and 3.66% with
the Spalart-Allmaras model, indicating a variation between the two turbulence models of
less than 5%. However, for an angle of attack of 15°, the Spalart—Allmaras model estimates
a gain in the lift coefficient of 8.63%, while the k-w SST model estimates a loss of 24.41%.
This difference can be attributed to the limitations of the Spalart-Allmaras model under
adverse pressure gradient conditions.

Table 9. Lift coefficient comparison of regimes using the beading model.

AoA k-w SST Model Spalart-Allmaras Model
) CL Rime  Cj Glaze % Diff CL Rime  Cj Glaze % Diff
0 0.120 0.116 —3.97% 0.121 0.117 —3.99%
5 0.662 0.663 0.11% 0.652 0.653 0.18%
10 0.988 0.966 —2.20% 1.066 1.047 —1.84%
15 0.827 0.625 —24.41% 0.748 0.812 8.63%
Average 7.67% 3.66%

The average difference in the drag coefficient (see Table 10) was higher, 18.78% with
the k-w SST and 11.97% with the Spalart—Allmaras models, indicating a difference between
the two turbulence models of less than 7%. This increase in Cp is expected since the surface
of the airfoil covered by ice was 5% greater in the wet regime than in the dry regime.
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Table 10. Drag coefficient comparison of regimes using the beading model.

k-w SST Model

Spalart-Allmaras Model

AoA (°)
Cp Rime Cp Glaze % Diff Cp Rime Cp Glaze % Diff
0 0.015 0.016 9.92% 0.013 0.015 10.80%
5 0.018 0.020 9.10% 0.017 0.018 10.36%
10 0.037 0.044 17.27% 0.034 0.041 22.96%
15 0.110 0.152 38.83% 0.148 0.153 3.77%
Average 18.78% 11.97%

The average difference in the lift coefficient (Table 11) between the dry and wet regimes
using the Shin et al. [36] model was 4.91% with the k-w SST model and 2.25% with the
Spalart-Allmaras model. The average difference in the drag coefficient (see Table 12) was
slightly higher, being 8.89% with the k-w SST model and 6.78% with the Spalart-Allmaras
model. In these cases, the difference between the turbulence models was less than 3%.
Similar findings were reported by Martini et al. [12] for a different airfoil (NACA 64-618).

Table 11. Lift coefficient comparison of regimes using the Shin et al. model.

AoA k-w SST Model Spalart-Allmaras Model
©) CLRime  Cp Glaze % Diff CLRime  Cp Glaze % Diff
0 0.089 0.086 —3.65% 0.095 0.092 —3.15%
5 0.652 0.656 0.60% 0.638 0.643 0.80%
10 0.851 0.844 —0.87% 1.000 1.005 0.54%
15 0.774 0.661 —14.53% 0.815 0.778 —4.52%
Average 4.91% 2.25%

Table 12. Drag coefficient comparison of regimes using the Shin et al. [36] model.

k-w SST Model

Spalart-Allmaras Model

AoA (°)
Cp Rime Cp Glaze % Diff Cp Rime Cp Glaze % Diff
0 0.023 0.023 0.06% 0.022 0.022 —0.14%
5 0.028 0.028 2.21% 0.025 0.026 2.36%
10 0.049 0.053 7.84% 0.045 0.049 9.13%
15 0.116 0.146 25.46% 0.134 0.155 15.48%
Average 8.89% 6.78%

As can be observed from the previous values, the predictions of aerodynamic charac-
teristics by the Shin et al. [36] model are less sensitive to the type of ice regime than those
by the beading model, presenting lower variations in both the lift and drag coefficients.

Regarding the ice type, the present results indicate that the wet regime negatively im-
pacts the aerodynamic performance of the airfoil. Comparing the aerodynamic coefficients
of the airfoil evaluated under glaze ice versus the clean airfoil, the lift loss using the k-w
SST model and the beading model was 6% higher than that obtained with the rime ice
(compare values in Tables 5 and 7). In contrast, with the Shin et al. model, the increase was
3.48% (compare values in Tables 6 and 8). However, when evaluating the Spalart-Allmaras
model, the increase in lift loss between the two regimes using either roughness model was
less than 2%. In the case of the drag coefficient, the difference between the regimes was
more evident.

Regarding the combination of k-w SST and the beading model, the increase was 25.99%
(compare values in Tables 5 and 7), while with the Shin et al. [36] model, it was 14.82%
(compare values in Tables 6 and 8). As with the lift coefficient, the increase was lower
using the Spalart—Allmaras model, 15.41% combined with the beading model and 12.97%
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with the Shin et al. [36] model. The above affirms that the airfoil performance will be more
affected under conditions of glaze ice.

The combination of the k-w SST turbulence model and the Shin et al. [36] model for the
roughness modeling generated the highest loss of lift coefficient for both regimes (19.50%
for rime ice and 22.98% for glaze ice). Similar findings were reported by Martini et al. [12]
for a NACA 64-618 airfoil where the Cy, loss was 22.54% under rime ice conditions. The
combination of the Spalart-Allmaras turbulence model and the Shin et al. model generated
the highest drag coefficient increase for both regimes (80.80% for rime ice and 93.77% for
glaze ice). The findings reported by Martini et al. [12] under rime ice using the same models
are notably higher, with some exceeding 120%. Differences in the airfoil design can account
for these variations. For instance, the S809 profile has been specifically designed to obtain
lower drag coefficients and maximum lift and to be insensitive to roughness [46]. The clean
airfoil yielded comparable outcomes with a slight discrepancy in drag estimation at a 15°
angle of attack when employing both turbulence models. This variation is attributed to
the proximity to conditions of flow separation on the airfoil’s suction side. As previously
explained, the Spalart-Allmaras turbulence model exhibits limitations in boundary layer
separation scenarios, which are accentuated when ice accumulates on the airfoil.

A related study was carried out by Caccia and Guardone [37], in which the authors
searched to verify whether the negative effect on the aerodynamic performance of the
profiles was due to the ice shape or the roughness. The roughness model of Shin et al. was
employed in [37], and the model known as Wright’s relation, which was determined from
experimental measurements of the roughness height as a function of the freezing fraction at
the stagnation point. The analysis was performed only for the dry regime (freezing fraction
equal to 1) in different sections of the NREL SMW turbine blade [59] composed at the base
by DU profiles and, at the tip, by NACA 643-618 profiles. Using the Spalart-Allmaras
turbulence model, the roughness values were evaluated in two ways: the first one only in
the area where ice accumulated (similar to what the FENSAP-ICE beading model does)
and the second one at 0.44 m along the leading edge of the profile on both the suction and
pressure sides. Caccia and Guardone [37] found that ice caused a degradation in profile
aerodynamic performance in all the evaluated cases due to both ice shape and roughness.
Regarding the ice shape, the icing condition evaluated generated a “horn” on the leading
edge of the NACA 643-618 profiles. In contrast, in the DU profiles, the ice followed the
shape of the profile. This horn shape produced a significant decrease in the performance of
the NACA profiles. In the case of roughness, the effect of the extent of roughness and the
value of its height became more critical as the angle of attack increased.

From the results presented in the previous sections and the performed discussions, it
is seen that there is a close agreement between the attained conclusions in the present study
and those of Caccia and Guardone [37], i.e., the stall was anticipated, the lift coefficient slope
decreased, and the drag coefficient increased in the case of iced airfoil. Furthermore, both
studies found that the most significant difference occurred when the roughness height was
higher and covered a larger airfoil area. The present results extend the same conclusions
for the glaze ice scenario.

5. Conclusions

This study examines the impact of two surface roughness models, combined with
two turbulence models, on the aerodynamic performance of the S809 wind turbine airfoil
during rime and glaze ice via CFD simulation with FENSAP-ICE software. It has been
shown that computational results of the aerodynamic parameters and ice shape were in
reasonable agreement with the experimental and numerical data for clean and iced airfoils.
The main conclusions of the study are summarized as follows:

1. Iced airfoil analysis revealed increased drag and reduced lift, consistent with the
literature. Under the rime ice condition, Cp increased by around 50%, and Cy, de-
creased by approximately 15%. These aerodynamic coefficients showed a higher
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impact in the glaze ice condition, increasing to 70% for Cp and decreasing to 20% for
Cr, emphasizing the need for further investigation into glaze ice conditions.

2. The modification of the airfoil lift and drag characteristics in the presence of ice is
explained by the behavior of the skin friction and pressure coefficients. The occurrence
of the ice layer and its induced roughness promotes an alteration in the pressure and
wall shear stress around the profile, which increases skin friction and decreases the
pressure coefficient. Also, it has been shown that the airfoil experiences an earlier flow
separation with accreted ice compared to clean conditions, with the effect of increasing
drag and reducing lift.

3. On the other hand, the turbulence model selection did not significantly affect out-
comes for aerodynamic coefficients. Average differences were around 3% for rime ice
conditions and 2% for glaze ice conditions.

4. However, surface roughness was crucial, requiring consideration at each growth stage
during ice accretion simulations. Validation of data obtained with experiments is
recommended to determine which roughness model yields better results.

5. The beading model has shown excellent handling of the roughness variation along the
ice accretion process. However, further validation of the model is needed to evaluate
accuracy fully.

6. The widely used Shin et al. model may underestimate the lift coefficient and overesti-
mate the drag coefficient compared to the beading model, suggesting that the first,
which assumes that roughness is uniformly distributed along the entire airfoil, does
not accurately reflect the actual physical nature of roughness distribution in the wind
turbine simulated conditions.

7. Accurate predictions cannot rely solely on empirical correlations from the aeronautics
domain. In this context, on-site roughness measurements are imperative to elimi-
nate uncertainties.

The validated modeling methods and simulation utilities presented in this research
would benefit scholars and engineers conducting reliable simulations for icing on wind
turbine blades. However, it is essential to emphasize that the analysis was limited to
two-dimensional aerodynamic performance; future analyses should be carried out to
understand the effect of icing from a three-dimensional point of view that includes other
phenomena, such as the influence of airflow along the blade span induced by its rotation.
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Abstract: In the pursuit of understanding the oxidation mechanisms of hydrogenated biodiesel fuels
and elucidating the combustion behavior of biomass fuels when blended with diesel, this study
presents a comprehensive investigation into the reaction mechanism of hydrogenated biodiesel-
ethanol-diesel mixtures. We develop a comprehensive reaction mechanism encompassing 187 com-
ponents and 735 reactions for hydrogenated biodiesel-ethanol-diesel mixtures. Through kinetics
analysis under varied conditions, including 1.0 MPa pressure, an equivalence ratio of 1.0, and temper-
atures of 900 K and 1400 K, we explore the impact of cross-reactions and changing fuel blend ratios on
low- and high-temperature oxidation. Our findings indicate that oleic and stearic acid methyl esters
serve as better substitutes for representing hydrogenated biodiesel kinetics than methyl decanoate.
At lower temperatures, increased hydrogenated biodiesel and ethanol content leads to reduced OH
generation, impacting reactivity. Conversely, higher temperatures result in enhanced OH produc-
tion with increased hydrogenated biodiesel and ethanol concentrations, promoting reactivity. A
cross-reaction analysis reveals CH,O as a prominent product, with the CH,O—+HCO—CO pathway
playing a pivotal role. In summary, our research unveils the intricate oxidation mechanisms of hydro-
genated biodiesel-ethanol-diesel mixtures, providing insights into their combustion characteristics
and offering implications for optimizing fuel blends for cleaner and more efficient energy solutions.

Keywords: hydrogenated biodiesel; ethanol; diesel; blended fuels; oxidation mechanism; ternary
fuel blend; combustion; reaction kinetics mechanism; numerical simulation

1. Introduction

The rapid escalation in global energy demand, propelled by technological advance-
ment and economic growth, underscores energy as a pivotal pillar in socio-economic
development and a principal contributor to carbon emissions [1-4]. To mitigate the impact
of carbon dioxide emissions on the global climate, prioritizing the development of renew-
able, clean fuels is paramount in the internal combustion engine industry, with alternative
fuels such as biodiesel garnering significant attention from scholars [5-8]. The inception
of biodiesel traces back to Rudolf (1859-1913) in 1895, with Niel Company achieving a
breakthrough in 1988 by refining biodiesel from rapeseed oil for diesel combustion. The
oxidation process of biodiesel, primarily governed by CsHgOj3, alongside smaller molecules
like C,H; and CpHy, initiates under high-temperature conditions. Despite the widespread
sources of biodiesel, its low saturation results in poor oxidative stability, a drawback that
can be effectively ameliorated by hydrogenation, which also enhances its cetane num-
ber. However, hydrogenated biodiesel suffers from deteriorated low-temperature flow
properties. Ethanol, characterized by hydroxyl and alkyl groups, exhibits unique polarity,
rendering it miscible with various organic and inorganic solvents, including hydrocar-
bons, ethers, benzene, and esters. Consequently, alcohols find widespread applications
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across industrial domains. The ethanol oxidation reaction predominantly involves small
molecules like CH,O and HCO. With its lower kinematic viscosity, it can moderate the
high viscosity of hydrogenated biodiesel, and exhibits commendable miscibility with the
diesel-hydrogenated biodiesel blend [9-13]. Given the complexity of multi-component fuel
components, representative constituents are selected to construct an oxidation mechanism
that characterizes fuel combustion properties, with chemical reaction kinetics emerging as a
primary research methodology. Chemical reaction kinetics elucidate the combustion charac-
teristics of substances through an exploration of their molecular composition and structural
attributes. The combustion process within an engine cylinder represents a complex physico-
chemical frontier, where myriad chemical reactions occur simultaneously, including carbon
chain scission, small-molecule polymerization, and molecular isomerization. In the case of
mixed fuels, the combustion process engenders a plethora of intersecting reactions, involv-
ing the further decomposition of large-molecular products and polymerization reactions
among various small molecules, thereby altering the combustion reactivity, product distri-
bution, and properties within the cylinder. The current research into biodiesel and alcohol
blended fuels’ combustion predominantly revolves around experimentally exploring their
combustion and emission traits within internal combustion engines. However, there exists
a dearth of in-depth examinations into the combustion mechanism and dynamic simulation
of such blended fuels through mixed-fuel chemistry. This paper delves into a microscopic
analysis of the hydrogenated biodiesel-ethanol-diesel system.

The initial research on biodiesel primarily focused on employing methyl caprate as a
single-component substitute [14-17], aiming to reflect its physicochemical properties more
accurately. However, multi-component substitution has become the mainstream approach.
Chang Yachao et al. [18] utilized a mixture of n-decane, methyl decanoate, and 5-decenoic
acid methyl ester to represent biodiesel in their studies. Their results indicated a proficient
prediction of the fuel’s oxidation characteristics in real engines, albeit neglecting the cross-
reactions between fuel molecules. Zhai Yitong et al. [19] selected widely recognized C4 fatty
acid methyl esters (butyric acid methyl ester and butenoic acid methyl ester) to characterize
biodiesel. Their model efficiently simulated experimental data from the previous literature.
Regarding hydrogenated biodiesel, given the changes in its physicochemical properties
and cetane number post-hydrogenation, research on its microscopic aspects is scarce, with
most studies focusing on experimental aspects. Mei Deqing et al. [20] conducted engine
performance experiments using B20 and HB20 on a 186FA diesel engine. Their findings
showed that for B20, the emissions of HC, CO, and smoke decreased by 9.9%, 9.3%, and
15.2%, respectively, while NOx emissions increased by 8.5%. For PHB20, the reductions
in HC, CO, and smoke emissions were 12.4%, 13.5%, and 17.1%, respectively, with a 6.7%
increase in NOy emissions, indicating that PHB20 enhances combustion and emission
performance in diesel engines more effectively than B20. Leng Xianyin et al. [21] conducted
European Steady Cycle (ESC) emission tests on engines using hydrogenated catalytic
biodiesel blended in ratios of 5%, 10%, 20%, and 30% with national IV standard diesel.
The results showed that with increasing proportions of hydrogenated catalytic biodiesel,
emissions of THC, NOy, PM, and CO decreased to varying degrees. Notably, CO emissions
showed a linear decrease, with the most significant reduction in NOx emissions occurring
at high loads and low velocity. Hence, it is crucial to investigate ester alcohol diesel with
varying mixing ratios to enhance the combustion efficiency and emission performance of
diesel engines. At present, research on the chemical reaction kinetics of small-molecule
ester fuels has reached a certain level of maturity, while investigations into the chemical
reaction kinetics of large-molecule oxygen-containing fuels have also shown progress.
Nevertheless, further advancements are necessary to develop mechanisms and characterize
large-molecule, oxygen-containing mixed fuels comprehensively. With the widespread
adoption of the “carbon peak and carbon neutrality” concept, the consumption of biodiesel
and alcohol fuels has been steadily increasing. In light of this, a numerical simulation study
was conducted, coupling a chemical reaction kinetics analysis with computational fluid
dynamics (CFD), based on a constructed mechanism model to characterize the hybrid fuel
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comprising hydrogenated biodiesel, ethanol, and diesel. The study delved into the impact
of ester alcohol fuel blending ratios on the combustion reaction activity of the hybrid fuel,
as well as the generation and consumption of major active free radicals.

Given the limited research on the microscopic aspects of hydrogenated biodiesel,
this paper utilizes a constructed dual-component hydrogenated biodiesel mechanism as
a foundation, incorporating a simplified ethanol and n-heptane mechanism to form a
comprehensive chemical kinetics mechanism for the hydrogenated biodiesel-n-heptane-
ethanol fuel blend. This study meticulously analyzes the effects of varying ethanol blend
ratios with hydrogenated biodiesel under different temperature conditions. The aim is
to enrich the theoretical understanding of high-cetane-number fuel blends. The analysis
will contrast and examine the impacts of cross-reactions on fuel oxidation at high and low
temperatures changes in the formation of major components, and reveal the influence of
the combustion reactivity of these blended fuels on the entire combustion system. This
provides a theoretical basis for the practical application of biodiesel as an alternative fuel.

2. Selection of Hydrogenated Biodiesel Substitution Mechanism and Validation of
Ternary Fuel Mechanism Simplification

2.1. Selection of Hydrogenated Biodiesel Substitution Mechanism

Methyl decanoate (MD), a long-chain fatty acid methyl ester with a decyl chain
comprising ten carbon atoms, aptly simulates the long-chain fatty acid methyl esters (C16-
C22) present in actual biodiesel. Analyzing MD’s physical properties, such as density and
flash point, reveals a close resemblance to real biodiesel. Chemically, MD possesses a cetane
number similar to actual biodiesel and exhibits comparable ignition characteristics and
combustion reaction properties. Thus, this paper selects methyl oleate and stearic acid
methyl ester as substitutes for hydrogenated biodiesel for three main reasons [22]. Firstly,
as shown in Table 1, the cetane number of hydrogenated biodiesel is 71.2, whereas MD’s
cetane number is 47, making MD an unsuitable substitute. Secondly, Table 2 showcases the
comparison of the proportion of the main substance components between hydrogenated
biodiesel and biodiesel. The peak area represents the proportion of each substance in
the total substance. This comparison is based on the predominant presence of methyl
oleate in hydrogenated biodiesel and its notable deviation in cetane number compared
to hydrogenated biodiesel. Thus, the addition of 20% stearic acid methyl ester to methyl
oleate, resulting in a cetane number of 70.66, closely matches that of hydrogenated biodiesel.
Diesel, being a complex mixture, is typically characterized by one or two components when
studying its combustion mechanism. Given that the cetane number of n-heptane closely
mirrors that of diesel, n-heptane is commonly employed to represent the actual ignition
characteristics of diesel. The third reason pertains to the reaction pathways of the blended
fuels, which will be elaborated in the subsequent sections.

Table 1. Cetane numbers of cottonseed methyl ester (CME) and partially hydrogenated cottonseed
methyl ester assisted by ultrasonic (UPHCME) [23].

Sample Cetane Number
CME 59.3
UPHCME 71.2
MD 47
Methyl Oleate 62.3
Stearic Acid Methyl Ester 104.1
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Table 2. Composition and contents of CME and UPHCME [24].

Peak Area/%
Composition Molecular Formula
CME UPHCME

Methyl Myristic Acid Ester (C14:0) C15H3z00, 0.13 0.15
Methyl Palmitate (C16:0) C17H340; 23.05 23.11
Methyl Stearate (C18:0) C19H3g0, 3.17 10.54
Trans-Methyl Oleate (trans-C18:1) C19H3607 0 12.18
Cis-Methyl Oleate (cis-C18:1) C19H360; 2147 31.62
Methyl Linoleate (C18:2) C19H340, 49.94 20.67

2.2. Chemical Reaction Kinetics of Methyl Oleate and Stearic Acid Methyl Ester

Researchers at Lawrence Berkeley National Laboratory, including Westbrook and oth-
ers [25], constructed a comprehensive mechanism for methyl oleate and stearic acid methyl
ester under a wide range of conditions: temperatures of 800-1500 K, equivalence ratios
of 0.5-2, and pressures of 0.1-6 MPa. This detailed mechanism encompasses 402 species
with 16,188 reactions for methyl oleate, and 423 species with 17,436 reactions for stearic
acid methyl ester, validated through experimentation. Based on this detailed mechanism,
our study simplifies it using the direct relation graph method and the error-propagation-
incorporated direct relation graph method. Figure 1 illustrates an example of the DRG
method’s simplification mechanism, which identifies strong contributions from component
A to component B, and reciprocal contributions between component B and component D,
thereby establishing a close interrelationship among components A, B, and D. The direct
relation graph method facilitates rapid simplification with minimal error, typically serving
as the initial step in mechanism development simplification. As depicted in Figure 2, a
comparison of the ignition delay predictions between the detailed, semi-detailed, and
simplified mechanisms of methyl oleate shows minimal errors in the simplified mecha-
nism. By combining a sensitivity analysis and the error propagation direct relation graph
method, and a full-species sensitivity analysis, the less sensitive reaction components are
removed, resulting in a simplified mechanism for methyl oleate comprising 71 species with
273 reactions, and for stearic acid methyl ester, 67 species with 246 reactions.

Figure 1. Example of simplifying mechanism with DRG method.
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Figure 2. Comparison of the predicted ignition delay periods between the detailed and reduced mech-

anisms of methyl oleate. (a) Comparison of detailed and semi-detailed mechanisms; (b) Comparison

of semi-detailed and reduced mechanisms.

Figures 3 and 4 compare the predicted and experimental values of the ignition delay
periods for the simplified mechanisms of methyl oleate and stearic acid methyl ester
under various conditions. The close fit between the experimental and simulated values
validates the accuracy of the mechanism simplification and paves the way for subsequent

simulation work.
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Figure 3. Comparison of the predicted ignition delay periods of the simplified mechanism of methyl

oleate with experimental values. (a) Comparison of predicted and experimental values at pressures

of 3.5 atm and 7 atm, and an equivalence ratio of 1.25; (b) Comparison of predicted and experimental

values at a pressure of 13.5 atm and an equivalence ratio of 1.

2.3. Chemical Kinetics Mechanism of Hydrogenated Biodiesel-Ethanol-Diesel

The detailed mechanism for n-heptane was adopted from the comprehensive chemical
reaction mechanism of Currant et al. [26], which initially included 531 components and
2539 reactions, and was ultimately simplified to 42 components with 168 reactions. The
detailed mechanism for ethanol was sourced from Metcalfe W.K. et al. [27], comprising
254 components and 7568 reactions, and was eventually reduced to 48 components and
163 reactions. The simplification process for n-heptane and ethanol follows the same
methodology discussed earlier and is not reiterated here.
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Figure 4. Comparison of the predicted ignition delay periods of the simplified mechanism of stearic
acid methyl ester with experimental values. (a) Comparison of predicted and experimental values at
a pressure of 13.5 atm and an equivalence ratio of 1; (b) Comparison of predicted and experimental
values at a pressure of 16 atm and an equivalence ratio of 1.

The mixed mechanism for n-heptane-methyl oleate-ethanol constructed in this study
was validated by comparison with the individual fuel mechanisms of methyl oleate and
ethanol, which remained unchanged and hence do not require further validation. Figure 5
presents the comparison of ignition delay periods calculated using the n-heptane-methyl
oleate—stearic acid methyl ester mixed mechanism against experimental values measured
by Fiewger [28], Shen [29], Herzler [30], Hartm [31], and others, resulting in a final count
of 187 components and 735 reactions. As seen in Figure 5, the mechanism’s prediction of
the ignition delay period for n-heptane closely matches experimental values, indicating its
suitability for further research.
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Figure 5. Comparison between the predicted ignition delay periods of the mixed mechanism
for n-heptane—-methyl oleate—ethanol and the experimental values for n-heptane. (a) Comparison
of predicted and experimental values at a pressure of 4 MPa and an equivalence ratio of 1; (b)

Comparison of predicted and experimental values at a pressure of 4 MPa and an equivalence ratio of
0.5.

2.4. Theoretical Basis of Multi-Component Fuel Cross-Reaction

Utilizing the closed homogeneous reaction model within the CHEMKIN 2016 software,
we scrutinize the impact of varying temperatures and components on the fuel oxidation
process. Through an examination of the cross-reaction mechanism among components
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with diverse mixing ratios, we unveil the influence of small-molecule active free radical
OH on the combustion reaction system. The combustion dynamics within a diesel engine
are governed by both the low-temperature and high-temperature oxidation processes
of individual fuel components, alongside the cross-reactions occurring among different
components. To delve deeper into the ramifications of cross-reactions on the combustion
reaction of blended fuels, we employ a simplified mechanism model of hydrogenated
biodiesel-ethanol-diesel mixed fuel. This analysis dissects the effects of cross-reactions on
both the low-temperature and high-temperature oxidation of ester alcohol diesel, along with
the differential consumption of free radicals, viewed from the vantage point of chemical
reaction kinetics.

Currently, within the realm of chemical reaction kinetics, cross-reactions are primarily
categorized into broad and narrow senses. The overarching concept of “cross-reaction”
pertains to interactions occurring between small-molecular free radicals within mixed fuels
and the fuel molecules themselves, as well as with other small-molecular free radicals. On
the other hand, the more narrowly defined “cross-reaction” involves the generation of
macromolecular free radicals subsequent to the dehydrogenation of macromolecules within
multi-component fuel systems. These macromolecular free radicals then actively partake
in the elementary reactions of various components and engage in interactions with other
elements. In terms of chemical kinetics, the accurate prediction of ignition delay periods is
significantly influenced by narrow cross-reactions, whereas the reaction dynamics among
different components of mixed fuels are predominantly impacted by generalized cross-
reactions. We have opted to employ highly reactive free radicals, such as OH, as conduits
for facilitating cross-reactions among diverse constituents in fuels. Through the lens of
generalized “cross-reactions,” we aim to elucidate the mechanisms underlying the interplay
between diesel’s single-component and multi-component substitutes.

OH serves as a catalyst in fuel cracking and energy liberation, exerting a pivotal
influence on the oxidation reaction activity and reaction rate of the entire fuel combustion
system. Its significance extends to the realm of free radicals within the cylinder, where it
assumes a vital role. Consequently, leveraging the generalized “cross-reaction” theory, we
have opted to scrutinize the substitution mechanism of hydrogenated biodiesel-ethanol-
diesel hybrid fuel. This endeavor aims to delve into the cross-reaction pathways during both
low-temperature and high-temperature oxidation reactions of the hybrid fuel. Furthermore,
it seeks to unveil the role and impact of reactive groups on the combustion reaction system
throughout the combustion process of ester alcohol diesel.

3. Results and Analysis
3.1. Cross-Reaction Flux Analysis of Methyl Decanoate and n-Heptane at 900 K Involving
OH Radicals

From the perspective of chemical reaction kinetics, the oxidation behavior of fuels
is significantly influenced by the intermediate product, the OH radical. As depicted in
Figure 6, under conditions of an initial temperature of 900 K, initial pressure of 6 MPa,
and an equivalence ratio of 1.0, the analysis reveals that in the low-temperature com-
bustion reaction system of MD10 fuel, the dominant pathway consuming OH radicals is
MD + OH = MD,]J + HyO, whereas the pathway generating OH is MD + O = MD,]J +
OH. The consumption of OH exceeds its generation, resulting in a net OH consumption
rate of 13.48%. The processes of MDyJ undergoing oxygenated isomerization to form
MD, O, and the cracking of MD,] to produce MP2D do not generate OH [32]. Subsequently,
MD,OOHy O, undergoes intramolecular hydrogen transfer followed by cracking into MD-
KET24 and OH. MDKET?24 further reacts with oxygen, releasing OH, contributing 10.44%
to the OH pathway. The dehydrogenation initiation reaction for diesel at low temperatures
is CyHj¢ + OH = C7H;5 + HpO [14], with an OH consumption rate of 68.93%. Analyzing
the dehydrogenation initiation reactions of MD, it is evident that the reactions of n-heptane
and methyl decanoate are competitive, which is detrimental to the combustion initiation
of the mixed fuel. The cracking process of n-heptane also does not generate OH in its
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deoxygenation reactions. MD, after undergoing dehydrogenation initiation, forms MDyJ,
which has many isomers, leading to numerous pathways for OH consumption. In the
methyl decanoate-n-heptane mixture, the concentration of OH decreases, inhibiting the de-
composition of n-heptane. Furthermore, the consumption rate of OH by methyl decanoate
exceeds its generation rate, with a total consumption rate of 13.48%. Therefore, n-heptane
must provide some of the OH needed for its decomposition to react with methyl decanoate

which impacts its own reaction. Consequently, adding 10% methyl decanoate to n-heptane
at 900 K is disadvantageous for enhancing the reactivity of the reaction system
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Figure 6. Reaction flux concerning OH in the combustion reaction system of MD10 (and MD20) fuels
at 900 K.

Compared to the MD10 fuel, with the increased proportion of methyl decanoate
(MD) and decreased content of n-heptane in the MD20 fuel, the OH consumption ratio
by MD in the combustion reaction system increases, with a total consumption rate of
23.48%. This rise accentuates the competitive interaction between MD and n-heptane for
OH during the dehydrogenation initiation reaction. As evident from the illustrations,
in comparison to MD10, the production and consumption of OH by n-heptane during
cracking and dehydrogenation reactions in MD20 are progressively diminishing. This
indicates that at 900 K, an increased concentration of methyl decanoate leads to a reduction
in the decomposition rate of n-heptane, which is not conducive to promoting the reaction
Therefore, it is not advisable to add a large proportion of MD to n-heptane

3.2. Cross-Reaction Flux Analysis of Methyl Oleate and n-Heptane at 900 K under Low
Temperature Conditions

Given the high cetane number and oxygenated nature of hydrogenated biodiesel,
which can generate a significant number of OH radicals, the cross-reaction flux analysis of

OH in the HB10 (and HB20) fuel combustion reaction system at an initial temperature of
900 K, initial pressure of 6 MPa, and an equivalence ratio of 1.0 is illustrated in Figure 7.
Methyl oleate, a mono-unsaturated methyl ester produced by substituting a -(CH)=(CH)-
double bond for -(CH;)—(CHy)- in stearic acid methyl ester, plays a crucial role in the reac-
tion system. Under low-temperature conditions, the dehydrogenation initiation reaction of
methyl oleate in the HB10 fuel combustion system primarily consumes OH through the
dehydrogenation of stearic acid methyl ester, producing methyl oleate and a small amount
of H,O. However, in this environment, HyO contributes minimally to OH generation,
resulting in an OH consumption rate of 4.70%. The total OH consumption rate for the
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dehydrogenation of methyl oleate is 48.43%, with its cracking producing an overall OH
contribution of 29.35%. This indicates a higher consumption than generation of OH.
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Figure 7. Reaction flux concerning OH in the combustion reaction system of HB10 (and HB20) fuels
at 900 K.

In comparison to the MD10 mixed-fuel system under similar conditions, which has a
total OH consumption rate of 13.48%, the OH consumption rate in HB10 is higher at 19.08%.
This increase is due to the fact that, apart from the initial cracking reaction producing OH,
the subsequent dehydrogenation of methyl oleate generates fewer olefinic compounds,
producing almost no additional OH for its reaction. The dehydrogenation initiation reaction
for diesel at low temperatures is C;Hy4 + OH = C;H;5 + HO, with an OH consumption rate
of 77.21%. Analyzing the dehydrogenation initiation reaction of methyl oleate reveals that
OH flows from methyl oleate to n-heptane. The dehydrogenation initiation reactions of n-
heptane and methyl oleate are synergistic, facilitating the combustion initiation of the mixed
fuel. In n-heptane reactions, the two oxygenation reactions also do not generate OH, with
CyH140,HO; cracking into nC7KET and OH, contributing 18.59% to the OH pathway. The
mixed-fuel reaction system supplies 50.83% of the OH needed for the cracking of n-heptane,
whereas the OH produced from n-heptane’s own cracking accounts for 36.21%. Therefore,
it can be inferred that the OH produced by methyl oleate supports the further cracking
of n-heptane, accelerating its reaction rate and leading to more thorough decomposition.
Consequently, in the HB10 reaction system, the addition of methyl oleate promotes the
overall reaction process. Hence, adding 10% hydrogenated biodiesel to diesel is beneficial
for enhancing the reactivity of the reaction system.

Compared to the HB10 fuel, it can be observed from the analysis that with the increased
proportion of methyl oleate in the HB20 fuel combustion reaction system, the consumption
ratio of OH by n-heptane decreases. This is attributed to the high cetane number and
oxygenated nature of methyl oleate, which can generate more OH radicals. In the HB20
mixed fuel, the increased amount of methyl oleate results in a higher supply of OH for n-
heptane. The proportion of OH produced by the cracking of methyl oleate and subsequently
utilized for the cracking of n-heptane further increases, which is conducive to promoting
the reaction.

Additionally, the overall contribution rate of OH in the reaction system at an initial
temperature of 900 K, initial pressure of 6 MPa, and an equivalence ratio of 1.0 is higher for
the HB20 (and HB10) fuel compared to MD10 (and MD20). This indicates that the reaction
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system of methyl oleate and n-heptane is more effective than that of methyl decanoate
and n-heptane. The presence of methyl oleate enhances the overall reactivity of the fuel
blend, making it a more favorable choice in terms of boosting the combustion efficiency
and reactivity, particularly under the specified conditions.

In summary, when comparing the same conditions as depicted in Figures 6 and 7, it
is evident that both the n-heptane-methyl oleate and n-heptane-methyl decanoate sys-
tems share a common reaction pathway of CH,O—HCO—CO. In the n-heptane-methyl
decanoate system, the OH consumption for MD10 (and MD20) is 8.37% and 14.64%, respec-
tively, whereas in the n-heptane-methyl oleate system, the OH consumption for HB10 (and
HB20) along this pathway is 12.47% and 17.29%, respectively. This difference is primar-
ily attributed to the variance in cetane numbers, as in the HB10 (and HB20) mixed fuels,
methyl oleate initiates cracking reactions to provide OH for n-heptane reactions. In contrast,
in the MD10 (and MD20) mixed fuels, methyl decanoate undergoes cracking reactions
after n-heptane, with n-heptane supplying OH for methyl decanoate reactions, thereby
impacting the cracking and dehydrogenation reactions of n-heptane itself. Consequently,
the OH consumption in the HB10 (and HB20) mixed fuels is greater than that in the MD10
(and MD20) mixed fuels.

In the HB10 (and HB20) mixed fuels, the total OH consumption rates for n-heptane are
77.21% and 60.58%, with OH generation rates of 36.21% and 25.53% respectively. In contrast,
for the MD10 (and MD20) mixed fuels, the total OH consumption rates for n-heptane are
68.93% and 54.31%, with OH generation rates of 32.72% and 21.04% respectively. Consider-
ing the overall generation and consumption rates of OH in both groups of mixed fuels, the
flow of OH from n-heptane to methyl decanoate in the n-heptane-methyl decanoate system
affects the cracking and dehydrogenation reactions of n-heptane. Therefore, considering
these factors, selecting methyl oleate as a representative for the substitution mechanism of
hydrogenated biodiesel aligns more closely with real combustion scenarios.

3.3. Cross-Reaction Flux Analysis of n-Heptane—Methyl Oleate—Ethanol at High and
Low Temperatures

3.3.1. Low-Temperature OH Cross-Reaction Flux Analysis for n-Heptane-Methyl
Oleate-Ethanol

Under the conditions of an initial temperature of 900 K, initial pressure of 6 MPa, and
an equivalence ratio of 1.0, the cross-reaction flux analysis concerning OH in the HB5E5
(HB10E10) (HB15E15) fuel combustion reaction system is depicted in Figure 8. The analysis
shows that in the 900 K environment, stearic acid methyl ester in HB5ES initially undergoes
a dehydrogenation reaction to form methyl oleate, with an OH consumption rate of 4.90%.
This rate increases with a higher concentration of methyl oleate and stearic acid methyl
ester in the system. Moreover, a small amount of H,O is generated, but at 900 K, most water
transforms into more stable H,O,, rendering the OH produced by this pathway negligible.

In the HB5E5 mixed-fuel system, the OH contribution from the cracking of methyl
oleate is 18.15%. Of this, 4.35% of OH is supplied to ethanol and 9.80% to n-heptane
for reactions. Given that ethanol accounts for only 5% and n-heptane for 90% of the
system, it implies that ethanol’s competition for OH is greater than that of n-heptane at
this temperature. The OH generated in the cracking process of n-heptane (C;H;40,HO; to
nC7KET) and the OH produced in the process of nC;KET undergoing a series of reactions to
form CH,0O, as well as the OH consumed by n-heptane itself, decreases with the reduction
in n-heptane content. This suggests that the increase in methyl oleate and ethanol content
adversely affects the cracking and heat release of n-heptane.

Considering the supply of OH to ethanol and the system’s provision of OH to n-
heptane, the changes in OH contribution rates are not significantly pronounced in a low-
temperature environment due to the incomplete cracking and dehydrogenation reactions
of the mixed fuel. At 900 K, ethanol initially undergoes cracking reactions to form smaller
molecules. Concurrently, in the presence of OH and H,0O, ethanol undergoes dehydro-
genation reactions, mainly producing CH;CHOH, CH3CH,O, and C,H4OH, which further
crack and oxidize into smaller molecules.
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Figure 8. Reaction flux concerning OH in the combustion reaction system of HB5E5 (HB10E10)

(HB15E15) fuels at 900 K.

In the HB10E10 system, the total OH consumption rate due to the dehydrogenation
reaction of methyl oleate is 26.50%. Compared to the HB10 mixed-fuel system, the intro-
duction of ethanol at low temperatures results in a substantial consumption of OH for
reactions, leading to a higher total OH consumption rate in the HB10E10 mixed-fuel system
than in the HB10 system. As illustrated in Figure 8, the total OH consumption rate for the
dehydrogenation reaction of methyl oleate in the HB10 fuel reaction system is 19.08%. This
increased consumption rate is attributed to the addition of ethanol, which significantly
consumes OH at this temperature, thereby affecting the cracking of methyl oleate and
consequently impacting OH generation.

In the 900 K environment, most of the OH in the system is converted into more stable
H,0;. Given the low conversion rate of H,O, to OH under these conditions, the enhance-
ment in the reactivity of the reaction system is limited. Therefore, as the concentration
of methyl oleate and ethanol increases in this environment, the reactivity of the reaction

system gradually decreases.

3.3.2. High-Temperature OH Cross-Reaction Flux Analysis for n-Heptane-Methyl

Oleate-Ethanol

Under the conditions of an initial temperature of 1400 K, initial pressure of 6 MPa, and
an equivalence ratio of 1.0, the cross-reaction flux analysis concerning OH in the HB5E5
(HB10E10) (HB15E15) fuel combustion reaction system is depicted in Figure 9. Similar to
the 900 K environment, stearic acid methyl ester initially undergoes a dehydrogenation
reaction to form methyl oleate at 1400 K. Unlike at 900 K, during the high-temperature
cracking of stearic acid methyl ester, H,O is produced. While most water converts into
more stable H,O, at lower temperatures, at 1400 K, the majority of H,O is transformed
into OH through H,O;, providing for the reaction in the mixed-fuel system.
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Figure 9. Reaction flux concerning OH in the combustion reaction system of HB5E5 (HB10E10)
(HB15E15) fuels at 1400 K.

Methyl oleate in high-temperature conditions undergoes dehydrogenation and crack-
ing reactions, producing ester and olefin compounds. It can be observed from the graph
that the OH contribution rate produced by cracking is greater than the consumption rate
by dehydrogenation, with an overall OH contribution rate of 28.97%. Contrasting with
the 900 K environment where the OH generation was less than its consumption, at high
temperatures, the complete cracking of methyl oleate results in OH generation exceed-
ing consumption. Ester compounds eventually lead to the formation of acetaldehyde
and formaldehyde, ultimately burning to form CO, and H,O, while olefin compounds
produce C,Hy4, undergoing dehydrogenation and oxidation reactions to form CH,O and
subsequently CO, and H,O.

Subsequently, at high temperatures, n-heptane dehydrogenates to form C;7H;5-1 and
CyH;5-2. CyHj5-1 cracks into CoHy and CsHjg-1, and CsHjg-1 also cracks under high
temperatures to form nCsHy and ultimately CoHy. In the pathway where nC3H; forms
C3Hg, the OH contribution rate is 44.58%. It is evident that although the proportion of
n-heptane is decreasing, the OH contribution rate in the pathway of nC3H; to CsHg does

not decrease significantly. This is because the higher temperatures lead to the increased
production of OH in the mixed-fuel system, allowing for more thorough cracking and
dehydrogenation reactions of n-heptane. This enhanced reaction progress is primarily
due to the addition of ethanol and methyl oleate, which increases OH production at high
temperatures, thereby promoting a more complete overall reaction.

Under high-temperature conditions, ethanol primarily undergoes cracking reactions,
leading to the formation of C;H4OH, C,Hy, and CoHs0O, which further generate CH,O.
These processes produce a significant amount of OH, and as the concentration of ethanol
increases, the OH provided by ethanol to the system also increases. Compared to the mixed
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fuel at 900 K, the cracking and dehydrogenation reactions of the three substances (ethanol,
methyl oleate, and n-heptane) are different at 1400 K.

At 900 K, the OH produced by the cracking of methyl oleate and n-heptane is limited,
slowing down the overall reaction. Ethanol primarily undergoes dehydrogenation reactions
consuming OH, with a minor contribution to OH generation. The H,O produced in the
cracking process mostly transforms into more stable H,O,, with only a small portion of
H,0; converting to OH for the overall reaction. However, at 1400 K, most H,O, transforms
into OH, which is available for reactions in the system. Ethanol predominantly undergoes
cracking reactions at this temperature, generating a significant amount of OH for the
mixed-fuel system reaction.

As shown in Figure 9, initially, methyl oleate supplies OH for reactions with n-heptane
and ethanol. As the reaction progresses, ethanol generates a large amount of OH, which
eventually primarily flows towards methyl oleate and n-heptane for reactions. In the high-
temperature ternary fuel system, the small-molecule reaction pathways involving active
components like OH mainly include C;Hy —CH;O—HCO—CO. Additionally, intermolec-
ular cross-reactions occur between methyl oleate and n-heptane, both producing C,Hy and
CH,O through dehydrogenation reactions. In low-temperature reactions, the ternary fuel
system and the binary fuel system also involve the CH,O—HCO—CO pathway, indicating
its importance in both low- and high-temperature conditions.

4. Conclusions

This study investigated the chemical kinetics mechanism representing hydrogenated
biodiesel and the impact of cross-reactions on the hydrogenated biodiesel-ethanol-diesel
blend. Using a constant-volume homogeneous reactor, the variations in the concentration of
key components and reaction pathways in the HB5E5, HB10E10, and HB15E15 mixed-fuel
systems were calculated. The findings of this study align with those of Zuolei’s ternary
fuel study. The main conclusions are as follows:

(1) Inthe MD10 (MD20) mixed-fuel system, the total consumption rate of n-heptane is
68.93% (54.31%), with OH flowing from n-heptane to methyl decanoate. In the HB10
(HB20) mixed-fuel system, the total consumption rate of n-heptane is 77.21% (60.58%),
with OH flowing from the methyl oleate and stearic acid methyl ester mixture to
n-heptane.

(2) At low temperatures in the HB5E5, HB10E10, and HB15E15 mixed-fuel systems,
OH produced by the cracking of n-heptane is also supplied to ethanol. Due to the
substantial consumption of OH by ethanol at this stage, the reactivity of the mixed-
fuel system is relatively low. As the content of methyl oleate, stearic acid methyl ester,
and ethanol increases, the generation of OH gradually decreases, which is unfavorable
for the reaction to proceed.

(3) At high temperatures, in the HB5E5, HB10E10, and HB15E15 systems, the total
generation rates are respectively 24.6%, 33.29%, and 38.65%. Ethanol predominantly
undergoes cracking reactions at high temperatures, producing a substantial amount
of OH. This indicates that increasing the content of hydrogenated biodiesel and
ethanol within a limited range can enhance the reactivity of the system, facilitating
the reaction process.

The significance of this study lies in its contribution to the fundamental understanding
of biofuel combustion, particularly in the context of hydrogenated biodiesel-ethanol-diesel
blends. Our findings not only illuminate the complex chemical dynamics within these
blends but also pave the way for optimizing fuel formulations for enhanced combustion
efficiency and reduced environmental impact. This work is a step forward in developing
sustainable energy solutions, aligning with global efforts to transition towards greener
fuel alternatives.
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Abstract: This study presents a computational fluid dynamics (CFD) analysis of the performance of
counter-rotating impeller systems in mixed-flow pumps. The analysis evaluates the impact of varying
rotor velocity ratios and blade geometry on head rise, efficiency, and hydraulic losses. Through
detailed CFD simulations, the counter-rotating system demonstrates significant improvements in
head and efficiency at low flow rates, with model B achieving up to 20% higher efficiency near the
best efficiency point (BEP). However, increased hydraulic losses offset efficiency gains at higher flow
rates. While the findings provide valuable insights for optimizing the design of counter-rotating
systems in mixed-flow pumps, experimental validation is needed to confirm the results and ensure
real-world applicability. The study lays the groundwork for future work in refining counter-rotating
pump designs to minimize hydraulic losses and slippage.

Keywords: counter-rotating impellers; mixed-flow pumps; computational fluid dynamics (CFD);
hydraulic efficiency; head rise optimization

1. Introduction

The field of turbomachinery has a rich and significant history, evolving over the
past two centuries with notable advancements occurring in the last seven decades. The
concept of centrifugal impellers, first envisioned by Leonardo Da Vinci in the 16th century,
laid the foundation for modern turbomachinery by utilizing centrifugal force for fluid
movement. A significant breakthrough occurred in 1689 when Denis Papin developed
a forced vortex system using blades within a circular or spiral housing. In 1754, Euler’s
theoretical work applying Newton’s laws to centrifugal impellers, commonly known as
Euler’s law, provided a mathematical basis for further developments in fluid transport
mechanisms. These innovations led to extensive research on centrifugal impellers from 1910
to 1930, enhancing theoretical and experimental understanding of flow mechanisms. [1,2].

In recent decades, the field of turbomachinery has expanded significantly, driven
by the development of computational tools that enhance performance. Turbomachines
play a critical role in various industries, including oil and gas (O&G), petrochemical, and
renewable energy sectors, where they serve as vital components in compressors, turbines,
and pumps [3,4]. Centrifugal pumps, in particular, dominate industrial applications due
to their efficiency, low capital (CAPEX) and operating costs (OPEX), and versatility across
a wide range of operational conditions [5]. The global centrifugal pump market is on
a rapid growth trajectory, with the U.S. market projected to reach USD 8.6 billion by
2020 and China’s market expected to hit USD 7.6 billion by 2027. This promising growth
trend underscores the increasing demand for and potential opportunities in centrifugal
pumps [6].

A 2021 report from Cognitive Market Research forecasts substantial growth in the
global mixed-flow impeller pumps market, with projections showing a revenue increase of
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130% in 2015 to 530% by 2027, driven mainly by demand in South America. This growth
is expected to be particularly notable in the water treatment, chemical, and metallurgical
industries, which are projected to grow by at least 35% by 2027 [7-9].

This study builds upon previous research on counter-rotating systems primarily
focused on axial turbomachinery. However, the adaptation of such systems to centrifugal
pumps presents unique challenges. Previous studies have utilized experimental and
computational methods to examine counter-rotating systems in various turbomachines,
including axial pumps and fans. Table 1 summarizes fundamental experimental and
computational fluid dynamics (CFD)-based studies on counter-rotating systems across
different turbomachines. These studies highlight the potential benefits of counter-rotating
designs, including improved efficiency, increased pressure capacity, and enhanced flow
dynamics [1,10-12]. The benefits of counter-rotating centrifugal pumps include improved
efficiency, reduced size and weight, and the ability to explore new designs through CFD at
relatively low costs [13,14].

Table 1. Experimental and CFD studies for counter-rotative systems in turbomachines.

Stud Svstem CFD Physics Mesh Ref

y Yy Code/Software Modeling/Methodology Configuration ’

Kanemoto (2004) Counter-rotative axial pump [-] Experimental [-] [15]

MOH&SSIS; etal. Counter-rotative axial pump ANSYS CFX-12.0 [] 1535180 Nodes [16]

Cao et al. (2014) Counter-rotative axial pump [-] Experimental [-] [17]

Tosin et al. (2015) Counter-rotative-mixed-flow ANSYS CEX RANS anc% Rayleigh-Plesset 12 % 10° Nodes 18]
pump I multiphase model

Tosin et al. (2015) Counter-rotative-mixed-flow ANSYS CEX RANS SST turbulence 21 million Nodes [19]

pump model
Friebe et al. (2018) Counter-rotative axial fan CFturbo RANS [-] [20]
Nguyen (2020) Counter-rotative centrifugal STAR-CCM+ RANS 3.4-11 million cells [21]

compressor (polyhedral)

This study explores the design and performance of counter-rotating centrifugal pumps
by conducting preliminary calculations of velocity triangles under typical crude extraction
conditions. The pump’s geometry will be designed with blade variations and rotor-speed
adjustments, and the performance of the counter-rotating system will be compared with
traditional pumps through dimensional analysis and CFD simulations. This comparison
will provide critical insights into the potential applications of counter-rotating systems in
industries such as oil and gas, petrochemicals, and renewable energy.

While counter-rotating systems have been explored extensively in axial turbomachin-
ery, their application in mixed-flow pumps presents distinct challenges and opportunities
that must be thoroughly addressed in the existing literature. Unlike axial systems, where
counter-rotating designs primarily focus on enhancing axial flow efficiency, mixed-flow
pumps require a more complex interplay of radial and axial components, leading to dif-
ferent flow dynamics and performance considerations. The complexity of mixed-flow
systems, including the interaction between centrifugal and axial forces, necessitates a tai-
lored approach to counter-rotating designs, as traditional methods used in axial systems
may not be directly transferable. This study fills a critical gap by investigating the specific
impact of counter-rotating systems in mixed-flow pumps through a combination of CFD
simulations and performance analysis. By optimizing the rotor speed, blade geometry, and
flow dynamics, this research extends the state of the art in counter-rotating turbomachinery,
offering valuable insights for industries that rely on high-performance mixed-flow pumps.
This study’s results can improve pump efficiency and performance in applications such as
oil and gas, petrochemical, and renewable energy, thereby contributing to advancements in
industrial pump design.
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2. Application Experiments
2.1. Experimental Data

This study uses the BCS GN5200 centrifugal pump model, as detailed in Monteverde’s

research [22]. The pump operates at various rotational speeds, with the numerical model
validation focusing on data at 3500 rpm. At this speed, the pump achieves a Best Efficiency
Point (BEP) of 36.5 m3/h and a head of 7.78 m per stage, with a specific speed of 1.32.
Figure 1 displays the performance curves of the BCS GN5200 operating at 3500 rpm, as
provided by the manufacturer.
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Figure 1. Performance curves of BCS GN5200 operating at 3500 rpm [22].

The impeller and stator geometrical characteristics for each stage are listed in Table 2,

showing key dimensions that were used in the simulations. These parameters are critical
for understanding the pump’s geometry and performance characteristics:

e  Number of Blades: The impeller and diffuser each have seven blades. The number of
blades is critical in determining the pump’s flow patterns and efficiency.

e Inlet Inner Diameter: The impeller’s inlet inner diameter is 30.2 mm, while the dif-
fuser’s is larger, at 79.9 mm. This variation helps manage the fluid’s transition from
the impeller to the diffuser, affecting the fluid velocity and pressure distribution.

e Inlet External Diameter: The impeller’s inlet external diameter is 65.3 mm, while the

diffuser’s is 93.3 mm. This difference reflects the change in the flow passage area,
which influences the pump’s ability to handle different flow rates.

Outlet Inner Diameter: The impeller’s outlet inner diameter is 79.9 mm, whereas the
diffuser’s is 30.2 mm. This decrease in the diffuser’s outlet diameter helps to maintain
pressure as the fluid moves out of the pump.

Outlet External Diameter: The external diameter at the impeller’s outlet is 93.3 mm,
while the diffuser’s is 65.3 mm. This difference contributes to the energy conversion
as the fluid moves from the impeller to the diffuser.

Table 2. Principal dimensions of the GN5200 impeller and diffuser.

Parameter Units Impeller Valor Diffuser Valor
N° of blades [-] 7 7
Inlet inner diameter [mm)] 30.2 79.9
Inlet external diameter [mm] 65.3 93.3
Outlet inner diameter [mm)] 79.9 30.2
Outlet external diameter [mm)] 93.3 65.3
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Monteverde’s study involved three different working fluids—water, a glycerin-water
solution, and pure glycerin—covering a wide range of viscosities and temperatures [22,23].
For this study, five specific flow rates were chosen from the pump’s operating curves: 2.21,
4.55, 6.68, 8.89, 10.89, and 12.55 L/s. Additional input data for model convergence included
an inlet pressure of 1 x 10® Pa, assuming negligible temperature variations and constant
density and viscosity for each fluid.

2.2. Geometry and Numerical Modeling

This study employed numerical simulations and geometry modeling to assess the
performance of the BCS GN5200 pump. These two processes are distinct but interconnected
components of the overall analysis.

2.2.1. Geometry Modeling

Three models were developed for the study: a base impeller model and two counter-
rotating impeller models. The geometry was created using Autodesk Inventor 2021, which
includes the impeller, stator (each with seven vanes), and pump casing.

e  Base Impeller Model: This model represents a standard impeller and stator configura-
tion, consisting of an impeller with seven vanes and a stator with an equal number of
vanes. The entire assembly, including the pump casing, was modeled for analysis.

e  Counter-Rotative Models: Two counter-rotating designs were introduced, each vary-
ing in the point at which the first rotor transitions to the second rotor. These designs
are based on the methodology proposed by Nguyen, illustrated in Figure 2, and
mathematically expressed in Equation (1).

Llst
LR = 1
» M

where LR is the ratio of the top length of the rotor shroud (Lis) to the meridional
plane contour length of the base impeller (L;,). Two specific cases were analyzed:

Model A: LR = 0.65
Model B: LR = 0.32

L7Il

Figure 2. Geometrical representation of contour length for LR relation.

This formulation defines how the two rotors are geometrically split in the counter-
rotating designs, with Figure 3 providing a visual representation.
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Figure 3. Principal dimensions for Model A (a) and B (b).

34.54 mm

L —
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2.2.2. Numerical Modeling

Numerical simulations were carried out using STAR-CCM+ v19 (Siemens, Germany),
which utilizes CFD techniques to evaluate the pump’s performance. These simulations
focused on fluid flow and mechanical interactions within the pump under various operating
conditions.

Boundary conditions were applied at the pump’s inlet and outlet regions, with flow
rates and pressure conditions based on experimental data [22]. The numerical analysis
included unsteady simulations to capture transient flow characteristics, and the Rigid Body
Motion (RBM) model was used to simulate the pump’s moving parts accurately.

Key performance metrics such as head, efficiency, power, and torque were calculated
and analyzed, emphasizing the counter-rotating models’ behavior.

The computational domain for the BCS GN5200 pump is shown in Figure 4. Three
regions and boundary conditions were considered:

1.  The pump inlet was modeled as a mass flow inlet, where the inlet velocity was
calculated using the equation Q = v; - a*, with a being the cross-sectional area at the
inner rotor inlet.

2. The pump outlet was treated as a pressure outlet, with pressure values taken from
Monteverde [22]. Standard atmospheric pressure (1 atm) was used as a reference.

3. The stator zone was static, and its walls were assigned a no-slip condition.
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Inlet: Inlet Difussor: No-slip walls

O

Rotation: RBM Outlet: Pressure outlet

Figure 4. GN5200 Boundary conditions.

All performance data presented in the results were derived from detailed CFD simula-
tions, with no experimental data used. Simulations were conducted at varying rotor speeds,
with the “one rotor” configuration representing the internal rotor operating at 3500 RPM
while the external rotor remained stationary. In counter-rotating configurations, the internal
and external rotors were run at speeds between 3500 and 4375 RPM. Discrete simulation
points were collected at specific flow rates, and continuous lines in the performance graphs
were interpolated to highlight general trends.

The impeller was modeled using unsteady Rigid Body Motion (RBM) to accurately
simulate moving components and capture transient flow effects, which are critical for
studying rotating parts. The Courant-Friedrichs-Lewy (CFL) number was evaluated at a
flow rate of 6.68 L/s, representing a mid-range point on the pump’s performance curve. The
internal and external rotors were simulated at 3500 rpm, confirming timestep independence
under these conditions. Figure 5 shows the Courant number distribution, ranging from
1.32 x 107 and 10.

A sensitivity analysis was performed by halving and doubling the timestep size rela-
tive to the initial value to ensure timestep independence. Head rise, efficiency, and pressure
distributions were compared across these simulations to verify solution convergence. The
results varied by less than 1%, confirming timestep independence. While the CFL number
guided timestep selection, these additional tests validated the robustness of the solution
and ensured accurate capture of transient flow effects unaffected by timestep variations.

Performance metrics, including head, efficiency, power, and torque, were calculated.
Torque was measured using a momentum report based on impeller rotation in the Z and
-Z directions. Efficiency was determined by summing torque contributions, assuming a
single shaft and mechanical power input [18,19].
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Figure 5. The courant number of GN5200 was evaluated under steady-state conditions at a flow rate
of 6.68 L/s.

2.2.3. Physical Model Specification

The flow was treated as turbulent due to the high rotational velocity of the impellers.
Table 3 presents the Reynolds numbers calculated using Equation (2), indicating the turbu-
lent nature of the flow for both models.

2
e:pND
H

R 2

The properties and values are shown in Table 3.

Table 3. Re values for the two cases.

Impeller diameter (D) (m) 0.093
Density (o) (kg/m3) 1000
Viscosity (y) (Pas) 0.003
Rotation rate (rpm) 3500 4375
Re 1.17 x 107 146 x 107
Regime Turbulent Turbulent

Water was used as the working fluid for all simulations. A single-phase, unsteady
RANS (U-RANS) approach was employed, utilizing the SST «k-w model turbulence model
to solve for eddy viscosity due to its superior performance in boundary layer predictions
under adverse pressure gradients.

2.2.4. Mesh Generation

The pump geometry was discretized using a polyhedral mesh for central regions
and prismatic layers for the surfaces, ensuring adequate mesh resolution. A base size of
14 mm was selected, with a total prism layer thickness of 0.1 mm. Figure 6 presents the y*
distribution for the base impeller (a), Model A (b), and Model B (c), all evaluated with the
same flow rate and Reynolds number. The variations in y* values are attributed to localized
differences in flow behavior near the wall boundaries, particularly in flow separation and
turbulence regions. Although the overall Reynolds numbers and mesh configurations were
consistent, the geometry of the impellers and rotor speed differences led to distinct flow
interactions, resulting in variations in y*. The mesh was designed to ensure y* < 1, with six
prism layers near the walls and a stretching ratio of 1.2 to maintain acceptable aspect ratios.

163



Processes 2024, 12, 2163

(‘ ('(C

Wall Y+

0.0 1.0 2.0

Figure 6. yT values for (a) base impeller, (b) Model A, and (c) Model B at a flow rate of 10.89 L/s
and a Reynolds number of 1.32 x 107. The variations in y* values are due to localized differences
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in near-wall flow behavior, particularly in turbulence and flow separation regions. The mesh was
designed with six prism layers and a stretching ratio of 1.2, ensuring y* < 1 without compromising
the aspect ratio.

Mesh Independence Analysis

Mesh independence was tested by varying the cell count by +=30%. The water head’s
mean square error (MSE) was calculated to evaluate mesh quality using (Equation (3)).

1

N ( Hexp;, —Hcrp; )2
Total head MSE = N 3)

: Hexp;

Results indicated that the base mesh provided the best compromise between accuracy
and computational efficiency, as shown in Figure 7.
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Figure 7. Mesh independence test results for water head.
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A Grid Convergence Index (GCI) was computed to validate further mesh indepen-
dence using refinement conditions, apparent order, and error estimations derived from
Equations (4)-(8).
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The extrapolated curve for the water head (Equations (9) and (10)) confirmed that the
base mesh was a good solution, with a maximum deviation of 3%, as shown in Figure 8.
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Figure 8. GCI results.

The 30% variation in cell count provided a reasonable compromise between mesh
resolution and simulation time. Although a more significant variation could yield a
more detailed analysis, increasing the cell count beyond 30% would significantly extend
the simulation time and computational resources required. The results showed that key
performance metrics—head, efficiency, and slip factor—remained consistent across different
mesh sizes, with deviations of less than 1%, indicating that further refinement would
minimally affect accuracy while substantially increasing computational costs

3. Results and Discussion

This section presents the performance curve results for the BCS GN5200 pump modi-
fied with a counter-rotating blade system. The analysis was conducted at six flow rates:
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2.21,4.55, 6.68, 8.89, 10.89, and 12.55 L/s. Two models (A and B) with different internal
diameter ratios were examined, and three velocity ratios between the internal and external
rotors were analyzed: 3500:3500 rpm, 3500:4375 rpm, and 4375:3500 rpm.

3.1. CFD Model Validation

Figure 9 compares simulated and experimental values for the base model with an
unmodified impeller to validate the CFD model. The results show close agreement, with
deviations in total head and efficiency within +10%, except for one efficiency point. Experi-
mental data from Monteverde [22] served as a benchmark, confirming the accuracy of the
CFD simulations in terms of total head rise and efficiency across various flow rates. The
deviations are within an acceptable range, demonstrating the robustness of the CFD model.
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Figure 9. Comparison of CFD and experimental data for total head rise (a) and efficiency (b) across
all flow rates. Simulated results are compared with experimental data from Monteverde [22].

3.2. Contra-Rotative Design Model Performance

The performance improvements of the counter-rotating impeller system were quantified
through CFD simulations using standard pump performance parameters such as total head,
efficiency, and slip factor. The quantification of these results involved the following steps:

1. Head Rise (H):
The total head rise was calculated by measuring the difference between the pressure
at the pump inlet and outlet, normalized by the fluid density and gravitational
acceleration, as per this Equation:

H = (Poutletp; Pinlet) (11)

where P, ;s and P, are the pressure values at the outlet and inlet, p is the fluid
density, and g is the gravitational acceleration. The head values were then plotted as
a function of flow rate and compared across different rotor velocity ratios.

2. Efficiency (7):
Efficiency was calculated as the ratio of hydraulic power to mechanical input power.
The hydraulic power was determined from the head rise and flow rate, while the
mechanical power was obtained by measuring the torque applied to the rotors:

_ pgQH
= Tw 12)
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where Q is the flow rate, T is the torque applied to the impellers, and w is the angular
velocity. The CFD simulations provided the torque and flow rate data necessary for
these calculations, allowing us to track efficiency improvements as a function of rotor
speed and flow rate.
3.  Slip Factor:

The slip factor quantifies the actual flow angle deviation from the impeller exit’s ideal
flow angle. It was calculated based on the velocity triangle formed by the relative and
absolute velocities at the impeller outlet, with the slip increasing as the flow rate rises.
The slip factor was measured for each rotor configuration to determine how closely
the flow followed the idealized design path.

Figure 10 illustrates the total head results for the BCS GN5200 pump with counter-
rotating impeller models A and B across various velocity ratios. At flow rates above 10 L/s,
models A3535 and B3535 closely match the baseline model in head values but show steeper
head rise slopes, highlighting the performance advantages of the counter-rotating design.
Configurations with higher velocity ratios, such as A3543 and B4335, demonstrate superior
performance, achieving a head increase of up to 7 m at lower flow rates and maintaining a
5 m advantage near the baseline model’s BEP.
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Figure 10. Total head results for models A and B at different velocity ratios compared to the base
single-rotor model. Scattered data points represent discrete CFD simulation results at specific flow
rates, while continuous lines represent interpolated trends. The ‘one rotor” configuration corresponds
to the internal rotor running at 3500 RPM.

The head increase observed in models A3543 and B3543 is due to the optimal rotor
velocity ratios, where higher external rotor speeds enable more efficient energy transfer at
low flow rates. In Figures 10 and 11, linear interpolation has been applied to the discrete
CFD data points to illustrate general trends in total head and efficiency across various flow
rates and rotor configurations. This interpolation is solely for visualization purposes and
does not generate new data. The original CFD data points are also shown for reference.
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Figure 11. Overall efficiency results for models A and B at different velocity ratios compared to
the base single-rotor model. Scattered data points represent discrete CFD simulation results at
specific flow rates, while continuous lines represent interpolated trends. The “one rotor” configuration
corresponds to the internal rotor running at 3500 RPM.

At higher flow rates, however, these efficiency gains diminish due to increased hy-
draulic losses, particularly in model A, where turbulence and recirculation become more
pronounced. The higher slip factor in model A4335 further contributes to the decline in
efficiency at elevated flow rates.

A detailed convergence analysis was performed to ensure the accuracy of the results for
the A3543 and A4335 configurations at a flow rate of 10.5 L/s. While the initial residuals for
continuity, momentum, and turbulence equations fell below the convergence threshold of
104, oscillations in the pressure and momentum equations suggested potential unsteady
flow behavior. A timestep independence test revealed sensitivity in the A4335 case at
this specific flow rate. By refining the timestep size, the head rise and efficiency results
aligned more closely with surrounding data points. Additionally, a mesh independence
test confirmed that the original mesh resolution was sufficient, with variations within 1%.
The refined results for these cases are now consistent with overall trends and are reflected
in the current figures.

The analysis shows that configurations with longer blades enhance performance,
especially at higher rotational speeds. Model B, in particular, outperforms Model A at
lower flow rates but experiences more significant head degradation as flow rates increase.
The shift in head performance inversion points suggests that specific operational settings
can optimize or reduce pump efficiency depending on the velocity ratio.

Comparing these results with previous studies, such as Kanemoto [15] and Cao [17],
reveals similar efficiency improvements in counter-rotating axial systems. However, this
study extends those findings to mixed-flow pumps, where the interaction of radial and
axial forces presents additional challenges. With optimized rotor velocity ratios, mixed-flow
pumps can achieve efficiency gains comparable to or greater than axial systems, though
careful design is necessary to manage the complexity.

Figure 11 shows that models B3543 and B3535 exhibit up to 20% higher efficiency near
the BEP than the base model. This improvement is due to model B’s optimized velocity
distribution and longer blades, which enhance energy transfer, especially at lower flow
rates. Conversely, models with higher inlet rotor velocities (A4335 and B4335) show less
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efficiency gain due to increased turbulence and hydraulic losses, leading to flow instabilities
and reduced energy transfer efficiency at higher flow rates.

3.3. Slip and Pump Losses

In models with higher rotational speeds, the slip factor increase was more pronounced,
leading to greater energy dissipation and reduced overall efficiency. Model B, with its
optimized blade length and rotor velocity ratio, exhibited a more gradual increase in slip
factor, indicating better flow alignment. Hydraulic losses were highest at low flow rates
due to recirculation but decreased as the flow rate approached the pump’s BEP.

Figure 12 shows the theoretical slip factor as a function of flow rate for various models
and velocity ratios. As expected, the slip factor increases with the flow rate in all models.
Models A3535 and A4335 exhibit higher slip factors associated with lower efficiency due
to poor flow alignment at higher flow rates. In contrast, model B3543 demonstrates the
lowest slip factor across most flow rates, indicating better performance and reduced energy
loss. This lower slip factor corresponds to the superior efficiency observed in model B3543,
particularly at lower flow rates.
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Figure 12. Total slippage for different models and numbers of rotors. Slippage is only in the inlet
rotor (up), and total slippage is in both rotors (down).

Hydraulic losses were analyzed by observing the relative velocity patterns in models
A and B. Figures 13 and 14 illustrate that recirculation losses are more prominent at low
flow rates (e.g., 2.21 L/s), particularly in model A. In contrast, model B exhibits better flow
control with fewer recirculation zones. As the flow rate increases, turbulence becomes
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L/s

the dominant source of hydraulic losses, especially at higher flow rates (e.g., 10.89 L/s).
Model B consistently shows smoother velocity distributions, reducing turbulence and
improving overall efficiency, particularly in the 3500:4375 rpm and 4375:3500 rpm velocity
ratios. These results confirm that model B’s blade configuration and velocity ratios are
more optimized for reducing hydraulic losses, leading to better performance than model A.

3500:3500 rpm 3500:4375 rpm 4375:3500 rpm
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Figure 13. Relative velocity for Model A.
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Figure 14. Relative velocity for Model B.

The increased slip factor in model A, especially in the A4335 configuration, results
from the higher inlet rotor speed and shorter blades. Higher rotational velocity exacerbates
flow instability, leading to more significant slippage. These hydraulic losses, including
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recirculation and turbulence, are more critical at low flow rates, contributing to overall
energy inefficiency.

Momosaki observed similar slip-related inefficiencies in axial systems [16]. Our
findings extend this understanding to mixed-flow pumps, where the interaction between
radial and axial forces amplifies flow misalignment and slippage. Managing these forces in
counter-rotating mixed-flow pumps presents unique challenges, underscoring the need for
optimized designs to minimize slip and associated losses.

3.4. Head Analysis Based on Euler Theory

Figure 15 illustrates the incidence losses at the rotor outlets for different flow rates and
models. The beta angle (32), which represents the flow’s exit angle relative to the rotor’s
tangential direction, was observed by comparing the actual flow direction to the designed
flow angle. Significant 32 deviations were seen at higher velocities, particularly in models
A3535 and B3535 at lower flow rates, where the misalignment led to increased slippage
and reduced pump performance. Model B3535 consistently showed better flow alignment,
particularly at high flow rates, with less deviation from the designed (32, aligning more
closely with theoretical predictions and improving pump performance.
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Figure 15. Incidence losses at different flow rates: (a) Case A3535 at 2.22 L/s, (b) Case B3535 at
222 L/s, (c) Case A3535 at 12.55 L /s, (d) Case B3535 at 12.55 L/s.

Figures 16 and 17 compare the theoretical Euler head, slip head, and CFD data for
both models at different velocity ratios. Model B only achieved a higher theoretical head
when operating with the internal rotor due to its more efficient design and reduced slip-
page. However, with both rotors in operation, Model A’s performance improved, as
the second rotor compensated for the initial slippage, bringing its performance closer to
Model B. The CFD data closely matched the slip head predictions at lower flow rates but
deviated at higher flow rates due to increased energy losses. These results suggest that
optimizing rotor design and velocity ratios can significantly enhance pump performance in
counter-rotating systems.
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Figure 16. Theoretical Euler head and slippage head vs. CFD data for the internal rotor at different
velocity ratios: (a) 3500:3500 rpm, (b) 3500:4375 rpm, (c) 4375:3500 rpm.
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Figure 17. Theoretical Euler head and slippage head vs. CFD data for both rotors at different velocity
ratios: (a) 3500:3500 rpm, (b) 3500:4375 rpm, (c) 4375:3500 rpm.

Significant 32 deviations were observed at higher velocities in models A4335 and
B4335, leading to increased slippage and reduced efficiency, particularly at low flow rates.
As flow rates increased, 32 values aligned more consistently with theoretical predictions,
especially in Model B.

Nguyen reported similar 32 angle deviations [21] in counter-rotating centrifugal
compressors, where misalignment was a vital issue. In mixed-flow pumps, radial forces
exacerbate these deviations, emphasizing the need for optimized rotor designs to maintain
flow alignment and minimize energy losses.
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4. Conclusions

This study used CFD analysis to explore counter-rotating systems’ performance in a
mixed-flow pump. Two impeller models (A and B) with different internal diameter ratios
and operating at three velocity ratios were assessed for their head rise, efficiency, slip factor,
and incidence losses. The CFD model was validated with experimental data, confirming its
accuracy in representing the pump’s hydraulic performance.

Key findings from this study include:

1. Head and Efficiency Improvements: The introduction of counter-rotating rotors
significantly enhanced the total head at low flow rates. Model B, operating at a
velocity ratio of 3500:4375 rpm, demonstrated the highest head gains, particularly at
low flows, achieving values up to 17 m at the BEP. However, this increase in head did
not consistently translate into higher efficiency. Model B exhibited the best efficiency
around the BEP, with up to 75% efficiency, whereas Model A showed diminished
performance due to increased slippage at higher flow rates.

2. Slip and Hydraulic Losses: The counter-rotating configuration introduced additional
slip at both rotors, particularly in Model A, which showed a steeper increase in
slip factor as the flow rate increased. Model B’s configuration managed slip more
effectively, showing a more gradual rise in slip factor and better overall hydraulic
performance. Hydraulic losses, such as recirculation and turbulence, were more
significant at low flow rates but diminished at higher flows, aligning with theoretical
expectations based on Euler’s pump theory.

3. Incidence Losses and 3 Angle Deviations: Significant 3 angle deviations were ob-
served in models A4335 and B4335 at higher velocities, contributing to increased
slippage and reduced pump efficiency. Model B3535 exhibited the slightest deviation,
with performance more closely aligned with theoretical predictions. The analysis high-
lighted the importance of controlling incidence losses to optimize pump performance,
especially at higher operational velocities.

This study offers valuable insights into the design and operation of counter-rotating
systems in mixed-flow pumps. The results demonstrate that optimizing head and efficiency
through appropriate rotor speed and geometry adjustments is achievable. Future research
should focus on refining rotor designs to minimize slippage and further enhance the
efficiency of counter-rotating systems in centrifugal and mixed-flow pumps, expanding
their industrial applications.

While this study primarily addresses the steady-state performance of counter-rotating
impeller systems, time-dependent analyses could provide additional insights into the
transient behavior and the time required for the flow to reach a stable state. However,
conducting such analyses would require new transient simulations, which fall outside the
scope of this work. Future studies will aim to incorporate transient simulations to explore
the time evolution of the flow field in greater detail.
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Abstract: For both conventional and renewable energy conversion processes, computational fluid
dynamics (CFD) has been used to address more energy-related challenges in recent decades. Using
CFD to investigate vertical-axis wind turbines has become more common in recent years. The main
goals of this application have been to more accurately predict the turbine’s performance and to
comprehend the complicated nature of the complex turbulent flow. The vertical-axis wind turbine
(VAWT) simulation for energy-generating applications has several intricate components. One of
them is the study of the chaotic flow that occurs during the first stages of the starting process, and
which greatly influences overall effectiveness. In this article, the performance of the wind turbine was
increased using a passive flow control approach. The numerical research was carried out using Large
Eddy Simulation for four alternative tip speed ratios in both cases, the classic and the optimized
case, equipped with a vortex trap on the extrados of the blades. The power and torque coefficient
variations, as well as the velocity magnitude contours, show that the starting process may begin with

a significant improvement in efficiency when flow control is used.

Keywords: vertical-axis wind turbine; large eddy simulation; tip speed ratio; vorticity magnitude;
torque coefficient; vortex trap

1. Introduction

The accelerated growth in the necessity for energy in the past few decades [1,2] has
raised many concerns regarding the sustainability of the present global society [3] for the
future years. In order to compensate for the growth in energy needs, the preferred solution
is to exploit a higher quantity of low-cost, easy-to-obtain energy sources, such as fossil
fuels [4], gas, and petroleum products, resulting in a growth in combustion gases. This
growth has negatively influenced the environment for the past two decades [5], being
the main cause of the intensifying greenhouse effect [6] and the rise in the average Earth
temperatures. The other solution to cover the growing energy demand is making use of
renewable energy sources that allow for energy to be obtained from green sources, through
processes that have almost null greenhouse gas emissions [7].

Renewable energy sources, however, have yet to become as efficiently harvested as
environmentally unfriendly sources [8]. Solar plants are known to have reduced perfor-
mance ratios during the summer [9], hydro dams are even considered to negatively impact
the fauna of the region where they are constructed [10,11], and wind power plants take up
big areas of land, making them unusable [10,12], as well as raising concerns regarding the
impact on the local wildlife [12]. Wind turbines, which are of interest in the present paper,
will also only be in use for about 85% of the year [13]. Furthermore, during the winter
months, these devices are prone to ice formations, much like the airfoil of an airplane
wing, affecting the aerodynamic performance [14], raising the inertia of the blade ensemble,
and drastically reducing the power output of the turbine. The vibrations of these devices,
especially in the case of horizontal-axis wind turbines (HAWTs), are transmitted to the
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ground where the turbines are installed, affecting local ground wildlife [15]. It has been
shown that birds and even bats are drawn away from the region [16].

Once the aforementioned concerns with wind turbines are addressed, installing such
power plants should become more appealing to meet the future energy needs of the
growing population. Technologies have been developed to reduce the vibrations generated
by the operation of wind turbines [17,18]. In order to remove ice formations on the
blades, drones can be used to spray the airfoil with a chemical substance that defrosts
the ice [19], drastically reducing the cost of removing ice formations on the blades in the
case of large HAWTs [20]. By using smaller-scale vertical-axis wind turbines (VAWTs),
though, this problem would not require such complex methods of defrosting since VAWTs
can be installed on top of buildings and can be made easily accessible to humans [13],
also providing a solution to fauna destabilization by integrating the turbines in an urban
environment. If one could install smaller-scale wind turbine ensembles in large urban areas,
the energy transmission losses would also be reduced by bringing the power plant directly
to the consumer [21].

However, if one should consider the evolution of global energy consumption (Figure 1)
and the predictions of the growth in energy demand for the next few decades for the
European Union [22] and countries such as Romania [22-24], China [25], and the United
Kingdom [26], simply installing more power plants would essentially lead to having no
viable land space left for new plants to be mounted. The installed turbine clusters, along
with the power generation module and the energy distribution system for each turbine,
will have to be periodically upgraded (or even replaced) to raise the performance of the
power generation ensembles to the latest trends and developments in energy efficiency. In
this case, the combined solution of installing plants and developing more energy-efficient
harnessing [27] and distribution systems should compensate for the growth of power
requirements [2] by creating new wind power plants and, most importantly, by upgrading
existing technology to reach higher efficiency.
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10,000
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——————————
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Global electricity consumption -

Global wind and solar energy generation Global wind energy generation

Figure 1. Global electricity consumption, global wind and solar energy generation, and global wind
energy generation from 2000 to 2023 [28-30].

Many studies have been carried out regarding improving the efficiency of wind
turbines, for both VAWTs and HAWTs. Due to their omnidirectional operation and ability
to operate in low windspeed regimes, VAWTs are the preferred solution for WT installations
in urban and suburban regions. The main advantage of the HAWTs is a higher value for
the power coefficient (which will be explained further in this paper) [31]. VAWTs can be
further categorized into drag-driven turbines (such as the Savonius WT) [32] and lift-driven
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turbines (the Darrieus turbine) [33]. The CAD model of the Darrieus VAWT (lift-based)
studied in this paper can be seen in Figure 2.

(a) (b)
Figure 2. CAD model: (a) wind turbine model; (b) wind turbine rotor.

Furthermore, in recent studies, the performance of various blade shapes was ana-
lyzed [33-35], the impact on the power coefficient of the disposition of the blades [36] and
the number of rotors was studied [37], and even the power output of multiple cluster dispo-
sitions of identical turbines was numerically simulated [38,39]. The authors of [40] reviewed
the current studies in performance improvement with geometry variations regarding the
Savonius VAWTs.

Wind turbines harness the kinetic energy from the wind using airfoils which generate
aerodynamic forces and torques. The main reason for energy conversion loss is the forma-
tion of flow separation on the surface of the blade. This phenomenon can be diminished
by the method of flow control, which can be either active, by injection of fluid at the
surface of the blade, or passive, which results from varying the blade shape to take flow
separation into account. Multiple solutions have been analyzed regarding active [41,42]
and passive flow control [43], either by creating cavities inside the blades [44], much like
the novel VAWT geometry studied in this paper, or by mounting vortex generators on the
extrados [45]. The trapped vortex cavity offers the advantage of flow separation occurring
inside of the cavity and reattaches towards the end of the cavity. This leads to a significant
diminishing of the wake area and to the constraining of the vorticity region to the cavity,
resulting in a higher lift-to-drag ratio [46,47]. To further analyze the effect of vortices and
flow separation on the Cp, the authors of [48] introduced a new parameter, the Vorticity
Index (VI), calculated by dividing the vorticity in the Leading Edge (LE) by the vorticity in
the Trailing Edge (TE), which can help detect a possible vortex separation, either from the
LE to the TE, when this index approaches a value of 1, or from the TE to the LE, when the
index approaches a value around 0.2. This is known as the Imminent Vortex Separation
Condition (IVSC).

The flow around the geometry of a wind turbine can be numerically studied using,
much like the case of this article, the Large Eddy Simulations (LES) method, and the power
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coefficient (Cp) of the blade ensemble is numerically evaluated. The LES method solves
the Navier-Stokes continuity equations of the fluid flow for each of the elements in the
mesh, ignoring the smallest length scales which require the most computational effort in a
simulation by low-pass filtering the Navier-Stokes equations [49]. The C, represents the
fraction of the wind kinetic energy that is converted to power [50]; thus, an improvement
in the method of energy extraction results in the growth of the C,, value and, evidently, in
the growth of the power output.

However, if the results should have the highest accuracy, the Direct Numerical Sim-
ulation (DNS) method (which has the best accuracy in terms of results) can be chosen.
Greater accuracy implies a much higher computational effort, as comparisons between
DNS, LES, and Unsteady Reynolds Averaged Navier—Stokes (URANS) methods have been
performed [51]. The URANS method requires the least computational effort of the three
methods. The time step size and the number of elements in the mesh have a great influence
on the results obtained after a simulation. An analysis of this dependency was carried out
by the authors of [52], showing that the numerical result of the simulation, in this case,
the aerodynamic coefficients of lift and drag, will stabilize if the time step size is small
enough and if the mesh is fine enough. The authors have also shown that the Transition
Shear Stress Transport (SST) turbulence model is by far one of the most accurate turbulence
models when compared to experimental data.

In order to improve starting process efficiency, a thorough comparison between a
traditional setup and an improved vertical-axis wind turbine was conducted for this paper.
It is crucial to make clear that the goal of this study was limited to the starting stages, during
which tip speed ratios ranged from 0.5 to 1.25 and rotating speeds were extremely low. In
order to accomplish this goal, a vertical-axis turbine design was researched numerically
using the LES technique, and the outcomes of the performance parameters were compared
across the configurations. The aims of this paper regarding wind turbine design are
as follows:

Generating a new passive flow control solution for an analyzed baseline geometry;
Analyzing the numerical results of the CFD simulations for the vortex trap solution
employed in this paper;

Comparing the numerical results with the results of the baseline geometry;
Providing conclusions and proof in favor of the modified geometry (as provided by
the results) in the study of the early stages of the startup process of the VAWT studied
in this paper.

2. Materials and Methods

The foundation of the research presented in this paper was a highly precise numerical
investigation of the behavior of the vertical-axis wind turbine starting procedure. This
turbine was designed to be utilized in residential areas with low to medium wind speeds
and significant turbulence. The turbine was supposed to produce around 3 kW of power at
a wind speed of 10 m/s. Peak performance is anticipated by the turbine design at a Tip
Speed Ratio (TSR) of 1.9. The geometric properties of the turbine are listed in Table 1.

Table 1. VAWT geometric features.

Parameter Value Units
Rotor diameter 3.6 m
Rotor height 45 m

Nominal wind velocity 10 m/s
Blade chord 0.6 m
Number of blades 3 -
Blade airfoil NACA0021 -
Nominal TSR 1.9 -
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Three nondimensional parameters—the power coefficient (Cp), torque coefficient
(Ct), and tip speed ratio (TSR)—define the performance of a vertical-axis turbine. The
most significant one, Cp, which describes the efficiency of wind turbines—the fraction
of the wind kinetic power that is transformed into mechanical power—is provided by
Equation (1), in which Pt is the wind turbine power and Py;,q is the maximum wind

power:

Pt
Cpr=5— )
P Piind
The wind power, which represents the maximum amount of power available to be
harnessed, can be expressed with the formulation in Equation (2), in which p is the air

density, S is the reference area, and V is the wind velocity [50]:
1 ovs
Puing = 505V, @

The power harnessed by the wind turbine is provided in Equation (3), in which T is
the wind turbine torque, w is the angular velocity of the turbine, L is the reference length,
and Cr is the torque coefficient [50]:

1
Pr=Tw = EpSVEOLcTw 3)

Considering the definition of the tip speed ratio (TSR) A in Equation (4):

_ Lw

A= —
Veo

(4)
One can use Equations (1)—(4) to reach the final equality in Equation (5) between Cr
and Cp, which is no more than 0.593 according to the Betz limit [50,53,54]:

1 2
B 7SV LCTw B Lw 16
pT—W—CT'W—CT'A<O.593:E 5)

C

Figure 3 depicts a diagram of the computational domain employed in this investigation.
These dimensions were chosen to minimize the influence of boundary conditions on the
final outcome. The length of the downstream domain is approximately nine times larger
than the wind turbine rotor diameter, while the upstream domain length is approximately
five times larger. The domain is divided into two parts: one rotating, represented by
the blades and shaft, and one stationary, representing the surrounding environment. An
interface was defined between these two subdomains to express the relative motion of the
rotor, taking into consideration elements such as angular velocity, slip factors, and blade
angles. The computational domain size was the same for both analyzed cases, as was
the mesh of the stationary subdomain. The depth of the domain (the length on the z-axis
perpendicular to the plane shown in Figure 3) is equal to 1 m. This length choice was made
by the authors with respect to previous experience in wind turbine CFD simulations.

The grid independence investigation and domain sensitivity were included in the
article [55,56]. The research was conducted for the baseline case at TSR 1, and the only
change made was to the growth ratio. In other words, three meshes were examined with
growth ratios of 1.05, 1.1, and 1.2, containing 269307 (Mesh 1), 208158 (Mesh 2), and 176791
(Mesh 3) components. Figure 4 depicts the torque coefficients for all three meshes. For the
remaining simulated situations, we selected mesh no. 1, for which more information may
be found in Table 2.
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Figure 3. Computational domain dimension and the boundary conditions.
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Figure 4. Mesh dependency test.
Table 2. Mesh statistics.
No. of Elements
Case Subdomain No. of Nodes :
Tri Quad
Rotor 237,568 387 235,071
Casel Stator 34,310 38 33,811
(classic)
TOTAL 271,878 425 268,882
Rotor 264,226 452 261,419
Case 2 Stator 34,310 38 33,811
(optimized)
TOTAL 298,536 490 295,230
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To accurately resolve the turbulent boundary layer of the blades, the size of the first
element of the mesh in the normal direction of the blade surface must fulfill the Y + <1
constraint, as seen in Figure 5, in which the values for Y+ can be seen to remain, for most
regions, in the vicinity of 0.5, and, for some isolated cases, around the value of 1.

Yplus

(a) (b)

Figure 5. Values of Y+ for the first element of the mesh in the normal direction of the blade surface:
(a) baseline geometry and (b) modified geometry.

The total height, growth rate, and total number of layers utilized are also important
criteria in the formation of the mesh adjacent to the surface of the blades (boundary layer
mesh). The growth rate is determined by the same principles that are used in every Large
Eddy Simulation (LES), with values around 1.05 considered appropriate. The values for
skewness are provided for the mesh cells in Figure 6.

[=—0—Tri3 i Quad4

163,382.00

150,000.00

125,000.00

100,000.00

75,000.00

Number of Elements

50,000.00

25,000.00

0.00 -]

0.00 0.13 0.25 0.38 0.50 0.63 0.75 0.90

Element Metrics
Figure 6. Skewness values for the mesh elements.

These two subdomains are linked by a numerical interface, and an inflation setting
was employed throughout the meshing process. This inflation has a maximum of 15 layers
on each subdomain, a smooth transition option, and a growth rate of 1.05. Figure 7 depicts
a close-up of the mesh from that location.

183



Processes 2024, 12, 2263

Figure 7. Mesh in the stator—rotor interface.

A cylinder containing the mesh surrounding the blades and shaft surfaces represents
the rotating domain. An inflation option with 30 layers and a 1.05 growth rate was imposed
to manage the mesh near each blade and the shaft. Also imposed on the blades and shaft
was an edge sizing control with an element size of 1 mm. Because rotation for one degree
was demanding on each iteration, an edge size with 360 divisions was employed in the
interface zone on each subdomain. The ANSYS Meshing module was used to generate
the mesh for each case using the same configuration. Figure 8 displays the mesh for
every scenario. The new geometry was obtained by carving a NACAQ021 airfoil cavity
into the base geometry case, with a new chord equal to approximately half of the base
geometry chord.

dl <K

Figure 8. Mesh: (a) stator mesh; (b) classic configuration rotor (case 1); (c) optimized configuration

rotor (case 2); (d) case 1 blade airfoil; (e) case 2 blade airfoil.

The total count of each individual element in the mesh and the overall number
of mesh vertices or nodes are the basis for standard mesh statistics in computational
fluid dynamics. The distribution of element types, or the division of the mesh elements
into several types (triangles, quadrilaterals, tetrahedral, hexahedra, etc.), also provides
significant information.
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ANSYS Fluent 2022 R2, a commercial program, was used for the simulations, which
assumed turbulent, transient, and incompressible flow. In the simulations, air with a
constant density of 1.225 kg/m> was employed as the working fluid. The boundary
conditions of the simulations are displayed in Table 3. A constant velocity was applied in
the X direction at the inlet border. Using a fluctuating velocity method and the spectral
synthesizer option, the intake turbulence was calculated with a turbulent intensity of 5%
and a turbulent viscosity ratio of 10.

Table 3. ANSYS Fluent setup.

Model Solver Pressure Based Unsteady 25d
odels Viscous Model LES
Materials Air Density, constant
Operating
Conditions Pressure 101,325 (Pa)
Inlet Velocity inlet: V, =10m/s
Blades Wall
Shaft Wall
Boundary Interface Rotor-stator interface
Conditions Outlet Pressure outlet: Pressure = 0 (Pa)
Symmetry Symmetry
Rotor Mesh motion
Stator Stationary
Controls Solution SIMPLE algorithm
Initialize Hybrid
Residual 10~
Solve ;
Monitors Force Torque coefficient
Run calculation 3600 steps Tm}e step size (s)—estlmat.ed at a
rotation of one degree every iteration
Report Reference values Inlet Area = rotor diameter

Length = rotor radius

In the simulations, the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
was used, with transient formulation. For comparison, the viscous model utilized in both
investigated situations was the Large Eddy Simulation (LES) with the Smagorinsky-Lilly
subgrid-scale model due to its outstanding prediction of flow for this specific application,
as previously documented in the literature. In terms of the stop criterion, 3600 time steps
were chosen, equal to 10 fully completed rotations. Each time step has a maximum of
50 iterations with 5 reporting intervals and 5 profile updating intervals.

The scenarios that were simulated for various tip speed ratios (TSR) are displayed
in Table 4. By raising the rotational speed of the turbine from 2.77 to 6.94 rad/s while
maintaining the inflow velocity fixed at 10 m/s, the TSR of the turbine was altered. This
TSR interval was chosen in accordance with the VAWT starting process step, which requires
exceeding the TSR value of 1 in order to enter an auto-acceleration mode that can enable
the turbine to reach its nominal operating point.

Table 4. TSR and time step size used in the numerical investigation.

TSR Angu!ar Rotor Angul;j\r Displacement Time Step Size Number of
A Velocity per Time Step ©) Time Steps
w (rad/s) AB (%)
0.5 2.777777778 0.006283185
0.75 4.166666667 0.004188790
1 5555555556 ! 0.003141593 3600
1.25 6.944444444 0.002513274
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The time step size was calculated, as previously indicated, to cover exactly one de-
gree of angular displacement of the rotor domain. Since the regimes for which the CFD
simulations were employed are for low TSR values (that is, low tangential speeds of the
blades caused by the rotation compared to the constant windspeed of 10 m/s), the time
step should ensure that the flow of one cell of the rotor domain does not evolve past this
cell between two succeeding time steps, since the number of mesh elements around the
stator-rotor interface is 360. The time step values and the angular velocities according to
which the steps were calculated are displayed in Table 4, and the calculation equation is
provided in Equation (6):

1

A= -
! 30 wirad/s] ©)

Figure 9 provides a schematic summary of the whole numerical investigation process.
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Figure 9. Block diagram.

3. Results

Using the 2.5D LES approach, the flow in the vertical-axis wind turbine, at 10 m/s
wind speed, was numerically examined during its early startup phase. A vortex trap was
applied to the outside of the blades as part of a passive flow control method to boost the
turbine efficiency. In order to compare the results, the flow behavior was examined at
several points where the vorticity magnitude was plotted.

More information on the flow development of VAWT is provided in Figures 10 and 11,
where TSR = 0.5 represents the start of the process and TSR = 1 represents the point at
which the turbine is about to enter the auto-acceleration mode and reach the nominal point
(or peak) of its performance. Because of the wake effects that appear at this functional stage,
it is anticipated that the unsteady flow field will be complex. The wake of the leading blade
interacts with the blades behind it, as can be seen from both figures where the vorticity
magnitude is displayed in Figures 10 and 11. However, in case 2, the separation is delayed
due to the use of a vortex trap, resulting in increased efficiency.
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(b) (b")

Figure 10. Cont.
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(©) (<)

(d) (d)

& % N S5 %

Figure 10. Vorticity magnitude TSR = 0.5: (a) case 1 at 0 deg.; (b) case 1 at 30 deg.; (c) case 1 at 60 deg.;
(d) case 1 at 90 deg.; (a") case 2 at 0 deg.; (b”) case 2 at 30 deg.; (¢’) case 2 at 60 deg.; (d") case 2 at
90 deg.
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(b) (b”)

Figure 11. Cont.
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(d) (d)
Vorticity magnitude [s7]

& % N S5 %

Figure 11. Vorticity magnitude TSR = 1: (a) case 1 at 0 deg.; (b) case 1 at 30 deg.; (c) case 1 at 60 deg.;
(d) case 1 at 90 deg.; (a) case 2 at 0 deg.; (b") case 2 at 30 deg.; (¢’) case 2 at 60 deg.; (d’) case 2 at
90 deg.

Figure 12 shows the flow streamlines for both cases, with the azimuth angle varying
from 0 deg. To 90 deg.
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(d) (d)

Figure 12. Streamlines at TSR = 1: (a) case 1 at 0 deg.; (b) case 1 at 30 deg.; (c) case 1 at 60 deg.; (d) case
1at 90 deg.; (a’) case 2 at 0 deg.; (b”) case 2 at 30 deg.; (¢") case 2 at 60 deg.; (d”) case 2 at 90 deg.

Figure 13 shows the static pressure distributions on the blades of both rotors at
four distinct blade locations. Considering the atmospheric pressure (101,325 Pa), according
to the legend in Figure 13, the lime color that can be observed in most regions of the
subfigures is associated with this pressure. The blue regions represent areas of negative
(relative to atmospheric) pressure, while the orange and red areas have positive pressure
values. In the case of the vortex cavity, the pressure gradient between the intrados and

192



Processes 2024, 12, 2263

extrados is generally diminished. Considering the azimuthal position of 0 degrees at the
top blade of Figure 13a, and the rotational direction being the same as the direction of the
angular velocity turbine (counterclockwise), one can distinguish three angular position
regions with different tendencies for the pressure gradient:

e  For a blade situated in the angular position interval of 0 to 120 degrees, the pressure
gradient is visibly diminished, but without losing the areas of negative and positive
relative pressure. Inside the vortex cavity, there are two regions—one with negative
pressure and one with positive (for 6 > 60°), which generates a pressure-based force
acting on the blade in the direction of its movement.

e  For the 120- to 240-degree interval, the pressure gradient of the new geometry is
slightly more intense than that of the baseline geometry. The pressure gradient located
in the vortex trap gradually diminishes until the position of 180°, after which the
pressure gradient is directed in the opposite (relative to the blade) direction than in
the previous region.

e  For the last region, the pressure field around the modified blade is similar to the classic
NACA blade, the exception being the intensity of the gradient—which is smaller for
the modified geometry. The orientation of the gradient generates, in both cases, a force
that opposes the rotational movement of the turbine and which, for the new geometry,
has a smaller magnitude.

(a) (@)

Figure 13. Cont.
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(b) (b")

(©) (<)

Figure 13. Cont.
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(d) (d)

Pressure [Pa]

Figure 13. Pressure distribution at TSR = 1.25: (a) case 1 at 0 deg.; (b) case 1 at 30 deg.; (c) case 1 at
60 deg.; (d) case 1 at 90 deg.; (a") case 2 at 0 deg.; (b") case 2 at 30 deg.; (¢’) case 2 at 60 deg.; (d’) case 2
at 90 deg.

During a full 360-degree rotation, the resulting aerodynamic forces acting on the blades
were reduced to the overall torque coefficient. After 120 degrees, an arrangement with three
blades exhibits almost periodic behavior. The torque coefficients of the numerical findings
for four distinct TSRs—0.5, 0.75, 1, and 1.25 for the investigated cases—are compared in
Figure 14. It is generally evident from this comparison that the second case, in which we
employed the vortex trap to enhance the flow by postponing the detachments, has a greater
torque coefficient.
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Figure 14. Cont.
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Figure 14. Torque coefficient for 360 deg. revolution: (a) TSR 0.5; (b) TSR 0.75; (c) TSR 1; (d) TSR 1.25.

The evolution of the torque coefficient for the new geometry for all 10 rotations can be
seen in Figure 15.
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Figure 15. Torque coefficient for 10 revolutions (3600 deg) for the new geometry at TSR = 1.

The evolution of the lift coefficient for the blade ensemble can be observed in Figure 16
for a full rotation of 360 deg. of azimuthal angle, and the evolution of the lift coefficient
with the incidence angle (angle of attack) can be seen in Figure 17.
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Figure 16. Lift coefficient for 360 deg. revolution (azimuth angle 0): (a) baseline; (b) new geometry.
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Figure 17. Lift coefficient evolution with incidence angle «: (a) baseline; (b) new geometry.

The lift coefficient appears to have a similar evolution and similar values. The only
exception to this is the interval of 120 to 200 deg, for which the Cy, has lower values in the
new case than in the base geometry.

The influence of the new geometry on the stall angle is negligible, as indicated by
Figure 17.

In essence, the torque coefficient indicates how well the wind energy is being converted
into mechanical torque by the VAWT. Better performance is indicated by a higher value of
the torque coefficient, which suggests that the wind turbine has the capacity to attain its
nominal rotational speed. In Figure 18, the torque coefficient for a single blade for each of
the analyzed scenarios for TSR 0.5 and TSR 1.25 was presented in order to better illustrate
the impact of the vortex trap on wind turbine efficiency.
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0.20 A

Torque coefficient

0.10 l '\ ,,,,, S ,,,,,,,,,,,,,,

-0.10 1

0 [degree] : : 6 [degree]
(a) (b)
Figure 18. Torque coefficient for one blade: (a) TSR 0.5; (b) TSR 1.25.

The LES technique predicts the value of Cp, quite well, which is close to the trend of the
curve efficiency of a vertical-axis wind turbine, as seen in many sources [57]. The average
power coefficients as a function of the tip speed ratio are depicted in Figure 19. The average
coefficients for the latest 360-degree revolution from the 10 completed ones studied were
determined. A cohesive pattern is detected right away, indicating that utilizing the flow
control approach increases the wind turbine power coefficient significantly.
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Figure 19. Power coefficient.

The values for the C,, of the turbine in case 2 were much greater than those in case 1
(Figure 19); at TSR 1.25, a maximum of 0.108 was observed, compared to just 0.06 in the
conventional arrangement (case 1). This indicates that the initial wind turbine efficiency
may be increased by 40% by implementing flow control. It is thought that employing a
vortex trap increases performance by allowing the flow to remain attached for a longer time.

In order to validate the results, the Cp variation with TSR of the base geometry (NACA
0021) was compared to results of the same airfoil found in other research papers (Figure 20),
which were scaled to the reference values used in this article, namely the reference area
and wind speed.
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Figure 20. Power coefficient variation with TSR; comparison between the base geometry simulation
results of this paper, the experimental results of Persico et al. (2017) [58], and the numerical results of
Elkhoury et al. (2015) [59].

4. Discussion

Regarding what constitutes the worst drawback of these particular turbines, the wind
turbine world views the self-starting mechanism of VAWTs from many points of view. If a
turbine can accelerate and reach a steady-state angular velocity in response to aerodynamic
forces and moments without the need for external stimulation, it is often regarded as

198



Processes 2024, 12, 2263

self-starting. The duration required to attain a steady-state rotational speed commensurate
with its peak performance can be utilized to ascertain its self-starting capability.

The measurable aerodynamic performance of turbines is determined by the flow
physics surrounding them and the interaction between the blades. The effective angles-
of-attack (AoAs) of blades are determined by their instantaneous locations, defined in
Equation (7):

sin©

AOA = atan———— 7
© aancose—i—?\ )

Figure 21 shows how AoA fluctuates as a function of blade position (0), indicating
that the configurations suffer unusually significant effective angles-of-attack during the
beginning process, and the stall angle for NACAQ0021.
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Figure 21. Angle of attack vs. blade position ().

When comparing these data to unstable aerodynamic forces, it can be seen that the
excessive effective angles-of-attack are what create negative lift, which leads to reduced
efficiency. However, the flow remains attached longer when the vortex trap is used, and
even if the AoA is still quite high at low TSR, we gain an efficiency boost that is highly
beneficial for the self-starting behavior.

In order to facilitate comprehension, the outcomes for each case are displayed in pairs
for a single blade at various points. The vorticity contours for a single blade at a tip speed
ratio of 1 are shown in Figure 22. It is possible to observe from the figure how the flow
control method helps the flow stay attached to the blades for longer periods of time, thereby
lowering the interactions between the blades and increasing efficiency. Additionally, the
vortex trap plays a crucial role in the wind turbine’s starting by developing a high torque
value that can, even momentarily, convert a lift-based vertical-axis wind turbine into a
drag-based vertical-axis wind turbine, which is well-known for its quick start at a low tip
speed ratio.
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Figure 22. Vorticity magnitude for one blade at TSR = 1: (a) case 1_0 deg.; (b) case 1_30 deg.; (c) case
1_60 deg.; (d) case 1_90 deg.; (a’) case 2_0 deg.; (b”) case 2_30 deg.; (¢’) case 2_60 deg.; (d’) case 2_90 deg.

To capture the flow behavior in future research, the starting procedure for various
wind speed values will utilize Particle Image Velocimetry (PIV) [60,61] technology to
experimentally evaluate the configurations. The experimental testing campaign will be con-
ducted in a subsonic wind tunnel on reduced-scale models. The setup for the experimental
campaign is presented in Figure 23.

CAMERA

WIND

TURBINE
LASER BLADES

Figure 23. Experimental setup photo.

Performance measurements will be carried out using a three-phase AC Permanent
Magnet Generator (position 1 in Figure 24) directly connected to the rotor axis. Electrical
power will be measured after using a wind controller model (position 2 in Figure 24)
connected to charge a 9AH/12VDC battery (position 3 in Figure 24). A digital multimeter
(position 5 in Figure 24), placed parallel to the electric circuit, will be used to measure the
electrical voltage, and a digital multimeter (position 4 in Figure 24), placed in series in the
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electric circuit, will be used to measure the current intensity. A diagram of the electrical
circuit is presented in Figure 24.

Figure 24. Electrical diagram of the circuit used for VAWT performance measurements.

5. Conclusions

In-depth research on the flow dynamics during a vertical-axis wind turbine’s startup
was conducted using an accurate numerical approach. The Large Eddy Simulation is
highly recommended in the case of studying fully unsteady flows like those that occur in a
working vertical-axis wind turbine and for the monitorization in real time for predictive
maintenance in the field of rotating machines. Two computational fluid dynamics (CFD)
models were developed for this work. The first model was a traditional vertical-axis wind
turbine with three blades, and the second model had the same structure but was modified
to include a vortex trap. Both models were numerically studied using the sliding mesh
approach. In order to ensure a fair comparison, a number of factors, including the size of
the computational domain, boundary conditions, LES technique, turbine characteristics,
total number of elements for the stator section, and grid resolution near the blades, were
maintained to be comparable in both models.

A vortex trap was mounted on the outside of the blades in order to thoroughly examine
how well a flow control technique mitigated the flow separation issue in the VAWT starting
process. The vortex trap, which is positioned on the outside of the blade, produces results
that indicate that, even at lower TSR values, the device has little effect on turbine efficiency.
However, as TSR increases, the flow begins to change, leading to a higher efficiency for
the configuration in which the flow method technique was applied. Results from the
vortex trap mounted outside the blade demonstrate a notable improvement in wind turbine
performance. This is because the power coefficient increases to 0.106, or 40%, larger than
the conventional version without a vortex trap due to the flow control managing the flow
detachment, which is particularly noticeable at a high TSR of 1.25.

The flow surrounding VAWT is shown to be complex at low TSRs regardless of
whether the configuration has a flow control device or not, and their performances directly
affect the VAWT’s capacity to achieve its nominal point of functioning.
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Abstract: Among the various potential renewable energy sources, sea waves offer signifi-
cant potential, which can be harnessed using wave energy converter (WEC) devices such as
overtopping converters. These devices operate by directing incident waves up a ramp into
a reservoir. The water then passes through a turbine coupled with an electrical generator
before returning to the ocean. Thus, the present study deals with the geometrical evaluation
of an overtopping WEC, where the influence of the ratio between the height and length
of the device ramp (H;/L1) on the amount of water mass (M) that enters the reservoir
was investigated. Numerical simulations were performed using ANSYS-Fluent software,
22 R1 version, to generate and propagate realistic irregular (RI) waves and representative
regular (RR) waves found in the coastal region of the municipality of Rio Grande, in the
state of Rio Grande do Sul, southern Brazil. Consequently, through constructal design,
the optimal WEC geometry for both wave approaches were identified as the same, where
(H1/Ly), = 0.30. Thus, considering the RI waves, M = 200,820.77 kg was obtained, while,

considering the RR waves, M = 144,054.72 kg was obtained.

Keywords: wave energy converter; overtopping device; geometrical evaluation; realistic
irregular waves; representative regular waves; WaveMIMO methodology; computational

fluid dynamics

1. Introduction

Marine renewable energy (MRE) is a viable alternative for exploring renewable en-
ergy sources, given the various forms of energy available in the oceans, including wave
energy [1]. Espindola and Aratjo [2] estimate that the annual energy potential of waves
in deep waters off Brazil is approximately 89.97 GW, with the country’s southern region
having the highest average wave power. One of the possibilities for harnessing this energy
is through wave energy converters (WECs) of the overtopping type. These devices operate
on a partially submerged structure with a ramp that channels water into a reservoir through
overtopping. The water then returns to the ocean, passing through low-head hydraulic

turbines that drive coupled electrical generators [3].

Processes 2025, 13, 335 https://doi.org/10.3390/pr13020335
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Overtopping WECs have been studied in the experimental field, through real pro-
totypes and laboratory devices, as well as in the numerical field, through computational
modeling. An effective approach to investigate overtopping devices is through geometric
evaluations, which can be conducted using the constructal design method. This method is
based on constructal theory [4], according to which nature’s flow systems follow a physical
principle for the generation of their configurations and geometric patterns. This principle is
called constructal law [4-6], and is being applied to the evaluation of flow systems through
the constructal design. This approach allows for the analysis of the influence of geometry
on system performance.

Furthermore, concerning studies carried out in the numerical field, there are different
approaches for wave generation, and, therefore, several numerical investigations regarding
the propagation waves have been carried out. Regarding the conventional methodology
commonly applied when addressing regular waves [7,8], there are several notable studies.
For instance, Lisboa et al. [9] investigated the linear and quadratic damping coefficients
considered for a numerical beach tool employed to suppress wave reflections at the end of
a numerical wave channel, and Zabihi et al. [10] compared two software programs, ANSYS-
Fluent and Flow-3D (https:/ /www.flow3d.com/), for generating numerical waves.

In addition, there are alternative methods for wave generation that allow the re-
production of numerical irregular waves. Some examples can be seen in Higuera
et al. [11,12], who developed [11] and validated [12] a numerical methodology for re-
alistic wave generation associated with active wave absorption in OpenFOAM software
(https:/ /www.openfoam.com/), which was based on the linear shallow-water theory;
Finnegan and Goggins [13], where the generation of irregular waves on a real scale was
studied; and Machado et al. [14], who developed the WaveMIMO methodology, which was
verified and validated by Maciel et al. [15] through numerical simulations in the ANSYS-
Fluent software and laboratory experiments; this methodology can generate irregular
waves based on realistic sea state data, making it possible to reproduce the phenomenon
more reliably, akin to its occurrence in nature. The WaveMIMO methodology allows the
reproduction of waves generated numerically or monitored by ocean buoys.

It should be emphasized that both the experimental and numerical approaches are
important and complement each other in the search for advances in the MRE field, mainly
in the wave energy realm. Combined, these investigation approaches allowed several
analyses and advances regarding WECs, as can be seen in Tedd and Kofoed [16], who
presented a study of overtopping flow series on the Wave Dragon prototype, a low-crested
overtopping device, in an inland sea in Northern Denmark; Parmeggiani et al. [17], who
conducted a laboratory experimental study on a 1.5 MW Wave Dragon, identifying its
response to extreme conditions typical of the DanWEC test center; and Di Lauro et al. [18],
who analyzed the stability of a breakwater with a coupled overtopping device, known
as the overtopping breakwater for energy conversion (OBREC), combining laboratory-
scale experiments and numerical simulations. Additionally, Palma et al. [19] carried out
numerical studies to optimize the hydraulic and structural performance of the OBREC
device by investigating the inclusion of a berm, the shape of the sloping plate, and the
crown wall shape.

In the experimental field, Contestabile et al. [20] evaluated the effectiveness of a tri-
angular parapet placed on top of the OBREC device in reducing wave overtopping when
compared to a breakwater with a traditional crown wall. Di Lauro et al. [21] proposed
a vertical OBREC (OBREC-V); the hydraulic performance and stability were analyzed
under hydraulic loading, comparing it with a traditional breakwater, indicating that the
non-conventional geometry enhances the structure’s stability. Musa et al. [22] investi-
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gated, through numerical and experimental approaches, the influence of the ramp shape
parameters of an OBREC device under Malaysia’s wave condition.

Moreover, Koutrouveli et al. [23] presented conceptual proof of a hybrid WEC, which
addresses the operational principles of two WECs, the overtopping and the oscillating
water column (OWC); the results indicated that hybridization is an effective approach.
Clemente et al. [24] conducted an experimental study to analyze the performance and
stability of the armor layer and the toe berm of a model of the north breakwater extension
project incorporating a hybrid WEC as proposed by Koutrouveli et al. [23].

Also, Martins et al. [25] conducted a numerical study of an overtopping device, using
the constructal design method to evaluate the effects of the degrees of freedom on the
average dimensionless overtopping flow for devices with one and two ramps; it was
found that the two-ramp configuration performed better under the incidence of irregular
waves generated through the JONSWAP wave spectrum. An et al. [26] analyzed different
overtopping WEC models testing the length of the substructure, i.e., the water region under
the ramp and reservoir of the device, inferring that the hydraulic efficiency decreases with
the substructure length but does not affect the performance of the WEC. Barros et al. [27]
applied the constructal design method to evaluate the influence of a trapezoidal berm,
located at the bottom of the channel and connected to the ramp of the overtopping device,
showing that this configuration leads to better results than traditional overtopping WEC
under the incidence of regular waves. Goulart et al. [28] performed a geometric evaluation
of the overtopping device, using constructal design, through experimental and numerical
studies considering the incidence of regular waves on a laboratory scale; the results showed
an agreement between the approaches, validating the numerical model proposed using the
ANSYS-Fluent software.

It should be highlighted that the WaveMIMO methodology [14] has also been used in
investigations regarding overtopping devices, as in Hiibner et al. [29], who employed it to
evaluate the overtopping WEC, where they compared the fluid dynamic behavior of the
device under the incidence of realistic irregular (RI) waves and representative regular (RR)
waves, considering realistic sea state data of three coastal regions along the Rio Grande do
Sul (RS) state in southern Brazil. However, this methodology has not yet been applied to
the geometric evaluation of overtopping devices under the incidence of RI waves occurring
in a specific location.

As mentioned, several studies are addressing the overtopping WEC in the literature.
More examples of these are found for the experimental approach in [30-38], including the
ones addressing the hybrid WEC, which combines the overtopping and OWC operating
principles [35-38], while for the numerical approach there are [39-51], including more
studies where the constructal design was employed to evaluate the overtopping device’s
geometry, such as [41,49,51]. As shown, despite the vast research on the overtopping
device, few studies address realistic sea states when evaluating its geometry. This fact
justifies the contribution of the present paper and is in line with what was stated by
Romanowski et al. [52], who point out the lack of studies that use computational fluid
dynamics (CFDs) to estimate and model irregular sea states through numerical simulations.

In this context, the present paper conducts a geometric evaluation of an overtopping
device subject to the incidence of RI waves and RR waves from the sea state occurring
near the Molhes da Barra breakwater, located on the coast of Rio Grande—RS, in southern
Brazil. Therefore, the numerical models employed for the RI and RR waves generation were
verified, comparing the numerical results obtained to realistic sea state data (RI waves) and
the analytical solution (RR waves), proving that the waves were adequately reproduced.
Then, the constructal design method was used to evaluate the influence of the ratio between
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the height and length of the ramp (H; /L) on the amount of water mass (M) entering the
device’s reservoir and determine the geometry that maximizes converter performance.

It is important to note that the H; /L parameter has been evaluated using constructal
design through both numerical [27,41,51] and experimental [28] approaches under the
incidence of regular waves. Additionally, it has been evaluated using the JONSWAP
wave spectrum for irregular waves [25,49]. However, in this paper, the parameter is
investigated based on realistic sea state data rather than theoretical or random waves. This
consideration is crucial, given that the performance of WEC devices varies according to
the wave climate they are subjected to. Furthermore, a comparison was made between the
results obtained, highlighting the differences and similarities in the fluid dynamic behavior
of the device depending on the wave approach used. It is important to emphasize that the
geometric evaluation of an overtopping WEC, employing the constructal design, under
the incidence of RI waves generated using the WaveMIMO methodology is an original
scientific contribution of the present paper, as is the comparison of its performance with
the one that occurred due to the incidence of the RR waves from the same sea state.

2. Mathematical and Numerical Modeling

The numerical simulations carried out in the present study used the ANSYS-Fluent
software [53], 22 R1 version, a CFD package that is based on the finite volume method
(FVM) [54]. It should be mentioned that numerical simulations of wave channels in this
software have already been validated with laboratory experiments [15,28].

The multiphase volume of fluid (VoF) model [55] was employed in the treatment of the
interface between the phases considered, the water and the air. In this model, the concept
of volumetric fraction («) is used, considering that the sum of the phases contained in each
control volume must always equal unity. Thus, when a computational cell contains only
water or only air, is the following applies, respectively:

Keater = 1, 1)

Kgir = 1. (2)

Additionally, since the VoF model is used for immiscible fluids, if a cell contains the
interface between the two phases, it holds that:

Awater = 1 — &gjy. 3)

Along with using the VoF model, a set of three equations is solved, which is composed
of the mass conservation equation, given as follows [54,56]:

% +V <p3> =0, )

—
where t is the time (s); V is the velocity vector (m/s); and p is the fluid density (kg/ m3),
which is calculated for the mixture of phases (water and air) as [57]:

0 = &waterPwater + (1 - f"water)Pair' ®)

The model also includes the conservation of the volumetric fraction, given by [54]:

9(«) V) =
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Finally, the last equation that composes the VoF model is the conservation of momen-
tum, defined as [53,56]:

2(09) +0(V9)d = ~Vp+ VT 05 +5, )

where p is the static pressure (Pa); E is the gravity acceleration vector (m/s?); and Tis
the strain rate tensor (N/ mz). Moreover, the term S is a sink, referring to the numerical
beach tool, which attributes a dissipative profile to the region of the wave channel where it
is applied, avoiding the reflection effect of waves that reach the end wall of the channel,
given as follows [58,59]:

_ _ 2
S=— C19V+;Czp|VV} (1— - Zfs><x xs) , 8

Zb_zfs xg_xS

where C; and C; are, respectively, the linear (s1) and quadratic (m~1) damping coefficients;
V is the velocity along the z direction (m/s); z¢s and z), are the vertical positions of the free
surface (FS) and the channel bottom (m); and x; and x, are the starting and ending positions
of the numerical beach (m). Finally, it should be noted that the damping coefficients,
C1 and G, are defined, respectively, as 20 s1and 0 m™, following the indications of
Lisboa et al. [9].

To perform the numerical simulations in the ANSYS-Fluent software, configurations
are selected to solve the Equations (4), (6), and (7). Thus, the pressure-implicit with
splitting of operators (PISO) scheme, a non-iterative transient calculation procedure based
on temporal precision [60], was used to solve the pressure-velocity coupling. Furthermore,
it is emphasized that when the ANSYS-Fluent software is used, the PISO scheme is the most
stable option for simulation problems that use the multiphase VoF model [52]. Regarding
the spatial discretization for the pressure equation, the pressure staggering option (PRESTO)
scheme [53] was employed.

For the treatment of the advective terms, the discretization method adopted was
the first-order upwind, as it generally leads to better convergence [53]. According to
Patankar [61], with this scheme, the quantities on all faces of the volumes are determined
assuming that the center of the volume for a variable field represents an average value
throughout the entire volume.

Moreover, to determine the surface occupied by water, the geo-reconstruction method
is used, which, in ANSYS-Fluent, presents the best accuracy [53]. In this approach, ANSYS-
Fluent’s standard interpolation schemes are used to obtain the flow at the faces whenever a
volume is filled with one phase, water or air. However, when a volume contains a mixture
of phases, the geo-reconstruction scheme is employed, which represents the interface
between the fluids using a piecewise-linear approximation.

The aforementioned numerical methods, along with the remaining configuration sets,
are summarized in Table 1. It is worth noting that these methods are based on method-
ologies used in previous studies, including numerical ones [14,25,27,41,49,51], as well as
validation studies where the results were compared to laboratory experiments [15,28].

Additionally, the flow was considered under a laminar regime without addressing
a turbulence model. This simplification about the real problem can be adopted without
significant loss of accuracy, as indicated in Gomes et al. [8], who obtained a good agreement
between the numerical model, under a laminar regime, and experimental results. When
considering laminar flow, in addition to reducing processing time, the convergence of the
numerical solution is facilitated, which justifies the adoption of this simplification given
the total time of each simulation in the present study.
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Table 1. Methods and parameters used in the present numerical simulations.

Parameters Numerical Inputs
Solver Pressure-Based
Pressure—Velocity Coupling PISO
Gradient Evaluation Green—Gauss-Cell-Based
Spatial Discretization Pressure PRESTO
Momentum First Order Upwind
Volume Fraction Geo-Reconstruct
Temporal Differencing Scheme First Order Implicit
. Pressure 0.3
Under-Relaxation Factors Momentum 0.7
Continuity
Residual x-velocity 10-3
z-velocity
Regime Flow Laminar

2.1. Generation of Realistic Irregular Waves

To generate the RI waves addressed in the present study, the WaveMIMO methodol-
ogy was used. According to Machado et al. [14], this methodology consists of imposing
discrete data of the wave propagation velocity in the horizontal (1;z) and vertical (w;Rr)
directions as a prescribed velocity boundary condition (BC) in a numerical wave channel.
Therefore, it was necessary that realistic sea state data be processed using the Spec2Wave
software, 1.2.1 version. In this software, the procedure proposed in Oleinik et al. [62] is
used to transform the wave spectrum into a time series of FS elevations. This procedure
approximates the spectral data through a finite sum of monochromatic waves, individually
described by Airy’s Linear Wave Theory [63]:

N = %cos(kx —wt), )
which allows the irregular FS elevation series to be decomposed into orbital velocity
profiles u; and wy that vary with depth. Thus, the RI waves can be reproduced by applying
these velocity profiles as BC in the numerical wave channel. The configurations for the
computational modeling needed to employ the WaveMIMO methodology are presented in
Section 3.1. More information regarding the treatment method of the spectral data can be
found in Oleinik et al. [62].

The realistic data addressed in the present study comes from a database of the realistic
sea state occurred in the coastal region of RS state in the year 2018. This database was
generated through the TELEMAC-based operational model addressing wave action com-
putation (TOMAWAC) spectral model. According to Awk [64], in this model, sea state data
are obtained from an equation that represents the general behavior of wave propagation in
an unsteady and inhomogeneous medium, given by:

o _onaN) a6 | 2(kN) a(kN)
Q(t/ X, y/kz/k]) - ﬁ + ax + ay + akl + ak] 7 (10)

where Q is the source term (m?/rad); N represents the directional spectrum of wave action
density (m?/Hz/rad); k; the component x of the wave number vector (m™); and kj the
component z of the wave number vector (m™).

211



Processes 2025, 13, 335

For the present study, the realistic sea state data considered refer to a point with
geographic coordinates 32°11'24" S, 52°04/45" W, located 171.06 m away from the Molhes
da Barra breakwater in the municipality of Rio Grande in southern Brazil. It is important to
mention that this data is from 11 September, from 7:15 a.m. to 7:30 a.m., with more details
about it presented in the next section.

2.2. Generation of Representative Regular Waves

Although a realistic sea state is composed of irregular waves, it can be represented
through regular waves using statistical parameters. One of the possible metrics to address
is the mean period (T;;) of the irregular waves, which essentially consists of an arithmetic
average of the periods of the waves that make up the spectrum, weighted by their contribu-
tion to the spectrum’s energy [64]. Another statistical parameter to be considered is the
significant height (Hs), which, according to Holthuijsen [65], is commonly used to describe
a sea state, as it represents the waves causing the most significant surface agitation.

Thus, the statistical parameters of Hs and T}, referring to the selected local were
analyzed to establish the regular waves related to this realistic sea state. Thereby, Figure 1
presents the bivariate histogram showing the occurrence of combinations between H; and
T, and points out the most frequent one.
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Figure 1. Bivariate histogram of Hs and Tj,.

Using these characteristics and the depth (k) of the analyzed location, it is possible to
establish the characteristics of the RR waves of this sea state. To do so, it is determined the
wavelength, which is calculated using the dispersion relation [66]:

oN _a(N) aN) | (kN) a(kN)

Q(t, x, v, ki, k) = TR 3 + ok + & (11)
where w is the angular frequency (Hz); and k is the wave number (m~!), given, respec-
tively, by:

w="7 (12)
k= 27”, (13)

where A is the wave length (m); and T is the wave period (s).

212



Processes 2025, 13, 335

Thus, the characteristics of the RR waves generated in the present study are shown
in Table 2, where H stands for Hs; and T for Tj,. It should be emphasized that these
characteristics are used in both the spatial and temporal discretization of the computational
domain. In addition, these regular wave characteristics are similar to those observed in
other parts of the world, such as China [67] and Spain [68].

Table 2. Characteristics of the RR waves.

Characteristic Nomenclature Magnitude
Height H (m) 1.14
Length A (m) 31.50
Period T (s) 4.50
Depth h (m) 13.29

According to Chakrabarti [69], the regular waves of Table 2 are defined by the 2nd
order Stokes theory. Therefore, the FS elevations (#) caused by the RR waves addressed in
the present study are analytically described as [70]:

H2kcosh(kh)

= Ecos(kx —wt) + —————
=7 16 sink® (ki)

[2 + cosh (2kh)]|cos[2(kx — wt)], (14)

while the associated velocity potential (®) is given by:

_ H g cosh(kh +kz) .
D= —ansm(kx —wt) —

3H2wcosh |2k (h + z)]
32 sinh*(kh)

sin[2 (kx — wt)].  (15)

Furthermore, calculating the partial derivatives of @ in the x and z directions, there
are the regular wave propagation velocities, which are imposed as BC of velocity inlet
in the numerical wave channel for the generation of RR waves as in [7,8,27]. Thus, these
horizontal (1) and vertical (w) propagation velocities are given, respectively, by [70]:

_ H _ cosh(kz + kh) H?  cosh[2k (h + z)]

U = 58 Wcas(kx wt) + ka WCOS[Z (kx —wt)],  (16)
_ H  sinh(kz +kh) . H? sinh[2k(h+z)] .

Wy = Eg Wsln(kx — (Ut) + kaWSln[Z (kx — (Ut)] (17)

2.3. Model Verification

To verify the numerical models employed for the generation and propagation of the RI
waves and the RR waves inside a numerical wave channel, the FS elevation was monitored
using probes at: x = 0 m, in the wave generation zone, for the RI waves; and x = 29.37 m,
approximately one wavelength away from the beginning of the channel, for the RR waves.
Then, the results obtained, i.e., the FS elevation data from each case, were compared with
data of FS elevation coming from the TOMAWAC model in the case of RI waves, or with
the results of the analytical solution (Equation (14)) in the case of RR waves. As for the
quantitative analysis, two metrics were considered, the mean absolute error (MAE) and
root mean square error (RMSE), which are given, respectively, as follows [71]:

n
/ . P
MAE = =i=112i "1l |(:ll l|, (18)
Y, (0; — P)?
RMSE = % (19)
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where O; represents the numerical value (m), obtained in the ANSYS-Fluent software; P; is
the reference value (m), which comes from TOMAWAC or Equation (14); and n represents
the total amount of data.

It is important to highlight that for RI waves, the verification was conducted solely
through a comparison at the channel inlet (in x = 0 m), which may seem somewhat unusual.
However, based on the previous verification and validation results for the WaveMIMO
methodology presented in Machado et al. [14], where the comparison for the FS elevation
was made at x = 0 m, as well as at the end of the wave channel through the spectral density.
In the present study, only the comparison at the channel entrance was made; more details
on the verification and validation of WaveMIMO can be found in Maciel et al. [15] and
in Oleinik et al. [72]. Therefore, one can affirm that if the velocity profile was correctly
imposed at the channel inlet, the waves are generated and propagated in an adequate way.
Hence, it is possible to state that the numerical procedure was verified.

3. Problem Description

In this section, the studies conducted to achieve the objectives of this paper are
described. In this sense, the first study presented is the one referring to the verification
of the numerical models used for the generation of RI waves and RR waves (Section 3.1).
Subsequently, the study of the geometric evaluation of the overtopping WEC device is
presented (Sections 3.2 and 3.3). Figure 2 illustrates the flowchart of this study.

The computational domain employed for the

Section 3.1 - O . L
numerical models werification is presented.

The computational domain employed for the

i - O
Section 3.2 geometric evaluation of the overtopping dewice is presented.

. The geometries evaluated in the present study are
Section 3.3 - O ) .
defined by means of constructal design.

Figure 2. Illustration of the study process described.

3.1. Computational Domain for Model Verification

Two computational domains were considered for the studies carried out in the present
paper. The first one, which can be observed in Figure 3, was employed to verify the
accuracy of the numerical model employed. Thus, the generation of RI waves and RR
waves were simulated in the wave channel without the presence of the overtopping WEC
to analyze if the waves are being adequately reproduced. Moreover, Figure 3 highlights the
main dimensions of the wave channel and the BC applied to the computational domain, in
addition to the water level at rest (WLR).

Regarding the applied BCs, there are: in the lower portion of the left wall (red line), the
velocity inlet; in the upper part of the left wall and at the top of the channel (blue dashed
line), the pressure outlet as atmospheric pressure; at the bottom of the channel (black line),
the non-slip and impermeability; on the right wall, also the pressure outlet, characterizing
an open flow channel, where, however, a hydrostatic profile is imposed in order to prevent
the wave channel from emptying. Thus, it was possible to employ the numerical beach tool
(gray region), which was used to reduce the energy of the waves, avoiding their reflection
when they reach the end of the channel.
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Figure 3. Computational domain employed to verify the numerical model.

Furthermore, it is worth noting that to use the WaveMIMO methodology [14], it
is necessary to subdivide the region where the velocity inlet BC is imposed in smaller
segments, where the discretized profiles of orbital velocities propagation of waves (11 and
wy) are applied. It should be mentioned that the calculation of the velocity vectors takes
place in the Spec2Wave software, where their positions are defined. In accordance with the
recommendations obtained in Paiva [73], the vectors were considered in the upper part of
each segment of the prescribed velocity BC imposition region.

Therefore, in accordance with the recommendations of Paiva [73] for the generation of
RI waves through the WaveMIMO methodology, the BC imposition region was subdivided
into 15 segments. In this approach the first two segments, those closest to the WLR, have a
size of h/28, while the remaining 13 segments, which go till the bottom of the channel, are
sized h/14, as illustrated in Figure 4. It is worth emphasizing that in the present study this
methodology is employed solely for the RI waves generation. For the RR waves generation,
the BC imposition region consists of a straight segment (see Figure 3).
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Figure 4. Illustration of the subdivision recommended by Paiva [73].

Regarding the dimensions of the wave channel, the length is L, = 171.06 m, which
corresponds to the distance between the location selected for analysis of the realistic sea
state and the Molhes da Barra breakwater; while the numerical beach region length was
Lp = 2A, following the indication by Lisboa et al. [9]. Moreover, the height is H, = 21.29 m,
while the depth varies from h = 13.29 m to hy = 10.54 m, reproducing the bathymetry
found in the Rio Grande coast at the bottom of the wave channel. It should be noted that
for this purpose, the bathymetric data were obtained from digitized nautical charts from
the Hydrography and Navigation Directorate of the Brazilian Navy [74].

As for the spatial discretization adopted for the first computational domain (see
Figure 3), a stretched mesh was used, which has been employed in Machado et al. [14]
as well as in studies considering different WECs, such as Gomes et al. [8], for the OWC
device, and Hiibner et al. [28], for the overtopping device. Therefore, the wave channel was
subdivided vertically into three regions, namely: R1, which contains only air, discretized
into 20 computational cells; R2, which contains the interface between air and water, dis-
cretized into 40 cells; and R3, which contains only water, discretized into 60 cells. Also,
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horizontally there is the R4 region, discretized into 50 computational cells per A. In this
sense, the regions described are illustrated in Figure 5.

R1 R4
| VN N6 N N
N N N N

R3

Figure 5. Illustration of the stretched mesh regions.

However, it is worth highlighting that the FS region is discretized differently in the
case of RI waves (see Figures 3 and 4). Following the recommendation of Paiva [73], the
R2 region (see Figure 5) is composed of 2 segments below the WLR, of size &/28, and
2 segments above the WLR, of the same size. In this approach, the segments closest to the
WLR, those in the center of the FS region, are discretized into 20 cells, while the others are
discretized into 10, totaling 60 computational cells in the region, as illustrated in Figure 6.

hf28 «— | = 10cells

—p 20 cells
WLR
B2 | = Beccaceeccacooa- o

—p 20 cells

hf28 «— —p 10cells

Figure 6. Illustration of the discretization applied to the FS region.

As for the temporal discretization, a time step of At = 0.01 s was used. This value
corresponds to At = T /450, being in agreement with the indication of Barreiro [75], which
recommends At between T /300 and T /600 for regular waves. Thus, the same At was
applied for both the RI and RR waves, since it is a more refined temporal discretiza-
tion than needed for the WaveMIMO methodology, which is At = 0.05 s according to
Machado et al. [14]. Furthermore, in both studies, a total simulation time of 900 s was
considered for the generation and propagation of RI waves and RR waves.

3.2. Computational Domain for Geometric Evaluation of the Overtopping Device

Regarding the second computational domain considered, Figure 7 illustrates the one
employed in the geometric evaluation study, where the overtopping device is coupled to
the end of the channel. In this case, the numerical beach region is absent, since the purpose
of the simulations is that the waves reach the end of the numerical channel without major
energy dissipations.

As before, the main dimensions and BCs applied to the wave channel are presented;
the geometric characteristics of the WEC, in turn, are presented at a later moment. Moreover,
the pressure outlet BC was applied at the bottom of the device’s reservoir (green line) in
order to keep it empty, as in Koutrouveli et al. [23], and prevent overflow, which occurred
in Hiibner et al. [29]. In this last study, some of the evaluated cases overflowed before the
simulation ended, making it necessary to reduce the total time considered.
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Figure 7. Computational domain employed to the geometric evaluation of the overtopping device.

Regarding the spatial discretization of the domain presented in Figure 7, the same
previous configurations were used. However, the region above the ramp and the converter
reservoir were discretized horizontally with mesh elements of size Ax = 0.05 m, while,
inside the overtopping device reservoir, a regular mesh with quadrilaterals of size Ax = 0.05
m was used, as in Martins et al. [25]. Figure 8 presents in detail the mesh adopted for the
present study in the device region. As before, regarding the temporal discretization, a time
step of At = 0.01 s was considered for the 900 s of simulation of RI waves and RR waves.

I
|h!h-q‘

3

Figure 8. Spatial discretization adopted focusing on the device region.

3.3. Geometric Evaluation of the Overtopping Device Through the Constructal Design

When applying the constructal design method, the geometry is deduced by a
principle of maximizing performance while being subjected to constraints, varying pa-
rameters according to the defined degrees of freedom [4-6]. Therefore, according to
Dos Santos et al. [76], to employ the constructal design in the geometric study of a physical
system, it is necessary to define:

e  Performance indicator: a quantity to be maximized or minimized, which, in the present
study, is the amount of water mass that entered in the converter reservoir;

e  Geometric restrictions: the parameters that shall be kept constant, which are here the
areas of the wave channel and the device ramp;

e  Degrees of freedom: the geometric parameter that will be varied, in this case, is the
ratio between height and length (H; /L1) of the overtopping device ramp.

It should be mentioned that the total water mass (M) obtained was selected as the
performance indicator since it directly correlates with the potential energy generation.
According to the physical operating principle of the overtopping device, the water from
the incident waves that enters the reservoir subsequently returns to the ocean, thereby
activating low-head turbines and generating electricity. Thus, a higher M means a greater
amount of energy converted from the sea waves.
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As for the overtopping device, the object of study in the present paper, Figure 9
presents its configuration, highlighting the geometric characteristics. Furthermore, the
monitoring probe used to analyze the performance of the WEC is also represented (pink
line), which remains aligned with the WLR in all cases evaluated, as in Barros et al. [27].

v

- Ly

H, o
Ay .

Ly
Hy

Figure 9. Geometry of the overtopping WEC device.

Regarding the dimensions adopted, the WEC studied by Barros et al. [27] was taken as
a reference, which has a reservoir height H, = 6.50 m and length L, = 20.00 m, characteris-
tics that are kept fixed. Concerning the submersion (Hy) of the device, it was established at
H; = 4.00 m and kept fixed, being 0.50 m greater than that adopted in Barros et al. [27],
due to the variation of the same magnitude in the depth of the location where the converter
is considered. This geometry was used as a basis because it underwent a geometric evalua-
tion [27], where it was subjected to regular waves with different characteristics from the
RR waves employed in the present study.

As mentioned, the degree of freedom investigated was the ratio between the height
and length of the device ramp, i.e., H;/L;. Therefore, two geometric area restrictions were
considered. The channel area (A ), defined as:

Ac - Hc Lc/ (20)

which, in the present study, is A = 2736.96 m?; and the device ramp area (A1), given by:

H{L
Ay =—1, 21)
2
which, in the present study, is A; = 78.4455 m?, as in Barros et al. [27]. Then, it was possible

to define Hy /L, by dividing both sides of Equation (20) by L2 and isolating the degree of

H\ 244
Y _ 240 22
( Ly ) Ly? 22)

freedom, so it is obtained:

allowing to determine the values of H; and L for each ratio of H; /L considered. Also, a
dimensionless area fraction can be defined by:

A
¢=;§ (23)

being in the present study ¢ = 0.03.

Additionally, restrictions were defined regarding the height of the device’s ramp,
as illustrated in Figure 10. It was established that the part of the ramp above the WLR
should be lower than Hy,4y, as in Figure 10a, and higher than H;/4, as in Figure 10b; being
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Hyax the module of the greatest crest or trough found in the series of FS elevations from
TOMAWAC, which in the present study corresponds to Hys, = 1.64 m.

(b)

Hf2

H, H,

Figure 10. Illustration of the ramp height parameterization, with the height being: (a) maximum;
(b) minimum.

Thus, the maximum and minimum height of the overtopping device ramp were
defined as follows:
(H1) ax < hf + Hpax — Hp, (24)

H
() i > It + =5~ = Ho. (25)

Once the upper and lower limits of the height of the overtopping device ramp were
defined, 13 ratios were established for the degree of freedom Hj /L, ranging from 0.30
to 0.42, which are presented in Table 3, along with the dimensions adopted for H; and
L1 in each geometry. It is important to emphasize that a ratio higher than 0.42 or lower
than 0.30 would infringe the maximum and minimum ramp height restrictions. Since the
submersion of the device was kept fixed, lower values for Hy/L; would leave the device
completely submerged, while higher values would turn the device into a breakwater. In
both cases, the device would cease to function as a WEC.

Table 3. Values considered for the degree of freedom H; /L investigated.

H,/L4 Hy (m) Lq (m)
0.30 6.8606 22.8685
0.31 6.9740 22.4967
0.32 7.0856 22.1424
0.33 7.1954 21.8043
0.34 7.3036 21.4813
0.35 7.4103 21.1726
0.36 7.5154 20.8760
0.37 7.6190 20.5920
0.38 7.7213 20.3192
0.39 7.8222 20.0570
0.40 7.9219 19.8047
041 8.0203 19.5617
0.42 8.1175 19.3274

It should be mentioned that the importance of evaluating the degree of freedom Hj /Lq
lies in the fact that how waves break on a structure, such as an overtopping device, depends
on the wave conditions and the slope of the ramp. Thus, Figure 11 illustrates the effect of
varying the degree of freedom investigated on the design of the device geometry, where
it is possible to observe changes in the slope of the WEC ramp when considering both
extremes and an intermediate geometry.
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(a)

(b i)

Figure 11. Geometric configurations of the overtopping WEC considering: (a) H;/L; = 0.30;
(b) Hy /L1 = 0.36; and (c) Hy /Ly = 0.42.

Thereby, with variations in the degree of freedom H; /L4, it was possible to analyze
the influence of the device geometry over the performance of the converter subject to RI
and RR waves occurring in the municipality of Rio Grande, in addition to determining the
best geometric configuration. As mentioned, the performance of the overtopping WEC
geometries is evaluated by the amount of water mass that entered the device’s reservoir.
Therefore, a mass flow monitoring probe was used at the reservoir inlet (see the pink line
in Figure 9), which made it possible to calculate the total water mass, given as follows:

PR
M= 7w, (26)
tf 0

where, M is the total mass of water that entered in the reservoir (kg); M is the instantaneous
mass flow rate (kg/s); and ty is the time interval (s) between the first overtopping registered
and the end of the simulation.

4. Results and Discussions

In this section, the results of the conducted studies are presented and discussed. To
do so, it is divided into four sections. The first results presented refer to the verification
of the numerical models employed (Section 4.1), followed by the geometric evaluation of
the overtopping device (Section 4.2). Then, there is a more detailed analysis of the results
monitored for selected geometries (Section 4.3). Finally, a graphical representation of the
physical phenomenon is shown (Section 4.4).

4.1. Wave Generation Models Verification

As mentioned, the initial results presented are from studies verifying the numerical
models used for generating and propagating RI waves and RR waves, which were sim-
ulated in channels without the presence of the overtopping WEC device. In this context,
Figure 12a shows the qualitative comparison between the irregular FS elevation monitored
in ANSYS-Fluent and the irregular FS elevation data from the TOMAWAC spectral model
over the 900 s simulated, while Figure 12b focuses on the first 300 s of the simulation in
order to provide a clearer visualization of the results.

As might be seen in Figure 12, the RI waves generated through the WaveMIMO
methodology adequately reproduced the sea state found off Rio Grande. However, one
can note that the waves generated in the ANSYS-Fluent software do not reach some of the
crests and troughs present in the FS elevation from the TOMAWAC model, a phenomenon
also observed in [14,73]. Furthermore, the effects of the initial inertia of the fluids were not
observed in the generation of RI waves due to the fact that the position of the monitoring
probe is in the wave generation zone, i.e., at x = 0 m. As for the quantitative evaluation of
the results, metrics MAE = 0.101 m and RMSE = 0.131 m were obtained, indicating good
results when compared to those present in the literature.

220



Processes 2025, 13, 335

7 TOMAWAC 77 Fluent

100

200 300

400 500 600
1(s)

700

800

900

100

200
t(s)

300

Figure 12. Qualitative comparison of the results obtained for the RI waves considering: (a) the 900 s
of simulation; (b) the first 300 s of simulation.

Continuing the verification of the numerical models, regarding the RR waves,

Figure 13a presents the qualitative comparison between the FS elevation monitored in
ANSYS-Fluent and the results obtained analytically (Equation (14)) over the 900 s of sim-
ulation; as done before, the first 300 s of the simulation are highlighted in Figure 13b to
provide a better visualization of the results found.
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Figure 13. Qualitative comparison of the results obtained for the RR waves considering: (a) the 900 s
of simulation; (b) the first 300 s of simulation.
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Analogously to the previous case, it is possible to observe in Figure 13 that the
generation of RR waves of the sea state that occurred in Rio Grande accurately reproduces
the analytical waves; however, a difference is noted in the first 10 s of simulation. This
is due to the fact that the FS elevation was monitored at x = 29.37 m and, due to the
initial condition of fluid inertia, the flow starts from rest, which causes damping in the first
waves generated in the channel. Thus, in order to verify this numerical model, the results
monitored between 10 < ¢ < 900 s were considered, achieving metrics of MAE = 0.062 m
and RMSE = 0.085 m, indicating, once again, good quantitative results when compared to
those present in the literature.

After that, for the visualization of the physical phenomenon reproduced numerically,
in Figure 14 the volumetric fraction field is presented, where the water phase is represented
in blue, while the air phase is in red. In this sense, Figure 14a shows the initial instant
at t = 0 s where the fluids are at rest, i.e., there are no FS elevations. This fluid-dynamic
behavior occurs due to the initial condition of inertia applied for both wave approaches.
Furthermore, the final moments of generation and propagation of the waves, att = 900 s,
are depicted in Figures 14b and 14c, respectively, for the RI and RR waves.

(2)

(b)

Figure 14. Representation of the physical phenomenon at: (a) t = 0s, for both cases; (b) t = 900 s, for

RIwaves; (c) t =900 s, for RR waves.

Therefore, it is possible to observe in Figure 14 that at the end of each simulation, at
t =900 s, the difference between the wave approaches addressed is evident. In Figure 14b
there is irregular behavior in the FS elevations, reproducing the realistic sea state that
occurred in Rio Grande in 2018. However, in Figure 14c a regular oscillatory behavior is
observed, which, in turn, represents the same sea state through the combination of the most
frequent Hs and T}, characteristics. Moreover, it can be seen in Figure 14b,c the operation
of the numerical beach tool at the end of the numerical channel, where there are no FS
elevations, since the waves reaching this region are damped.

Thereby, based on the results of MAE and RMSE, as well as from Figures 12-14, one can
infer that the computational models for the generation of RI and RR waves were properly
verified. Regarding the computational modeling of the overtopping device operation, it
is important to emphasize that the numerical model used in the present study is based
on the model validated by Goulart et al. [28], where a geometric evaluation was carried
out through experimental and numerical studies. To do so, a numerical wave channel,
with the device inserted in it, was simulated considering regular waves with the same
parameters as laboratory experiments. The numerical model proposed was validated
regarding the wave propagation, instantaneous mass flow rates, and the effect of H;/L; on
the device performance.

222



Processes 2025, 13, 335

4.2. Geometric Evaluation of the Overtopping Wave Energy Converter Device

Once the numerical models employed were verified, it was possible to carry out
the geometric investigation of the overtopping WEC. First of all, it is worth highlighting
that the constructal design method is a method for geometric evaluation. In this study, it
allowed to analyze the influence of an overtopping device’s geometry on its performance.
Thus, a qualitative analysis of the results was performed to evaluate their tendencies.

In this context, Figure 15 shows the influence of the degree of freedom H;/L; on the
total mass of water (M) entering the device’s reservoir when subjected to RI waves and RR
waves from the sea state occurring near the Molhes da Barra breakwater in Rio Grande—RS.
Highlighting that as this is a two-dimensional domain, the third dimension is unitary, i.e.,
it was considered 1 m in the y direction.
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Figure 15. Qualitative comparison of the Hj /L1 influence on the total water mass (M) that entered in
the device’s reservoir.

As can be seen in Figure 15, regarding the geometric evaluation of the overtopping
WEC device, there is an inversely proportional behavior between the total water mass and
the values considered for the degree of freedom. This trend is explained since a greater
ratio for Hy/L; means that a greater portion of the ramp is above the WLR, making it
more difficult for the waves to overtop it. This kind of behavior has been previously
seen in numerical studies, such as [25,27,41] as well as in [28], which is a numerical
and experimental study. However, it remains valid to investigate the ratio H; /L; when
considering a different wave climate, as the amount of water entering the device’s reservoir
is associated with the way the wave breaks on the WEC ramp. This, in turn, depends on
both the wave characteristics and the structure’s geometry. For instance, in da Silva [51], two
geometric evaluations of the overtopping device were carried out through the constructal
design. In each evaluation, a different wave climate and device geometries were considered;
in both cases, the presence of local minima was found for the lowest values of H; /L;.

In other words, the curve that illustrates the influence of the degree of freedom H; /L
on M has the tendency of a descending function. Thus, for both the Rl waves and RR waves,
the best geometry is that with (H;/L;), = 0.30, while the worst one has Hy/L; = 0.42.
Moreover, when observing the curves illustrated in Figure 15, it is noted that they are,
essentially, parallel. Other than showing a decreasing trend, for instance, it is possible to
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observe a change in their inclinations recorded for the same geometry, being the one with
H;/L; = 0.35. The parallel behavior, however, does not occur for the higher values of
Hj /L (from 0.39), when the device performance shows more stability under the incidence
of RR waves than for RI waves.

Additionally, as noted in Figure 15, all geometries evaluated obtained higher M when
subjected to RI waves than to RR waves. However, it is important to mention that this
behavior is the opposite of what was found in Hiibner et al. [29], where a single geometry
of the overtopping device was subjected to different wave climates found in three coastal
cities of the RS state. To better understand this phenomenon, the instantaneous mass flow
rates of the water entering the device’s reservoir are analyzed later, for selected geometries.
Despite the differences in the magnitude of M obtained for each wave approach, the curves
approximate for geometries with the higher values investigated, i.e., 0.40 < H; /L < 0.42.
As previously mentioned, the higher the H; /L, ratio is, the greater the portion of the ramp
above the WLR, making wave overtopping more difficult, which explains the tendency of
proximity between the results obtained with the RI and RR waves approaches.

To conduct a quantitative evaluation of these results, Table 4 presents the M values
achieved for each geometry of the overtopping device over the 900 s of generation and
propagation of RI waves and RR waves that occurred in Rio Grande—RS. In this context,
Table 4 also presents relative differences (D) found between the results obtained, which
indicate the variation of M between the geometries evaluated. Therefore, the performance
of each geometry is always compared with that located on the line immediately above in
the table. This quantification elucidates the effect of the investigated degree of freedom on
the converter’s performance. Furthermore, the difference regarding the wave approaches
(Dy) is also found in Table 4, where the values of M obtained in cases with the same Hy /Ly
are compared, taking the RI waves approach as the reference.

Table 4. Quantitative comparison of the influence of Hj /L1 on the M that entered in the overtopping
device’s reservoir.

M—RI . M—RR . .
Hy/L, Waves (kg) DR(%)  oves(g DRV Dy (%)
0.30 200,820.77 - 144,054.72 - —28.26
031 182,093.85 —9.32 128,128.68 ~11.05 -29.63
0.32 161,409.70 ~11.35 109,880.09 ~14.24 -31.92
0.33 144,289.64 ~10.60 94,068.96 ~14.38 ~34.80
0.34 128,352.21 ~11.04 79,899.03 ~15.06 -37.75
0.35 120,552.95 -6.07 72,727.34 -8.97 -39.67
0.36 106,433.13 ~11.71 60,828.26 -16.36 —42.84
0.37 96,307.13 —9.51 50,905.02 ~16.31 4714
0.38 85,269.83 ~11.46 41,566.58 ~18.34 ~51.25
0.39 76,661.55 ~10.09 37,428.83 -9.95 ~51.18
0.40 63,339.88 ~17.38 30,986.83 -17.21 ~51.07
0.41 57,760.40 ~8.80 29,009.56 ~6.38 —49.77
0.42 49,925.58 ~13.56 26,215.31 -9.63 ~47.49

Therefore, observing the variations of Dy in Table 4, it is possible to identify the
tendencies previously observed for the curves that describe the influence of the device
geometry on M (see Figure 15). It is noted that, when considering the RI waves, the
variations in the total water mass that entered the device reservoir remain around 11% for
most of the geometries evaluated. An exception occurs for Hy /L1 = 0.35, where there is
a smaller drop, corresponding to the change observed in the slope of the blue curve in
Figure 15. Other examples occur for the geometries with Hy/L; = 0.40 and H;/L; = 0.42,
where there are sharper drops in the values obtained for M.
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Regarding the incidence of RR waves, the variations are more unstable and generally
higher than those obtained for the RI waves; however, it is possible to say that they were
around 15% for most geometries. In this case, the exceptions refer to lower variations than
the rest, such as for the geometry with H; /L; = 0.35, where a change in the slope of the
red curve illustrated in Figure 15 was previously highlighted. Additionally, low variations
were recorded for some geometries with higher H; /L ratios, where the device showed
stability in its performance, such as for Hy/L; = 0.39, H; /L, = 0.41, and H;/L; = 0.42.

In turn, observing the variations in Dy in Table 4, one can note that the differences
caused by the wave approach are accentuated as the height of the ramp and its portion
above the WLR increase. This occurs until it becomes more difficult for the waves to
overtop the ramp and enter the device reservoir. Thus, Dyy varies between approximately
28% for Hy /Ly = 0.30 and 51% for Hy /L1 = 0.38. Then, from H; /L1 = 0.39, it reverses the
growth trend and gradually decreases to 47% at H;/L; = 0.42, which is when the curves
approximate in Figure 15. Despite the proximity illustrated in Figure 15 for the higher
values of the degree of freedom (0.40 < H;/L; < 0.42), the quantitative evaluation shows
that the difference in the overtopping device performance caused by waves approached is
relatively smaller considering the lowest ratios (0.30 < H;/L; < 0.32). This highlights the
importance of performing both qualitative and quantitative analyses when applying the
constructal design method.

Therefore, the constructal design method allowed finding the best geometry for the
device, that is, the one that maximizes the M that entered in the overtopping WEC reservoir.
Accordingly, it is highlighted that, for both wave approaches, the best geometry was
the one with (H;/L1), = 0.30 (H; = 6.8606 m and L; = 22.8685 m); while, the worst
geometry was the one with H;/L; = 0.42. Thus, considering the incidence of RI waves,
M = 200, 820.77 kg entered the converter’s reservoir. This amount of water is 4.02 times
superior to the total obtained for the worst geometry evaluated. On the other hand, when
RR waves are considered, M = 144,054.72 kg was obtained in the device’s reservoir,
showing an even greater difference, corresponding to an amount 5.49 times of what was
obtained by the worst geometry evaluated.

4.3. Detailed Analysis of the Monitored Results

In the present section, a detailed analysis of the results monitored by the probe at the
entrance of the device’s reservoir is carried out. Thus, the overtopping device’s performance
was analyzed considering the best geometry, (H; /L), = 0.30; a geometry with intermedi-
ate performance, Hy/L; = 0.35; and the worst-performing geometry, Hy/L; = 0.42 (see
Figure 11). In this context, Figure 16 shows the instantaneous mass flow rates (M) entering
the device’s reservoir, considering (a) RI waves and (b) RR waves.

The first noticeable aspect in Figure 16 is the difference in the scale of the M peaks,
which are higher considering the incidence of RI waves. Additionally, the frequency of
the flows also differs; in this case, it is higher with the incidence of RR waves. Thus, it can
be observed that the hydrodynamic behavior of the overtopping device varies depending
on the wave approach. There are flows of variable magnitude, with higher peaks but less
frequent occurrences for RI waves. In contrast, there are lower magnitude flows, practically
constant, occurring more frequently with RR waves. It can be partially explained by
observing Figures 12 and 13, in Section 4.2. As seen in Figure 12, there are moments where
the FS elevation reached for the RI waves exceeds what is achieved for the RR waves,
shown in Figure 13; these waves cause the highest M peaks. Furthermore, there are also
times when the elevations shown in Figure 12 (RI waves) are lower than those in Figure 13
(RR waves); these waves are not able to overtop the ramp, thus causing the difference in
flow frequency.
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Figure 16. Instantaneous mass flow rates (M) monitored throughout the 900 s of simulation of: (a) RI
waves; and (b) RR waves.

Another point that should be highlighted is that when considering RR waves, the
peaks of mass flow rates decreased over time for geometries with lower H; /L, ratios, as
seen for (Hy /L), = 0.30 in Figure 16b; while they maintained a more constant behavior
for geometries with higher H; /L, ratios, as seen for Hy /L1 = 0.42 in Figure 16b. Thus, one
can infer that those geometries with lower ramps suffered more from the effect of wave
reflection. Since a greater amount of water mass was frequently able to overtop the ramp,
the subsequent waves faced reflection. On the other hand, this behavior does not occur
when considering the incidence of RI waves, even for geometries with lower H; /L; ratios,
as observed in Figure 16a. Since water mass overtopping is less frequent due to waves
that are unable to overtop the ramp, the subsequent waves do not face the same effects of
reflection. Thus, large peaks of water mass entering the device’s reservoir can be observed
throughout the simulation.

In a quantitative analysis of the results, considering the RI waves (Figure 16a), the first
overtopping, or water mass flow rates, occurred close to: t+ = 20 s for (H;/L;), = 0.30;
t = 40 s for Hi/L; = 0.35; and t = 55 s for H;/L; = 0.42. Besides that, the largest
mass flow peaks occurred in different instants for the three geometries considered, which
correspond to: M = 3295.17 kg /s at t = 434.34 s, for (H;/Ly), = 0.30; M = 274839 kg/s
att =418.80 s, for H; /L1 = 0.35; and M = 2174.47 kg/satt =261.14s, for Hy/L; = 0.42.
Thus, it was noted that for (H; /L1), = 0.30 and H; /L1 = 0.35 these peaks occurred close to
50% of the total simulation time, while for H; /L, = 0.42 it was close to 30%. Furthermore,
the difference in the magnitude of the peaks was practically the same when comparing one
geometry with the other, being around M = 550 kg /s.
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Regarding the incidence of RR waves (Figure 16b), the first overtopping also occurs
first for the best geometry, (H;/L1), = 0.30. However, the range for the other geometries
is smaller, it started close to: t = 36 s for (H; /L), = 0.30; t = 41 s for H;/L; = 0.35; and
t = 50s for Hy /L1 = 0.42. Moreover, the largest mass flow peaks were monitored close
tot = 50 s for the three geometries covered in this analysis. These peaks correspond to:
M = 1258.65 kg/s at t = 50.02s, for (Hy /L;), = 0.30; M = 934.81 kg/s at t = 54.25 s, for
H;/L; =0.35; and M = 948.83 kg/satt = 50.01s, for H; /L1 = 0.42. Thus, it is important
to mention that the worst geometry, H;/L; = 0.42, recorded a higher M peak than the
intermediate geometry, H; /L, = 0.35.

Continuing with the analysis of the overtopping WEC performance, Figure 17 depicts
the evolution of the amount of water mass (M) that entered in the overtopping device’s
reservoir over the 900 s simulation for both wave approaches considered. The same
geometries were considered for this analysis. Moreover, the fitted curves for the growth of
M (dotted black lines) are also included in Figure 17.
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Figure 17. Evolution of the amount of water mass (M) monitored throughout the 900 s of simulation
of: (a) RI waves; and (b) RR waves.

As expected, the curves illustrated in Figure 17 differ depending on the wave approach
used. For the RI waves (Figure 17a), the curves resemble steps, with plateau intervals where
M remains constant between growth intervals. For instance, some examples of intervals
where it occurs are: 485.89 s < t < 505.29 s, for (H;/L1), = 0.30; 377.90s < t < 387.31s,
for Hi /L, = 0.35; and 162.53 s < t < 186.62 s, for Hy/L; = 0.42. On the other hand, the
amount of M increases steadily over time when considering the RR waves (Figure 17b).
This is a direct consequence of what was observed in Figure 16,b, where it was noted that
the frequency of wave overtopping depends on the wave approach. For the same reason,
this behavior was observed in Hiibner et al. [30]. Additionally, it is possible to observe that
RI waves led to better results, as previously presented (see Figure 15 and Table 4 for full
results). Thus, it is safe to state that the higher frequency of overtopping considering the
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incidence of RR waves was not enough to compensate for the higher mass flow rates (M)
obtained when the overtopping device was subjected to RI waves.

To draw the fitted curves shown in Figure 17a,b, a first-degree polynomial was defined,
relating the amount of water entering the reservoir with the time elapsed, which character-
izes a linear correlation between the variables [77]. Thus, it was determined the correlation
coefficient (R?) for each polynomial. In this context, Table 5 presents the equations for the
polynomial approximation of the water mass (M), as well as the correlation coefficient for
the highlighted geometries.

Table 5. Statistical parameters of fitting curves.

Geometry Wave Approach First-Degree Polynomial R?
_ RI M, = 233.27 t — 4161.20 0.9979
(Fi/Ly), =030 RR M), = 165.44 t 4 708.64 0.9952
RI M, = 141.17t — 5629.30 0.9964
— p
H/Ly =035 RR M, = 82.17t — 951.74 0.9992
B RI M, = 57.96 t — 2639.10 0.9925
H/L =042 RR M, =29.79 t — 23.856 0.9956

The results from Table 5 indicates that the doted black curves presented in Figure 17
are an adequate approximation to the numerical results found in the geometric evaluation.
Since R? > 0.99, one can infer that all the fitted curves represent a strong linear relationship
between M, and t [77]. Thus, it allows the use of the polynomial approximation for the
water mass that enters the reservoir in future studies considering longer activity times of

the overtopping device.

4.4. Visualization of Physical Phenomenon

Finally, Figure 18 shows the behavior of wave flow over the best geometry evaluated
for the overtopping device, for both wave approaches, at the start and end of the simulations.
As before, the water phase is represented in blue while the air phase is represented in red.
Additionally, the overtopping WEC ramp and the bottom of the reservoir are represented
in gray.

Realistic Irregular Waves Representative Regular Waves

Figure 18. Wave flow behavior over the overtopping device at: (a) t = 0's, Rl waves; (b) t = 0's, RR
waves; (¢) t =900 s, RI waves; (d) = 900 s, RR waves.

Thus, there are the volumetric fraction field for (H; /L1 ), = 0.30 subjected to RI waves
and RR waves, respectively, at: t = 0's, in Figure 18a,b; and t = 900 s, in Figure 18¢,d. It is
possible to observe in Figure 18a,b the initial instant of the simulations, where no waves
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were impinging on the device due to the initial condition of fluids at rest in the channel.
On the other hand, Figure 18c shows a wave reaching the overtopping WEC device at the
final instant of the simulations, while Figure 18d shows a wave returning down the ramp
after its overtopping. As seen in Figure 16b, in Section 4.3, there was a mass flow entering
the device’s reservoir in the final moment of the simulation of the RR waves.

Additionally, it should be noted that due to the pressure outlet BC imposed at the
bottom of the reservoir, there is no accumulation of water. Thus, it is recommended
that in future studies, the overtopping device reservoir should be reduced in order to
decrease the total processing time of the simulations. Since it is a very refined region of the
computational domain, discretized with quadrilateral computational cells of size Ax = 0.05
m (see Figure 8), reducing this area will result in a significant reduction in the total number
of computational cells employed.

5. Conclusions

The present study aimed to investigate the influence of the geometry of the overtop-
ping WEC device on its performance when subjected to RI waves and RR waves from the
sea state occurring near the Molhes da Barra breakwater in Rio Grande—RS, southern
Brazil, in 2018. Thus, in both studies, numerical simulations were conducted to gener-
ate and propagate waves impinging on the overtopping WEC in a channel. To do so,
the ANSYS-Fluent software was employed, which is based on the FVM and applies the
multiphase VoF model to treat the interface between the air and water.

The numerical models used were verified quantitatively through the MAE and RMSE
metrics, and qualitatively through a visual comparison. Both the RI waves and the RR
waves generated numerically provided an accurate representation of the physical phe-
nomenon addressed. It was found that the geometries that maximize the overtopping
device’s performance are the same for both wave approaches. Additionally, it was noted
that using RR waves underestimates the device’s performance.

Regarding geometric evaluation, constructal design was applied in order to investigate
the influence of the degree of freedom H;/L; on M, that is, the influence of the ratio
between the height and length of the ramp on the total mass of water that entered the
overtopping device reservoir. Thus, it was possible to infer that the best geometry evaluated
was (H;/L1), = 0.30, which has H; = 6.8606 m and L; = 22.8685 m; while the worst was
the one with Hy /L; = 0.42. That is, it was observed an inversely proportional behavior
between the total water mass and the values considered for the degree of freedom, as
seen in [25,27,28,41]. As for the total mass of water that entered the reservoir throughout
the 900 s of simulation, M = 200, 820.77 kg was obtained for the RI waves, an amount
4.02 times higher than the worst geometry analyzed. M = 144, 054.72 kg was obtained for
the RR waves, an amount 5.49 times greater than the worst geometry analyzed.

As noted, all the geometries analyzed had their performance underestimated when
subjected to RR waves, that is, all obtained higher M when subjected to RI waves. For
instance, considering the optimized geometric configuration of the overtopping WEC, the
RI waves achieved a total mass of water in the reservoir approximately 40% higher than
the water amount reached by the RR approach. However, as mentioned, this behavior is
the opposite of what was found in Hiibner et al. [29]. This highlights the importance of
geometric evaluation studies for WECs being carried out considering the realistic sea state
corresponding to the location where they will be installed.

Finally, regarding future studies, it is suggested to investigate the influence of the
device’s submersion (Hy) preserving the maximum and minimum height restrictions (H)
of the ramp that were established based on the characteristics of the realistic sea state
addressed. Thus, different values for the area of the converter ramp (A1) can be evaluated,
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leading to different values for the area fraction (¢). Additionally, it is suggested to carry
out analyses considering the sea state in other regions of Rio Grande do Sul, with the aim
of identifying whether there is an ideal geometry to be reproduced along its coast.
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Nomenclature

Ac channel area [m?]

Aq overtopping device ramp area [m?]
Cy linear damping coefficient [s71]

C quadratic damping coefficient [m~!]
Dr relative differences [%)]

Dw difference relative to the waves considered [%]
§ gravity acceleration vector [m/ 2]
h depth [m]
H

1 height of the ramp [m]

H», device submersion [m]

H, wave channel height [m]

Hyay  maximum height of RI waves [m]

H, reservoir height [m]

H; significant height of RI waves [m]

hf final depth of the wave channel [m]

k wave number [m 1]

ky component x of the wave number vector [m~1]
k, component z of the wave number vector [m—1]

Ly length of the ramp [m]
Lg numerical beach length [m]
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wave channel length [m]
reservoir length [m]

L

Ly

M water mass [kg]

M mass flow rate [kg]
M

p approximate value of M [kg]

n total number of data [-]

N directional spectrum of wave action density [m?/hz/rad]
O; numerical value [m]

P static pressure [Pa]

P; reference value [m]

Q source term [m?2/rad]

R? correlation coefficient [-]

S numerical beach sink term [N/m?]

T mean period of the RI waves [s]

T wave period [s]

t time [s]

tr time interval considered [s]

Uy horizontal velocity profile [m/s]

up horizontal velocity component of 2nd Order Stokes Wave [m/s]
\%4 velocity along the z direction [m/s]

\7 velocity vector [m/s]

Ay mesh elements [m]

Ay time step [s]

X horizontal coordinate axis [m]

Xs starting position of the numerical beach [m]

Xe ending position of the numerical beach [m]

w1 vertical velocity profile [m/s]

wy vertical velocity component of 2nd Order Stokes Wave [m/s]
z vertical coordinate axis [m]

Zp vertical position of the channel bottom [m]

vertical positions of the FS [m]

&

volume fraction [-]

R

FS elevation caused by Airy’s Linear Wave [m]

FS elevation caused by 2nd Order Stokes Wave [m]
wave length [m]
fluid density [kg/m?]

strain rate tensor [n/m?]
dimensionless area fraction [-]

velocity potential [m?/s]

S 8% D >3 3

angular frequency [Hz]
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Abstract: The cavitation phenomenon significantly impacts the performance of pump
turbines, necessitating in-depth research on their cavitation characteristics. This study
investigates the performance characteristics of a pump turbine through experimental and
numerical simulation methods, with consistent results verifying the accuracy of the numeri-
cal simulations. The cavitation flow field is numerically analyzed to compare the cavitation
distribution and velocity streamlines at different stages of cavitation development. The Q
criterion and entropy production method are employed to identify vortex structures and
energy loss regions, respectively, exploring the correlation between vortices and energy
losses in the cavitation flow field under low-flow pump conditions. The results demonstrate
that intensified cavitation generates more multi-scale vortices in the flow field, leading to
increased entropy production and reduced energy efficiency. Proper orthogonal decom-
position (POD) and dynamic mode decomposition (DMD) methods were subsequently
applied to extract vorticity characteristics from transient cavitation flow fields, revealing
primary energy loss regions and elucidating the evolution and distribution patterns of vor-
tices. The POD analysis shows that low-order modes represent dominant vortex structures,
while intensified cavitation increases both the quantity of vortices and their complexity in
scale, distribution, and evolutionary frequency. The DMD results further indicate distinct
evolutionary patterns for vortices of different scales. This research provides insights into
the instability characteristics of cavitation flow fields in pump turbines under low-flow
pump conditions and offers theoretical support for optimizing the design of pump turbines
to expand their high-efficiency operational range.

Keywords: pump turbine cavitation; vortex; entropy production method; mode decomposition

1. Introduction

To mitigate the global reliance on fossil fuels, reduce carbon emissions, and improve
ecological sustainability, renewable energy sources, such as wind and solar power, have
garnered significant attention. These alternatives are expected to gradually replace thermal
power generation in electrical grids, emerging as primary energy suppliers. However, wind
and solar energy exhibit inherent intermittency and stochastic fluctuations due to seasonal
variations and diurnal cycles, potentially compromising the operational stability of power
systems [1-3]. Consequently, the increasing integration of renewable energy necessitates
enhanced grid flexibility in terms of peak shaving, frequency regulation, and energy storage
capabilities. Compared with other energy storage solutions, pumped storage hydropower
plants demonstrate superior technological maturity, operational stability, and scalability for
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large-scale deployment. This positions pumped storage hydropower stations as the most
viable regulating power source for novel power systems, capable of optimizing energy
portfolios while ensuring grid resilience [4-6].

The efficient and stable operation of the pump turbine, as a critical component of
pumped storage power stations, is essential for ensuring the safe and effective functioning
of the facility. With advancements in the hydropower sector, pumped storage power sta-
tions are increasingly evolving towards high-head and high-speed operations, resulting
in frequent occurrences of cavitation phenomena affecting the units. Numerous studies
have indicated that cavitation has a more significant impact on the operational conditions
of pumps than on those of turbines. The cavitation performance of pump turbines under
pump conditions is deemed more critical than under turbine conditions [7-9]; consequently,
it is essential to conduct in-depth research on the cavitation flow field specific to pump
turbines operating in pump mode. Li et al. [10] employed numerical simulation techniques
to investigate the cavitation characteristics of pump turbine runners in high-head regions
under varying flow rates and heads for both pump and turbine conditions. Zhang et al. [9]
conducted a study on the cavitation flow field and performance of pump turbine operat-
ing conditions, determining the critical cavitation bubble volume fraction; their findings
indicated that varying flow rates influence the location of bubble formation at the inlet.
Tao et al. [8] conducted a study on the cavitation behavior of pump turbines under various
operating conditions; the research compared the inception and critical cavitation points
across different scenarios, concluding that utilizing an initial cavitation standard allows for
a more timely detection of cavitation bubbles, thereby facilitating the early mitigation of
cavitation phenomena.

Cavitation can also lead to adverse phenomena such as vibrations and noise within
the machinery, which may result in a reduction in mechanical lifespan, a decrease in
maintenance intervals, and an increase in the frequency of unit startups and shutdowns,
ultimately affecting the stability of the power station. Hao et al. [11] conducted a study on
the impact of different impeller tip clearances in the cavitating flow field of mixed-flow
pumps operating under pump conditions, specifically focusing on the radial forces acting
on the shaft in pumped storage units. The findings indicate that when the apex gap is
asymmetrical, the cavitation performance is at its lowest. In this scenario, the amplitude of
the radial force increases with the intensification of cavitation and, due to the asymmetric
distribution of the cavitation region, the direction of the radial force also varies as cavitation
worsens. Liu et al. [7] examined the impact of cavitation on the radial forces experienced
by water pump turbines under pumping conditions. Their study revealed that the number
of cavitation bubbles on the blade surfaces increased as cavitation intensified, resulting in a
reduction in blade load and a decrease in the regularity of pressure fluctuations. This led to
a significant alternation in radial forces, contributing to the emergence of fatigue cracks in
high-stress areas of the blades. However, due to the periodic symmetrical structure of the
guide vanes and the runner, the distribution of radial forces remained relatively uniform.

The unsteady flow structures induced by internal cavitation are one of the critical
factors leading to adverse phenomena such as structural vibrations and noise in the unit,
as well as significant performance degradation. Meng et al. [12] investigated the dynamic
characteristics of cavitation-induced vortices in centrifugal pumps based on the vorticity
transport method, revealing that vortex structures form at the trailing edge of cavitation
regions in flow channels during severe cavitation stages. Wu et al. [13] employed numerical
simulations to analyze two-dimensional vortex structures on cross-sections through velocity
component analysis and extracted vorticity on pump blade surfaces using the new omega
vortex identification method proposed by Zhang et al. [14]. The results demonstrated that
as the net positive suction head decreases, the vapor volume expands, leading to flow field
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disorder and localized vortex formation. These vortices detach from the blade surfaces
as cavitation cavities roll up, with the vorticity transport method effectively capturing
large-scale high-vorticity regions. Ruan et al. [15] investigated the cavitation characteristics
of pump turbines under various flow conditions in pump mode. The findings indicated
that under low-flow conditions, intense cavitation on the suction side of the blade trailing
edge induces flow separation, disrupting the flow field structure and generating large-
scale flow separation and vortex structures, resulting in a significant reduction in pump
turbine efficiency.

The decline in unit performance and efficiency is attributed to increased internal energy
dissipation. To identify the distribution and magnitude of energy dissipation regions, Gong
et al. [16] pioneered the application of entropy production theory to flow field analysis. Li
et al. [17] utilized this theory to investigate energy loss characteristics in pump turbines
operating within the hump region under pump mode. Yu et al. [18] further explored energy
dissipation in cavitating flows within micro-pumps using the entropy production method,
establishing correlations among cavitation, vorticity, and entropy production. Their results
revealed that during cavitation development, mass exchange between gas and liquid phases
and momentum transfer between fluids contribute significantly to hydraulic losses.

Traditional methods have difficulty in capturing the dominant features of unsteady
flow fields. Therefore, to effectively process complex flow field data, many reduced-order
models have been proposed by researchers in recent years. The most commonly used meth-
ods are proper orthogonal decomposition (POD) [19] and dynamic mode decomposition
(DMD) [20].

The POD (proper orthogonal decomposition) method decomposes complex flow fields
into a series of spatial orthogonal modes, ranking them based on their energy content
(i.e., their eigenvalues) to emphasize the dominant flow structures. Due to its ability to
accurately capture coherent structures within the flow field and significantly simplify the
analysis, POD has been widely applied in flow field studies. For instance, Lu et al. [21]
utilized the POD method to decompose and reconstruct the flow field in the tongue region
of a centrifugal pump, establishing the relationship between pressure fluctuations and the
dominant flow structures. Yang et al. [22,23] employed the POD method to investigate the
evolution frequency of the stall region in the flow field of the guide vane when the pump
operates in the hump region.

In contrast to the POD method, the DMD technique allows for the decomposition of
the flow field into a series of distinct frequency modes, thereby facilitating the observation
of flow structures evolving at various frequencies. Xie et al. [24] employed the DMD
method to analyze the velocity field of the cavitating flow around a hydrofoil, finding
that the frequency of the second mode matched the bubble shedding frequency, while
the frequencies of the third and fourth modes were harmonics of the second mode. For
rotating fluid machinery, Lu et al. [25] utilized a wavelet transform to analyze pressure
fluctuation data at the inlet and outlet of a centrifugal pump and combined this with
numerical simulations to decompose the internal flow field data using DMD. The results
indicated the presence of complex pressure fluctuation characteristics within the centrifugal
pump, dominated by different frequencies.

To date, few studies have combined two mode decomposition methods and analyzed
the unsteady cavitation characteristics of the flow field in the runner and guide vanes of a
pump turbine under low-flow conditions. In this study, the POD method and the DMD
method are combined to study the unsteady characteristics of vortices under different
cavitation conditions in the low-flow pump operation of a pump turbine. The results
of the two mode decomposition methods are compared and verified to gain a deeper
understanding of the unsteady characteristics of the cavitation flow field.
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2. Research Object

2.1. Pump Turbine Parameters

This study focuses on a model of a pump turbine, as illustrated in Figure 1a. The
unit primarily consists of several flow components, including the volute, fixed guide
vanes, movable guide vanes, a runner, and a draft tube. A schematic representation of the
meridional flow surface is provided in Figure 1b. Specific parameters of the unit, such as
the runner speed, design flow rate, and design head, are detailed in Table 1.

Spiral casing
Runner
Guide vane

Stay vane

(b)Meridian flow surface diagram

Figure 1. Model pump turbine structure diagram.
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Table 1. Model parameter.

Parameters Value Unit
Draft tube inlet diameter D1 164 mm
Runner diameter D2 200 mm
Hub diameter D2h 22.8 mm
Shroud diameter D2S 57.41 mm
Runner outlet width b2 23.88 mm
Runner blades ZR 7 pcs
Stay vane ZS 20 pcs
Guide vane ZG 19 pcs
Rotational speed n 1000 r/min
Design flow Qd 15.25 L/s
Design head Hr 4.5 m

2.2. Experimental Method

The experiment was conducted on a closed-loop water pump turbine test rig, as

illustrated in Figure 2. The experimental setup included force sensors, data acquisition

instruments, and solenoid valves. Pressure gauges were installed at the inlet and outlet

of the water pump turbine unit to measure pressure, allowing for the calculation of the

pressure differential across the pump turbine. Additionally, a flow meter was utilized to

determine the flow rate within the system.

(a)Experimental bench

Cavitation Tank

‘ visual pump-turbine|
model

Flow meter

‘ Water supply pump in| valve
turbine condition \

(b) Technical route

Figure 2. Experimental technology roadmap.

The specific experimental procedure is described as follows: (1) close the valves on

the inlet and outlet pipelines of the water supply pump while simultaneously opening

the valves on the inlet and outlet pipelines under pump operation, as well as the return

water valve. (2) Verify the opening and closing status of the relevant valves during the

experiment and ensure that the system is sealed. (3) Fill the left-side cavitation tank with
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water to a level that submerges the turbine runner; then, activate the motor. Next, fill the
right-side pressure tank with water. Once the right-side pressure tank is full, close its valve.
(4) Release any air trapped in the system through the valve of the left-side cavitation tank
and adjust the valve on the return water line to its maximum opening. (5) Collect data from
the flow meter and pressure gauge. (6) Gradually reduce the valve opening. (7) After the
flow meter data stabilizes, repeat steps (5) and (6) until all data have been collected.

3. Numerical Simulation Methods
3.1. Numerical Simulation Setup

Numerical simulation of the flow field was conducted using the ANSYS Fluent 2020
R2 computational software. Figure 3 illustrates the computational domain and the grid
schematic, which consists of five flow components, namely the volute, fixed guide vanes,
movable guide vanes, a runner, and a tailwater pipe. The computational domain was
pre-processed for grid generation using commercial software. Hexahedral mesh elements
were employed for the fixed guide vanes, movable guide vanes, and tailwater pipe, while
tetrahedral mesh elements were utilized for the volute and runner, as depicted in Figure 3a.
To minimize computational resource expenditure while ensuring the accuracy of the results,
the independence of the grid was verified by examining the head rise. As shown in
Figure 3b, the increase in the head rise of the pump turbine diminishes progressively with
an increase in the number of grid elements.

Stay vane
Guide vané )
/ Runner :'-.'
( \ ;,

o \

(a) Calculation domain and its local grid diagram

= Hw)]
"

" Select mesh(8374769)

10. 60 T T T T T T
] 6 7 8 9 10

element (1076)

(b) Grid independence verification

Figure 3. Calculation model and grid diagram.
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Considering the costs associated with simulation and the required computational
accuracy, this study selects a grid count of 8,374,769 for the calculations. Table 2 presents
the types and quantities of grid cells for each flow region.

Table 2. Number and type of grid.

Part Grid Cell Grid Type
Spiral volute 1,261,554 Tetrahedral
Stay vane 1,196,164 Hexahedral
Guide vane 1,937,354 Hexahedral
Runner 1,505,854 Tetrahedral
Draft tube 2,473,843 Hexahedral
Design head Hr 8,374,769 /

In the ANSYS Fluent 2020 R2, the rotor region is designated as a rotating area based on
multiple reference frames (MRFs), while the remaining regions are classified as stationary.
The inlet of the tailwater pipe is configured as a total pressure inlet, the volute outlet is set
as a flow outlet, and the wall surfaces are defined as non-slip boundaries. The governing
equations consist of the continuity equation, the energy conservation equation, and the
momentum conservation equation. The calculations employ the RNG k-¢ turbulence model,
the mixture multiphase flow model, and the Schnerr—Sauer cavitation model, which is
based on the Rayleigh—Plesset bubble dynamics equation. The fluid medium is specified
as water and water vapor, with the saturation vapor pressure of water set at Pv = 3540 Pa
and the ambient pressure at 0 Pa. A convergence criterion of a residual less than 102 is
established. The mid-plane flow surface between the rotor and the movable guide vanes
is captured as Plane A, as illustrated in Figure 4. The time step is set to one step for
every 3° of rotation, totaling 120 steps for one complete rotation with a time increment of
0.0005 s. Starting from the last step of the transient calculation at the 10th rotation of the
rotor, a sequence of 121 data sets, spaced by two time steps, is utilized for subsequent flow
field analysis.

X
Plane A-1

Plane A-2

Plane A

Figure 4. Calculation plane.

3.2. Snapshot POD Method

When the number of grid nodes and elements significantly exceeds the number of
sampling instances, the classic POD method can become excessively resource-intensive and
time-consuming. Consequently, this study employs the snapshot POD approach proposed
by Sirovich [26]. The underlying principle is as follows: a set of snapshots is formed
by selecting flow field data from M grid elements at N instantaneous moments within
a specified flow duration, and the time-averaged data for each grid element during this
period are extracted.
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By applying Equation (3) to remove the time-averaged data corresponding to each grid
cell from the original flow field at each instant, the resulting data reflect the fluctuations
within the flow field:

V(xi,yi) = V(xi,yj) — V(x;) @)

The covariance matrix is derived from the matrix formed by the fluctuating data of the
flow field, followed by the calculation of the eigenvalues and corresponding eigenvectors

of the covariance matrix: . 1 oy “
N
SA;j = AjA; )
The corresponding spatial basis modes and temporal mode coefficients of the POD
can be derived from Equations (6) and (7):

9i(x) = }

ai(t) = V(xi b)) x 9;(x) %

The temporal average mode, in conjunction with a set of base modes, can recon-

VA, (6)

struct the flow field at any given moment using different order modes, as expressed in
Equation (8):

N
V(xt) =V(x)+ Z% @j(x)a;(t) ®)
i

3.3. DMD Method

The principle of DMD, as proposed by Schmid [20], is outlined as follows: the compu-
tational results are organized in chronological order, forming a set of snapshot matrices, as
represented in Equation (9):

Xlz\]:{xlzxZ/x?)/"‘/xN}’ (9)

Let x; represent the i-th snapshot and N denote the total number of snapshots. It is
assumed that there exists a linear mapping from the snapshot matrix X; to the matrix X;,
expressed as follows:

Xip= AX; (10)

Consequently, all subsequent snapshots can be represented using the matrix A and
the vector x, as indicated in Equation (11).

XN = {mAn 4%, ..., AV n ) (11)
Matrix A can be defined as follows:

A=Xxxt (12)
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The matrix X+ represents the pseudoinverse of the matrix X, while the eigenvalues
and eigenvectors of matrix A serve as the eigenvalues and modes in the context of DMD.

The singular value decomposition of matrix X yields matrices U, ¥, and VT as
indicated in Equation (13). By retaining the first r rows and r columns of these matrices,
new matrices Uy, ¥,, and V; are obtained. Subsequently, A is computed using Equation (14).

X =uzvT (13)

A=UTAU, = UTXV, 2 1eR™" (14)

The eigenvalues and eigenvectors of matrix A are denoted as pj and v}, respectively,
and the corresponding DMD modes can be derived using Equation (15):

v = u IXVE (15)

The logarithm of the eigenvalues, when considered in relation to the time step size,
has its imaginary and real components corresponding to the magnitudes of the frequencies
and the growth/decay rates of the various modes in DMD.

1

4. Results and Discussion
4.1. Analysis of Cavitation Characteristics

In this study, head values under different flow conditions were obtained experimen-
tally, and corresponding numerical simulations were conducted for each test case to derive
the flow—head (Q-H) curve. Due to system leakage and limitations in instrument precision,
the numerical simulations could not fully replicate experimental conditions, resulting in
discrepancies between the two datasets. However, as shown in Figure 5, the relative error
remained within 5%, which is acceptable and confirms the accuracy of the numerical simu-
lations, thereby validating their use for subsequent analyses. The Q-H curve reveals that as
the flow rate decreases, the head gradually increases until reaching approximately 60% of
the design flow rate (0.6 Qq), where the curve exhibits a positive slope region—the hump
region. Giovanna et al. [27] identified a strong correlation between hump characteristics
and rotor-stator interactions in this region, prompting this study to focus on the cavitation
flow field under the 0.6 Q4 condition for in-depth investigation.
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Numerical simulations of cavitation characteristics were conducted for the conditions
of 0.6 times Q4 and Q4. The resulting cavitation characteristic curves are illustrated
in Figure 6, where the horizontal axis represents the cavitation coefficient defined in
Equation (17), and the vertical axis indicates the head corresponding to the respective
cavitation number.
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Figure 6. o-H.

It is evident that as the cavitation number decreases, there is little variation in the
head during the initial phase until a critical point is reached (referred to as critical cavita-
tion), at which point a noticeable decline in head begins. Subsequently, the slope of the
curve increases rapidly, leading to a sharp decrease in head, significantly impacting the
performance of the unit.

Figure 7 illustrates the total volume of cavitation bubbles in the impeller region under
the conditions of 0.6 Q4 and Qg at varying levels of cavitation. Figure 8 depicts the iso-
surface formed by the cavitation volume fraction equal to 10% under the corresponding
cavitation conditions. A comparison of these two figures reveals that when the cavitation
number is relatively high and bubbles are just beginning to form, the volume of the
bubbles is minimal, occupying a small portion of the flow channel and causing negligible
disturbance to the flow field. As the cavitation number decreases to a critical point,
cavitation develops to a certain extent, resulting in bubbles occupying part of the flow
channel and affecting the flow field, which leads to a reduction in head. Conversely, when
cavitation is fully developed, the bubbles occupy a significant portion of the space, severely
impeding the normal flow of water.

In the Q4 operating condition, cavitation occurs predominantly on the pressure side,
whereas in the 0.6 Qq4 condition, significant cavitation is observed on both the suction
and pressure sides. Notably, the cavitation on the suction side is primarily concentrated
near the upper cover plate, while the pressure-side cavitation is mainly found close to the
hub. Additionally, due to the dynamic interference between the rotating blades and the
stationary guide vanes, cavitation begins to manifest at the outlet of the rotating blades
and in the no-blade region. As cavitation progresses, the volume of the vapor bubbles in
the no-blade area increases, adversely affecting the flow in that region. This phenomenon
leads to a sharp decline in head and a reduction in efficiency.
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Figure 7. The total volume of the vapor.
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Figure 8. The vapor iso-surface of 10% vapor fraction.

of significantly larger scales. As cavitation intensifies, the vortex scale in the bladeless
region expands, the flow separation on the suction side of the blade increases, and water
flows backward into the runner, forming a vortex near the suction side of the blade and
runner. The vortices present in both the blade-free and runner areas significantly impede
the flow within the field, ultimately resulting in a decline in the performance of the unit.
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Figures 9 and 10 illustrate the velocity contours and streamlines on Plane A for
different cavitation levels at 0.6 Q4 and Qg operating conditions. The flow separation on
the suction side of the blade exit and the recirculation in the variable guide vane region
result in the formation of large-scale vortex structures in the blade-free zone due to internal
viscous forces. Compared to the Qg flow rate condition, the 0.6 Q4 flow rate condition
exhibits more severe backflow phenomena in the guide vane region, with vortex structures
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Figure 9. Velocity streamline of cavitation flow field at 0.6 Qyq.
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Figure 10. Velocity streamline of cavitation flow field at Qq.
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4.2. Analysis of Energy Dissipation Characteristics in Cavitating Flow Fields

To facilitate a more intuitive observation of the vortices and the associated energy
loss distribution in low-flow conditions, the Q criterion vortex identification method was
employed to capture the vortices in the flow field of Plane A. Figure 11 illustrates the
vorticity and its corresponding entropy generation distribution, along with the average
entropy generation in Plane A’s flow field. As indicated by the comparison of the average
entropy generation in Plane A’s flow field shown in Figure 11b, it is evident that with the
progression of cavitation, the entropy generation increases, leading to greater energy loss.
Figure 11a presents the vortex map identified using the Q criterion, revealing that during
the initial stages of cavitation, high vorticity primarily occurs in the blade exit region and
the blade-free zone between the moving guide vanes. As cavitation intensifies, the scale of
the high-intensity vortices in the blade-free zone increases, and the number of vortices in
the impeller flow field also rises, resembling the vortex structure distribution depicted in
Figure 9, thereby accurately identifying the vortex structures. Furthermore, Figure 11a also
displays the entropy generation distribution, which upon comparison is predominantly
concentrated in the vortex regions. Consequently, the cavitation vortices in the low-flow
operating conditions of the pump turbine are identified as the primary cause of energy
loss.
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Figure 11. Distribution of vorticity and entropy production.
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4.3. POD Analysis of Vorticity Field

To investigate the evolution of vortices, Figure 12 illustrates the vortex evolution of the
flow field at Plane A-1 over one rotation period under various cavitation conditions. When
o is 0.112, the changes in the blade tip vortex during one cycle are minimal, indicating that
this cavitation condition primarily governs the vortex distribution in the impeller region. At
the impeller outlet, vortices resulting from the shedding of the blade tip are present, with an
evolution period approximately equal to one rotation period T. As the cavitation coefficient
decreases to o = 0.058, Plane A-1 generates vortices with consistent evolution periods at
the same location. However, due to the development of cavitation, the intensity of these
vortices is significantly higher than during the initial stages of cavitation. Additionally,
other flow passages exhibit vortices of varying sizes that lack a clear evolutionary pattern.
With the further reduction in the cavitation coefficient to o = 0.058, cavitation becomes fully
developed, resulting in a substantial presence of vortices with unstable evolution periods
throughout the entire rotation cycle at Plane A-1.

Vorticit H q(m‘s )
Y 6 8 10 12 14 16 18

\

Figure 12. Evolution of vortices in Plane A-1.
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Figure 13 illustrates the evolution of vortices in the flow field of Plane A-2 over a single
rotation period under various cavitation conditions. It is observed that large-scale vortices
are predominantly located in the blade-free region and the trailing edge of the movable
guide vanes. At the onset of cavitation, large-scale vortices are present in the blade-free
area. As cavitation progresses, its influence on the flow field intensifies, leading to an
expansion in vortex size in the blade-free region of Plane A-2, an increase in the number of
vortex structures, and the emergence of small-scale, low-intensity vortices with varying
periodicity.
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Figure 13. Evolution of vortices in Plane A-2.

The instability of cavitation vortex structures leads to variability in the duration of
vortex evolution cycles, making it challenging to observe the periodicity of these cycles. To
address this, POD was employed to perform dimensionality reduction on snapshots of the
vorticity field in a low-flow condition over two rotation periods. This approach allowed for
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the extraction of the primary coherent vortex structures on Plane A based on the energy
contributions of the various mode orders.

Figure 14 illustrates the proportion of energy contained in various-order POD modes,
represented as the ratio of the mode characteristic values to the sum of the eigenvalues. It
is evident that the first-order mode possesses the highest energy proportion, significantly
surpassing that of the second-order and higher modes, indicating that it represents the
predominant coherent structures within the vorticity field. Furthermore, for modes of
order greater than eight, the energy proportion falls below 1%, and this proportion de-
creases gradually with increasing mode order. This suggests that the corresponding mode
vorticity fields are influenced by the unsteady characteristics of the flow, rendering their
contributions negligible. Additionally, across different levels of cavitation, the distribution
of energy proportions among the various modes remains largely consistent. Notably, the
energy proportion of the first-order mode diminishes as the degree of cavitation intensifies,
indicating that the progression of cavitation enhances the unsteady characteristics of the

vorticity field.
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Figure 14. POD mode energy contribution diagram.

The time mode coefficients for the first, fourth, and eighth mode were subjected to
a fast Fourier transform (FFT), resulting in the time evolution graphs and corresponding
frequency spectra illustrated in Figure 15a—c. In Figure 15a, the evolution of the first-order
POD mode’s time mode coefficients reveals a predominantly low frequency. This is at-
tributed to a high energy proportion, indicating that the mode encompasses a significant
amount of instability. As the instability of the cavitating flow field increases, the mode
incorporates more unstable elements, leading to a chaotic evolution of the vortices. Con-
versely, as the mode order increases, the primary frequency in the time mode coefficients
rises, while the energy proportion decreases, resulting in a reduction in the flow field
information contained within the mode, thus rendering the frequency more distinct and
clear.
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Figure 15. Time mode coefficient time and frequency diagram.

To provide a more intuitive and concrete observation of the coherent vortex structures
at various cavitation levels, Figure 16 illustrates the spatial distribution of the first eight

mode shapes. When the cavitation number o is set at 0.112, mode
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1 represents the coherent
vortex attached to the outlet of the impeller blades. Modes 2-6 depict the diffusion of
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vorticity from the blade outlet into the non-bladed region. As the mode order increases
to mode 7 and mode 8, the wake vortices at the blade outlet expand, leading to dynamic
interactions with the movable guide vanes. Concurrently, numerous small-scale vortices
emerge in the surrounding non-bladed area, and vorticity is also generated on both the
pressure and suction sides of the blades. Therefore, at a cavitation number of o = 0.112,
the wake vortices at the blade outlet are distributed across all mode orders, representing
the inherent modes of the flow field. The wake vortices from the blades are identified as
the primary source of energy dissipation, while the small-scale vortices in the non-bladed
region predominantly appear in higher mode orders, a phenomenon attributed to the
characteristics of the unsteady flow field. Although the contribution of small-scale vortices
to the main flow structure is relatively minor, their high-frequency evolution significantly
enhances the energy dissipation within the flow field.

mode7

(a) 0=0.112

mode2 mode3
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mode7 mode8
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modes mode6 mode7 modes
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Figure 16. The distribution of the first eight POD modes.
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As cavitation progresses, the scale of the vortices represented by mode 1 increases,
leading to a greater number of vortices adhering to the blade surfaces within the rotor
passage. When severe cavitation occurs, vortices that detach from the suction side of the
blades are distributed across all mode orders, particularly near the rotor exit. Concurrently,
smaller-scale vortices begin to transition towards lower-order modes, which possess a
higher energy contribution, thereby enhancing their impact on the flow field. Consequently,
with the advancement of cavitation, the vortices associated with the blade wake, as rep-
resented by the lower-order modes, increase in size and number, resulting in heightened
energy losses. This phenomenon is accompanied by a reduction in the energy contribution
of mode 1, while the contributions from mode 2 and higher modes to the flow field become
more significant, intensifying the unsteady characteristics of the flow and accelerating
energy dissipation.

4.4. DMD Analysis of Vorticity Field

The POD method primarily identifies dominant coherent structures within a flow field
by arranging modes based on their energetic contributions. The modes exhibit complex
frequency components, and the DMD technique is employed for dimensionality reduction
and decomposition of the flow field, allowing for the extraction of coherent structures at
specific characteristic frequencies. This facilitates a comparative analysis of the dynamic
characteristics of evolving vortex structures across different scales. Figure 17 illustrates the
distribution of the DMD mode eigenvalues in the complex plane, where the horizontal axis
represents the real part of the eigenvalues and the vertical axis represents the imaginary part.
A majority of the eigenvalues cluster near the unit circle, indicating that the corresponding
modes are relatively stable and represent the primary coherent structures of the vorticity
field. Conversely, modes located within the unit circle are deemed unstable and do not
correspond to the main vortex structures of the vorticity field. The parameters that describe
the flow field information of each mode are the real parts of the spatial basis modes, with
each set of conjugate eigenvalues corresponding to conjugate modes.

0.5

—0.5

—1.0 H

Figure 17. Eigenvalue distribution.

The mode frequencies and their corresponding correlation coefficients are illustrated
in Figure 18. The analysis was conducted by extracting mode characteristics at three specific
frequencies as follows: 0 Hz, the shaft passing frequency at fy = 16.66 Hz, and the blade
passing frequency at fy = 116.66 Hz, based on varying wheel speeds and the number
of blades.
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Figure 18. DMD frequency spectral diagram.

The spatial distribution and comparison of three DMD modes under various cavitation
conditions are illustrated in Figure 19. The spatial distribution of the 0 Hz frequency mode
represents the dominant time-averaged flow field within the flow, highlighting the primary
regions of vortex distribution. The coherent vortex locations in the fy and f4 frequency
modes correspond to those observed in the 0 Hz frequency mode. The f; frequency mode
predominantly showcases large-scale coherent vortices evolving at the rotational frequency
of the main axis. In contrast, the f4 frequency mode depicts coherent vortices evolving
at the blade passage frequency, characterized by smaller scales compared to the previous
two modes. Consequently, the vortices in the cavitating flow field evolve primarily at the
main axis rotational frequency, while the instability induced by cavitation also gives rise
to coherent vortices evolving at higher frequencies, such as the blade passage frequency
f4. As the degree of cavitation intensifies, there is an increase in the number of small-scale

vortical structures.
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Figure 19. DMD mode distribution.
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5. Conclusions

This study investigated the impact of cavitation development on flow field structures
through experimental and numerical methods, explored the correlation between energy
loss distribution and vorticity distribution, and established the influence of cavitation
evolution on vortex dynamics using mode decomposition methods. The key conclusions
are as follows:

1. The experimental and numerical performance curves align closely, with errors within
acceptable limits, validating the accuracy of the numerical simulations. Using these
simulations, cavitation characteristics under both the design flow rate (Q4) and 60%
Q4 conditions were investigated. Compared to the Qg4 condition, the 60% Qg4 condition
exhibited more severe cavitation phenomena and larger-scale vortex structures.

2. The Q criterion and entropy production results demonstrate that high-entropy-
production regions closely coincide with high-intensity vortex regions under identical
cavitation conditions; consequently, vortices in cavitation flow fields are identified as
the primary cause of energy loss in hydraulic machinery.

3.  Asthe mode order increases, the energy content percentage of each mode decreases.
The cumulative energy contribution of the first eight POD modes exceeds 99%, en-
compassing the dominant flow field structures. Specifically, low-order POD modes
represent large-scale vortices with low-frequency characteristics and complex fre-
quency characteristics, while high-order modes correspond to small-scale vortices
characterized by high-frequency components and simpler frequency components.
Intensified cavitation enhances flow field instability, leading to a reduction in en-
ergy contribution from low-order modes and an increase in high-order mode energy,
accompanied by a rise in the vortex evolutionary frequency mode.

4. The DMD method is employed to decompose the flow field from a frequency per-
spective, allowing for the extraction of coherent vortices. Cavitation vortices evolve
at the rotational frequency of the main shaft fy, while the instability characteristics
of the flow field induced by cavitation are accompanied by coherent vortices that
evolve at higher frequencies, such as the blade passage frequency f4. Furthermore, as
the degree of cavitation intensifies, there is an increase in the number of small-scale
vortex structures.

The mode decomposition method proposed in this paper can be extended to other
turbine flow field analyses, and the conclusions obtained can provide some reference for
the design of pump turbine units. As this study did not use a certain linear combination
of modes to perform flow field reconstruction, it is possible to further develop modes to
combine the advantages of POD and DMD to form a new mode decomposition method and
perform fast flow field reconstruction. Through the use of artificial intelligence to analyze
and reconstruct the flow field, a function to predict the cavitation flow field quickly and
accurately can be formed, and the cavitation performance of the machinery can be evaluated
according to the corresponding indicators such that the fluid machinery can be optimized
to the greatest extent in a very short time and the time cost can be greatly reduced.
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Abstract: In the field of renewable energy, wind power generation is developing rapidly.
How to effectively improve the lift performance of wind turbine blades has become an
urgent problem. For this reason, a plasma actuator is introduced in this paper to enhance the
lift of wind turbine blades, which opens up a new path to solve this dilemma. The impact
of plasma actuators with different voltage frequencies on the lift and rudder efficiency of
wind turbine blades are explored in this study. Then, the flow control implications of the
actuators for the airflow near the rudder are analyzed in detail. It is found that when the
plasma actuator is applied to the leading edge of the rudder, the lift and rudder efficiency
of the blade improve at both 0° and 15° angles of attack with increasing voltage frequency,
but the effects differ significantly. At 0°, the airflow is simpler, the actuator’s control effect
is more pronounced, and the rudder efficiency shows a decreasing trend as the rudder
reflection angle increases. In contrast, at 15°, due to complex airflow, the actuator’s control
capability is weaker, leading to irregular changes in rudder efficiency.

Keywords: plasma actuator; rudder efficiency; flow control; lift enhancement; vortex

1. Introduction

Energy is crucial to national development, and it is imperative to conserve energy
today [1-3]. In the past, the burning of oil, coal, and natural gas was the main way to obtain
electricity. However, their reserves are limited, and their burning polluted the atmosphere.
With the advancement of technology, wind power has emerged as a renewable and clean
way of generating electricity [4,5]. The aerodynamic performance of wind turbine blades,
as the core of wind turbines, directly affects the efficiency of power generation, and it
is of great significance to study the lift performance of blades [6]. However, the effect
of simply changing the blade shape to improve the lift is limited, and there is an urgent
need to find new methods. The rudder in an aircraft affects lift by changing the airflow
state of the wing, and upward deflection increases the pressure difference between the top
and bottom of the wing, which in turn increases the lift [7-9]. Inspired by this, the idea
of introducing rudders into fan blades to assist in lifting force appeared. However, the
traditional rudder has the problem of low deflection efficiency, which hinders its application
in the lift enhancement of fan blades. Solving the problem of rudder inefficiency is the key
to improving the lift performance of wind turbine blades and promoting the development
of wind power generation technology, which is of great significance for realizing sustainable
energy development [10,11].

To address the issue regarding how rudder efficiency can be enhanced, two schemes,
namely active flow control and passive flow control, have been put forward from the
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perspective of flow control [12-14]. A change in wind turbine blade morphology, such as
a vortex generator, is usually required for passive flow control. Control can be achieved
by increasing energy. However, the driving is inefficient, and flight drag is even increased.
On the other hand, active flow control is characterized by a fast response speed and
high control efficiency. The flow field environment in the vicinity of the rudder can be
productively enhanced through it, and the flow separation phenomenon can be reduced
or even prevented [15,16]. Conventional rudders with different structural shapes have
different aerodynamic characteristics. For example, high-lift rudders including wedge
rudders and fishtail rudders can have their lift significantly raised throughout deflection.
However, at the same time, additional drag is generated by them, and the efficiency of
the rudder is diminished [17]. Furthermore, the efficiency of the rudder will also be
influenced by its area. As a rule, the smaller the rudder area is, the lower its efficiency will
be. Meanwhile, the airflow smoothness as well as the total rudder drag are affected by
rudder construction details, for example, rudder tip shape, edge configuration, and overall
streamlining design, which in turn impact rudder efficiency [18].

The decline in rudder efficiency is often strongly correlated with flow separation.
When the airflow from the underside of the blade is flowing to the top of the blade
through the rudder gap and is mixed with it, the normal air flow on the top surface will
be influenced. Therefore, significant flow separation occurs above the rudder. As a result,
the pressure differential between the upper and lower surfaces narrows, and the blade’s
lift decreases [19]. As blade lift decreases, the overall efficiency of the rudder decreases
dramatically. Consequently, the essence of solving the problem of reduced rudder efficiency
lies in how the flow separation above the rudder can be eliminated or mitigated [20,21]. If
the airflow can be made to flow close to the rudder, or in cases where the degree of flow
separation can be controlled to reduce the size of the flow separation area, the efficiency
of the rudder can be significantly enhanced. In recent years, plasma actuators, as a new
active flow control technique, have been applied extensively in the field of flow control on
account of their many advantages like simple structure, flexible mounting position, and
fast response [22-25].

The dielectric barrier discharge plasma actuator (DBD plasma actuator) consists of
three main components: the exposed electrode, the implanted electrode, and the dielectric
layer. This device is widely used because of its simple structure and the thinness of
the dielectric layer that can be achieved. The aerodynamic performance of blades is
significantly enhanced by DBD plasma actuators. Furthermore, the structural integrity of
blades is preserved due to the thin dielectric layer employed, achieving an optimal balance
between aerodynamic efficiency and safety. Two main forms of voltage, namely alternating
current (AC) and pulse voltage, are predominantly included in dielectric barrier discharge
systems. Low-temperature induced airflow can be generated by the barrier discharge
under AC voltage, which is consequently referred to as a low-temperature discharge
plasma actuator. Ablation damage to turbine blades caused by high airflow temperatures is
effectively prevented by this low-temperature characteristic. In contrast, high-temperature
induced airflows are generated by barrier discharges at pulsed voltages, which may lead to
ablative and damaging effects being caused on the blades. However, the disadvantage of
AC voltage is that its induced airflow velocity is slow, and the control effect is relatively
limited. Regardless, in the application of wind turbine blades, the airflow speed can still
meet the practical needs, so this paper uses the AC voltage dielectric blocking discharge
plasma actuator. DBD plasma actuator’s mechanism is explained as follows. When the
two electrodes of the actuator are connected to the high-voltage power supply, the air near
the surface of the actuator is ionized, and a plasma is formed. Under the action of electric
and magnetic fields, the plasma begins to move. During the motion, the plasma collides
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with the surrounding gas molecules and carries out momentum transfer, thus inducing a
directional motion of the gas above the actuator [26].

Currently, many scholars focus on the plasma actuator to enhance the aerodynamic
performance of the blade when performing in-depth research. The core focus is on the
use of plasma actuators to directly control the fluid flow state around the blade. The
installation mode of the plasma actuator is modified through approaches such as series-
parallel configurations and chordwise distribution adjustments [27-29]. Effective control of
the blade’s surrounding flow field is thereby achieved, leading to enhanced power output of
the wind turbine. The dynamic stall range of the blade has been emphasized by scholars in
terms of improving blade lift and optimizing aerodynamic performance [30]. By increasing
the stall angle, the blade can still effectively maintain lift under the original stall angle of
attack conditions. At the same time, the flow separation point of the blade is demonstrated
to be significantly delayed by the plasma actuator in this study [31,32]. Consequently, the
pressure difference between the upper and lower surfaces of the blade is elevated, leading
to effective improvement in blade lift. Improving the aerodynamic performance of the blade
is ultimately about boosting the output power of the wind turbine [33]. Through plasma
actuator based flow control, significant improvements are achieved in both the self-starting
capability and aerodynamic performance of wind turbines, leading to enhanced energy
conversion efficiency. The active flow control methodology is demonstrated to effectively
augment lift forces while simultaneously reducing drag coefficients. Existing research
has primarily focused on configurations where plasma actuators are directly mounted on
turbine blades. However, investigations concerning lift enhancement for blades equipped
with control surfaces remain conspicuously absent in the current literature. Consequently,
the development of specific solutions aimed at improving control surface efficiency is
identified as an essential research direction.

To solve the problem of rudder inefficiency, the following two solutions are proposed.
The first solution is that the traditional rudder structure is replaced using plasma technology.
Concretely, the fluid field surrounding the blade is fulfilled to be directly controlled through
plasma for the rudder. The blade’s lift can be significantly raised with the application of
this technology. After the roll moment generated using the maximum deflection of the
aileron is compared with that on some airfoils, it has been found that the roll moment
generated by the actuator even surpasses the moment caused by the aileron [34]. This
demonstrated that the function of the conventional rudder can be effectively replaced by
the plasma actuator. Installing the plasma actuator at the rudder’s front edge in the flow
separation position is the alternative, and flow control action is utilized to assist the rudder.
Thus, a more significant control effect produced via the rudder deflection can be induced.
By this means, the rudder deflection efficiency can be enhanced. The momentum of the
blade on the rudder is directly boosted by installing a plasma actuator on it. This thus
causes the blade’s lift to increase at various rudder reflection angles [35,36]. In conclusion,
plasma actuators are a viable option for enhancing rudder efficiency.

In this study, the second solution is adopted because it is not only applicable to a wider
range of scenarios but also significantly improves the rudder efficiency while keeping
the original rudder structure unchanged. In order to investigate the lift enhancement
effectiveness of the plasma actuator under normal and extreme blade incoming flow
conditions, 0° and 15° incoming flow angles are selected for analysis in this study. The
0° angle of attack represents the normal incoming flow condition, while the 15° angle of
attack simulates the extreme situation where the turbine blades are on the verge of stalling.
In this paper, with the EPPLERS555 airfoil being selected as the wind turbine blade, the
effects of plasma actuators with different voltage frequencies on the lift performance and
rudder effectiveness of the wing under the conditions of 0° and 15° incoming flow angles
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are investigated. Voltage frequency is a key determinant of plasma control capability. An
increase in the voltage frequency leads to a significant augmentation in plasma density
due to the increased number of discharges per unit time of the plasma actuators. The
momentum exchange between the plasma and air molecules is enhanced by this change,
leading to further improvement in the flow field control effect of the plasma actuator. The
flow separation of the boundary layer on the surface of the wind turbine blade can be
effectively suppressed with the help of high-frequency flow control technology [37]. The
gas flow distribution around the blade can be optimized through this technology, resulting
in altered pressure distribution on both the blade ring volume and upper/lower blade
surfaces. The lift and rudder efficiency of the blade are significantly improved by these
changes [35]. An in-depth investigation of the regulation mechanism of the plasma actuator
in the flow field near the rudder is conducted in this paper. The control effect is modified
through the adjustment of voltage frequency, which is explained in detail. The resulting
influence on blade lift and rudder efficiency is then systematically analyzed.

2. Computational Model
2.1. Model and Computational Domain Grid

In this study, the numerical simulations were performed using ANSYS Fluent 2020
R2 (ANSYS Inc., Canonsburg, PA, USA). The EPPLER555 airfoil is chosen as the object of
investigation, with the chord length being defined as L and the maximum thickness as
0.16 L. It is noted that the plasma actuator’s momentum injection and localized heating
action allow for efficient control of the flow separation. The fluid apposition time on the
blade surface is prolonged, and the fluid’s separation point is pushed back, which in turn
improves the lift of the blade [38—40]. To ensure the actuator’s better control, the actuator is
mounted above the rudder at the point where flow separation occurs, which is shown in
red in Figure 1. The actuator length (C) used is 0.01 times the blade length and is located
16.5 C from the aft end of the rudder. To guarantee the accuracy of the simulation data, the
flow field is large enough to ensure full fluid development. Explicitly, the inlet section’s
radius in front of the blade is 6 L, while the length of the outflow section behind the blade
is 10 L. In the computational domain, the left semicircle is set as the velocity inlet, where
the velocity direction is configured at 0° and 15° to the x-axis, and the velocity magnitude
is 20 m/s. Meanwhile, in the meantime, the blade part is set up as a no-slip wall, and the
top, lower, and right boundaries are positioned as pressure outlets.
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Figure 1. Flow field domain model.
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The flow field mesh is an unstructured mesh, as depicted in Figure 2. In the fluid field,
the grid size is progressively increased from the blade to the far-field direction. The grid
size in the vicinity of the blade and in the right wake region is 1.32 x 10~° m, while the grid
size in the far-field region is expanded to 1.1 x 10~2 m. To accurately capture boundary
layer flow conditions, the blade is delineated with the boundary layer mesh of 20 layers
to ensure the precision of the simulation results. Meanwhile, the height of the first mesh
layer on the blade surface is controlled to be 1.84 x 10~ m, which satisfies the condition
y* < 1. Meanwhile, the mesh in the wake region of the blade is encrypted to better capture
the flow state of the wake of the blade.
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Figure 2. Computational domain mesh.

2.2. Plasma Actuator Phenomenological Model

The DBD plasma actuator discharge time is extremely short, and the specific effects
of air ionization and secondary ionization on the particle motion in the flow field are not
known. As a result, direct simulation of the plasma’s laws of motion is not ideal because
it requires an in-depth understanding of the plasma’s behavioral patterns over a short
period. In order to obtain a similar flow control outcome as the plasma actuator, the flow
control was investigated by Shyy et al. by applying plasma excitation on a flat plate [41].
Comparing the phenomenological model with the experimental findings confirms its
accuracy. Since a low-temperature plasma is produced utilizing the plasma actuator, the
heat generated during plasma generation is neglected in the model. In addition, to attain
control of the plasma at the macroscopic level, mean force is applied instead of particle
motion. The flow control effect of the plasma is considered as an induced force, and the
flow control effect of the plasma is modeled. This study’s control model is derived from the
phenomenological model proposed by Shyy, which is schematically revealed in Figure 3.
The AOB triangular region exhibited in Figure 3 is the effective region of plasma control
action, and the direction indicated by the arrow represents the direction of the electric field
force, i.e., the direction of plasma movement. During directional movement, the plasma
collides with neutral gas molecules, transferring momentum to them and thereby exerting a
macroscopic volume force (body force) on the fluid. The body force reaches its maximum at
point O and gradually decreases to its minimum along line AB. The electric field intensity
at point O of the plasma actuator, denoted as E, represents the maximum electric field
strength, while Ey, signifies the cutoff electric field intensity along the sloping edge AB. In
the region where the electric field strength is equal to or less than the cut-off electric field
strength, it is assumed that there is no body force.
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Figure 3. Schematic diagram of the working principle of the plasma actuator.

The maximum electric field strength Ej is expressed as follows:
Eo = Uo/d, )

where Uy is the maximum voltage applied between the electrodes, and d is the shortest
distance between the two electrodes.
The electric field strength in the vicinity of the actuator is indicated in Equation (2).

|E| = Eo — k1x — kay, )

Here, ki = (Ey — Ep)/b, ko = (Ey — Ep)/a.
The body force is expressed as follows:

F = Bop.e.AtES, ®3)

where 0 is the voltage frequency, p. is the charge density, e, is the charge of the charge, At
is the electrode discharge time, E is the electric field strength vector, and « = 1 is the elastic
collision effective coefficient. In addition, 4 = 1 when the electric field force is greater than
E;, and 6 = 0 when the electric field force is less than Ej,.

The vector of the electric field strength is known from the above equation as follows:

E= ((E-ko)/\/k3+K3,(E -k1)/ /K2 +K3), 4)

The phenomenological model of the DBD (dielectric barrier discharge) plasma actuator
is the equivalent of the induced force to an electric field force that replaces the volumetric
force source term in the N-S equations, thus providing flow control in the Fluent 2020 R2.
Here, the continuous equation, momentum equation, and energy equations are as follows:

9p _
2 TV (o) =0, ®)
%Y V- U+ P -V r=F, (6)
aa—‘erV-[(peer)U—(U-T)—QhJZF'U/ @)

where U, p, P, e, and t are the flow velocity, fluid density, static pressure, internal energy
per unit mass of fluid, and flow time, respectively. T is the shear stress tensor, and Qy, is
the heat transfer term.

In Equation (6), F is the volumetric force source term of the momentum equation, i.e.,
the electric field force on the plasma. In Equation (7), F-U is the energy source term of the
energy equation, i.e., the work done by the electric field force. Because of the low effect
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of the energy action of the low-temperature plasma, only the momentum source term F is
added into the calculation of the flow field.

2.3. Rudder Efficiency and Turbulence Modeling

Rudder efficiency is measured as the amount of moment produced when the rudder
is deflected at a specific angle. On the condition that more moments can be produced
by the rudder at the same angle of deflection, it is more efficient. As the model is two-
dimensional, the magnitude of the roll moment can be reflected by the lift on the blade
cross-section. Therefore, the lift coefficient of the blade can be measured to evaluate the
rudder efficiency [42]. The rudder efficiency is expressed in Equation (8).

(Cl, — Clg) — (Cl, — Cly)

Ay = Cl, — Clp ' ®

Here, Cl}, is the lift coefficient generated when the rudder is deflected and the plasma
actuator is applied, Cly is the lift coefficient before the rudder is deflected without the
plasma actuator adopted. Cl, is the lift coefficient produced when the rudder is deflected
without the plasma actuator adopted.

The Reynolds-averaged SST K-w turbulence model is employed in this study. The
fundamental principle of the SST model lies in its hybrid formulation. The K-w model is
utilized in the near-wall region, while the K-¢ model is adopted at the boundary layer edge
and in free shear layers. Additionally, the transport of Reynolds shear stress is incorporated
through Bradshaw’s hypothesis (the ratio of shear stress to turbulent kinetic energy). This
formulation effectively combines the advantages of the K-w, K-¢, and JK models. Beyond
these merits, the SST model demonstrates superior capability in handling the transport
of turbulent shear stresses within adverse pressure gradients and separated boundary
layers. Consequently, more accurate predictions are achieved for complex flow phenomena
including adverse pressure gradients and boundary layer separation.

When compared with the standard K-w model, several enhancements are imple-
mented in the SST K-w formulation. Specifically, cross-diffusion originating from the w
equation is incorporated, and the turbulent viscosity is modified by the propagation of
turbulent shear stresses. These improvements contribute to the enhanced accuracy and
reliability of simulation results. Therefore, the SST K-w turbulence model is selected to
mitigate the effects of shear stress and complex flow conditions. The governing equations
for the SST K-w two-equation turbulence model are presented as follows:

N
ou = _= 1
— : =-VP+ — 9
3t +U-VU VP + 22 )
—
V-U=0, (10)
The SST K-w turbulence model equations are expressed as follows:
Dok _ Ui ., 9 ok
W—TﬂaTi_B p“’k“Lszj (u+0kut)aij , (11)
Dpw vy "an 5 0 Jw
Dt = 0o Bpw” + ax (L+ owhy) ax +z, (12)
1 ok dw
— _ — == 1
2 =201~ Fi)owz 305 (13)
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where (2 is the vortex volume.

vk 500U

— 2 - Y=
F, = tanh(argj), arg, —max(ZO'ngy, Vo

), (14)
Here, y is the distance from the wall, and the parameter value is detailed below:

¢ =Fidy + (1 - F)by, (15)

where mix function are presented as follows:

F = tanh(arg‘ll), (16)

vk 500U, 4pogok
—mi - - 17
arg, mm(max(o'ogwy, Vo ); CDkwyz)' (17)
Dy = max(2p0n 25 9%, 10-20), (18)

an aX] !

2.4. Model Accuracy Validation

In experimental and simulation research, the variation curves of lift coefficients were
obtained by Wei et al. [43], and it is discovered that there was a significant degree of
agreement between the simulation and the experimental findings. It is suggested that the
flow field around the point of stall can be calculated using the LES method. To verify the
accuracy of the model, the airfoil is chosen, and the same angle of rudder reflection is set for
the simulation calculation. As indicated in Figure 4, our simulation results are contrasted
with those of Wei et al., and the three curves are in high agreement. Thus, it can be said
that this paper’s approach is acceptable.
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—e— Simulation
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Figure 4. Comparison of lift coefficients for model accuracy validation.

To enhance computational efficiency while ensuring result accuracy, a comprehensive
grid independence study is conducted. Three distinct grid configurations are systematically
evaluated: Grid 1 features a minimum cell size of 3.12 x 10~° m with 153,100 total elements;
Grid 2 is refined in the blade proximity and wake regions, achieving a minimum size of
1.32 x 107° m in these critical zones while maintaining 582,100 elements; and Grid 3
undergoes further refinement with a 6 x 107® m minimum cell size around the blade
and wake, coupled with enhanced far-field resolution, totaling 1,360,000 elements. The
lift coefficient distributions obtained from these grid configurations are comparatively
analyzed (Figure 5). It is observed that the results from Grids 2 and Grids 3 demonstrate
superior agreement in lift coefficient trends when compared with Grid 1. Based on this
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systematic evaluation, Grid 2 is selected as the optimal configuration, providing balanced
computational accuracy and resource requirements.

Grid 1

1.287 4 Grid 2
1.284
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Figure 5. Comparison of lift coefficients of different mesh blades.

3. Results and Analysis

The control effectiveness of the plasma actuator is significantly influenced by the
voltage frequency. On the whole, the actuator can be controlled more effectively at higher
voltage frequencies. Nevertheless, in complex flow field environments, the controlling
impact of the plasma may be significantly impacted. Therefore, in this study, different
voltage frequency actuators are selected to investigate changing lift coefficient and rudder
efficiency, due to rudder deflection under different angles of attack. Moreover, research
is being performed to assess how the actuators’ flow control affects the surrounding
fluid field.

The Reynolds number for the study in this paper is 410,752 to determine how the lift
coefficient is affected by the plasma actuator’s voltage frequency, the voltage amplitude
is constantly 5 kV, and the voltage frequency is set sequentially at 4 kHz, 5 kHz, 6 kHz,
7 kHz, and 8 kHz. The angle of attack, rudder deflection, and plasma actuator parameters
are contained in Table 1. The angles of attack « are 0° and 15°, and the rudder deflection
angles (3 are 3°,4°, 5°, 6°,7°,8°, and 9°.

Table 1. Plasma actuator, angle of attack, and rudder deflection parameters.

Voltage Frequenc Voltage Angle of Attack Angle of Rudder
& ! y Amplitude (x) Reflection (3)
4 kHZ, 5 kHZ, 6 kHZ, o o 0O 40 EO £O MO QO QO
7 kHz, 8 kHz 5kV 0°,15 3°,4°,5°,6°,7°,8°,9

To facilitate the description of the parameters for the use of the plasma actuator, the
following naming rule is developed. When the angle of rudder reflection is 4° and no
plasma actuator is used on the rudder, the case is named 4 na (na: no actuator). As a plasma
actuator with a voltage frequency of 6 kHz and a voltage amplitude of 5 kV is used on a
rudder with an angle of rudder reflection of 4°, this condition is named 4a-6-5.

3.1. Effect of Actuator Voltage Frequency on Lift Coefficient
3.1.1. Effect of Voltage Frequency on Lift at « = 0°

The average values of lift coefficients for o« = 0° are exhibited in Table 2. It is revealed
from the findings that the utilization of a plasma actuator can significantly improve the
blade’s lift coefficient regardless of the change in the angle of rudder reflection. Especially
when the angle of rudder reflection is raised from 3° to 9°, the lift coefficient can be
considerably enhanced under a voltage-frequency plasma actuator of 8 kHz. Specifically,
as the rudder reflection angle is raised from 8° to 9°, just a 2.9% improvement in the lift
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coefficient without the use of the actuator is obtained. Otherwise, when an 8 kHz plasma
actuator is used, the lift coefficient at 9° rudder declination reaches 0.5526, which is a 19.6%
lift coefficient improvement compared to that at 8° rudder declination. The influence of the
actuator is most notable at 3 = 4°, particularly at 8 kHz. The actuator voltage frequency is
8 kHz, and the angle of rudder reflection is enhanced from 3° to 4°. The lift coefficient is
prominently enhanced by about 82.7%. In contrast, the same change in the angle of rudder
reflection without the plasma actuator increases the lift coefficient by only 6.2%.

Table 2. Average value of lift coefficient for oc = 0°.

Voltage Frequency p=3° p=4° B =5° p=6° p=7° p=8° B=9°
No actuator 0.3603 0.3826 0.3959 0.4277 0.4425 0.4621 0.4755

4 kHz 0.4337 0.4606 0.4489 0.4767 0.4887 0.5045 0.5145

5 kHz 0.4654 0.4962 0.4654 0.4893 0.5009 0.5159 0.5240

6 kHz 0.5501 0.6104 0.4837 0.5029 0.5128 0.5270 0.5335

7 kHz 0.5888 0.6395 0.5058 0.5181 0.5237 0.5378 0.5428

8 kHz 0.6119 0.6583 0.5369 0.5360 0.5358 0.5494 0.5526

Without the actuator, the lift coefficient increases as the angle of rudder reflection rises.
Yet, when the same voltage-frequency actuator is employed, the lift coefficients still rise
with the enhancement of the angle of rudder reflection, except for a transient drop in the lift
coefficient when rudder reflection angle goes up from 4° to 5°. It is further observed that the
maximal value of the lift coefficient appears at 3 = 9°, as the voltage frequencies are 4 kHz
and 5 kHz. Nevertheless, the lift coefficient reaches highest value at 3 = 4°, and the voltage
frequency is from 6 kHz to 8 kHz. It is indicative of this phenomenon that the higher the
voltage frequency is, the more effective the control of low rudder deflection. Based on this
finding, by varying the actuator’s voltage frequency at various rudder reflection angles,
energy savings and the desired lift may be attained.

Lift coefficient curves of different voltage frequencies at « = 0° are shown in
Figure 6a—f. Every 1° of rudder deflection, with or without the actuator, enhances blade lift.
However, as the plasma actuator is applied, the lift is significantly elevated in contrast to the
case without the actuator. In addition, the larger the voltage frequency is, the more obvious
the enhancement effect of the blade lift is. Some of the lift coefficient curves remain stable
with time, while some of the curves show small vibrations. This shows that the plasma
actuator is not only effective in increasing the lift but also in avoiding the blade chattering
problem caused by the drastic change of the lift. Upon detailed analysis of Figure 6, it can
be seen that there is an abrupt rise in the lift coefficient when the voltage frequency reaches
a specific value. To be specific, both the case of 4 kHz and 6 kHz frequencies result in
substantial jumps in lift coefficients, when the rudder is deflected from 3° to 4°. A jump in
the lift coefficient also results from the 4 kHz frequency when the rudder is deflected from
8° to 9°. Evidently, to attain the goals of a high lift coefficient and low energy consumption,
voltage-frequency plasma actuators possessing these characteristics can be used.
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Figure 6. Lift coefficient curves of different voltage frequencies at o« = 0°.

3.1.2. Effect of Voltage Frequency on Lift at « = 15°

Average value of lift coefficient for & = 15° are demonstrated in Table 3. The lift

coefficient of the blade at different angles of rudder reflections is obviously enhanced

through the use of actuators. In most cases, the lift coefficient increases as the voltage

frequency increases. However, when 3 = 4° and the voltage frequency increases from

7 kHz to 8 kHz, the lift coefficient exhibits a decrease. In addition to this special case, all
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other rudder deflections adhere to this rule. Particularly at 3 = 8° and a voltage frequency
close to 8 kHz, the plasma actuator demonstrates the optimal flow regulation efficiency. In
the absence of the plasma actuator, the lift coefficient increased by merely 1.6% after the
angle of rudder reflection is altered from 7° to 8°. Nevertheless, when an actuator with a
frequency of 8 kHz is employed, the identical change in angle of rudder reflection leads to a
10.9% increase in the lift coefficient. To be specific, the disparity between the lift coefficients
at 4 kHz and 8 kHz voltage frequencies is only 0.0124 when 3 = 4°. In contrast, the disparity
between the lift coefficients at these two frequencies raise markedly to 0.0959 at 3 = 7°. It is
revealed that the larger the angle of rudder reflection is, the more pronounced the effect of
the enhancement in voltage frequency on the rudder efficiency. When the angle of rudder
reflection increases from 8° to 9°, at the same voltage frequency, all lift coefficient averages
decrease. There is also a diminish in the mean value of the lift coefficient after an increasing
angle of rudder reflection. For instance, when the voltage frequency is 4 kHz and the
angle of rudder reflection is increased from 5° to 6°, the average lift coefficient exhibits the
same decreasing tendency. Nonetheless, the average lift coefficients are generally enhanced
versus the situation without the actuator. It is obvious that the variation in the average lift
coefficient is more complex and lacks a distinct regularity as the voltage frequency and
angle of rudder reflection grows in comparison with the 0°angle of attack.

Table 3. Average lift coefficient values at « = 15°.

Voltage Frequency p=3° p=4° B =5° B=6° p=7° p=8° p=9°
No actuator 1.2589 1.2635 1.2817 1.2821 1.3021 1.3235 1.3340

4 kHz 1.2708 1.3293 1.2903 1.2879 1.3072 1.4179 1.4036
5kHz 1.3297 1.3400 1.2926 1.3600 1.3844 1.4257 1.4117

6 kHz 1.3375 1.3484 1.3610 1.3687 1.3915 1.4328 1.4181

7 kHz 1.3456 1.3559 1.3682 1.3748 1.3979 1.4379 1.4231

8 kHz 1.3538 1.3417 1.3747 1.3798 1.4031 1.4443 1.4282

The curves of the influence of various voltage frequencies upon the lift coefficient after a
1° increase in the rudder at & = 15° are illustrated in Figure 7. It is evident that the fluctuations
of all the lift coefficient curves grow in magnitude and show a cyclic variation compared to
the case at & = 0°. By comparing the curves in Figure 7, three main patterns of lift coefficient
curves can be concluded: delta function type, as displayed in 3 na; irregular oscillation
type, as illustrated in 9 na; and oscillation delta function type, as depicted in 5a-6-7. To

be specific, in Figure 7b, the curves corresponding to 5a-6-4 are of the delta function type.

The formation of these three characteristic curves is intrinsically related to vortex shedding
mechanisms. The delta function type curve is generated by periodic shedding of vortices with
consistent intensity. When the shed vortices maintain comparable strength, the amplitude of
lift coefficient fluctuations remains relatively uniform. The irregular oscillation type curve
results from a non-uniform vortex strength distribution. Stronger vortices induce more
pronounced lift fluctuations during shedding, while weaker vortices produce negligible
effects, collectively leading to the irregular oscillatory pattern. The oscillation delta function
type curve is attributed to the coexistence of high-intensity vortices with shorter shedding
periods and persistent low-intensity vortex shedding. The characteristic oscillatory delta
composite pattern is created by this superposition. This curve exhibits similarity to the lift
coefficient curve in the case where no actuator is employed, while it notably augments the
lift of the blade. The curve representing 5 na, on the other hand, belongs to the type of
irregular oscillations with a smaller average fluctuation amplitude and is one of the better lift
coefficient waveforms produced by the blade in the absence of plasma excitation. As for the
lift coefficient curves generated by 5a-6-5, 5a-6-6, and 5a-6-7, they are of the oscillation delta
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function type. In this type of curve, although the amplitude of each oscillation is small, the
curve of the simple delta function type has a substantially smaller variation in the highest and

lowest points throughout a whole trigonometric cycle. Accordingly, the oscillatory effects of

the blade can be amplified by such curves with adverse impacts. So, when selecting voltage

frequencies, frequencies that may lead to the appearance of such curves should be avoided as

much as possible.
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Figure 7. Lift coefficient curves of different voltage frequencies at o« = 15°.
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3.2. Effect of Actuator Voltage Frequency on Rudder Efficiency
3.2.1. Effect of Voltage Frequency on Rudder Efficiency at o = 0°

The impact of actuator on rudder efficiency at different voltage frequencies is revealed
in Table 4. There is evidence that the use of a plasma actuator can have a very positive
impact on the efficiency of the rudder. When the angle of rudder reflection is increased from
3° to 4°, the rudder efficiency is only 21.649% at a voltage frequency of 4 kHz. However,
as the voltage frequency is increased to 8 kHz, the rudder efficiency surges to 76.52%,
which is 54.871% higher than that at 4 kHz. It is illustrated that the improvement in
rudder efficiency is considerably affected by the augmentation in voltage frequency. At the
same voltage frequency, the larger the angle of rudder reflection is, the lower the rudder
efficiency usually is. As an illustration, when the voltage frequency is 8 kHz and the rudder
is deflected from 8° to 9°, the efficiency is reduced by 59.835% compared to that when
the rudder is deflected from 3° to 4°. In addition, when the angle of rudder reflection is
smaller, its efficiency improvement is faster while the actuator frequency is raised, and vice
versa. Specifically, when the rudder is deflected from 3° to 4°, the rudder efficiency can
be advanced by about 9.88% if the voltage frequency is enhanced from 4 kHz to 5 kHz.
Nonetheless, when the rudder deflection is changed from 8° to 9°, the increase in rudder
efficiency amounts to merely 2.056%, even though the voltage frequency is simultaneously
elevated from 4 kHz to 5 kHz. Therefore, when the angle of rudder reflection is relatively
small, a higher voltage frequency can be chosen to enhance efficiency. Conversely, when the
angle of rudder reflection is relatively large, a lower voltage frequency should be adopted
to conserve energy.

Table 4. Rudder efficiency for different voltage frequencies at o = 0°.

Voltage Frequency  3°~4° 4°~5° 5°~6° 6°~7° 7°~8° 8°~9°

4 kHz 21.649% 13.853% 12.377% 10.802%  9.582%  8.440%
5kHz 31.529%  18.165% 15.559%  13.654% 12.158%  10.496%
6 kHz 63.225% 22.948% 18.995% 16.437% 14.667% 12.551%
7 kHz 71.302%  28.725%  22.834% 18.985% 17.107%  14.564%
8 kHz 76.520% 36.853% 27.355% 21.814% 19.729%  16.685%

3.2.2. Effect of Voltage Frequency on Rudder Efficiency at & = 15°

Upon comparing the data in Table 5, it is found that the actuator’s rudder efficiency
is substantially higher at « = 15° than at o = 0°. Exactly, the maximum value of rudder
efficiency is 76.52% at « = 0°, whereas the maximum value of rudder efficiency attains
24,425% at oo = 15°, representing an increase of 24,348.48% compared with « = 0°. It is
indicated that the plasma at « = 15° is more effectively regulated with the actuator. At
o = 0°, the maximum value of rudder efficiency emerges when the voltage frequency is
8 kHz and the angle of rudder reflection is altered from 3° to 4°, and the rudder efficiency
declines with the augmentation of the angle of rudder reflection. Nevertheless, a clear
regularity is not exhibited in the impact of the angle of rudder reflection being increased or
decreased on the rudder efficiency at « = 15°. The complex flow within the flow field in the
absence of the actuator’s action results in an irregular variation in the rudder efficiency. Still,
upon the actuator being incorporated, the efficiency of the rudder is remarkably enhanced
in comparison with that without the actuator, albeit the variation of the rudder efficiency
remains complex. It is suggested that an important role in improving rudder efficiency
is played through plasma actuators. However, it is worthy of note that this effect fails to
exhibit a distinct regularity with the augmentation of the angle of rudder reflection. In
contrast, the rudder efficiency declines with the increase in the angle of rudder reflection at
o =0°.
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Table 5. Rudder efficiency for different voltage frequencies at o = 15°.

Voltage Frequency  3°~4° 4°~5° 5°~6° 6°~7° 7°~8° 8°~9°

4 kHz 1430% 47% 1450% 25% 441% 663%
5kHz 1663% 60% 19475% 412% 478% 740%
6 kHz 1846% 436% 21650% 446% 509% 801%
7 kHz 2009% 475% 23175% 479% 535% 849%
8 kHz 1700% 511% 24425% 505% 564% 897%

3.3. Flow Field Analysis
3.3.1. Flow Field Analysis at & = 0°

The streamlines of different voltage frequencies at o« = 0° and 3 = 4° are presented in
Figure 8. The findings show that the existence of the plasma actuator substantially raises the
kinetic energy of the fluid on the rudder’s upper surface. This, in turn, speeds up the fluid
flow velocity and leads to the downstream movement of associated rudder vortices over
the top surface. As the plasma actuator’s voltage frequency grows, the area of adhering
vortices is reduced, until they vanish completely at 7 kHz and 8 kHz. At this point, the gas
can be made to flow closely to the upper surface of the rudder, which effectively augments
the lift of the blade.

0.05F

0.05F

0.05 F—

-0.05

Figure 8. Cont.
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(e) 7 kHz

Figure 8. Streamlines of different voltage frequencies at o« = 0° and f = 4°.

As shown on Figure 9a, the flow at the front edge of the rudder is quite complex.
Due to the gap between the main blade and the rudder, the airflow flowing faster on
the lower surface will ascend to the top surface and interact with the fluid at top surface.
Fluid detachment from the blade top surface at the rudder leading edge is caused by this
interaction, which in turn produces flow separation as well as the development of huge
attached vortices above the rudder. To achieve optimal flow control, the actuator is situated
close to the point where the flow separates [44]. However, at voltage frequencies of 4 kHz
and 5 kHz, the influence of the actuator is not visible and does not cause the fluid above
the rudder to flow near the blade surface. However, the attached vortex area is significantly
reduced, and the tendency of the fluid to flow near the wall surface gradually emerges with
the increase in the voltage frequency. When the voltage frequency is further increased to the
range of 6 kHz to 8 kHz, the generation of vortices can be clearly observed at the installation
location of the plasma actuator. These vortices help to improve the energy transfer among
the entering flow and the boundary layer, and the fluid is induced to flow close to the wall,
which markedly improves the flow field capability to resist the backpressure gradient as
well as suppress flow separation.

The velocity nephograms of different voltage frequencies at « = 0° and 3 = 4° are
illustrated in Figure 9. While in the case with no actuator, a large blue area above the rudder
with a velocity lower than 8 m/s is presented. This blue area is gradually reduced as the
voltage frequency of the plasma actuator rises. When the voltage frequency is 8 kHz, only
a very small blue low-velocity region is visible on the rudder tail. During the operation of
the plasma actuator, a high-velocity fluid is generated at the actuator installation position,
and the incoming flow rate is exceeded by its flow rate, which is approximately 26 m/s.
In addition, this high-velocity fluid is not only present at the front edge of the rudder,
but also covers the seam area between the main blade and the rudder. When the voltage
frequency of the plasma actuator increases, the area of the high-velocity fluid region will
be correspondingly enlarged, and the flow velocity will also be gradually augmented, so as
to achieve a better flow control effect.
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Figure 9. Velocity nephograms of different voltage frequencies at « = 0° and 5 = 4°.

3.3.2. Flow Field Analysis at o = 15°

The streamlines of different voltage frequencies at « = 15° and 3 = 4° are depicted in

Figure 10. Flow separation at the main blade is noted, and this separation persists across

the entire blade. In Figure 10a—e, four vortices are generated above the blade, including the
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flow separation vortex above the main blade, the vortex generated by the velocity difference
between blade and rudder, the vortex above rudder, and the vortex behind rudder. Under
the combined effects of these vortices, the flow speed above the blade surface is reduced,
and the blade’s lift is significantly decreased. In Figure 10f, three vortices are generated
over the blade. Among them, the flow separation vortex above the main blade shifts above
the rudder, developing a vortex with a larger area. Simultaneously, the vortices above
and behind the rudder progressively approach the rudder under the compression of the
larger vortex, and the area of the vortex is significantly diminished. The flow trajectory
of the lower edge fluid flowing from the gap to the upper edge after coupling with the
upper edge fluid is shown by the red line. The angle of the red line gradually grows as
the voltage frequency rises, as shown by the red line. It is indicated that an increase in
voltage frequency helps the fluid flow closer to the control surface, thereby demonstrating
that effective control is provided by the plasma actuator at the leading edge of the rudder.
Especially in Figure 10f, a significant change is observed in the red line, indicating that
the fluid is able to flow closely along the upper wall of the rudder. This indicates that the
induction effect is optimized when the 8 kHz plasma actuator is employed.

(c) 5kHz (d) 6 kHz

Figure 10. Cont.
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(e) 7 kHz (f) 8 kHz
Figure 10. Streamlines of different voltage frequencies at « = 15° and 3 = 4°.

The velocity nephograms of different voltage frequencies at & = 15° and 3 = 4° are
presented in Figure 11. Compared with the 0° angle, the area of the blue low-speed region
is significantly increased. Large low-speed areas are formed over the rudder and main
blade. The low velocity region coincides with the region where vortices are present in
Figure 10, and the correlation between the decrease in fluid flow velocity and the presence
of vortices is further confirmed. Simultaneously, the red area at the front edge of the rudder
is markedly different from the condition at & = 0°. At & = 0°, the upper edge of the rudder
is where the red portion of the actuator is stretched. However, when « = 15°, the red
area is connected to the upper edge of the rudder only at 8 kHz. In other cases, the red
high-velocity fluid will flow along the gap to the upper right of the blade. This indicates
that the flow from the gap to the upper edge is not effectively controlled by the plasma
actuator at the low voltage frequency at o = 15°. At the same time, it also further indicates
that under the complex flow field conditions at o« = 15°, the regulating effect of the actuator
is relatively low, and the voltage frequency needs to be enhanced to resist the original flow
state, which is significantly reduced compared with that at « = 0°.
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Figure 11. Velocity nephograms of different voltage frequencies at « = 15° and 3 = 4°.

4. Conclusions

In this study, the investigations are conducted on the lift coefficients, rudder efficiency,
and flow field conditions of the wind turbine blades of the EPPLER555 airfoil at different
rudder deflections after being controlled with different plasma actuators at two angles of
attack. The following conclusions are obtained:

(@) The lift and rudder efficiency of the blade at both 0° and 15° angles of attack can
be effectively improved by the actuator, and then the efficiency of wind turbine
power generation is effectively improved. The actuator’s influence upon the rudder
efficiency is increased as the rudder deflection angle decreases at « = 0°. However,
at o« = 15°, the complex flow of airflow around the blade leads to the fact that the
enhancement effect of the actuator on the rudder efficiency does not show a regular
change with the rudder deflection angle. The enhancement effect of the actuator on
the rudder efficiency is amplified with the rise of the voltage frequency for both angles
of attack.

(b) When « =0°, flow separation is only caused at the leading edge of the rudder, and
only attached vortices are generated above the rudder. When & = 15°, flow separation
is caused when the airflow passes through the main blade, and multiple vortices are
formed above the blade, making the flow situation more complicated. Moreover, at
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o = 15°, three types of lift coefficient curves are generated by applying the plasma
actuator: delta function type, irregular oscillation type, and oscillation delta function
type. To reduce the issue of blade flutter created by the drastic change in the lift
coefficient, the oscillating delta function type of curve should be avoided when
selecting the voltage frequency. At the same time, to accomplish high lift coefficient
and low energy consumption, voltage-frequency plasma actuators with jumping
characteristics can be used.

(c) As the excitation frequency of the plasma actuator grows at o« = 0°, the attached
vortex area above the rudder gradually reduces. As a result, the fluid flow velocity is
gradually accelerated, causing the flow to move closer to the rudder. As the excitation
frequency of the plasma actuator increases at o« = 15°, the angle of the flow trajectory
of the fluid flowing from the gap at the lower edge to the upper edge is gradually
increased. It is indicated that the increase in the voltage frequency contributes to the
fluid flow being moved closer to the rudder. Especially when the voltage frequency
reaches 8 kHz, the original flow state can be effectively changed, causing the fluid to
be closer to the rudder.

Author Contributions: Conceptualization, ].X. and J.C.; Data curation, J.Z.; Formal analysis, J.C.;
Funding acquisition, J.C.; Investigation, J.X., ].Z. and ]J.C.; Methodology, ] X. and J.Z.; Project ad-
ministration, J.Z.; Resources, J.X.; Software, ].X.; Supervision, J.C.; Validation, J].X., J.Z. and ].C,;
Visualization, J.X.; Writing—original draft, ] X.; Writing—review & editing, J.Z. and J.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 12202408) and the Aviation Science Foundation (grant number 2019ZA0U0001).

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author (changjianlong1989@126.com) upon request.

Conflicts of Interest: Author Jian Zhao was employed by Jinxi Industrial Group Co., Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

DBD  Dielectric barrier discharge

na No actuator

References

1. Jureczko, M.; Mrowka, M. Multiobjective Optimization of Composite Wind Turbine Blade. Materials 2022, 15, 4649. [CrossRef]
[PubMed]

2. Teng H.LiS,; Cao, Z,;Li,S.; Li, C.; Ko, T.J. Carbon Fiber Composites for Large-Scale Wind Turbine Blades: Applicability Study
and Comprehensive Evaluation in China. J. Mar. Sci. Eng. 2023, 11, 624. [CrossRef]

3. Zhang, Y,; Zhang, C.; You, H.; Liang, K.; Wei, C.; Sun, A. Analysis of performance improvement methods for offshore wind
turbine blades affected by leading edge erosion. Ocean Eng. 2024, 310, 118773. [CrossRef]

4. Chu, Y.-J,; Lam, H.-F; Peng, H.-Y. Numerical investigation of the power and self-start performance of a folding-blade horizontal
axis wind turbine with a downwind configuration. Int. |. Green Energy 2022, 19, 28-51. [CrossRef]

5. Zhang, X.; Zheng, M. Numerical Simulation of Fluid-Structure Coupling for a Multi-Blade Vertical-Axis Wind Turbine. Appl. Sci.
Basel 2023, 13, 8612. [CrossRef]

6. Yan, P; Li, Y;; Gao, Q.; Lian, S.; Wu, Q. Design and Analysis of an Adaptive Dual-Drive Lift-Drag Composite Vertical-Axis Wind
Turbine Generator. Energies 2023, 16, 7529. [CrossRef]

7. Sato, M. Passive Fault-Tolerant Flight Control Design Example for Elevator Efficiency Reduction Using Structured Heo Control. In

Proceedings of the 29th Mediterranean Conference on Control and Automation (MED), Puglia, Italy, 22-25 June 2021; pp. 627-632.

279



Processes 2025, 13, 1032

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kim, S.; Horspool, K.R. Nonlinear Controller Design for Non-minimum Phase Flight System Enhanced by Adaptive Elevator
Algorithm. In Proceedings of the AIAA Science and Technology Forum and Exposition (AIAA SciTech), Orlando, FL, USA, 6-10
January 2020.

Singh, Y.; Bagri, K.; Jayakumar, A.; Rizzoni, G. Fault Diagnostics for Oscillatory Failure Case in Aircraft Elevator Servos. In
Proceedings of the 22nd World Congress of the International Federation of Automatic Control (IFAC), Yokohama, Japan, 9-14
July 2023; pp. 408-415.

Singh, U.; Rizwan, M.; Malik, H.; Marquez, EP.G. Wind Energy Scenario, Success and Initiatives towards Renewable Energy in
India-A Review. Energies 2022, 15, 2291. [CrossRef]

Urabe, C.T.; Ikegami, T.; Ogimoto, K. Mitigation of Short-Term Fluctuations in Wind Power Output in a Balancing Area on the
Road Toward 100% Renewable Energy. EEE Access 2022, 10, 111210-111220. [CrossRef]

Esmaeili, A.; Sousa, ]. M.M. Combined passive and active flow control for fixed-wing micro air vehicles. Int. . Micro Air Veh. 2023,
15, 17568293231197127. [CrossRef]

Gupta, S.; Kumar, S.; Kumar, R. Control of leading-edge vortices over delta wing using flow control methods: A review. In
Proceedings of the 2nd International Conference on Functional Material, Manufacturing and Performances ICFMMP), Phagwara,
India, 17-18 September 2022; pp. 2189-2193.

Rashid, S.; Nawaz, F.; Magsood, A.; Salamat, S.; Riaz, R. Review of wave drag reduction techniques: Advances in active, passive,
and hybrid flow control. Proc. Inst. Mech. Eng. Part G |. Aerosp. Eng. 2022, 236, 2851-2884. [CrossRef]

Spens, A.; Pisano, A.P,; Bons, ].P. Leading-Edge Active Flow Control Enabled by Curved Fluidic Oscillators. AIAA J. 2023, 61,
1675-1686. [CrossRef]

Zhao, G.; Zhao, Q.; Li, P,; Wang, B. Numerical Investigations for Passive and Active Flow Control on Tiltrotor-Wing Aerodynamic
Interactions. J. Aerosp. Eng. 2021, 34, 04021094. [CrossRef]

Hai-long, S.; Obwogi, E.O.; Yu-min, S. Scale effects for rudder bulb and rudder thrust fin on propulsive efficiency based on
computational fluid dynamics. Ocean Eng. 2016, 117, 199-209. [CrossRef]

Liu, J.; Hekkenberg, R. Sixty years of research on ship rudders: Effects of design choices on rudder performance. Ships Offshore
Struct. 2017, 12, 495-512. [CrossRef]

Benedetti, D.M.; Veras, C.A.G. Wind-Tunnel Measurement of Differential Pressure on the Surface of a Dynamically Inflatable
Wing Cell. Aerospace 2021, 8, 34. [CrossRef]

Carstensen, B.; Kriiger, S. Coupling of a Boundary Element Method With a Boundary Layer Method for Accurate Rudder Force
Calculation Within the Early Design Stage. In Proceedings of the 40th ASME International Conference on Ocean, Offshore and
Arctic Engineering (OMAE), Electr Network, Virtual, 21-30 June 2021.

Lin, M,; Yang, F; Wang, C. Numerical investigation on the generation mechanism of aero-heating of rudder shaft from three-
dimensional flow separation and vortices. AIP Adv. 2022, 12, 045228. [CrossRef]

Abdullaev, A.; Kotvitskii, A.; Moralev, L.; Ustinov, M. On the Possibility of Cross-Flow Vortex Cancellation by Plasma Actuators.
Aerospace 2023, 10, 469. [CrossRef]

Chen, S.; Shi, Z.; Zhao, Z.; Geng, X.; Chen, Z. Investigation of vertical tail buffeting alleviation controlled by nanosecond plasma
actuators. Phys. Fluids 2021, 33, 087109. [CrossRef]

Manuilovich, S.V. Stability and Receptivity of the Swept-Wing Boundary-Layer Flow Controlled by a Periodic Sequence of Plasma
Actuators. Fluid Dyn. 2021, 56, 630-644. [CrossRef]

Manuilovich, S.V. Resonance Impact of a Periodic Sequence of Plasma Actuators in Flow Control in a Swept-Wing Boundary
Layer. Fluid Dyn. 2023, 58, 542-554. [CrossRef]

Yu, J.; Liu, H.; Xu, D.; Chen, F. Investigation of the DBD Plasma Effect on Flat Plate Flow. Plasma Sci. Technol. 2014, 16, 197-202.
[CrossRef]

Benmoussa, A.; Pascoa, J.C. Enhancement of a cycloidal self-pitch vertical axis wind turbine performance through DBD plasma
actuators at low tip speed ratio. Int. J. Thermofluids 2023, 17, 100258.

Omidi, J. DBD plasma actuator effect on mid-blade aerodynamics enhancement of a NREL 5-MW wind turbine. In Proceedings
of the 2022 International Conference on Futuristic Technologies in Control Systems & Renewable Energy (ICFCR), Malappuram,
India, 21-22 July 2022; pp. 1-6.

Omidi, J.; Mazaheri, K. Aerodynamic Enhancement and Improving the Performance of a Six-Megawatt DOWEC Wind Turbine
by Micro-Plasma Actuator. Int. J. Mech. Sci. 2021, 195, 106228. [CrossRef]

Li, G.; Zhang, W.; Jiang, Y.; Yang, P. Experimental investigation of dynamic stall flow control for wind turbine airfoils using a
plasma actuator. Energy 2019, 185, 90-101. [CrossRef]

Govindan, S.S.; Santiago, A.E.X. Optimized dielectric barrier discharge-plasma actuator for active flow control in wind turbine.
Struct. Control. Health Monit. 2019, 26, e2454. [CrossRef]

280



Processes 2025, 13, 1032

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

Papadopoulos, C.; Kaparos, P.; Vlahostergios, Z.; Misirlis, D.; Yakinthos, K. 2D optimization of a Small Horizontal Axis Wind
Turbine blade using flow control techniques. In IOP Conference Series: Materials Science and Engineering, Proceedings of the 10th
EASN International Conference on Innovation in Aviation & Space to the Satisfaction of the European Citizens (10th EASN 2020), Virtual,
2—4 of September 2020; IOP Science: Bristol, UK, 2021; p. 012041.

Omidji, ]. Advances and opportunities in wind energy harvesting using plasma actuators: A review. Clean Energy 2024, 8, 197-225.
Wang, X,; Yan, J.; Dhupia, ].S.; Zhu, X. Active Flow Control Based on Plasma Synthetic Jet for Flapless Aircraft. IEEE Access 2021,
9, 24305-24313. [CrossRef]

Almuina Pica, D.E.; Keener, K.; Lubitz, W.D. Control of Crosswind Force on Aircraft Vertical Tail Models using Plasma Actuators.
In Proceedings of the AIAA Scitech 2022 Forum, San Diego, CA, USA, 3-7 January 2022; p. 0832.

Cai, J.; Li, C; Li, H,; Meng, X. Design and Test of Plasma Control Surface on Unmanned Aerial Vehicle. In The Proceedings of the
2018 Asia-Pacific International Symposium on Aerospace Technology (APISAT 2018) 9th; Zhang, X., Ed.; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 1298-1311.

Greenblatt, D.; Schulman, M.; Ben-Harav, A. Vertical axis wind turbine performance enhancement using plasma actuators. Renew.
Energy 2012, 37, 345-354. [CrossRef]

Chern, M.-].; Wang, C.-C.; Wei, Z.-H.; Lu, P-C. Numerical Investigation of a Pitching NACA 0012 Wing with Plasma-Based Flow
Control Using Prediction-Correction Direct-Forcing Immersed Boundary Method. J. Aerosp. Eng. 2023, 36, 04023066. [CrossRef]
Chernyshev, S.; Gadzhimagomedov, G.; Kuryachiy, A.; Sboev, D.; Tolkachev, S. 3D Turbulent Boundary Layer Separation Control
by Multi-Discharge Plasma Actuator. Aerospace 2023, 10, 73-85. [CrossRef]

Zafarghandi, EM.; Soltani, M.R. Experimental Investigation of the Active Flow Control over a Cranked-Delta Wing. |. Aircr. 2024,
61, 73-85. [CrossRef]

Shyy, W.; Jayaraman, B.; Andersson, A. Modeling of glow discharge-induced fluid dynamics. J. Appl. Phys. 2002, 92, 6434-6443.
Zhao, Y.-].; Zhou, Y.; Ji, K.-X.; Zhao, X.-Y.; Shao, X.; Chang, ] -L. Influence of Rudder Deflection Angle on Airfoil Lift Characteristics
Under the Effect of Synthetic Jet Actuator. J. Nanoelectron. Optoelectron. 2021, 16, 1475-1484. [CrossRef]

Wei, B.; Wu, Y.; Liang, H.; Su, Z.; Li, Y. Flow control on a high-lift wing with microsecond pulsed surface dielectric barrier
discharge actuator. Aerosp. Sci. Technol. 2020, 96, 105584. [CrossRef]

Abdollahzadeh, M.; Pascoa, J.C.; Oliveira, P.J. Comparison of DBD plasma actuators flow control authority in different modes of
actuation. Aerosp. Sci. Technol. 2018, 78, 183-196. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

281



processes

Article

A CFD Study of Thermodynamics and Efficiency Metrics in a

Hydrogen-Fueled Micro Planar Combustor Housing Dual

Heat-Recirculating Cylindrical Combustors for
MTPV Applications

Faisal Almutairi

Department of Mechanical Engineering, College of Engineering, King Faisal University, Al-Ahsa 31982,
Saudi Arabia; falmutairi@kfu.edu.sa

Abstract: The micro combustor is the energy source of micro-thermophotovoltaic sys-
tems; thus, optimizing its design is one of the key parameters that lead to an increase
in output energy. Therefore, to enhance the system’s overall efficiency, this numerical
work introduces a new design configuration for parallel-flow (PF) and counter-flow (CF)
hydrogen-fueled micro cylindrical combustors integrated into a micro planar combustor.
To overcome the short residence time in micro combustor applications causing high heat
dissipation, the micro cylindrical combustors house heat-recirculating channels to allow
more heat to transfer to the external walls. In pursuit of this target, simulations are carried
out to analyze the thermodynamic and system efficiency parameters. In addition, different
initial operating conditions are varied to optimize the system, including inlet velocity and
equivalence ratio. The results reveal that the PF and CF structures result in significantly
higher wall temperatures and more uniform wall temperature variations than the conven-
tional design (CD). Despite the high entropy generations, the exhaust gas temperatures of
the PF and CF are 591 K and 580 K lower than the CD, respectively, and both the PF and CF
result in 14% increases in radiation efficiency. Increasing the inlet velocity improves the key
thermal parameters in the new designs; however, the system efficiency experiences a drastic
reduction. The power output density highlights the unity equivalence ratio as optimal. The
PF and CF designs yield roughly identical findings, but the CF exhibits more uniform wall
temperatures in most cases due to the equal thermal energy from opposite sides.

Keywords: hydrogen combustion; renewable energy; micro-thermophotovoltaic system;
micro combustion; thermal performance; energy conversion

1. Introduction

Recently, micro-electro-mechanical systems have been advanced tremendously due
to the technological revolution empowering high-performance applications in various
domains, such as biomedicine [1], wireless communications [2], micro aircraft [3], and hy-
drogen production [4]. The importance of developing micro- or even nano-technologies lies
in their long service lives, small sizes, easy integration, and high energy outputs [5,6]. The
combustion-based micro power generation systems, particularly micro-thermophotovoltaic
(MTPV), have become an active research field as they feature low harmful emissions, static
design, and easy maintenance [7,8]. In addition, the components of MTPV technology
are amongst its focal advantages, as it consists of a micro combustor, the filter, and the
photovoltaic cell [9]. In MTPV systems, the thermal energy released by the combustion
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of a gaseous fuel in the micro combustor is radiated to photovoltaic cells to generate elec-
tricity [10]. The reliability, stability, and efficiency of MTPV technology rely on the micro
combustor’s output power density, as the latter is the energy source for the former. Ata
fixed energy input, the key variables that determine the micro combustor’s energy output
are the wall temperature and the uniformity thereof. The former determines the amount
of energy radiated from the micro combustor to the PV cells, whereas the latter ensures
the uniformity of radiation energy with respect to the area of the external walls. Several
parameters restrict the heat transfer capacity and system efficiency of micro combustors,
including the high ratio of surface area-to-volume, extensive energy dissipation, and short
dwell time [11,12].

To address these challenges, scholars have proposed different methods of boosting
the energy conversion efficiency of micro combustors, such as employing catalysts [13,14],
bluff bodies [15,16] and porous media [17,18]. Moreover, the addition of hydrogen has
demonstrated great potential for improving the heat transfer mechanisms of combustion-
based applications [19,20] owing to its high flame speed, high diffusion coefficient, and
high energy content [20,21]. For instance, Zhao et al. [20] investigated the potential impacts
of hydrogen additions on the thermal and efficiency parameters in an ammonia-fueled
micro planar combustor featuring a heat recirculating structure. It was found that enriching
the ammonia—air mixture with hydrogen causes the mean wall temperature and exergy
efficiency to significantly increase, while the heat dissipation resulting from the total
entropy generation is decreased from 46.58 W to 36.24 W for the mass blended hydrogen
ratio of 0.4 and 0.7, respectively. Similar findings were reported in [22], highlighting
that the high hydrogen substitution intensifies the combustion process, leading to further
improvements in the exergy and radiation efficiencies. Nieto-Londofio et al. [23] studied
the effects of a hydrogen-enriched methane-air mixture in millimeter-scale reactors on
flame dynamics and stabilization. The results reveal that using more hydrogen leads to
more intense combustion and a reduction in CO; emissions, due to the high reactivity
coefficient of hydrogen and the fact that it contains zero carbon atoms in its chemical
formula, respectively. As hydrogen has proven to be more than 300 times as efficient as
batteries [22], the utilization of a green alternative fuel like hydrogen advances the energy
and technology sectors in the transition toward dependency on renewable energy sources
to achieve sustainability and decarbonization.

Maximizing the benefits of hydrogen in microscale systems requires certain factors to
be taken into account to accommodate the high flame propagation of hydrogen and the
compact dimensions of the micro devices. Thus, many new design configurations for micro
combustors have been proposed in the literature. For example, Dai et al. [24] conducted a
numerical investigation on the effects of a multi-baffle structure inserted into a hydrogen-
fueled micro planar combustor on energy conversion efficiency. The authors reported
that incorporating multi-baffles improves outer wall temperature and wall temperature
uniformity, leading to enhanced total energy outputs, particularly when the multi-baffles
are placed in the center of the geometry. Li et al. [25] examined the performance of a
micro cylindrical combustor featuring center-cleared twisted tapes powered by hydrogen.
The outcomes reveal that the new design promotes turbulence, lowers the resistance of
flow, and increases the surface area, resulting in improved heat transfer coefficients and,
accordingly, key thermal parameters. Cai et al. [22] investigated the system efficiency of a
hydrogen-ammonia-fueled micro cylindrical combustor featuring periodic wall structures.
They highlighted that wall periodicity leads the external walls to absorb more heat and, con-
sequently, increases the radiation efficiency and mean wall temperature. Zhang et al. [26]
examined the non-premixed combustion behavior and exergy of a hydrogen-fueled micro
combustor with a vase-shaped configuration and tangential inlet. It was found that the tan-
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gential inlet improves the mixing process, whereas the vase shape leads to highly increased
exergy efficiency and extends the blow-out limit. Sheykhbaglou et al. [27] studied the key
thermal parameters of an ammonia-hydrogen-fueled micro combustor employing a novel
bluff-body and swirl-stabilized structure. As highlighted by the authors, the bluff-body
with a hemisphere-shaped configuration results in a 44% radiation efficiency. Further-
more, the vane angle, ranging between 15 and 60 degrees, decreases the NOy emissions
and increases the mean wall temperature, the level of wall temperature uniformity, and
radiation efficiencies.

In addition to the outlined studies, researchers have reported that separating the
high-temperature flame in a micro planar combustor is an effective means of improving
thermal flow dynamics and system efficiency. Tang et al. [28] performed a numerical
investigation of the effects of inserting parallel separating plates into a micro planar com-
bustor on the heat transfer process. They outlined that, compared to the conventional
design, the separation of the hot-gas flow is conducive to promoting the coefficient of heat
transfer by ~141 W/(m?-K), which consequently improves the mean temperature over the
external walls by more than 100 K. Su et al. [29] studied the key thermal parameters of
a multiple-channel micro planar combustor. The findings demonstrate that employing
several flow paths results in improvements in the mean wall temperature, radiation energy,
and radiation efficiency by 38.9 K, 6.17 W, and 2.17%, respectively, in comparison to the
single-channel configuration.

These investigations brought to attention above, along with others in the literature,
have highlighted the importance of optimizing the design configuration of the micro com-
bustor and separating the flow in enhancing the heat transfer from the combustion to the
external walls. Additionally, with the same volume of the combustion chamber and cross-
sectional area, it has been noted that the micro planar combustor radiates more thermal
energy than the cylindrical shape [30], making it the favorite geometry for MTPV systems.
Consequently, there remains significant room for improvement in such applications in
terms of developing highly efficient systems in the energy sector. Thus, as improving the
micro combustor structure, partitioning the inlet stream channel, and utilizing a planar
shape for micro combustors promote radiation efficiency and output power density, this
paper introduces a micro planar combustor with parallel-flow (PF) and counter-flow (CF)
heat-recirculating micro cylindrical combustors built in, without altering their external
lengths and widths. In a previous work [31], a novel structure for a hydrogen-fueled
micro cylindrical combustor with a single-path inlet and double-path outlet featuring a
heat-recirculating configuration was proposed. The results reveal that, compared to the
traditional design, the new design lowers the exhaust gas temperature by 171.6 K, and
improves the mean wall temperature, exergy efficiency, and radiation efficiency by 63.4 K,
4.31%, and 9.92%, respectively. For this, the current numerical work aims to demonstrate
the effects of a micro planar combustor housing dual micro cylindrical combustor geome-
tries, as proposed in [31], on the thermal and efficiency variables. Section 2 describes
the dimensions of the proposed design configuration, simulation modeling approaches,
initial and boundary conditions, the mesh independence test, and the validation process.
Section 3 compares the new geometric structure to the conventional design with respect
to the thermodynamic parameters and system efficiency, and discusses the effects of vary-
ing the inlet velocity and equivalence ratio. Section 4 highlights an overview of the core
outcomes of the numerical investigation.
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2. Materials and Methods
2.1. Geometric Model
Figure 1 illustrates the newly proposed configuration of a micro planar combustor

with two micro cylindrical combustors embedded inside, which was constructed using
ANSYS Design Modeler R2 2023. The dimensions of geometry are listed in Table 1.

Back wall

Partition

B represents the solid

represents the fluid domain

Figure 1. Schematic diagrams of two micro cylindrical combustors, featuring a heat-recirculating
structure, embedded within a micro planar combustor.
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Table 1. Dimensions of the new design configuration.

Value (mm)

Variables
CD PF CF
L1 11 11 11
L2 18 18 18
L3 4 4 4
L4 NA 7 7
L5 NA 2 2
L6 NA 17.5 17.5
L7 NA 155 155
Length L8 NA 8.5 8.5
L9 NA 5
L10 NA 2 2
L11 NA 0.5 0.5
L12 NA 3 3
L13 NA 0.94 0.94
L14 NA 0.4 0.4
L15 NA 1.95 1.95
Diameter bl NA 2 2
D2 NA 3 3
Thickness t1 NA 0.125 0.125

In contrast to the previous investigation [31], a slight modification is here made to the
micro cylindrical combustor—one outlet is eliminated due to the different widths between
the micro planar and cylindrical combustors. In each micro cylindrical combustor, Figure 1
illustrates that the new design consists of one inlet and one outlet channel, a middle wall, a
back wall, a heat-recirculating room, and a partition. Inserting a middle wall is important
for holding the high-temperature flame, allowing more heat to transfer to the external walls.
The back wall also reverses the hot gases toward the preheating structure, which increases
the residence time of the flow and preheats the inlet mixture flowing from the inlets. To
avoid the backflow phenomenon, a partition is employed to force the heat-containing
streams to flow into the preheating channels. It is noteworthy that this investigation aims
to assess how the PF and CF directions affect the thermal fluid dynamics and performance
parameters. The layout of the outlined configurations is shown in Figure 2 along with the
conventional design.
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Conventional design (CD)

Wall thickness: 0.5 mm

Parallel-flow (PF) micro cylindrical combustors Counter-flow (CF) micro cylindrical combustors
embedded within a micro planar combustor embedded within a micro planar combustor

Figure 2. Layouts of the conventional design (CD) of the micro planar combustor, and parallel-flow
(PF) and counter-flow (CF) micro planar combustors with two cylindrical combustors embedded inside.

2.2. Govering Equations

AMSYS Fluent R2 2023 [32] software was used to solve the conservation equations
for the numerical investigations. These equations are mass, momentum, energy and 1-N
species, where N donates the total number of species in the chemically reacting mixture,
for which the transport equations read as follows.

Mass: B
V. (pv) —0 1)
Momentum:
po-Vo = —vp+v-(?—?') @)
where
T=y [v? + (V?)T - %v?l] 3)
Energy:
V. (?(pE + p)) =V. <keffVT - Zhﬁj + (?-?)) +s, @)
]

287



Processes 2025, 13, 1142

Species:
v. (ﬁm n h) R, )

where p denotes the density, u the molecular viscosity, P the static pressure, Sj, the enthalpy
source term of the fluid, v the Veloc1ty vector, R; the reaction net rate of production of

species i, 7 the Reynolds stress, |; the diffusion flux of species i, T the viscous stress, Y;

the local mass fraction of species 7, I the unit tensor, ] j the diffusion flux of species j, T
the temperature, k, ¢ the effective conductivity, h; the enthalpy of species j, and E the total
energy of the fluid.

The gravity, surface reaction, and Dufour effect were not incorporated in the current
steady-state numerical work due to their negligible effects [20,33,34]. Moreover, the Mach
number is low, implying that the flow is incompressible. However, the Reynolds number
of non-reacting flow calculations exceeds 500 [35]; thus, the turbulent modeling approach,
namely, the Realizable k-e model [36], is utilized to compute the effects of turbulence
on combustion.

2.3. Numerical Setup and Boundary Conditions

The turbulence—chemistry interaction is computed using the eddy dissipation concept
(EDC) [37-39] to incorporate the chemical mechanism of hydrogen combustion, which
consists of 9 species and 19 chemical reactions, as listed in Table 2 [40]. The coupling
between pressure and velocity is performed by means of the SIMPLE algorithm approach.
The second-order upwind scheme is implemented to spatially discretize the transport
equations. All residuals undergo a convergence criterion of 10~°. A temperature of 300 K is
set for the initial inlet temperature of the premixed mixture. In addition, this work applies
velocity inlet and pressure outlet boundary conditions with a turbulent intensity of 5%
and a hydraulic diameter of 4 mm at the specified boundary conditions. Zero and no-slip
boundary conditions are used for diffusive flux species and interior surfaces, respectively.
It is important to mention that the area-weighted average method is applied to evaluate
the parameters in this study.

The calculation of the total heat loss (Q) through the outer walls reads as follows [41,42]:

Q= Qeon + Qrag — 1 Ac(To — Too) + saAC(T;f, _ Ti,) 6)

The evaluation of the pressure drop (Pdmp ) resulting from the friction and heating
effects reads as [43]
Pross = Pin — Pout (7)

The Peclet number (Pe), which measures the relative importance of advection to
diffusion effects [44,45], is computed as

P =
¢ A

®)

The diffusion (Sgé’;f usswn), conduction (Sg‘;ﬁd””i””>, chemical (Sg@;’”i“’l) and total

(Sg‘;ﬁ”) entropy generations [46,47] are evaluated as follows:

n . .
gg;l‘usswn Z pRD Vw)lc,VXl (9)
i i
Schemzcal i l i~ (10)
gen = T L pHii
i
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where

_ P
i = b (T) — Ts9(T) + RTln(Xl>
Patm
; 1
Sg{;ﬁductwn — ﬁkmix(VT)z
S;oetézl — /Sgéj:lfussiondv_’_/S;@flmiculdv+/Sg(éryzlductiondv
1% \% \%

(11)

(12)

(13)

Table 2. Reversible chemical reactions of Hy—air combustion [40]. Ay is the pre-exponential factor of

reaction rate, By is the activation energy of the reaction, Ej is the temperature exponent, and M is a

third body efficiency.
Reactions Ay (m kmol s) Br Ej (J/mol)
1.0, +H=0H+O 5.10 x 1013 —0.82 6.91 x 107
2.H,+O=OH+H 1.80 x 107 1.00 3.70 x 107
3.H, +OH=H,0+H 1.20 x 106 1.30 1.52 x 107
4 OH+OH=H,0+0 6.00 x 10° 1.30 0.00
5. H, + O, = OH + OH 1.70 x 10%0 0.00 2.0 x 108
66H+OH+M=H,0O+M?2 7.50 x 107 —2.60 0.00
7.0,+M=0+0+M 1.90 x 108 0.50 4.001 x 10%
8 Hy+M=H+H+MP 2.20 x 10° 0.50 3.877 x 108
9. H+O; +M=HO, +M¢© 2.10 x 1012 —1.00 0.00
10. H+ O, + O, =HO, + O, 6.70 x 1013 —1.42 0.00
11. H+ O + N, = HO, + N, 6.70 x 1013 —1.42 0.00
12. HO, + H=H, + O, 2.50 x 1010 0.00 2.90 x 10°
13. HO, + H=OH + OH 2.50 x 1011 0.00 7.90 x 10°
14. HO; + O = OH + O, 4.80 x 1010 0.00 4.20 x 10°
15. HO, + OH = H,O + O, 5.00 x 1010 0.00 4.20 x 10°
16. HO, + HO, = H,O, + Oy 2.00 x 10° 0.00 0.00
17.H,0, +M=OH+OH+M  1.30 x 10 0.00 1.905 x 108
18. H,O, + H=H, + HO, 1.70 x 10° 0.00 1.57 x 107
19. H,O, + OH = H,0 + HO, 1.0 x 1010 0.00 7.50 x 10°

a Enhancement factors: HyO = 20.0. P Enhancement factors: H,O = 6.0, H = 2.0, and Hj, = 3.0. ¢ Enhancement
factors: H,O =21.0, H2 = 3.3, O, = 0.0, and N, = 0.0.

The second law of thermodynamics concept [48-50] is applied to account for exergy

efficiency. This investigation calculates inlet exergy (E') and total exergy losses (Eig )

as follows:

and

e .
Exg = Eioss + Mipler X Teo X Cp,outlet X In

EY' =gy X Qruy

Teg

The uncounted exergy destruction (Eg“) is computed as follows:

E;dces — E;'Cn _
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The exergy efficiency (#exergy) is calculated as

Edes
exergy = | 1= F | % 100% (17)
X

The radiation efficiency (#,q4iation) is evaluated as

Q o
Nradiation = <Md X 100% (18)

Meyer X QLHV

With respect to the area-weighted mean technique (T ), the wall temperature is

evaluated as [51]
YL TiA;

The uniformity of wall temperature (Rt) is computed as

" (|T; = Tow| Aj]
Ry = (Zi=illTi - T4 > x 100% 20
T < me Z?:l Ai ( )

2.4. Grid Independence and Model Validation

For all numerical studies, the mesh independence test is paramount to balance ac-
curacy and computing power. Therefore, this subsection examines coarse, medium, and
fine mesh resolutions, which encompass 301,911 cells (Mesh-I), 748,163 cells (Mesh-II), and
1,240,631 (Mesh-III), respectively. The PF configuration is selected for the mesh sensitivity
analysis, and the inlet velocity and equivalence ratio are set at 15 m/s and 1, respectively.
The Grid Convergence Method (GCI) [52] was employed in the grid sensitivity analysis to
measure the discretization error. This technique is used to assess the accuracy of Mesh-I
and Mesh-II results with respect to the results of Mesh-IlI, as the latter is the fine mesh
resolution.

Figure 3 depicts a comparison between the three mesh densities highlighted above in
terms of the temperature variation over the external walls with respect to the dimensionless
length (x/L), Ty and Rr. As seen in Figure 3a, the coarse mesh (Mesh-I) demonstrates no-
table under-predictions of the wall temperature in the inlet and back-wall regions, whereas
the wall temperature of the medium-resolution mesh (Mesh-1I) is roughly identical to that
of the high-resolution case (Mesh-III). This is confirmed by Figure 3b, as the maximum
discretization errors of Mesh-I and Mesh-II are 9.30% and 2.05%, respectively, at the ge-
ometry inlet. In general, the error bars shown in Figure 3b indicate that using Mesh-II
ensures accurate results while maintaining computing power within an acceptable range.
Similar findings are shown in Figure 3c, as the discretization errors of Ty, and Rt for
Mesh-I (Mesh-II) are 2.61% and 43.7% (0.1% and 2.76%), respectively. Therefore, Mesh-1I is
chosen for all simulations presented in this research, as it provides precise outcomes within
a reasonable computational time.

To ensure the robustness of the numerical settings and the accuracy of the simulations,
a validation process is performed against experimental and numerical studies of both micro
planar and cylindrical combustors. Figure 4a shows a comparison of the current work’s
outcomes with prior experimental [28] and numerical [53] results in terms of the wall
temperature variation at 600 and 900 mL/min volume flow rates of hydrogen in a micro
planar combustor design. The validation demonstrates that the present work accurately
predicts the wall temperature in the inlet region at a 600 mL/min hydrogen discharge, as
confirmed by the experiment; however, it underestimates the wall temperature in the outlet
region by an error of roughly 3.92% compared to the experimental results. The maximum
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error for the same volume flow rate is found to be around 7.45% in comparison with the
numerical work. For a 900 mL/min hydrogen flow rate, the maximum discrepancies of
the wall temperature between the current work and the experimental and numerical data
occur at the inlet zone, with 2.25% and 5.45% error rates.

Figure 3. A comparison between three different mesh densities, which are 301,911 cells (Mesh-I),
748,163 cells (Mesh-1I), and 1,240,631 (Mesh-III), with respect to (a) the temperature over the external
wall, (b) the wall temperatures of Mesh-I and -II with their error bars, and (c) T;uw and Rt with error
bars for the results of Mesh-I and -II. The error bars for the results of Mesh-I and -II are generated
using the data of Mesh-IIL. x and L are the distance between inlets and the distance from the inlet to
the outlet.

Figure 4b compares the validation of the mean wall temperature of the present work
using the micro cylindrical combustor with the experimental [54] and simulated [55] data
at a velocity of 12 m/s. As observed, the current work exhibits over-predictions of the
mean wall temperature in all test cases, where the maximum errors for the experiment
and simulation are approximately 6.19% and 5.96% at equivalence ratios of 1 and 0.6,
respectively. Such discrepancies, as shown in Figure 4a,b, can result from measurement
inaccuracies of the experiment and the employment of different mesh densities for the
simulation. Overall, the percentages of error are acceptable and rational, indicating the
applicability and viability of the numerical settings and modeling approaches.
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Figure 4. Comparisons of (a) the wall temperature distribution with respect to (x/L) of the present
results against the experimental [28] and numerical [53] findings for a micro planar combustor config-
uration and (b) the mean wall temperature at different equivalence ratios of the present results against
the experimental [54] and numerical [55] findings for a micro cylindrical combustor configuration.

3. Results
3.1. Effects of Two Micro Cylindrical Combustors Embedded Within a Micro Planar Combustor

This sub-section discusses the impacts of the new design on the thermal and thermo-
dynamic parameters, and demonstrates its potential in comparison with the traditional
design of the micro planar combustor. In addition, the effects of parallel and counter flows
on system efficiency are examined here. As the inlet areas between the CD configuration
and PF and CF configurations are different, fixing the inlet velocity leads to a scientifically
invalid comparison due to the resulting different power inputs. For this, the comparisons
of CD, PF, and CF structures are presented here at an input power of 275 W and a unity
equivalence ratio.

Figure 5 illustrates the variations of T}, and Rt of CD, PE, and CF structures at an
input power and equivalence ratio of 275 W and 1, respectively. As observed, PF and
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CF exhibit an effective means of enhancing T}, compared to CD by roughly more than
118.3 K. Furthermore, the newly proposed designs demonstrate more evenly distributed
temperature over the outer walls of the micro combustor as R is reduced in the PF and CF
configurations, in comparison to the CD configuration, by 3.7% and 3.65%, respectively.
The parameters presented in Figure 5 are considered as two of the most important thermal
performance parameters, as higher values of Tj;;, indicate an improvement in the heat
transfer mechanisms from the combustion to the micro combustor’s walls, while lower
levels of Rt refer to a very uniform promotion of heat transfer throughout the geometry.
On the other hand, T,y and R are roughly identical between PF and CF, implying that
the direction of inlet flows has no notable effects.

1500 15
T,mw BR,T

1400 | 10

T (K)
Ry (%)

1300- _ - 5

1200 : - 0
CD PF CF

Figure 5. A comparison of the Ty and Rt values between CD, PF, and CF configurations at an input
power of 275 W and an equivalence ratio of unity.

Figure 6 displays the effects of CD, PF, and CF cases on the distribution of temperature
throughout the domain at a 275 W input power and a unity equivalence ratio. As can be
seen in Figure 6, the high-temperature flame occupies a wider range in CD as compared
to PF and CF. However, the dwell time of flow is significantly shorter in the former
case, whereas establishing the middle and back walls in the two latter cases increases the
residence period of the great thermal energy stream, increasing the heat transfer capacity
to the external surfaces. This is brought about as the middle wall holds a high thermal
energy, while the back wall redirects the hot flows toward the preheating channels to act as
a thermal energy source for the inlet flow. The highlighted effects confirm the considerable
improvements in Ty, and R, as shown in Figure 5.

Figure 7 shows the impacts of CD, PF, and CF on how the Pe number varies at a 275
W input power and a unity equivalence ratio. For all test cases, high degrees of Pe number
distributions are confined in the inlet region owing to the high density of the unburnt gases.
In contrast to the CD case, the contour representations of the Pe number reveal that the
PF and CF cases demonstrate intermediate variations of Pe number in the outlets of the
micro combustor and in the narrow channel between the preheating room and external
walls. This illustrates that the outlined regions experience a dominance of advection effects
over those of diffusion, yielding a greater transfer of heat in the new designs.

293



Processes 2025, 13, 1142

T (K)
300 900 1500 2100
O

L

V4 X CF

Figure 6. Variations of temperature across CD, PF, and CF configurations at a 275 W input power and
a unity equivalence ratio.
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Figure 7. Distributions of Pe number throughout the CD, PF, and CF structures at a 275 W input
power and a unity equivalence ratio.

Figure 8 depicts representations of how the total entropy generation varies in the
CD, PE and CF test cases. As expected, the areas occupied by high entropy generation
are confined within the region of the onset of combustion in all cases. The causes of
this lie in that the aforementioned region experiences high chemical reaction rates, high

294



Processes 2025, 13, 1142

temperature gradients, and high concentration gradients of species, which govern the
entropy productions in terms of chemistry, heat conduction, and diffusion, respectively.
The direction of flow plays no critical role in the entropy generation, as the spatial variations
of total entropy in the PF and CF cases are quite similar to each other.

1g Syen (W/m3K)

zZ X

Figure 8. Spatial variations of total entropy generations under CD, PF, and CF configurations.

Figure 9 provides volume integral forms of total entropy production with the illus-
tration of the percentage participation of each mechanism under different design con-
figurations. The PF and CF structures are conducive to dissipating a higher amount of
energy, unlike the CD structure, as the percentages of S, increase between the two former
cases and the latter case are 827.1% and 824.1%, respectively. These high increases can be
attributed to the high temperature gradients between the high-temperature flame and the
walls of the preheating channel, which notably increase the heat conduction mechanism of
entropy. In addition to this, the high intensities of combustion in the new designs are caused
by higher chemical reaction rates and, therefore, lead to higher rates of production and
destruction of species, which consequently promote chemical and diffusion mechanisms of
entropy, respectively.

Figure 10 compares between CD, PF, and CF in terms of the pressure loss, exhaust gas
temperature (Teg) , and exergy and radiation efficiencies. As seen in Figure 10a, PF and CE,
in contrast to CD, show significantly increased pressure loss due to the notably higher rate
of collision between the stream flowing from the inlets and the middle and back barriers,
which raises the necessity of additional pumping power. However, such walls elongate the
dwell period of flow inside the micro combustor, and thus improve the heat transfer to the
outer walls. This leads to benefits from extremely high thermal energy, as the T4 values of
PF and CF are much lower than that of CD by 591 K and 580 K, respectively. This is despite
the fact that the higher entropy generation in PF and CF, as shown Figure 9, capitalizing on
greater thermal energy (as confirmed by the trends of T), increases the exergy (radiation)
efficiency of PF and CF compared to CD, by 7.2% (14%) and 7.3% (14%), respectively, as
illustrated in Figure 10b. On the other hand, no remarkable discrepancies are observed in
relation to the operation conditions of a 275 W input power and a unity equivalence ratio.
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Figure 9. Volume integrations of different entropy mechanisms of CD, PF, and CF configurations.
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Figure 10. Comparisons of (a) pressure loss and exhaust gas temperature (ng) and (b) exergy and
radiation efficiencies for CD, PF, and CF test cases.

3.2. Effects of Inlet Velocity

The initial operation conditions are critical to optimizing the system performance.
Thus, the variation of inlet velocity, which controls the input power, and its effects on the
thermal parameters and output power density are discussed here. As the new designs
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(PF and CF configurations) notably improve Tj;,, Rt, energy and radiation efficiencies
compared to the traditional structure of the micro planar combustor (CD configuration), as
previously presented, only PF and CF are investigated in this sub-section at an equivalence
ratio of 1 and inlet velocities of 6,9, 12, and 15 m/s, which are equivalent to input powers
of 109.7 W, 164.5 W, 219.3 W, and 275 W, respectively.

Figure 11 shows the effects of inlet velocities on Ty, and Rt for PF and CF designs. For
both cases, altering V;,, from low to high is conducive to increasing Ty, due to feeding the
systems with more energy, and therefore absorbing more thermal energy into the walls. In
contrast, reducing Vj, results in a fluctuating trend of Rr, as it decreases and then increases.
The optimal uniform wall temperatures of PF and CF are recorded at 12 m/s and 9 m/s,
respectively. It is worth noting that the CF case demonstrates more equal variations of
temperature over the micro combustor’s walls for all V;,, values when compared to the PF
case, owing to the production of thermal energy from opposite sides of the domain.

1500 8
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6 | o | 2| 1s 6 | o | | s
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Figure 11. Variations of Tj,;;, and Rr at different inlet velocities for PF and CF configurations.

Figure 12 illustrates the variations in temperature for PF and CF configurations at
different levels of V;,. As can be seen in Figure 12, increasing V;,, leads to the enrichment of
the combustor with more fuel, and consequently increases the in-combustor temperature.
This results in the release of more thermal energy, thus transferring more heat to the
external walls, which confirms the increase in Ty, at higher V;,,. In addition, escalating
Vi, causes the onset of combustion to shift to a greater distance from the inlet due to the
high diffusion of hydrogen. This effect controls the flame position and how long the flame
propagates throughout the micro combustor, which accordingly determines the uniformity
of wall temperature. As shown in Figure 12, the amount of energy entrained into the micro
combustor at an inlet velocity of 9 m/s for the CF case results in the ideal flame shape for
achieving the best Rt (See Figure 11), particularly when the flame heats the walls equally
from opposing sides.

Figure 13 provides a contour representation of Pe number distributions in PF and CF
with respect to various Vj,, values. Disregarding the high Pe number near the inlets, caused
by the high density of unburnt flowing mixture, the increase in V;, in all test cases shows
high Pe numbers in the outlets, and in the narrow channel separating the outer walls and
the preheating path. This indicates that the advection effects dominate in the highlighted
regions, implying an improvement in the heat transfer mechanisms.
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Figure 12. Spatial distributions of temperature for PF and CF configurations at various inlet velocities.

Figure 14 depicts how the total entropy generation spatially varies over the micro com-
bustor domain in the PF and CF configurations under various values of Vj,,. As observed
in all cases, the area occupied by the highest values in both PF and CF closely resembles
the shape of the flame in the region of combustion initiation. This is mainly caused by
the great chemical activities occurring in the outlined area, which result in tremendously
high rates of generation and consumption of species. For this, supplying more fuel to the
system at higher V},, enhances chemistry and, hence, elongates the regions of high entropy
generation. Reversing the flow results in no notable effects in the entropy generation, as
the PF and CF configurations are identical in terms of the promotion of entropy.
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Figure 13. Spatial variations of Pe number in the PF and CF cases for different levels of V,,.

Figure 15 demonstrates the magnitude of Sg., and the participation of conduction,
chemical, and diffusion entropy generation for PF and CF at different values of V;,. As
highlighted before, increasing V;, leads to increases in the input power of the system,
resulting in intensive combustion. Thereby, approaching greater degrees of V;,, causes
the magnitude of entropy generation to significantly increase. All mechanisms of entropy
production are found to be proportionally escalated when increasing V;,,; however, the
chemical mechanism seems to prevail owing to the vigorous chemical rates at such condi-
tions. The values of total entropy generation between PF and CF are similar, proving that
reversing one flow direction does not impact entropy generation.
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Figure 14. Variations of total entropy generations in PF and CF at different values of V;,,.

Figure 16 shows the variations in trends of pressure loss, Teg, and exergy and radiation
efficiencies for PF and CF configurations in a range of values of V;,,. Increasing the flow
velocity of the inlet mixture remarkably promotes the collision rate of the hot gases with
the middle and back walls, leading to significant escalations in the pressure loss in PF and
CF cases, as shown in Figure 16a. Moreover, the transition of V;,, from low to high in all
test cases feeds the system with more energy and, therefore, increases T,¢, indicating a
greater waste of energy from the system. This suggests that the capacity of the investigated
application is limited in terms of benefiting from high energy content. This conclusion is
supported by the variations of exergy and radiation efficiencies demonstrated in Figure 16b,
which reveal decreasing trends when approaching higher V;,,. Trivial discrepancies are
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recorded in the system’s efficiency when comparing PF and CF, referring to the negligible
effects of the flow direction.
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Figure 15. Volume integrations of entropy generation mechanisms for PF and CF at different V;,,.
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Figure 16. Comparisons of (a) pressure loss and T, and (b) exergy and radiation efficiencies for PF,
and CF test cases under different conditions of Vj,,.

3.3. Effects of Inlet Equivalence Ratio

Complete combustion depends on a wide variety of variables. One of these parameters
is the inlet equivalence ratio (), which controls the ratio of fuel and air and therefore
plays a critical role in the fuel economy. This part discusses the effects of varying ® from
0.6 to 1.2 for PF and CF cases at a 275 W input power.

Figure 17 outlines the effects of fuel-lean and fuel-rich conditions on T, and Rt for PF
and CF. As can be seen in Figure 17, T}, drastically increases from the low-fuel condition
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(@ < 1) to the stoichiometric condition (® = 1), and then decreases when transitioning to
the high-fuel condition (® > 1), which trends are caused by insufficient amounts of fuel
and oxygen, respectively. However, inconsistent patterns of Rt are found between PF and
CF configurations, as the former and latter achieve the optimal Rt values of 2.15% and
1.97% at ® of 0.8 and 0.6, respectively.
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Figure 17. Comparisons of Ty, and Ry at different @ between 0.6 and 1.2 for PF and CF configurations.

Figure 18 displays the variation in temperature across the micro combustor at different
levels of ® for PF and CF test cases. As observed in Figure 18, the fuel-lean conditions
(® < 1) foster low temperatures and a further initiation of combustion from the inlets due
to the low quantity of hydrogen and difficulties in triggering the combustion, respectively.
Hydrogen'’s high diffusivity is expected to shift the onset of combustion further down-
stream; however, combustion in the fuel-rich condition (® > 1) occurs relatively closer to
the inlet compared to the stoichiometric condition (® = 1), suggesting that the strength of
the mixture to ignition at & > 1 dominates over the high diffusion mobility of hydrogen.

Figure 19 presents the contours of Pe number distributions at different ® values,
between 0.6 and 1.2, for PF and CF structures. The Pe number distributions show a pro-
nounced decrease after the onset of combustion with an increasing ®. This can be attributed
to the high diffusivity of hydrogen, as a higher ® implies an increase in hydrogen content
in the premixed mixture, thereby increasing the diffusion effect over that of advocation at
such conditions.

Figure 20 depicts how the total entropy generations are spatially varied with respect
to different levels of ® for PF and CF structures. It is shown in Figure 20 that high entropy
production covers a wider area in the micro combustor domain at lower values of ®. The
causes of this lie in the fact that the fuel-lean mixture is difficult to ignite, and therefore a
longer distance is required to initiate the combustion. The line separating the unburnt and
burnt gases is known for its intense chemical processes, which notably generate entropy at
higher degrees.
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Figure 18. Spatial distributions of in-combustor temperature at various values of ® for PF and CF
configurations.

Figure 21 demonstrates the magnitude of entropy generation along with the contribu-
tions of each entropy process at a range of ® from 0.6 to 1.2 for PF and CF configurations.
As seen in Figure 21, entropy generation exhibits increasing and decreasing trends from
lean to stoichiometric conditions and from stoichiometric to rich conditions, respectively,
suggesting that the ® = 1 case results in a higher combustion intensity. In addition, the
outcomes reveal that a higher ® increases the participation rate of the chemical mechanism,
whereas the percentage of heat conduction mechanism proportionally decreases, indicating
the dominance of the chemistry rate over the temperature gradients under such conditions.
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Figure 19. Spatial variations in Pe number at different values of ® for PF and CF configurations.

Figure 22 outlines the impacts of varying ® values on pressure loss and T, as well
as exergy and radiation efficiencies. The pressure loss findings, as shown in Figure 22a,
demonstrate gradual reductions for both configurations as ¢ increases, indicating that the
fuel-rich conditions require less pumping power. However, T,, encounters an increase
in @ from 0.6 to 1 and then a decrease from 1 to 1.2, which trends are caused by the low
consumption rates of oxygen and hydrogen, respectively. Regarding system efficiency,
both exergy and radiation efficiencies achieve their peaks at a ® of 1. Despite the T,¢ trend,
the unity equivalence ratio case provides the optimal balance between fuel and air, as it
exhibits the greatest power output density and Ty

304



Processes 2025, 13, 1142

1 Syen W/m3K)

Figure 20. Spatial variations in total entropy generation at a variety of ® values for PF and CF
configurations.
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Figure 21. Volume integrations of entropy generation processes at various ® for PF and CF.
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Figure 22. Variations of (a) pressure loss and T, and (b) exergy and radiation efficiencies at different
levels of @ for PF and CF test cases.

4. Conclusions

This numerical work investigates a novel micro combustor consisting of a PF and CF
micro planar combustor with two micro cylindrical combustors embedded inside. The
micro cylindrical combustors feature heat-recirculating channels to increase the dwell
time of flow, and also to act as a preheating source for inlet premixed mixtures. The
thermodynamic and performance parameters of the proposed configuration compared to
the conventional one are analyzed to demonstrate the potential of the former. In addition,
the inlet velocity and equivalence ratio are varied to optimize the system’s output power
density. The main conclusions drawn from the simulations are as follows:

e  The PF and CF structures significantly improve T};;;, and Rt compared to CD structure,
indicating enhancements in the rate of absorption of heat produced by combustion
by the external walls. This is confirmed by the greater variations in Pe number for
the two former cases, implying that the advocation effects dominate over those of
diffusion. It is noteworthy that both PF and CF result in pronounced increases in the
magnitude of Sg., compared to the CD configuration, indicating high dissipations of
energy. However, the PF and CF configurations save more thermal energy, as the T
values are reduced by 591 K and 580 K compared to the CD configuration, respectively,
resulting in higher exergy and radiation efficiencies;

e Increasing V;, leads to notably advanced T}, values for PF and CF; however, reversing
the direction of flow from one inlet in CF provides the optimal Rt ata V;;, of 9m/s.
Furthermore, the increase in Vj;, shifts the onset of combustion further downstream,
and significantly boosts the S¢o, magnitude. It is important to highlight that the
chemical entropy generation mechanism is escalated when approaching higher V;,,,
suggesting intense combustion under such conditions. Nevertheless, altering the
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Vin value from low to high increases T, and decreases the exergy and radiation
efficiencies due to the low capacity of a combustor at the micro scale to utilize greater
input powers;

e  For both PF and CF test cases, the Ty, and the exergy and radiation efficiencies are
improved when increasing ® from lean to stoichiometric, and are reduced under rich
conditions, due to the low consumption rates of oxygen and hydrogen, respectively.
This implies that the unity equivalence ratio optimizes the fuel and air ratio. Further,
the vigorous chemistry in the highlighted case enhances S¢¢;, and Teg. In comparison
with PF, CF shows relatively better Rt in most states of ® owing to the equal amounts
of thermal energy released from opposite sides of the micro combustor.
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Abbreviations

The following abbreviations are used in this manuscript:

E Total total energy of the fluid <]-kg71)

Pe Peclet number (—)

R; Reaction net rate of production of species i

h Natural convection heat transfer coefficient (W-m*2~K’1)
v Vector velocity (m~s’1)

Qrad Heat losses by radiation (W)

Qcon Heat losses by convection (W)

kefs Effective thermal conductivity (W-m*2 ~K’1)

Y; Local mass fraction of species i (—)

Sy Source term of enthalpy (W-m~3)

Kix Mixture thermal conductivity <W~m_l K’1>

Ac External wall surface area (m?)

A; External wall area of cell i (m?)

7]- Diffusion flux of species j (mol-m—2.s71)

Sg?:,f ussion Mass diffusion mechanism of entropy generation <W-K’1>
Sg’;ﬁmic"l Chemical reaction of entropy generation <W~K’1>
Sg‘éﬁd””""” Heat conduction of entropy generation <W~K‘1>

Sg‘if,f” Total entropy generation (W~K_1)

59 Entropy of species i at reference conditions (]-kgf1 -K’1>
EZ Enthalpy of species i at reference conditions (]~kg71>

EY Inlet exergy (W)

Eﬁes Uncounted exergy destruction (W)

EZ Total exergy losses (W)
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Eloss Energy loss from the combustion exhaust gas (W)
Rt Wall temperature uniformity (%)
P Pressure (Pa)
Patm Atmospheric pressure (101,325 Pa)
T; Outer wall temperature of cell i (K)
Teq Exhaust gas temperature (K)
Tw,m Area-weighted mean wall temperature (K)
Too Ambient temperature (K)
Tw Temperature of external wall (K)
R Gas constant (]~kg_1 K_l)
D; Mass diffusivity of species i (m?-s™1)
Cp Specific heat capacity ( Jkg ! K’1>
Vv Velocity (m-s~1)
Qruv Lower heating value (M]-kg%)
M el Fuel mass flow rate (kg-s™1)
Miplet Inlet stream mass flow rate (kg-s™!)
h; Specific nthalpy of species j (]-kgq)
Greek letters
0 Mixture gas density (kg-m—3)
T Viscous stress (N-m~2)
T Reynolds stress (N-m~2)
Wi Chemical potential of species i <]-kg71>
wj Mass fraction of species, i
Hexergy Exergy efficiency (%)
Nradiation Radjiation efficiency (%)
o Stephan-Boltzmann constant (5.67 x 1078 W~m_2K_4>
€ Emissivity of the solid surface
A Thermal conductivity (W-m*1 K’l)
Vi Production rate of species i (mol-Lf1 -s’l)
o] Equivalence ratio (—)
Xi Mole fraction of species, i
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Abstract: Sediment-laden water significantly exacerbates the cavitation damage in hy-
draulic machinery compared to clear water, underscoring the importance of investigating
the effects of sediment on cavitation. This study examines cavitation in sediment-laden
water using a Venturi flow channel and a high-speed camera system. Natural river sand
samples with a median diameter of 0.05, 0.07, and 0.09 mm are selected, and sediment-laden
water with a concentration of 10, 30, and 50 g/L is prepared. The results indicate that
increasing the sediment concentration or reducing the sediment size intensifies cavitation,
and the influence of the sediment concentration is significantly greater than that of the
sediment size. Meanwhile, the numerical simulation is conducted based on a gas-liquid-
solid phase mixing model. The findings indicate that a higher sediment concentration
corresponds to a greater shearing effect near the wall, which raises the drag on the attached
sheet-like cavitation clouds and enhances the re-entrant jet which can intensify the shed-
ding of cavitation clouds. Furthermore, sediment particles contribute to more vortices.
Therefore, for hydraulic machinery operating in sediment-laden water of high concen-
tration, the relative velocity should be reduced to mitigate the shearing effect, thereby
weakening the synergy of cavitation and sediment erosion at the turbine runner.

Keywords: sediment-laden water; cavitation; high-speed photography; gas-liquid-solid
phase mixing model; shearing effect

1. Introduction

Hydropower is one of the most important types of renewable energy, and its power
generation accounts for 70% of the total energy production. The excessive river sedimen-
tation in regions such as the Himalayas and Alps poses a severe challenge to sustainable
hydropower development [1]. China has the highest hydropower development potential in
the world, accounting for 43% of the total number of dams in the world. China’s installed
hydropower capacity accounts for 27% of the world’s hydropower installed capacity [2]. At
the same time, China is facing the problem of sedimentation. Moreover, hydraulic machin-
ery (i.e.,, pumps, turbines, and reversible pump turbines) often operate under cavitation
conditions. The synergistic effect of cavitation and sediment erosion can cause more serious
damage as shown in Figure 1 [34].

Among the hydropower stations that have been built in China, 40% of the turbines
have been severely affected by the synergistic effect of cavitation and sediment erosion,
which will reduce the turbine efficiency, shorten the service life, and increase the operation
and maintenance costs. However, the synergistic wear mechanisms are barely understood,
and the conclusions reached by studies differ from each other. The synergistic bubble
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particle effect is manifested in the dual inhibition or promotion mechanism [5,6]. There are
many factors affecting the promotion or inhibition of the synergistic effect between abrasion
and cavitation, including the solid-liquid mixture [7,8] and particle properties [9,10].

Sand Erosion

(b)

Figure 1. Erosion in the hydro turbines. (a) Turbine runner with synergy of cavitation and sedi-

ment erosion, (b) synergistic damage caused by particles and cavitation at the leading edge of the
runner blades.

Raichenko, Byakova [11], and Morch [12] suggested that inhomogeneities within the
liquid can function as nucleation centers for bubbles and developed models to analyze
the bubble formation process. Shen et al. [13] found that the effect on single cavitation
bubble dynamics could be negligible for small viscosities, but it should be considered
for relatively high viscosities. Liu et al. [14] found that fine particles increased the fluid’s
viscosity, and the strong liquid viscosity produced higher resistance to the growth and
collapse of bubbles, lowering the particle velocity and suppressing cavitation.

The properties of particles including size, concentration, shape, and type are key
influencing factors for the damage from cavitation and abrasion.

Lian et al. [10] reported that the critical particle diameter was approximately
0.035-0.048 mm. When the sediment had a particle size smaller than the critical value,
the damage from the combined wear was slightly less severe than that from cavitation in
clear water. Using a specialized vibrating device, Wu and Gou [15] discussed the combined
wear under three sediment concentration cases (25, 50, and 85 kg/m?) and five particle
diameter scenarios (0.531, 0.253, 0.063, 0.042, 0.026 mm). They revealed that when the
particle diameter was smaller than the critical value (0.048 mm), the wear effect weakened
as the concentration increased. Chen et al. [16] found that the generated damage was less
severe than that in clear water when the average sediment size was smaller than 0.120 mm,
and Zhong and Minemura [17] suggested that for sediment with a size less than 1 mm, the
flow would only cause cavitation erosion. In general, when the particle size is smaller than
the threshold, cavitation is suppressed; otherwise, it is intensified [18-20]. For particles
smaller than the threshold size, the medium sand and clay in the particle-laden flow have
non-Newtonian fluid features.

In the presence of sand, the cavitation pressure threshold rises proportionately to
the sediment concentration. Zhu et al. [21] indicated that the sediment concentration
was linearly related to the critical cavitation value, with higher particle concentrations
corresponding to more possible occurrences of cavitation. This was because many gas
nuclei with different sizes existed within the particle surface cracks; increasing the sediment
concentration inevitably generated more gas nuclei in the flow [22,23]. However, the
conclusion that an increased particle concentration monotonically promotes or inhibits
the combined erosion was contradicted by some other reports, which suggested a particle
concentration threshold. As the concentration increased under a fixed particle diameter,
the combined wear initially weakened and then strengthened [24,25].

In addition, the shape and type of particle will affect the cavitation [26-30]. However,
the size and concentration of particles are crucial factors affecting cavitation, and their
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different combinations can inhibit or promote cavitation. Based on scholars’ previous
research [10,15], natural river sand with a median diameter of 0.05, 0.07, and 0.09 mm is
selected, and sediment-laden water with a concentration of 10, 30, and 50 g/L is prepared
for the study of how different sediment conditions promote cavitation in a Venturi structure
flow channel in this paper.

The mechanism of the inhibition or promotion of cavitation has been studied. Li and
Zhang et al. [31,32] noticed that the particle shooting effect (acceleration of particles when
bubbles expanded and after bubbles and particles detached) was more pronounced as
the particle-to-bubble size ratio was reduced. Li et al. [33] claimed that bubble—particle
interactions were heavily dependent on the particle-to-bubble size ratio and particle-to-
liquid density ratio. Poulain et al. [34] reported a quantitative relation between sand
movement due to cavitation bubbles and their distance. Arora et al. [35,36] discovered
that cavitation bubbles’ collapse would accelerate the nearby sand particles, possibly
aggravating abrasion and damage.

The current research on the synergistic mechanisms focuses on the theoretical analyses
of individual cavitation bubbles or the combined effects of sediment and cavitation through
material erosion assessments. Meanwhile, significant achievements have been made in
the impact of cavitation on particles. However, there is a dearth of studies that directly
analyze sediment-laden flow fields to understand the sediment-bubbles relationship. This
study explores the effect of sediment-laden flow on cavitation evolution. The viscosity of
sediment-laden water varies with the sediment size and concentration, and has influences
on the flow field and will affect the formation, development, and collapse of cavitation.
We obtained the viscosity of sediment-laden water through a viscometer and apply it to
subsequent numerical calculations and analysis of the flow field.

There are relatively few visual experimental studies on the cavitation characteristics
of sediment-laden water in the existing research. Due to its simple structure, the cavitation
mechanism of the Venturi is consistent with hydraulic machinery such as pumps and
turbines, making it important experimental equipment for studying the cavitation mecha-
nisms and characteristics. This study employed a high-speed camera system to capture
the morphology of cavitation and the complete developmental process within a Venturi
structure flow channel containing sediment-laden water. Meanwhile, some scholars have
used the three-phase flow (solid-liquid-vapor) model to analyze the erosion of the wall by
sediment particles in the presence of cavitation bubbles. However, there is a lack of research
on the cavitation flow field affected by sediment. In this paper, based on sediment-water
two-phase flow, we consider the occurrence and development of cavitation, and compare
the impact of sediment particles on the cavitation cycle.

2. Visual Cavitation Experiment
2.1. Experimental Apparatus

The experimental apparatus is a small desktop-integrated self-circulating system,
equipped with a 40 L water storage tank, a pump with a head of 20 m, a T4-type light
source, a display screen, and a Venturi flow channel made of Seiko transparent acrylic
material as shown in Figure 2a. The dimensions of the equipment are 550 mm in length,
300 mm in width, and 1100 mm in height. The working voltage is 220 volts, and the power
is 300 watts. The throat pressure can be read through a vacuum gauge connected to the
throat. The experimental apparatus has been modified to read the inlet and outlet pressures:
a hole is drilled in the display screen at a position 1 cm downstream of the inlet, and a
pressure gauge with a measuring range of 0 to 0.16 MPa is attached. A hole is drilled in
the display screen at a position 3 cm away from the outlet, and a vacuum gauge with a
measuring range of —0.1 to 0 MPa is attached.
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Figure 2. Visual cavitation experimental system. (a) Schematic of the cavitation mechanism exper-
iment apparatus, (b) schematic of Venturi structure dimensions, (c) high-speed camera, (d) light
source, (e) experimental field diagram.

The Venturi flow channel comprises four distinct sections: an inlet straight sec-
tion, a contraction section, a throat, and a diffusion section. As the fluid traverses
the throat of the Venturi channel, the reduction in cross-sectional area results in an in-
crease in fluid velocity, leading to a decrease in static pressure. This pressure drop
induces the vacuum condition, creating the requisite environment for cavitation for-
mation. The dimensions of the Venturi channel are illustrated in Figure 2b. A Fast-
cam AX-100 high-speed camera (Photron, Tokyo, Japan) equipped with a Nikon lens
(Nikon, Tokyo, Japan) with a focal length of 105 mm is used to record the cavitation
phenomena as shown in Figure 2c. To enhance the quality of the cavitation cloud im-
ages, a photographic light source is utilized for additional illumination and is shown
in Figure 2d. The experimental site is shown in Figure 2e. The Photron FASTCAM
Viewer software (version 3.6.9.1) is utilized to precisely control the frame rate, record-
ing duration, and resolution of the high-speed photography system, which can achieve a
20,000 fps frame rate at the maximum. During the experiments, the frame rate was set
to 4000 fps to ensure that the captured images maintain sufficient detail, with an image
resolution of 1024 x 1024 pixels.

2.2. Measurement of Viscosity

The viscosity of a liquid significantly influences its flow behavior and cavitation
characteristics. In sediment-laden water, viscosity differences arise from the variations in
particle concentration and size compared to clear water. These viscosity variations impact
the cavitation behavior, which is the primary concern of the present study. To measure
the sediment-laden water’s viscosity, an NDJ-8S digital viscometer (Shanghai Zhongchen
Digital Technology Equipment Co., Ltd., Shanghai, China) was employed, as illustrated
in Figure 3a. This instrument drives the rotor to rotate at a constant speed via an electric
motor. When the rotor spins in the liquid, the liquid exerts a viscous torque on the rotor.
A sensor detects and collects data on this viscous torque, which are then processed by a
computer to determine the viscosity of the measured liquid. Assuming laminar flow and
negligible slip between the liquid and the measuring spindle’s surface, the viscosity of the
liquid can be calculated using the appropriate formula.

M 1 1
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Figure 3. Viscosity measuring instrument. (a) NDJ-8S digital display viscometer, (b) zero rotor.

In this context, M represents the torque exerted by the internal friction of the liquid
on the rotating spindle, r denotes the inner cylinder radius, and R is the outer cylinder
radius. h indicates the immersed height of the liquid surrounding the inner cylinder, and
w signifies the angular velocity of the rotating spindle. This instrument is equipped with
an over range alarm function: when the test value exceeds 100% of the measuring range,
the display will show “over”. To ensure the measurement accuracy, the percentage of the
measuring range is controlled between 10% and 90%. Rotor 0 has the smallest measuring
range, with a full scale of 20 mPa-s at a rotation speed of 60 rpm. Therefore, Rotor 0 was
selected in this study.

The viscosity of clear water measured with this instrument is 1.13 mPa-s when the
water temperature is 15 degrees Celsius, and the viscosity measurements for sediment-
laden water are summarized in Table 1. Notably, at a low sediment concentration
(S = 10 g/L), the viscosity matches that of clear water, regardless of the particle size.
However, as the sediment concentration increases, the viscosity rises, with the particle size
playing a more significant role. Smaller particles contribute to a greater increase in viscosity.
For example, with a particle diameter of d = 0.09 mm, the viscosity rises from 1.132 mPa-s
to 1.219 mPa-s, reflecting a 7.68% increase. In contrast, with a particle diameter of
d = 0.05 mm, the viscosity escalates from 1.139 mPa-s to 1.756 mPa-s, a notable increase
of 54.17%. Thus, an increase in the sediment concentration with finer particles leads to a
substantial rise in the viscosity compared to clear water, underscoring the importance of
the cavitation behavior under such conditions.

Table 1. Viscosity of sand water y (mPa-s).

S g/

d (mm) 10 30 50
0.09 1.132 1.141 1.219
0.07 1.134 1.153 1.275
0.05 1.139 1.165 1.756

2.3. Experiment Results
2.3.1. Comparison of the Cavitation Intensity

Since cavitation initiates and then develops at the wall of the throat, the cavitation
number at the throat is adopted to reflect the intensity of the cavitation. In the experimental
Venturi structure flow channel, the transition from the converging flow section to the
diverging flow section occurs abruptly at a certain cross-section, and the throat is exactly
this abrupt cross-section. The pressure measuring points are arranged on the inner wall of
the throat, and the pressure at the measuring points is used to reflect the pressure at the
throat. Based on the experimentally measured average pressure at the throat, the cavitation
numbers for various sediment-laden water samples are presented in Table 2. The findings
demonstrate that the cavitation number decreases at higher sediment concentrations,
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indicating the enhanced cavitation intensity. As the water flow decelerates from the throat
to the diffusion section, the drag effect of the sediment particles slows the decrease in flow
velocity and leads to a more gradual increase in pressure. Consequently, this results in
a lower pressure at the throat, effectively promoting cavitation. A higher concentration
corresponds to a more pronounced particle drag effect.

Table 2. Cavitation number of sand water.

d (mm) S (g/L) Pthroat (Pa) o
10 22.325 027
0.09 30 14,325 0.17
50 8325 0.08
10 19,325 0.24
0.07 30 11,825 0.14
50 7325 0.07
10 17,325 021
0.05 30 10,325 0.12
50 6325 0.06

The effect of particle dimension on the cavitation number is notably less significant
than that of the sediment concentration. For example, at d = 0.09 mm, increasing the
sediment concentration from 10 g/L to 50 g/L results in a reduction in the cavitation
number from 0.27 to 0.08, a decrease of 70.37%. Conversely, in sediment-laden water with
a concentration of 50 g/L, reducing the particle size from d = 0.09 mm to d = 0.05 mm only
decreases the cavitation number from 0.08 to 0.05, reflecting a reduction of only 12.5%.

The relationship between the cavitation number and viscosity is illustrated in Figure 4,
which is supported by the data in Table 1. The graph demonstrates that, in sediment-laden
water, an increased viscosity correlates with a smaller cavitation number and an increased
cavitation intensity. When the sediment size exceeds the critical value, an increase in concen-
tration or a decrease in sediment size will promote cavitation, and the promoting effect of
concentration is more significant than that of the sediment size. Therefore, the cavitation of
sediment-laden water with a high concentration (S = 50 g/L) should be taken seriously.
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Figure 4. Change in cavitation number with the viscosity of sand water.

2.3.2. Evolution Process of the Cavitation Cloud

During the cavitation experiments, high flow rates revealed a distinct phenomenon
of periodic cavitation bubble shedding at the cloud tail. For instance, at a flow rate of
Q =294 mL/s and a sediment concentration of S = 50 g/L with different sediment sizes,
the cavitation cloud evolution over a selected cycle, denoted as T, is analyzed and depicted.
The captured raw images underwent MATLAB (version 9.13 R2022b) processing including
background subtraction, binarization, and denoising, as demonstrated in Figure 5.
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The cavitation bubbles at the tail of the cloud undergo three distinct stages: growth,
separation, and collapse. During cavitation growth, the cloud extends downstream on
both the upper and lower sides. During the separation stage, noticeable breaking and
detachment of bubbles occur at both sides of the tail. Finally, in the collapse stage, the
separated bubbles rapidly collapse. The cloud length before detaching from the wall is
defined as the cavitation cloud length (L), and its periodic variation over time is illustrated
in Figure 6.
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Figure 6. Periodic variation in the cavitation cloud length (Q = 294 mL/s). (a) Clear water,
(b) d =0.09 mm, (c) d = 0.07 mm, (d) d = 0.05 mm.
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To examine the development cycle of cavitation clouds in both clear water and
sediment-laden water, ten development cycles were selected for analysis. An arithmetic
average was computed to determine the average period. The cavitation period for clear
water is T = 0.0255 s. The impacts of the sediment size and concentration on the cavitation
cloud evolution are presented in Figure 7.
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Figure 7. Effects of sediment size and concentration on cavitation period.

Notably, when the sediments have a very low concentration (S = 10 g/L), the cavitation
cloud’s evolution cycle closely resembles that of clear water and is minimally affected by the
particle size. However, as the sediment concentration increases, shorter cycles become more
pronounced with smaller particle sizes. For instance, when the sediment concentration
S =50 g/Land the particle diameter d = 0.09 mm, the cycle is T = 0.0123 s; with
d = 0.05 mm, the cycle is T = 0.0075 s, showing a 39% reduction. The impact of the
sediment concentration on the cavitation cloud’s evolution cycle is even more significant.
With a particle diameter of d = 0.09 mm, increasing the sediment concentration from
S =10g/L to 50 g/L reduces the cycle from T = 0.0254 s to 0.0123 s, a 51.57% decrease.
When the particle diameter is d = 0.05 mm, the cycle decreases from T = 0.0252 s to 0.0075 s,
a reduction of 70.24% when the sediment concentration grows from 10 g/L to 50 g/L. It is
found that a decreasing sediment size or increasing sediment concentration shortens the
development cycle of cavitation, and the effect of concentration is more significant than
that of size.

This phenomenon can be attributed to the cavitation cloud shedding induced by the
near-wall re-entrant jet. Sediment particles, characterized as non-wettable solids, exhibit
a greater tensile stress than water fractures. Consequently, the re-entrant jet transporting
the sediment particles possesses enhanced tearing and destructive capabilities compared
to that in clear water, thereby accelerating the shedding of the cavitation cloud. The
destructive potential of the re-entrant jet becomes increasingly pronounced at higher
sediment concentrations.

2.3.3. Maximum Length of the Wall-Bounded Cavitation Cloud

The average maximum cavitation cloud length Ly before shedding was calculated
over 10 cycles at a flow of 294 mL/s, yielding Lmax = 19 mm in clear water. The influences
of the sediment size and sediment concentration on this length are illustrated in Figure 8.
It is evident that both increasing sediment concentration and decreasing sediment size
contribute to an expansion of the cavitation cloud, as indicated by the increased length.
Notably, the magnitude of these increases is comparable, suggesting that the sediment size
and concentration exert similar influences on the cavitation cloud length.
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Figure 8. Variations in the maximum cavitation cloud length with particle size and sediment content.

As shown in Table 2 and Figure 8, L increases with the sediment-laden water’s viscosity.
The sediment facilitates the formation of additional cavitation nuclei compared to a clear
water medium, which subsequently leads to the generation of more cavitation bubbles and
promotes cavitation effectively. Smaller sediment generates a greater number of cavitation
nuclei, further enhancing the development of cavitation.

3. Numerical Calculation
3.1. Mathematical Model
3.1.1. Solid-Liquid Mixture Model

The mixture model is employed to manage solid-liquid flow by accounting for the
mixed states of multiple substances (phases), which is used to analyze the movement of
sediment-laden water flow in this paper. In the model, the average velocity is defined
as follows: N N

= OQpPplUw T AsPsUs

m= 2
u o @)

where p;; = aypw + asps is the density of sediment-laden water, ;m is the velocity of
sediment-laden water, a;, and as denote the water’s and sediment’s volume fraction,
respectively, py and ps represent the water’s and sediment’s density, respectively, and e
and 11 signify the water’s and sediment’s velocity, respectively.
The continuity equation is:
Pm

TV (pmﬁm) -0 3)

The momentum equation is:

%(Pm;m) +V- (Pm;m;m>
N T R n NN 4)
=—-VP+V. |:,Um (vum ‘|‘Vum>:| +0omg +V- (2 “ppp”drtudrt)
i=1

where n represents the number of phases, y;, is the viscosity of sediment-laden which can
be obtained from Table 1, ap, pp,, and ;p represent the volume fraction, density and velocity
of phase p, respectively, and ;drt = ;p — U represents the drift velocity of phase p.

The volume fraction equation is:

9(appp)
ot

+ V- (apppiip) =0 5)
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3.1.2. Solid-Liquid—Vapor Mixture Model

After completing the numerical calculation of the water—sand flow, cavitation is taken
into account, and a three-phase calculation of solid-liquid—vapor is carried out. Here, the
sediment-laden water is regarded as a whole, and it is combined with vapor to form a
mixture model. Equation (2) is rewritten as:

- QwsPwsUws + aypo iy
Uy = (6)
Pmo

where 0 = &wspm + AuPy is the mixed density of sediment-laden water and vapor, ;mv
is the velocity of sediment-laden water and vapor, ays and «a, denote the sediment-laden
water’s and vapor’s volume fraction, respectively, pys and p, represent the sediment-laden
water’s and vapor’s density, respectively, and ;ws and ;U signify the sediment-laden
water’s and vapor’s velocity, respectively.

The continuity equation is rewritten as:

apmv
ot

+V. (va;mv) =0 (7)
The momentum equation is:
% (va umv) +V- (sz; UmopU mv)

N T N n NN (8)
=—-VP+V. [Hmv (vumv+vumv):| + Oomo 8 +V- (Zl‘xpppudrtudrt>
p:

where 1 represents the number of phases, yuy = awspm + aoiy is the mixed viscosity
of sediment-laden and vapor, the phase p denotes the sediment-laden and vapor, and
;d,t =u p— Wy represents the drift velocity of the phase p.

The Zwart-Gerber-Belamri cavitation model is used to determine the volume fraction
of cavitation bubbles. The transport equation for the mass transfer between vapor and
sediment-laden water is:

20te) | G (wpit) = & ©)

where the subscript v is the vapor phase, a, is the volume fraction of the vapor, py is the
density of the vapor, u, represents the velocity of the vapor, and R is the net mass transfer
rate between the vapor and the sediment-laden water.

. PvPws 3 [2(po—p)

Re = Fuu v 1—- o)\ ———(Pv > 10
P oo (L8 g\ T g (P> p) (10)

s g PoPws o 3 [2(po—p)

Rc — Leond Omo lXU(l D‘U) RB Ows (Pv < P) (11)

where Rp is the radius of the cavitation bubble, pys is the density of sediment-laden water,
Fyqp is the evaporation coefficient, and Fy,p = 50, F,4 is the condensation coefficient,
F.ond = 0.2.

In the early stage of our research, the SST k-w and RNG k-& models were used to carry
out the numerical calculation of cavitation in clear water. It was found that the maximum
length value of the cavitation cloud calculated by the RNG k-¢ model was closer to the
experimental result. Therefore, when calculating the cavitation of sand-laden water, the
RNG k-¢ model is still adopted.
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3.2. Grid Generation

Considering the symmetry of the flow channel, a half geometric model was established
as shown in Figure 9a. The geometric model presented herein features a regular structure
and employs a structured mesh. Given that cavitation occurs near the wall, and reverse flow
is present in that region, it is essential to refine the mesh near the wall during the meshing
process to enhance the simulation accuracy. The first layer of mesh nodes closest to the
wall was set to y* = 1, comprising a total of 27 boundary layer mesh layers. Furthermore,
since cavitation typically occurs in the throat of the Venturi structure, the mesh in this area
was also refined, as depicted in Figure 9b.

(a) ®)

Figure 9. Numerical geometric model. (a) Three-dimensional modeling of the channel, (b) mesh
throat encryption diagram.

Grid independence verification was performed to reduce the dependency of the
calculation results on the grid. Numerical calculations were carried out using five grid
schemes for a clear water flow rate of 294 mL/s, with the grid configurations listed in
Table 3. The experimental measurements obtained inlet and outlet pressures of 144,325 Pa
and 92,325 Pa, respectively. Seven monitoring points were selected starting from the throat,
0.2 mm away from the wall, and at 3 mm intervals along the flow direction, as shown
in Figure 10a. The pressures at these seven points at time t = T/2 were plotted to show
the pressure distribution along the flow path, as depicted in Figure 10b. According to the
results in Figure 10b, the pressure values of Grid 4 and Grid 5 were very close, with their
pressure curves basically overlapping. Further increasing the number of grids led to almost
no noticeable change in the pressure at the monitoring points. Therefore, the grid with
7,670,400 cells was selected.

60, 000
—=&— Scheme 1 N

—&— Scheme 2
50, 000 4— Scheme 3
v— Scheme 4
#— Scheme 5

40, 000 4

30, 000

p (Pa)

20, 000

5 6 10,0004

Monitoring Point
(a) (b)
Figure 10. Grid independence verification. (a) Monitoring points, (b) pressure distribution.

Table 3. Grid scheme.

Scheme 1 2 3 4 5
Grid number 2,351,584 3,569,521 5,665,841 7,670,400 8,641,851
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3.3. Boundary Conditions and Parameter Settings

In the cavitation experiments of sediment-laden water, the outlet pressure remains
constant while the inlet pressure varies with the particle size and sediment concentration.
When d = 0.05 mm and Q =294 mL/s, for the sediment concentrations of 30 g/L and 50 g/L,
the measured corresponding inlet pressures were 146,360 Pa and 152,340 Pa, respectively.
The inlet boundary condition adopts a velocity inlet, with vin = 1.44 m/s, and the inlet
pressure is taken as the experimental value. The outlet boundary condition is set as a
pressure outlet, with pout = 92,325 Pa. The turbulent intensities at the inlet and outlet
were set according to the hydraulic diameter. The turbulent intensity at the inlet was 5%,
and the turbulent viscosity ratio was 10. The backflow turbulent intensity was 5%, and
the backflow turbulent viscosity ratio was 10. The time step was set to be 1 x 1073 s. The
pressure—velocity coupling equations were solved based on the SIMPLEC algorithm, and
the residual was set to be 1 x 1073. The discretization format of pressure is PRESTO!, the
discretization format of the gradient is Least Squares Cell-Based, and the discretization
format of the remaining parameters was selected as the first-order upwind scheme.

The vapor density py = 0.017kg/m?, vapor viscosity sy = 1.00 x 10~2mPa - s, satu-
rated vapor pressure p,= 2236Pa, bubble radius Rg =1 X 10 m, temperature T = 293.15 K,
the sand density p; = 2600 kg/m?, and the viscosity of the sediment-laden water were
determined based on the experimental values.

3.4. Analysis of the Calculation Results
3.4.1. Comparison of the Cavitation Cloud Morphology and Periodicity

The experimental photos and numerical simulation images of cavitation alongside
the vapor volume fraction distribution from numerical simulations of sediment-laden
water, with sediment sizes of d = 0.05 mm and sediment concentrations of S = 50 g/L
and S = 30 g/L over one cycle are shown in Figure 11. Cavitation initiates at the throat,
and as the cycle progresses, the wall-attached cavitation cloud’s length and thickness
increase, thereby expanding the cavitation region. During the interval from 2/6T to
5/6T, shedding cavitation clouds form at the tail, moving with the flow before gradually
collapsing. Alongside the periodic development of cavitation, the vapor-liquid re-entrant
jet at the tail during cavitation collapse exhibits similar periodicity. The static pressure near
the collapsing cavitation bubbles at the tail increases rapidly, resulting in the formation of a
concave jet structure. A portion of the liquid at the tail, driven by the concave jet, moves
in the opposite direction to the main liquid flow, generating a vapor-liquid coexisting
re-entrant jet. The numerical simulations capture the periodicity of the cavitation process,
which undergoes cyclical phases of contraction, expansion, and retraction. Notably, the
shape of the wall-attached cavitation region in the simulations aligns with the non-shed
cavitation cloud observed in the experiments, and the extent of the cavitation region closely
resembles the experimental findings.

The length of the cavitation cloud L at the corresponding moment can be found from
Figure 11. The ratio of this length L to the maximum length of the cavitation cloud Lmax
that appears within a cycle is defined as Lc (i.e., Lc = L/Lmax). The Lc values from the
experiment and numerical simulation are compared, as shown in Table 4. The error range
is between 2.6% and 13.43%, and it is considered that the numerical simulation is consistent
with the variation in the actual cavitation cloud length.

The values of Lnax in sediment-laden water before shedding, were compared experi-
mentally and numerically, as shown in Figure 12. It is found that the numerically calculated
cavitation cloud length closely aligns with the experimental results; however, the evolu-
tion cycle of the cavitation cloud in the simulation is slightly longer than that observed
in the experiments. For a sediment concentration of S = 50 g/L, the experimental cycle
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is T = 0.0075 s, while the calculated cycle is T = 0.0089 s, indicating an 18.6% difference.
Conversely, at a sediment concentration of S = 30 g/L, the experimental cycleis T = 0.0130 s,
and the calculated cycle is T = 0.0151 s, resulting in a 16.1% difference. As the sediment
concentration increases, the cavitation cloud cycle shortens while the cavitation region
expands. The numerical results agree with the experiment outcomes.
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Figure 11. Comparison of the cavitation morphology between the experimental and numerical
calculation. (a) S=50g/L, (b) S=30g/L.

Table 4. Comparison of Lc between experiment and numerical simulation.

S (g/L) t Experiment Lc Sii‘;?;i;;fic Error (%)
50 0 0.36 0.39 8.33
50 1/6T 0.59 0.56 —5.08
50 2/6T 0.87 0.98 12.64
50 4/6T 0.65 0.43 —12.31
50 5/6T 0.41 0.36 —12.20
30 0 0.35 0.28 —8.57
30 1/6T 0.67 0.58 —13.43
30 2/6T 0.83 0.80 —3.61
30 4/6T 0.77 0.75 —2.60
30 5/6T 0.34 0.32 —5.88
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Figure 12. Comparison of the cavitation cloud evolution period between the experiment and numeri-

cal calculation. (a) S=50g/L, (b) S=30g/L.
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3.4.2. Re-Entrant Jet and Reflow

The reverse pressure gradient of the diffusion section generates a re-entrant jet which
causes the detachment of bubbles at the tail end of the cavitation cloud. The streamline
diagrams of sediment-laden water cavitation at a sediment concentration of S =50 g/L are
shown in Figure 13. Att=1/6T, a re-entrant jet emerges at the wall near the cavitation cloud
tail, resulting in an upward lift of the tail. Att=2/6T, as the cavitation cloud expands and the
tail continues to rise, the reflow region is obvious. By t = 3/6T, the cavitation cloud attains its
maximum length, with the reflow region moving further away and expanding to its greatest
extent. Att=4/6T, due to the collapse of the detached cavitation cloud, the reflow region
is pushed back and the cavitation cloud near the wall begins to contract. By t = 5/6T, the
contraction of the cavitation cloud persists, and the reflow region continues to shift upstream
toward the tail, further reducing in size, and it finally becomes a re-entrant jet.

vapor-Volume fraction: 0 01 02 03 04 05 06 07 08 09 1

re-entrant jet

=0 =1/6T

reflow region sy reflow resion

t=2/6T =3/6T

re-entrant jet

<t

reflow region

=4/6T =5/6T

Figure 13. Streamline of the cavitation of sand water.

A comparative analysis of the streamlines of cavitation flows, maintaining the same
flow rate for sediment-laden water at a sediment concentration of S=30g/Land S=50 g/L
(Figure 14) reveals that an increased sediment concentration correlates with a larger reflow
region at the tail of the cavitation cloud.

From the throat to the downstream diffusion section, the flow velocity decreases
along the way. The density and inertia of the sediment-laden water increase when the
concentration is raised. Under the same flow rate conditions, the trend of decreasing flow
velocity slows down. Therefore, the velocity gradient from the edge wall to the central flow
area rises accordingly.

Meanwhile starting from the throat, a small amount of sediment settles and accumu-
lates on the side walls, while most of the sediment particles are suspended in the water and
carried downstream by the water flow, forming the main flow area. There are strip-shaped
areas with a low sediment content between the subsidence zone and the mainstream. As
the overall sediment concentration decreases, this strip-shaped area approaches clear water
(Figure 15).
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Figure 15. Sediment distribution near the throat. (a) S=50g/L, (b) S=30g/L.

Based on the analysis of the velocity gradient and sediment distribution, the shearing
stress T = ‘u%z’y& near the wall enlarges, and the drag on bubbles enhances with the concen-
tration increasing, which results in an increase in the length of the sheet-like cavitation
cloud. Therefore, the reverse pressure gradient at the cavitation cloud tail increases, leading
to an expanded re-entrant jet as shown in Figure 14a. The collapse of detached bubbles
pushes the reflow region upstream, causing the cavitation cloud to contract. The higher
the sediment content, the more obvious the driving effect, and the reflow region increases
significantly as shown in Figure 14b.

3.4.3. Vortex Distribution and Evolution

The cavitation behavior significantly affects the vortex structure. Because of the growth
and shedding process of bubbles, the vortex structure changes over time, and the absolute
value of vorticity near the wall is relatively large. This originates from the flow’s strong
shearing effect near the wall. The smooth vortex structure grows with the development of
bubbles, and there is a high vorticity value at the position where the reflow advances, which
disturbs the bubbles, enhances turbulent fluctuations, and causes the vortex structure to
lift up. This indicates that the reflow impacts the surface of the bubbles, ultimately leading
to the detachment of cloud bubbles.

The vorticity diagrams for cavitation in sediment-laden water with S = 50 g/L—
calculated using the Q-criterion—are shown in Figure 16. The sheet-like vortices at the
front of the cavitation cloud are relatively smooth and stable, whereas the vortices at the tail
exhibit considerable periodic fluctuations due to the influence of the reflow, undergoing a
cycle of shedding, downstream movement, return, and merging. From t =1/6T to t =3/6T,
the reflow impacts the surfaces of the sheet-like cavitation bubbles, ultimately leading to
cavitation cloud shedding. As the cloud progresses downstream, large-scale vortices are
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generated, complicating the vorticity characteristics. After t = 4/6T, the reflow propels the
vortices to return, with larger vortex structures being supplanted by smaller-scale vortices.

QCriterion: 0.0 1.0x10°  2.0x10° 3.0x10° 4.0x10° 5.0x10° 6.0x10° 7.0x10° 8.0x10° 9.0x10° 1.0x10°
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downstream movement I

t=1/6T

downstream movement

t=2/6T =3/6T
t=4/6T t=5/6T

Figure 16. Vorticity structure evolution of sandy water cavitation.

Figure 17 compares the cavitation vorticity of clear water and sediment-laden water
with a sediment concentration of 30 g/L and 50 g/L, all under identical flow rates. It is
observed that during the vortices shedding phase, higher sediment concentrations enhance
the shear effect near the wall, leading to an increase in vorticity. The re-entrant jet causes
the shedding of vortices, and higher sediment concentrations lead to a stronger impact of
the jet on the sheet-like vortices, causing more vortices to detach and the boundaries of
the vortices to become more turbulent as shown in Figure 17a. During the vortices return
phase, larger-scale vortices transform into small-scale vortices which exhibit greater energy
consumption due to energy dissipation. In sediment-laden water with a higher sediment
concentration, viscous damping is more pronounced, leading to more reduction in vorticity
and more small-scale vortices as shown in Figure 17b.
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Figure 17. Vorticity evolution with different sediment contents. (a) t =1/6T, (b) t =4/6T.

4. Conclusions

This study investigates the cavitation phenomenon in sediment-laden water using
a Venturi-based hydraulic cavitation device, integrating both numerical simulations and
experimental methods. By comparing the numerical results with the experimental data,
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the study investigates cavitation patterns, analyzes the flow field characteristics associated
with cavitation in sediment-laden water, and explores the influences of the sediment size
and concentration on cavitation, drawing the following conclusions:

1.  The impact of the sediment concentration on the viscosity is more pronounced than
that of the particle size. As the sediment concentration increases, the viscosity rises
significantly, with this trend becoming more accentuated as the particle size decreases.

2. The results of the experiment and numerical simulation show that an increase in the
sediment concentration or a decrease in the sediment size leads to a shorter evolution
cycle of the cavitation cloud and a higher frequency of cavitation cloud shedding,
with the sediment concentration exerting a more substantial influence. The cavitation
number decreases as well, with the sediment concentration having a more significant
effect. When the concentration reaches 50 g/L, the cavitation number is less than 0.1.
Therefore, attention should be paid to the cavitation generated when the sediment
concentration is high during the operation of hydraulic machinery.

3. The numerical analyses of the flow field of the cavitation in sediment-laden water
reveal that the sediment expands the reflow region and enhances the re-entrant jet,
thereby promoting cavitation cloud shedding due to the more pronounced shear
effect. Additionally, the sediment contributes to a more complex vortex structure:
on one hand, it enhances the interaction with smooth, sheet-like vortices attached to
the wall, leading to increased vortex shedding; on the other hand, it consumes more
energy during the vortex return, thus forming more small-scale vortices.

4. When the sediment concentration increases, it can increase the viscosity of the
sediment-laden water. On the one hand, it increases the pressure gradient, lead-
ing to the enhancement of the re-entrant jet and accelerating the shedding of the
cavitation cloud. At the same time, the viscous resistance is strengthened, which
expands the range of the cavitation zone. In engineering, the geometric shape of the
runner blades of a turbine can be optimized to reduce the relative flow velocity of the
fluid, thereby decreasing the pressure gradient and weakening the shear effect.

The channel depth in this article is only 4 mm, which is much smaller than the channel
length and width, so a sidewall effect will occur. Sidewall effects can boost the flow
resistance and pressure differentials, facilitating the occurrence of cavitation. In future
research, we need to analyze the impact of depth and refine the results accordingly.

Since the fluid is regarded as incompressible in the calculation process, in fact, the
shedding and collapse of cavitation bubbles should be a compressible flow process. In the
follow-up, the compression factor should be taken into account to refine the calculation
model. At the same time, due to the narrow channel, the influence of the roughness of the
side wall on cavitation should also be considered, which also needs to be optimized and
improved in the subsequent calculations.
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Abbreviations

Symbol Physical meaning

U dynamic viscosity

M torque

S sediment concentration

d particle diameter

o cavitation number

Q flow rate

L cavitation cloud length

Lmax maximum cavitation cloud length

Le¢ L/Lmax

T cavitation cycle

Om density of sediment-laden water

Ow water’s density

0s sediment’s density

0p density of phase p

0o vapor’s density

Omo mixed density of sediment-laden water and vapor
;m velocity of sediment-laden water

ﬂ\w water’s velocity

ﬁs sediment’s velocity

u p velocity of phase p

Uy vapor’s velocity

;mv mixed velocity of sediment-laden water and vapor
ﬁ,m drift velocity

Ny water’s volume fraction

s sediment’s volume fraction

Qs volume fraction of sediment-laden water
Xy vapor’s volume fraction

ap volume fraction of phase p

Hm dynamic viscosity of sediment-laden water
Ho dynamic viscosity of vapor

Mmo mixed dynamic viscosity of sediment-laden water and vapor
R net mass transfer rate

Rp bubble radius

Fyap evaporation coefficient

Foond condensation coefficient

Po saturated vapor pressure

References

1. Noon, A.A; Kim, M.-H. Sediment and Cavitation Erosion in Francis Turbines—Review of Latest Experimental and Numerical
Techniques. Energies 2021, 14, 1516. [CrossRef]

2. Jia, J.A. Technical Review of Hydro-Project Development in China. Engineering 2016, 2, 302-312. [CrossRef]

3. Thapa, B.; Chaudhary, P.; Dahlhaug, O.G.; Upadhyay, P. Study of combined effect of sand erosion and cavitation in hydraulic
turbines. In Proceedings of the International Conference on Small Hydropower (Hydro Sri Lanka: Fluid Dynamics), Kandy, Sri
Lanka, 22-24 October 2007; pp. 22-24.

4. Teran, L.A.; Rodriguez, S.A.; Lain, S.; Jung, S. Interaction of particles with a cavitation bubble near a solid wall. Phys. Fluids 2018,
30, 123304. [CrossRef]

5. Kumar, P; Saini, R. Study of cavitation in hydro turbines—A review. Renew. Sustain. Energy Rev. 2010, 14, 374-383. [CrossRef]

6.  Felix, D.; Albayrak, I.; Abgottspon, A.; Boes, R.M. Hydro-abrasive erosion of hydraulic turbines caused by sediment—A century

of research and development. IOP Conf. Ser. Earth Environ. Sci. 2016, 49, 122001. [CrossRef]

328



Processes 2025, 13, 1299

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Sun, J.; Ge, X.E; Zhou, Y; Liu, D.M,; Liu, J.; Li, G.Y,; Zheng, Y. Research on synergistic erosion by cavitation and sediment:
A review. Ultrason. Sonochemistry 2023, 95, 106399. [CrossRef]

Karimi, A.; Martin, J.L. Cavitation erosion of materials. Inf. Met. Rev. 1986, 31, 1-26. [CrossRef]

Arora, M.; Ohl, C.D.; Lohse, D. Effect of nuclei concentration on cavitation cluster dynamics. J. Acoust. Soc. Am 2007, 121,
3432-3436. [CrossRef]

Lian, J.; Gou, W,; Li, H.; Zhang, H. Effect of sediment size on damage caused by cavitation erosion and abrasive wear in
sediment-water mixture. Wear 2018, 398-399, 201-208. [CrossRef]

Raichenko, I.A.; Byakova, V.A. Theory of initial growth of a microcavity in a liquid metal around a gas-releasing particle. Part 1.
Physical and mathematical models. Powder Metall. Met. Ceram. 2021, 40, 606—611. [CrossRef]

Morch, K.A. Cavitation nuclei and bubble formation—A dynamic liquid-solid interface Problem. J. Fluids Eng. 2000, 122, 494-498.
[CrossRef]

Shen, Y.; Yasui, K.; Zhu, T.; Ashokkumar, M. A model for the effect of bulk liquid viscosity on cavitation bubble dynamics. Phys.
Chem. Chem. Phys. 2017, 19, 20635-20640. [CrossRef] [PubMed]

Liu, X.M.; He, J.; Lu, J.; Ni, X.W. Effect of liquid viscosity on a liquid jet produced by the collapse of a laser-induced bubble near a
rigid boundary. Jpn. J. Appl. Phys. 2009, 48, 016504. [CrossRef]

Wu, ].-H.; Gou, W.-]. Critical size effect of sand particles on cavitation damage. J. Hydrodyn. Ser. B 2013, 25, 165-166. [CrossRef]
Chen, S.Y.; Xu, W.L,; Luo, J.; Li, ].B.; Zhai, Y.W. Experimental study on the mesoscale causes of the effect of sediment size and
concentration on material cavitation erosion in sandy water. Wear 2021, 488, 204114. [CrossRef]

Zhong, Y.; Minemura, K. Measurement of erosion due to particle impingement and numerical prediction of wear in pump casing.
Wear 1996, 199, 36—44. [CrossRef]

Wang, Y.; Wu, J.; Ma, F. Cavitation-silt erosion in sand suspensions. J. Mech. Sci. Technol. 2018, 32, 5697-5702. [CrossRef]
Huang, S.; Ihara, A.; Watanabe, H.; Hashimoto, H. Effects of Solid Particle Properties on Cavitation Erosion in Solid-Water
Mixtures. J. Fluids Eng. 1996, 118, 749-755. [CrossRef]

Wang, J.; Chen, H.; Qin, L.; Li, Y,; Chen, D. Key roles of micro-particles in water on occurrence of cavitation-erosion of
hydro-machinery. Chin. Sci. Bull. 2008, 53, 1603-1607. [CrossRef]

Wang, L.; Zhu, R.; Chang, J. Effect of sand concentration in water on cavitation pressure in Qingtongxia and Bapanxia hydropower
stations. J. Hydroelectr. Eng. 2008, 27, 44-47.

Zhang, Y.; Qian, Z.; Ji, B.; Wu, Y. A review of microscopic interactions between cavitation bubbles and particles in silt-laden flow.
Renew. Sustain. Energy Rev. 2016, 56, 303-818. [CrossRef]

Chang, J. Cavitation and cavitation erosion of pump and turbine with silt-laden water as working medium. J. Drain. Irrig. Mach.
Eng. 2010, 28, 93-99.

Hu, H.X,; Zheng, Y.G. The effect of sand particle concentrations on the vibratory cavitation erosion. Wear 2017, 384-385, 95-105.
[CrossRef]

Xu, W.; Zhang, Y.; Luo, J.; Arong; Zhang, Q.; Zhai, Y. The impact of particles on the collapse characteristics of cavitation bubbles.
Ocean. Eng. 2017, 131, 15-24. [CrossRef]

Romero, R.; Teran, L.; Coronado, J.; Ladino, J.; Rodriguez, S. Synergy between cavitation and solid particle erosion in an ultrasonic
tribometer. Wear 2019, 428-429, 395-403. [CrossRef]

Yan, D.; Wang, J.; Liu, F. Inhibition of the ultrasonic microjet-pits on the carbon steel in the particles-water mixtures. AIP Adv.
2015, 5, 077159. [CrossRef]

Bahadur, S.; Badruddin, R. Erodent particle characterization and the effect of particle size and shape on erosion. Wear 1990, 138,
189-208. [CrossRef]

Levy, A.V,; Chik, P. The effects of erodent composition and shape on the erosion of steel. Wear 1983, 89, 151-162. [CrossRef]
Chen, H.; Wang, J.; Chen, D. Cavitation damages on solid surfaces in suspensions containing spherical and irregular microparticles.
Wear 2009, 266, 345-348. [CrossRef]

Li, S.; Khoo, B.C.; Zhang, A.M.; Wang, S. Bubble-sphere interaction beneath a free surface. Ocean. Eng. 2018, 169, 469-483.
[CrossRef]

Li, S.; Zhang, A.M.; Han, R; Liu, Y.Q. Experimental and numerical study on bubble sphere interaction near a rigid wall. Phys.
Fluids 2017, 29, 092102. [CrossRef]

Li, S.; Zhang, A.M.; Wang, S.; Han, R. Transient interaction between a particle and an attached bubble with an application to
cavitation in silt-laden flow. Phys. Fluids 2018, 30, 082111. [CrossRef]

Poulain, S.; Guenoun, G.; Gart, S.; Crowe, W.; Jung, S. Particle motion induced by bubble cavitation. Phys. Rev. Lett. 2015,
114, 214501. [CrossRef] [PubMed]

329



Processes 2025, 13, 1299

35. Arora, M.; Ohl, C.D.; Morch, K.A. Cavitation inception on microparticles: A self-propelled particle accelerator. Phys. Rev. Lett.
2004, 92, 174501. [CrossRef]

36. Borkent, B.M.; Arora, M.; Ohl, C.D.; De Jong, N. The acceleration of solid particles subjected to cavitation nucleation. J. Fluid
Mech. 2008, 610, 157-182. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

330



processes

Article

Theoretical Recommendations and Validation for the
Generation of Realistic Irregular Waves Through the
WaveMIMO Methodology

Maycon da Silveira Paiva !, Ana Paula Giussani Mocellin !, Phelype Haron Oleinik !

Elizaldo Domingues dos Santos 1, Luiz Alberto Oliveira Rocha !, Liércio André Isoldi 1-*

and Bianca Neves Machado 2

1 School of Engineering, Federal University of Rio Grande (FURG), Rio Grande 96203-900, RS, Brazil;
mayconpaiva@furg.br (M.d.S.P.); ana.mocellin@furg.br (A.P.G.M.); phelype.oleinik@gmail.com (P.H.O.);
elizaldosantos@furg.br (E.D.d.S.); luizrocha@furg.br (L.A.O.R.)

Interdisciplinary Department, Federal University of Rio Grande do Sul (UFRGS),

Tramandai 95590-000, RS, Brazil; bianca.machado@ufrgs.br

*  Correspondence: liercioisoldi@furg.br; Tel.: +55-53-99109-7356

Abstract: Irregular wave generation in numerical simulations is critical for accurately
modeling realistic sea conditions, which is essential in coastal and offshore engineering
applications, such as for wave energy conversion. Therefore, this study presents theoretical
recommendations for generating realistic irregular waves using the WaveMIMO methodol-
ogy and validates its accuracy against experimental data. For the parameters investigation,
spectral data are processed to obtain orbital velocity profiles of wave propagation, which
are imposed as boundary conditions (BCs) in a numerical wave channel. The simulations
were conducted using the ANSYS-Fluent 2024 R2 software, which employs the multiphase
volume of fluid (VOF) model to treat the interface between phases. Seeking theoretical
recommendations for the application of this methodology, the present study investigated
the discretization of the region where the prescribed velocity BC is imposed, the mesh
sensitivity in the free surface region, the time step used, and the location of the velocity
vector in each segment of the prescribed velocity BC imposition region. The results ob-
tained were compared with realistic sea state data obtained from the TOMAWAC spectral
model, referring to the municipalities of Rio Grande and Tramandai, in the state of Rio
Grande do Sul, Brazil. The results indicated that, compared to recommendations from the
previous literature, the recommended configuration improved wave generation accuracy
by 7-8% for Rio Grande and 2-3% for Tramandai. Finally, the WaveMIMO methodology
and its theorical recommendations were validated against experimental data found in the
literature, reaching an excellent agreement.

Keywords: realistic irregular waves; WaveMIMO methodology; ANSYS-Fluent;
TOMAWAC; computational fluid dynamics

1. Introduction

The global energy sector is undergoing a critical transition as societies confront the
dual challenges of climate change and the depletion of fossil fuel reserves. Growing envi-
ronmental concerns about greenhouse gas emissions and ecological degradation, coupled
with the finite nature of fossil resources, have driven nations to explore and integrate
renewable alternatives into their energy matrices [1]. Among these, oceans represent an
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underexploited renewable resource, with wave energy standing out as particularly promis-
ing. Numerous global studies have assessed and quantified this potential across different
countries, including Mexico [2], Algeria [3], France [4], Indonesia [5], India [6], Argentina,
Brazil, Chile, Colombia, Uruguay [7], Australia [8], China [9], among others.

The energy contained in ocean waves can be extracted through converter devices that
transform kinetic energy into electricity, such as oscillating water column (OWC), oscil-
lating bodies, overtopping devices, and submerged horizontal plates (SHP) [10,11], along
with other proposed technologies. These devices have been investigated through both ex-
perimental and numerical approaches. According to the International Energy Agency [12],
beyond laboratory testing, multiple prototypes are currently under development or testing
worldwide, including in China, South Korea, Singapore, Australia, New Zealand, the
United States, Ireland, France, and Portugal.

Numerical modeling offers a cost-effective alternative for studying wave energy con-
verters, requiring fewer financial and human resources. Consequently, numerous numerical
studies have investigated the performance of wave energy conversion devices. Examples
include OWC [13-21], overtopping [22-30], SHP [11,31-33], and even hybrid devices com-
bining multiple conversion principles [34-36]. However, to enable reliable numerical
investigations, it is crucial to accurately understand and reproduce wave behavior, partic-
ularly irregular waves, which represent real ocean conditions. Thus, developing robust
numerical modeling methodologies for this phenomenon remains essential.

Numerical wave generation has evolved through diverse approaches, each address-
ing specific challenges in wave propagation modeling. For regular waves, conventional
methodologies have been rigorously tested, such as Lisboa et al. [37], who performed
numerical simulations using ANSYS-Fluent software to quantify the effects of linear and
quadratic damping coefficients in numerical beaches, demonstrating significantly reduced
wave reflection. Zabihi et al. [38] conducted a benchmark study between ANSYS-Fluent and
Flow-3D, showing both models are powerful tools for wave generation. Windt et al. [39]
presented a validation of a numerical wave tank model demonstrating strong agreement
between simulated and experimentally monitored free surface elevations. Jiang et al. [40]
studied regular wave propagation on a sloping bed under steady wind action, analyzing
nearshore wave-wind interaction mechanisms; the results indicated that wind accelerates
wave breaking, increases the breaker index, and enhances turbulence.

Regarding irregular wave generation, Oh et al. [41] developed a nonlinear wave
simulation code using a higher-order spectral (HOS) method, employing fourth-order
Runge—Kutta time integration and anti-aliasing zero-padding for stability; the results
confirmed its efficiency in predicting nonlinear wave interactions. Choi et al. [42] presented
a methodology for simulating nonlinear irregular waves using the HOS method, validated
against extreme wave events; the results showed strong agreement between OpenFOAM,
HOS, and experimental data in predicting wave breaking and elevations. Kim et al. [43]
introduced a unified nonlinear wave generation and validation procedure for numerical
and experimental wave tanks; a comparative analysis of mild and extreme breaking waves
demonstrated strong agreement across stochastic and deterministic metrics between HOS
simulations, OpenFOAM, and experimental results.

Moreover, Kim et al. [44] presented a real-time wave forecasting system for directional
seas using Lagrangian-based models, enabling efficient processing of sparse optical mea-
surement data; experimental validation confirmed that directional wave components must
be considered to achieve accuracy comparable to unidirectional forecasts. Canard et al. [45]
developed a wave generation method controlling both spectrum and crest statistics, en-
abling precise irregular wave field reproduction beyond spectral methods, particularly for
unidirectional non-breaking conditions. Kim and Ducrozet [46] advanced the complemen-
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tary improved choppy wave model (CICWM) to address directional wave field limitations
by incorporating essential nonlinear terms. Experimental validation demonstrated CICWM
reduces linear model prediction errors in directional seas while maintaining real-time
forecasting capability through simplified assimilation.

Another example is the WaveMIMO methodology, proposed and verified by Machado
et al. [47], which is the focus of the present study. This methodology uses realistic sea
state data to generate irregular waves, enabling reproduction of natural wave phenom-
ena. To do so, spectral data are processed to obtain discretized wave propagation velocity
profiles, imposed as prescribed velocity boundary conditions. Notably, the methodol-
ogy’s capability for regular wave generation was validated by Maciel et al. [48] through
numerical-experimental comparisons. Several studies have employed WaveMIMO to
analyze wave energy converters fluid—-dynamic behavior under realistic irregular waves,
including geometric evaluations of the OWC [16,17], overtopping [25,30], and SHP [33]
devices. Furthermore, specific aspects of the WaveMIMO methodology have been investi-
gated in dedicated studies: Mocellin et al. [17] examined the influence of numerical wave
channel bathymetry on realistic irregular wave generation, while Paiva et al. [49] and
Maciel et al. [50] presented case studies evaluating key application parameters.

In this sense, the present study aims to establish general theoretical recommendations
regarding the application of the WaveMIMO methodology [47]. The importance of refining
the WaveMIMO methodology lies in its potential to generate realistic irregular waves,
thereby achieving a more accurate representation of natural wave phenomena. Therefore,
studies were carried out to simulate realistic irregular waves based on the sea states found
on the coast of the Rio Grande do Sul (RS), southern Brazil. Locations with different
characteristics of significant height, mean period, and water depth were analyzed, enabling
an evaluation of the methodology’s performance under different wave climates. As a final
contribution, this study validates the refined methodology by comparing numerical results
with experimental data from the literature, a novel aspect of this paper.

2. Mathematical and Numerical Modeling

To carry out this study, numerical simulations of the generation and propagation of
realistic irregular waves in a wave channel were conducted using the ANSYS-Fluent 2024
R2 software [51], based on the finite volume method (FVM). To treat the interface between
the phases (water and air), the multiphase volume of fluid (VOF) [52] model was used. The
representation of the phases in the computational model requires the concept of volumetric
fraction (), where the sum of the fractions in each control volume must be equal to 1. Thus,
each computational cell can assume three distinct states, that is, containing only water,
where [53]

Kyater = 1, (1)

containing only air, where [53]
Xair = 1, ()

or, containing the interface between both phases, which are immiscible fluids, where [53]
Kwater = 1 — Xair. 3)

Furthermore, it is important to note that, when employing the VOF model, a single set
of equations is solved, comprising the conservation equations for mass, volumetric fraction,
and momentum. These equations are provided, respectively, by [54]

%’) +V (ﬁ) =0, )
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N
——+V (th) =0, (5)
2 — -\ — = —
af(,oV)ﬂo(VV)V:VerVTpg+5. (6)
where p is the fluid density (kg/ m3), calculated for the mixture of phases as [53]
0 = waterPwater 1 (1 - “water)Pairr (7)

while £ is the time (s); ‘7 is the velocity vector (m/s); p is the static pressure (Pa); § is the
gravity acceleration vector (m/s?); and T is the strain rate tensor (N/m?). Additionally, it
is important to note that the sink term (S) refers to the numerical beach tool, which applies
damping to minimize reflections, and is given by [55,56]

_ B 2
S—— ClpV+;CZp|VV} (1 : Zfs)(" xs) , ®)

Zb_zfs Xe — Xs

where C; and C, are the linear (s~!) and quadratic (m~!) damping coefficients, respectively;
V is the velocity along the z direction (m/s); zs and z; are the vertical positions of the
free surface (FS) and the channel bottom (m); and x; and x, are the starting and ending
positions of the numerical beach (m). Lastly, it is important to highlight that the damping
coefficients, C; and Cy, are set to 20 s~ and 0 m ™1, respectively, as recommended by [37].

In addition to the governing equations, the following boundary conditions (detailed
later in Section 4.1) were applied to model the numerical wave channel:

e  Prescribed velocity: where discretized orbital velocity profiles are imposed (WaveMIMO
methodology);
e  Pressure outlet: atmospheric pressure was considered, i.e., p = 101.30 kPa;

N
e  No-slip and impermeability: where null velocities were considered, V = 0m/s.

Numerical Methods Applied

To conduct numerical simulations in the ANSYS-Fluent software, specific set of con-
figurations were defined to solve the governing equations of the problem. The pressure-
implicit with splitting of operators (PISO) scheme employed for the pressure-velocity
coupling, while the pressure staggering option (PRESTO) scheme was used for pressure
spatial discretization. These approaches are summarized in Table 1, along with other
numerical methods used in this study.

Table 1. Methods and parameters used in the present numerical simulations.

Parameters Numerical Inputs
Solver Pressure-Based
Pressure—Velocity Coupling PISO
Gradient Evaluation Green-Gauss-Cell-Based
Spatial Discretization Pressure PRESTO
Momentum First Order Upwind
Volume Fraction Geo-Reconstruct
Temporal Differencing Scheme First Order Implicit
X Pressure 0.3
Under-Relaxation Factors Momentum 0.7
Continuity
Residual x-velocity 10-3
z-velocity
Regime Flow Laminar

334



Processes 2025, 13, 1395

It is highlighted that the flow was considered under a laminar regime, which, ac-
cording to Gomes et al. [57], is a simplification that does not cause significant accuracy
loss while reducing computational processing time. The simulation was initialized with
inertia-dominated flow conditions. Additionally, the numerical procedures adopted were
adapted from methodologies established in previous studies, such as those by [17,47-49].

3. WaveMIMO Methodology

In general, the WaveMIMO methodology involves numerically generating waves by
imposing discretized wave propagation velocity profiles in the horizontal (1) and vertical
(w) directions as prescribed velocity boundary conditions (BC). To do so, the Spec2Wave
1.2.1 software [58] is used to process realistic sea state data to obtain these velocity profiles.
A flowchart of the WaveMIMO methodology is presented in Figure 1. It should be noted
that the purple boxes indicate the user inputs (location/time selection); the blue boxes
are the software processing steps (TOMAWAC, Spec2Wave); and the orange boxes are the
WaveMIMO methodology’s outputs (free surface elevation time series, velocity profiles).

3 4 location and time peried are chosen.
tep 1 -
A sea state simulation is run under these conditions.
p The TOMAWAC spectral model was used
tep 2 o

for the realistic sea state simulation.

A wrave spectrum is taken from the sea state simulation
Step 3 a

at a chosen location and time frame.

The wawve spectrum is transformed into a time series

Step d o
P of free surface elevations.
& free surface elewvation (77) timme series, statiscall
Step5 p- a 7] ¥

identical to the wawe spectrum, is obtained.

77 i decomposed into depth-warving profiles
Step 6 - o 7 P F ¥ingp

\

of horizontal () and wertical (w) velocity components.

The welocity profiles w and w are imposed as
Step 7 | o boundary condition in the ANSYS5-Fluent software
to simulate the realistic sea state.

Figure 1. WaveMIMO methodology flowchart.

3.1. Realistic Sea State Data

As illustrated in Figure 1, Step 1 for applying the WaveMIMO methodology involves
defining a location and a time interval. For the studies conducted in this paper, a realistic
sea state database for the coast of RS, Brazil, for the year 2018 was used. This database
was generated using the TOMAWAC spectral model (Step 2). This model obtains data
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fa) 12

T (8)

by solving the equation that describes the general behavior of wave propagation in an
unstable and inhomogeneous medium, as given by [59]

dN  9(iN) d(z:N 3(kxN) a(kzN)

ot " (ax Ly (az Ly ok T ok - Qlkekxzt), ©
where N represents the directional spectrum of wave action density (m?/Hz/rad); ky the
component x of the wave number vector (m~1); k, the component z of the wave number
vector (m~!). Moreover, Q is the source term (m?/rad), which aggregates standard spectral
wave processes, such as wind input, dissipation mechanisms, and nonlinear interactions.
Details regarding its complete mathematical formulations can be found in the model’s
technical documentation [59].

The realistic sea state generated is then characterized by statistical parameters, such as
the mean period (Ty;) of the irregular waves. This parameter is essentially an arithmetic
average of the wave periods within the spectrum, weighted by their contribution to the
spectral energy [59]. The other is the significant wave height (H;), which is widely used to
describe sea states, as it represents the waves responsible for the most significant surface
agitation [60].

Thus, each point in the domain contains statistical data on the observed H; and T},
which are analyzed to determine the most frequent sea state at each study site. In this
investigation, it was considered realistic sea states from the municipalities of Rio Grande
and Tramandai, located in the southern and northern regions of the RS coast, respectively.
Figure 2 presents the bivariate histogram that relates the occurrences of Hs and T,, and
identifies the most frequent combination for the municipalities of (a) Rio Grande and
(b) Tramandai. It allows for the wave spectrum taken from the simulation (Step 3) to be

determined.
0 400 800 1200
Occurence [T
®) 12 |
9
| N
|| T T
B ] m
W 6 T 11
£ []
[ ] ]
[] []
. e
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Figure 2. Bivariate histogram for the municipality of (a) Rio Grande and (b) Tramandai.

Through these statistical parameters, along with the depth (1) found in each location,
it is possible to establish the representative regular waves for the sea states addressed.
The final characteristic to be determined is the wavelength, which is calculated using the
dispersion equation [61]:
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w? = g ktanh(kh), (10)

where w is the angular frequency (Hz); while k is the wave number (m’l), given, respec-
tively, by the following [61]:

27
27T
k= I (12)

with A being the wavelength (m); and T the wave period (s).

Thus, the characteristics of the representative regular waves are presented in Table 2,
where H and T stand, respectively, for Hs and T, (see Figure 2). One can note that these
wave characteristics are similar to those found in China [9] and Spain [62], for example. In
this study, these characteristics are used as reference parameters for both the spatial and
temporal discretization of the computational domain as in [17,30,47,49].

Table 2. Characteristics of representative regular waves of each sea state addressed.

Municipality Height—H (m) Length—A (m) Period—T(s)  Depth—h (m)

Rio Grande 1.14 31.50 4.50 13.29
Tramandai 0.90 4591 5.70 10.98

Next, the database is searched for FS elevation time series corresponding to the most
frequent combinations of Hs and Ty, at each location. These time series are then reproduced
in the ANSYS-Fluent software using the WaveMIMO methodology. Table 3 provides
detailed information on the selected locations, as well as the time period to which the
data correspond. It should be noted that, in the case of Rio Grande, the distance shown in
Table 3 refers to the distance to the local breakwater.

Table 3. Characteristics of the selected locations and time periods for the studies.

Municipality Geographic Coordinate Shore Distance (m) Date Time
Rio Grande 32°11'24" S, 52°04'45"” W 171.06 9 November 2018 07:15
Tramandai 29°59'51” S, 50°06'18" W 2094.33 28 May 2018 10:15

3.2. Obtaining Discretized Orbital Velocity Profiles

Following the flowchart presented in Figure 1, the next step involves transforming
the wave spectrum into a time series of the corresponding FS elevation (Step 4). This
is achieved using the Spec2Wave software [63], based on the methodology described in
Oleinik et al. [63], which applies the Inverse Fourier Transform to the selected spectrum.
Once the time series of the FS elevation for realistic irregular waves is obtained, it can
be approximated by a finite sum of monochromatic waves (Step 5). These waves are
individually described, according to Airy’s Linear Wave Theory, by [61]

n = Acos(kx — wt), (13)
while the velocity potential is given by [60]

a8 cosh(kh + kz)

W cosh(kh) sin(kx — wt) (14)

4):
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Thus, the orbital velocity profiles of wave propagation can be obtained (Step 6). These
profiles come from the partial derivatives in the horizontal (1) and vertical (w) directions,
and are given, respectively, by [61]

cosh(kz + kh)

U= wAWcos(kx —wt), (15)
__ sinh(kz +kh) .
w= wAWsm(kx wt), (16)

where A is the wave amplitude (m), given by [61]

A= 5 (17)

Therefore, it is obtained the discrete data that constitute the orbital velocity profiles,

which are later used as BC in the ANSYS-Fluent software (Step 7). It allows to reproduce

the FS elevation data of realistic irregular waves of a given region and period of time.

Moreover, it is worth noting that when a series of FS elevation data are available, the

WaveMIMO methodology can be applied to extract the u and w velocity profiles directly
from it, skipping Steps 1-5 (see Figure 1).

4. Description of Case Studies
4.1. Parameter Evaluation Studies

A series of four sequential studies on the generation of realistic irregular waves was
conducted, with each subsequent study building upon the findings of its predecessor. Thus,
investigations were carried out regarding the discretization of the prescribed velocity BC
imposition region, mesh sensitivity in the FS region, time step independence, and velocity
vector location. It is worth noting that these studies were also performed considering the
realistic sea state found in the Mostardas (MS) municipality, referring to the location of
geographic coordinates 31°09'51” S, 50°47/27" W [49].

To this end, it was necessary to develop two distinct computational domains for
the wave channels, one for each municipality considered. This approach was necessary
because the channel dimensions depend on the characteristics of the regular waves that
represent the realistic sea states addressed. Figure 3 illustrates the computational domain
that should be adapted for Rio Grande and Tramandai, highlighting the principal quotas,
the BC implemented, the region where the numerical beach is imposed, and the water level

at rest (WLR).
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Figure 3. Illustration of the computational domain used.
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As observed in Figure 3, at the bottom of the channel (black solid line), the non-slip
and impermeability BC is applied where the velocities u and w are considered null. On
the lower portion of the left wall (pink solid line), the prescribed velocity BC is imposed.
On the upper portion of the left wall and at the top of the channel (green dashed line),
atmospheric pressure is applied. Notably, the atmospheric pressure BC is also used on the
right lateral wall (blue solid line) to characterize an open flow channel. Additionally, a
hydrostatic profile is imposed to ensure that the mean water level remains at a constant
depth equal to /i, preventing the wave channel from emptying.

Moreover, as also illustrated in Figure 3, the channel depth varies to replicate the
bathymetry observed at the study site, as indicated by Mocellin et al. [17]. To achieve this,
bathymetric data from nautical charts provided by the Brazilian Navy’s Hydrography and
Navigation Directorate [64] were utilized. According to the recommendations of Lisboa
et al. [37], the region where the numerical beach is imposed extends over a length of 2A.
It is also worth mentioning that, in both cases, the top of the channel is positioned 5.00 m
above the WLR, corresponding to /i; = 5.00 m. The remaining dimensions for each wave
channel are detailed in Table 4.

Table 4. Characteristics of the numerical wave channels employed.

Municipality h (m) hs (m) Lc (m) Lp (m)
Rio Grande 13.29 10.54 171.06 63.00
Tramandai 10.98 10.59 229.56 91.82

For the spatial discretization of the computational domain, the stretched mesh [56]
was adopted, featuring increased refinement in the region of interest, specifically the FS
region. Thus, the computational domain was divided vertically into three regions. The
first region, R1, contains only air and demands less refinement; it was discretized into
20 computational cells. The second one is the FS region, R2, containing the water—air
interface, which requires greater refinement to ensure numerical convergence; it was
discretized into 40 cells. The last vertical region is R3, containing only water. Since
phenomena in this region influence the problem more substantially than those in R1, it
was discretized into 60 computational cells. Moreover, horizontally, only one region is
considered, R4, where 50 computational cells were allocated per A. Figure 4 illustrates the
stretched mesh.

R1 (air) | 20 cells
]

1 O\ N Z N 2N z
R2 (FS) _40 cells N N N N

-

‘Y

&
R3 (water) | 60 cells | R4 (horizontal) !

50 cells per 4

Figure 4. Illustration of the stretched mesh regions.

Figure 4 also illustrates the lines r, and r,, which represent the upper and lower
limits of the FS region in the stretched mesh, respectively. Additionally, for temporal
discretization, an initial time step of At = 0.05 s was used, following the recommendation
of Machado et al. [47], for a total simulation time of 900 s of generation and propagation of
realistic irregular waves, A.

Aiming to analyze the results obtained, a probe was used to monitor the elevation of
the FS in the wave generation zone, specifically at x = 0 m. These results were compared
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with the FS elevation derived from the TOMAWAC spectral model. To quantitatively
evaluate the results, the metrics mean absolute error (MAE) and root mean square error
(RMSE) were considered [65]. However, it is important to note that differently scaled data
produce differently scaled metric values. Thus, the metrics were normalized following the
approach adopted in [39,48,66,67]. Thus, the normalized metrics, NMAE and NRMSE, are
given, respectively, as follows:

1 M 100
NMAE = <Mzil Ol N PI) Prax — Pmin, (18)
- 2\ 100
RMSE = | /7)1 (0i — B 1
N S <\/le—1(01 l) ) Prax — Pmin, )

where O; represents the value obtained from ANSYS-Fluent (m); P; represents the data
derived from TOMAWAC (m), with Py, and Py, being the maximum and minimum
values found, respectively; and M denotes the total amount of data.

4.1.1. Prescribed Velocity Boundary Condition Imposition Region—Description

The objective here is to investigate the discretization of the numerical wave chan-
nel region where the prescribed velocity BC is applied. For the implementation of the
WaveMIMO methodology, it is necessary to subdivide this region into segments, where
the transient discrete data of the orbital wave propagation velocities are inserted. In this
context, it is worth mentioning that the subdivision recommended by Machado et al. [47] is
h/14, meaning the depth of the location is divided into 14 equal segments, as illustrated in
Figure 5, where the segments are represented by the colors blue and pink.

"
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Figure 5. Illustration of the recommended subdivision.

In addition to the aforementioned approach, two other analyses were proposed, which
involve relating & to the parameters of maximum wave amplitude (A;,y) and significant
wave height (Hjs) of the realistic irregular waves. Thus, instead of fixing the number or size
of the segments to be used, this approach varies according to the elevation series under
consideration, with segments approximately equal in size to Ay or Hs. It should be noted
that A,y is determined by the magnitude of the highest crest or the deepest trough found
in the FS elevation series. In this context, Tables 5 and 6 present the characteristics of each
case evaluated, respectively, for Rio Grande and Tramandai.

Table 5. Characteristics of the cases evaluated for the study of the discretization in the region of the
prescribed velocity BC considering the realistic sea state found in Rio Grande.

Case Parameter Number of Segments Segment Dimension (m)
1 h/14 14 0.95
2 H; 11 1.21
3 Amax 8 1.66
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Table 6. Characteristics of the cases evaluated for the study of the discretization in the region of the
prescribed velocity BC considering the realistic sea state found in Tramandai.

Case Parameter Number of Segments  Segment Dimension (m)
1 h/14 14 0.78
2 H; 12 0.92
3 Amax 9 1.22

One can note that the FS region size differs for each case analyzed, and each com-
putational domain. This variation arises because this region is determined by the size of
the segments used, incorporating one segment above and another below the WLR. Fur-
thermore, the discretization of 40 computational cells vertically within the FS region was
maintained for all cases analyzed.

4.1.2. Mesh Sensitivity—Description

After determining the best approach for the discretization of the region where the
prescribed velocity BC is applied, a mesh sensitivity analysis was performed regarding
the FS region. This study was inspired by the recommendation of Romanowski et al. [68],
which suggests that the FS region should be subdivided into distinct areas, i.e., the most
refined regions are those that contain the majority of the elevations, which requires a
statistical analysis.

In addition to the approach adopted in the previous study (Section 4.1), which follows
the recommendation of Gomes et al. [57], this study proposes evaluating three additional
discretization approaches that do not require statistical analysis of the elevations of the
realistic irregular waves to be numerically reproduced. The proposed new approaches
involve dividing each segment of the FS region into two equal-sized segments and varying
the number of computational cells applied to each one, as illustrated in Figure 6. The lines
t, and r, shown in Figure 6 represent, respectively, the upper and lower bounds of the R2
domain region (see Figure 4).

@) . ®) . © .
—p 10 cells —p 10 cells —p 20 cells
—p 10 cells - 20 cells - 20 cells
—p 10 cells —p 20 cells —p 20 cells
—p 10 cells —p 10 cells - 20 cells
l 5 I 5 I 5

Figure 6. FS discretization: (a) Case 4, (b) Case 5, (c) Case 6.

Thus, the analyzed cases were as follows:

e Case 4: each segment was discretized into 10 cells, totaling 40 computational cells
vertically, maintaining the refinement suggested by Gomes et al. [57];

e  Case 5: the central segments (around the WLR) were discretized into 20 cells, while the
remaining segments were discretized into 10, totaling 60 computational cells vertically.
This approach resembles the recommendation by Romanowski et al. [68];

e  Case 6: Each segment was discretized into 20 cells, doubling the refinement suggested
by Gomes et al. [57], resulting in 80 computational cells vertically.
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4.1.3. Time Step Independence—Description

After defining the spatial discretization aspects to be applied, a temporal discretization
investigation was conducted. In this regard, a time step independence study was performed
to establish a relationship between the time step (At) and T;,. The aim was to identify the
relationship that provides the best match between the FS elevations generated in ANSYS-
Fluent and those obtained through the TOMAWAC spectral model. The evaluated cases
for both wave climates considered are presented in Table 7.

Table 7. Cases tested for the time step independence study.

Case Ratio At (s)—Rio Grande At (s)—Tramandai
7 T, /60 0.0750 0.0950
8 T /90 0.0500 0.0630
9 T, /120 0.0375 0.0475
10 T, /150 0.0300 0.0380

4.1.4. Location of the Velocity Vector—Description

The final investigation proposed concerns the location of the velocity vector that
contains transient discrete data forming the orbital velocity profiles of wave propagation
used as a prescribed velocity BC. It is important to note that the calculation of u and
w profiles is performed within the Spec2Wave software, where their positions (vertical
coordinates) are indicated, ranging from 0 to h.

Following the recommendation of Machado et al. [47], the velocity vector is positioned
at the center of each segment in the BC imposition region. In addition to this approach, two
other methods were evaluated, as illustrated in Figure 7. These were proposed by Maciel
et al. [50] in a study conducted considering the sea state for the municipality of Rio Grande
in 2014. The present study aimed to identify which approach provides the best results, as
follows:

e Case 11: positioning the vector at the upper part of the segments;
e Case 12: positioning the vector at the center of the segments;
e Case 13: positioning the vector at the lower part of the segments.
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Figure 7. Illustration of the velocity vector in a segment positioned as follows: (a) upper part,
(b) central part, (c) lower part.

4.2. WaveMIMO Methodology Validation

The final study aims to validate the numerical model and the theoretical recommen-
dations for the WaveMIMO methodology. For this purpose, a numerical simulation was
conducted using a two-dimensional domain at laboratory scale, replicating the experiment
by Koutrouveli et al. [34]. It is important to highlight that, in previous studies (Section 4.1),
spectral data were processed to obtain a time series of FS elevations. In the present study,
however, the FS elevation data monitored by probe S; in [34] were used. Thus, Steps 1-5
for applying the WaveMIMO methodology were skipped (see Figure 1).
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As previously mentioned, these data were processed using the Spec2Wave software to
obtain the discretized orbital velocity profiles, which were imposed as prescribed velocity
BCs. Consequently, in the present study, the wave generation zone (x = 0 m) was aligned
with the position of probe S; in the experiment by Koutrouveli et al. [34]. Figure 8a presents
the illustration of the physical setup used in the laboratory experiment of Koutrouveli
et al. [34], while Figure 8b presents the computational domain used for model validation,
highlighting the main dimensions and the BC applied.
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Figure 8. Illustration of (a) the physical setup experiment by Koutrouveli et al. [34] and (b) computa-
tional domains employed for the validation study.

In the laboratory experiment of Koutrouveli et al. [34] (Figure 8a), the wave channel
had height of Hc = 1.20 m and a total length of Lc = 14.00 m, with the first 12.50 m
dedicated to free wave propagation, while the last 1.50 m included a breakwater with a
wave energy converter device attached. Two probes were used to monitor the FS elevation:
the first, (S1), positioned at x = 3.80 m and the second, (S;), at x = 9.50 m, i.e., 570 m
away from the first probe. By replicating this setup, the WaveMIMO methodology can
be validated for both irregular wave generation and propagation. Thus, irregular waves
were generated with the following characteristics: H; = 0.034 m, peak period, T, = 1.27 s,
A =220 m, and channel depth, i = 0.488 m.

Due to the lack of detailed information regarding all physical characteristics of the
laboratory experiment [34], certain adaptations were required. To maintain consistency
with the computational model applied in previous studies, the numerical wave channel
employed in the present study (Figure 8b) was defined with a height H- = 1.20 m and
a length Lc = 13.10 m. This length corresponds to the 12.50 m free wave propagation
region in [34], excluding the initial 3.80 m (alignment with S;) and including an additional
4.40 m numerical beach, following the 2A recommendation Lisboa et al. [37]. Notably, the
numerical beach was incorporated in the physical-to-numerical model adaptation because
the experimental wave channel featured a dynamic reflection absorption system integrated
in the wavemaker. Additionally, the physical setup had breakwaters on both sides of
the hybrid wave energy converter device, enhancing wave energy dissipation toward the
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channel’s end. According to Koutrouveli et al. [34], coupling the device with the breakwater
even improved its hydraulic performance.

As in previous studies performed here, the spatial and temporal discretization of the
computational domain was based on the characteristics of the generated waves. Addition-
ally, the numerical configurations employed were maintained, as well as the theoretical
recommendations obtained for the application of the WaveMIMO methodology. Thus, two
probes were used to monitor the FS elevation: the first, positioned in the generation zone,
at x = 0 m and the second, in the propagation zone, at x = 5.70 m, corresponding to S,
in [34]. The results were compared with the experimental and numerical data presented
by Koutrouveli et al. [34]. As before, the quantitative evaluation was carried out using the
NMAE and NRMSE metrics.

5. Results
5.1. Parameter Evaluation Studies

This section presents the results obtained throughout the investigations into the
WaveMIMO methodology parameters and their respective discussions. It is worth mention-
ing that the studies were conducted sequentially, meaning the findings from each preceding
investigation provided support the execution of the subsequent one.

For the analysis of these results, the findings from Paiva et al. [49] were incorporated
to the discussions, as the authors evaluated the same WaveMIMO methodology parameters
using data from the municipality of Mostardas, in the central region of the RS state coast,
Brazil. The integration of these findings strengthens the generalizability of the parameter
evaluations, since it provides a geographical complementarity to the municipalities ad-
dressed in the present study (Rio Grande in the south and Tramandai in north of the RS
state). Additionally, it is worth noting that the aforementioned article was authored by the
same researchers involved in the current study, ensuring that the same numerical model
was implemented.

5.1.1. Prescribed Velocity Boundary Condition Imposition Region—Results

To enable a better analysis during the evaluation of the results, the qualitative com-
parison of the FS elevation (1) was divided into three time-intervals, each spanning 300 s.
Furthermore, the plotted graphs feature lines parallel to the x-axis, outlining the FS region
(see Figure 6). Each pair of lines corresponds to an evaluated case, as follows:

e 11, and rq: solid lines, corresponding to Case 1;
e 1y, and rp,: dashed lines, corresponding to Case 2;
e 13, and ry;: dotted lines, corresponding to Case 3.

It should be noted that the position of these lines on the z-axis relates to the size of
the segments considered in each case (see Tables 5 and 6). Thus, Figure 9 presents the
monitored results for the realistic sea state observed in Rio Grande. As shown, in all cases,
the realistic irregular waves generated through the WaveMIMO Methodology accurately
reproduce the realistic sea state derived from TOMAWAC. Additionally, one can note the
absence of initial inertia conditions effects, which is due to the fact that the results were
monitored at x = 0 m.

In cases where the segments used for discretizing the prescribed velocity BC imposition
region are smaller than the A, parameter (Case 3), wave crests and troughs extend outside
the FS region, as observed in [49]. It is possible to see time instants where the crests and
troughs cross the rq, and r; lines in Figure 9a, near t = 0's, in Figure 9b, around t = 450 s
and t = 600 s, and Figure 9¢c, near t = 650 s. On the other hand, the only occurrence where
the rp, and ry;, lines were also crossed happen in Figure 9a, near t = 0 s. Notably, the 3,
and 73 lines are never reached, as the trough used to define A,;,y, which occurs close to
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t = 0's, was not reached by the realistic irregular waves generated though the WaveMIMO

methodology.
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Figure 9. Qualitative results for the discretization study of the prescribed velocity BC imposition
region, evaluated under Rio Grande’s realistic sea state: (a) 0s < t < 300s; (b) 300s < t < 600s;
(c)600s <t <900s.

Therefore, most generated elevations remain within the region bounded by lines
1, and 11, which contain computational cells of practically identical size. For proper
evaluation of these results, quantitative analysis is required. Table 8 summarizes the
NMAE and NRMSE metrics, along with the vertical dimension (Az) of each mesh element
within the FS region and the respective processing times for all cases.
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Table 8. Quantitative results for the discretization study of the prescribed velocity BC imposition
region, evaluated under Rio Grande’s realistic sea state.

Case Az (m) NMAE (%) NRMSE (%)  Processing Time (h)
1 0.0237 3.7303 4.8421 5.92
2 0.0302 3.7730 4.9046 5.72
3 0.0415 3.8388 4.9934 5.67

As shown in Table 8, NMAE and NRMSE values reveal a consistent but gradual
degradation in accuracy as the size of the segments increased. Thus, Case 1 emerges as the
best-performing scenario, since it presented the lowest NMAE and NRMSE values. While
the absolute differences in metrics across cases appear small, the relative degradation in
accuracy is notable. Compared to Case 1, Case 2 shows increases of 1.10% (NMAE) and
1.30% (NMRSE), while Case 3, the worst-performing scenario, exhibits larger increases of
2.90% (NMAE) and 3.10% (NRMSE). In comparison to Case 1, it was noted that Case 2 has
elements 27.43% larger and a processing time 3.38% shorter, whereas Case 3 has elements
75.11% larger and a processing time 4.22% shorter.

Following the same methodology applied to Rio Grande, a qualitative assessment
was conducted for the results obtained considering the realistic sea state found in the
municipality of Tramandai. Thus, Figure 10 compares the FS elevation monitored against
the TOMAWAC data, demonstrating that in all cases, the realistic irregular waves generated
using the WaveMIMO methodology accurately replicate the sea state addressed. Moreover,
no inertia conditions effects are noted since results were monitored at x = 0 m.

As before, there are time instants where wave crests and troughs cross the 1, and
r1p lines, such as in Figure 10a, near t = 70 s and t = 250 s, Figure 10b, around t = 550 s,
Figure 10c, close to t = 600 s. Additionally, troughs are observed to cross the r,, and ry;,
lines in Figure 10c, near t = 600 s. As previously noted for the realistic sea state of Rio
Grande, the r3, and r3;, lines are never reached, since the crest used to define A, was not
attained by the realistic irregular waves generated through the WaveMIMO methodology.

Consequently, most elevations remain within the region bounded by the 1, and ry;
lines. Table 9 presents the NMAE and NRMSE metrics for the evaluated cases, along with
the vertical dimensions of each mesh element in the FS region and the corresponding
computational processing time required for each case.

Table 9. Quantitative results for the discretization study of the prescribed velocity BC imposition
region, evaluated under Tramandai’s realistic sea state.

Case Az (m) NMAE (%) NRMSE (%)  Processing Time (h)
1 0.0392 4.4364 5.5955 6.03
2 0.0450 4.4455 5.6045 5.77
3 0.0582 4.4591 5.6227 5.70

The results shown in Table 9 confirm Case 1 as the best configuration, as well
as the gradual degradation in accuracy previously observed. The comparative anal-
ysis reveals that, compared to Case 1, Case 2 shows increases of 1.15% (NMAE) and
1.25% (NRMSE), while Case 3, the worst case evaluated, exhibits a more substantial in-
crement of 2.85% (NMAE) and 3.05% (NRMSE). Therefore, for both realistic sea states
addressed, the metrics follow similar trends although NRMSE demonstrates slightly greater
sensitivity, with consistently 0.10-0.20% higher relative differences than NMAE. Regarding
Az and the processing time, the analysis shows that compared to Case 1, Case 2 employs
mesh elements 14.80% larger while requiring 4.31% less processing time, whereas Case 3
uses mesh elements 48.47% larger with 5.47% shorter computational time.
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Figure 10. Qualitative results for the discretization study of the prescribed velocity BC imposition
region, evaluated under Tramandai’s realistic sea state: (a) 0s <t < 300s, (b) 300s < t < 600s,
(c)600s <t <900s.

It is important to emphasize that processing time was not considered a determining
factor in this study due to its minimal temporal variation. Given that all cases maintain a
spatial discretization of 40 computational cells in the FS region, the observed Az variation
demonstrates negligible impact on processing time requirements. Consequently, Case
1 stands out as the most effective approach in the present analysis, consistent with the
findings of Paiva et al. [49]. Therefore, it is recommended to maintain the indication of
Machado et al. [47] to subdivide this region into segments of size 1/14.

Additionally, it is noted that Case 1 features the smallest Az and, as most elevation
data fall within the region bounded by the rq, and ry;, lines, these data are computed with
higher precision. Thus, the accuracy reduction from Case 1 to 3 correlates with the use of
larger mesh elements in the FS region, highlighting the need for further investigation of
mesh sensitivity in this region.
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5.1.2. Mesh Sensitivity—Results

Following the results of Section 5.1.1, it was established that the FS region comprises
two segments of size h/14 (Case 1). For the mesh sensitivity study, it was proposed to
subdivide these FS segments into four smaller segments of size /28 each. Similarly to the
previous study, qualitative analysis shows the evaluated cases are virtually indistinguish-
able. Thus, the monitored results are presented in the Supplementary Materials Section,
where Figures S1 and S2 show the FS elevation comparison for the present study under the
Rio Grande and Tramandai realistic sea states, respectively. These results demonstrate that
all cases successfully reproduce the target realistic sea states through the realistic irregular
waves generated via the WaveMIMO methodology.

Since visual distinction between approaches proves to be inefficient, quantitative
evaluation becomes essential. The results monitored under Rio Grande’s realistic sea
state are presented in Table 10, featuring calculated NMAE and NRMSE metrics alongside
processing times for each case. Moreover, Case 1 served as the reference for this analysis.

Table 10. Quantitative results for the study of mesh sensitivity in the FS region, evaluated under Rio
Grande’s realistic sea state.

Case NMAE (%) NRMSE (%) Processing Time (h)
1 3.7303 4.8421 5.92
4 3.7303 4.8421 6.08
5 3.6612 4.7467 6.22
6 3.6776 4.7664 6.65

Both Cases 1 and 4 contain 40 computational cells in the FS region, which explains
their identical NMAE and NRMSE values shown in Table 10. This shows that simply
dividing the segments into smaller segments maintains result accuracy while slightly
increasing processing time by 2.70%. Among the new approaches proposed for FS region
discretization, the best-performing scenario was Case 5. In a comparative analysis, Case 4,
the worst case evaluated, shows metrics that are 1.89% (NMAE) and 2.01% (NRMSE) higher,
while processing time is 2.25% shorter. Considering the refinement increase is on the order
of 50% (from 40 to 60 computational cells), the difference in processing time is reasonably
low. When comparing Case 5 to Case 6, the metrics show increases of 0.45% (NMAE) and
0.41% (NMRSE), while processing time is 6.91% higher for a 33.33% refinement increase
(from 60 to 80 computational cells).

Table 11 presents the results under Tramandai'’s realistic sea state, including NMAE
and NRMSE metrics with corresponding processing times. Consistent with previous
analyses, Case 1 serves as the reference for comparative evaluation.

Table 11. Quantitative results for the study of mesh sensitivity in the FS region, evaluated under
Tramandai’s realistic sea state.

Case NMAE (%) NRMSE (%) Processing Time (h)
1 4.4364 5.5955 6.03
4 4.4364 5.5955 6.17
5 4.4318 5.5864 6.23
6 4.4636 5.6318 6.47

Table 11 confirms that Cases 1 and 4 present identical metrics, with Case 4 requiring
2.32% longer processing time. As before, Case 5 performs best; however, in this case, Case
6 is the worst-performing one, with metrics that are 0.72% (NMAE) and 0.81% (NRMSE)
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higher, along with a 3.86% increase in processing time due to its 33.33% refinement mesh
increase. When comparing Case 4 to Case 5, the metrics are 0.10% (NMAE) and 0.16%
(NRMSE) higher, while processing time is only 0.97% shorter for Case 4, despite Case 5
employing a 50% refinement increase in the FS region.

This study demonstrates that applying greater mesh refinement only in the segments
closest to the WLR was effective, since Case 5 yielded better results than Case 6 for both re-
alistic sea states addressed. Therefore, considering these evaluations along with the results
for Mostardas’ realistic sea state [49], a recommendation for stretched mesh application in
realistic irregular wave generation was established, which corresponds to Case 5. However,
it is important to note that this modifies the result defined in Section 5.1, as the prescribed
velocity BC imposition region now comprises 15 segments: 2 segments of size /1/28 in the
FS region and 13 segments of size 11 /14 in the R3 domain region (see Figure 4), extending
to the channel bottom.

5.1.3. Time Step Independence—Results

It is important to emphasize that this investigation adopted the mesh configuration
established in prior studies (Sections 5.1.1 and 5.1.2). As before, the evaluated cases are
virtually indistinguishable in qualitative analysis; these results are therefore presented in the
Supplementary Materials Section (see Figures S3 and 54 for the Rio Grande and Tramandai
realistic sea states, respectively). Notably, in all cases, the WaveMIMO methodology
successfully reproduced the realistic sea state addressed.

For precise quantitative analysis, the monitored results are presented in Table 12 (Rio
Grande) and Table 13 (Tramandai), including the NMAE and NRMSE metrics alongside
processing times, which scale with temporal step refinement. Accordingly, these tables
also include the relative differences (d;), indicating the processing time increase. For this
purpose, cases are always compared to their immediate predecessor (the row above in
Tables 12 and 13). Case 5 serves as the reference for result analysis.

Table 12. Quantitative results for the study of time step independence, evaluated under Rio Grande’s
realistic sea state.

Case NMAE (%) NRMSE (%)  Processing Time (h) d, (%)
5 3.6612 4.7467 6.22 -
7 3.7368 4.8454 425 -
8 3.6612 4.7467 6.22 46.35
9 3.6316 4.7072 9.08 45.98
10 3.6217 4.6908 12.23 34.69

Table 13. Quantitative results for the study of time step independence, evaluated under Tramandai’s
realistic sea state.

Case NMAE (%) NRMSE (%)  Processing Time (h) d; (%)
5 4.4318 5.5864 6.23 -
7 4.5636 5.7636 3.13 -
8 4.4727 5.6455 497 58.79
9 4.4364 5.6000 5.88 18.31
10 4.4182 5.5773 8.63 46.77

For both realistic sea states (Rio Grande and Tramandai), the metrics show continuous
improvement as the time step is refined from T}, /60 to T}, /150, consistent with findings
for Mostardas municipality [49]. Moreover, Case 5 (At = 0.05 s), corresponding to T, /90

349



Processes 2025, 13, 1395

(Rio Grande) and T, /114 (Tramandai), demonstrates results aligned with the other cases,
for both error metrics and processing time, as seen in Tables 11 and 12.

Regarding Rio Grande’s realistic sea state, metric reductions are 2.02% (NMAE) and
2.04% (NRMSE), comparing Cases 7 and 8, 0.81% (NMAE) and 0.83% (NRMSE), from Case
8t0 9, and 0.27% (NMAE) and 0.35% (NRMSE), from Case 9 to 10. Similarly, considering
Tramandai’s realistic sea state, reductions are 1.99% (NMAE) and 2.05% (NRMSE), com-
paring Case 7 to 8, 0.81% (NMAE and NRMSE), from Case 8 to 9, and 0.41% (NMAE and
NRMSE), from Case 9 to 10.

Additionally, Tables 11 and 12 confirm that these incremental accuracy gains come
with more significant processing time increases. Therefore, the recommended temporal
discretization uses Case 9 (At = T, /120), as the reduction in NMAE and NRMSE metrics,
compared to Case 10, is less than 0.50% for both realistic sea states, while the processing
time increase exceeds 30.00%. These results are in agreement with those obtained for the
municipality of Mostardas [49].

5.1.4. Location of the Velocity Vector—Results

Once again, it should be mentioned that the results obtained in previous studies
(Sections 5.1.1-5.1.3) are taken into account in this final evaluation, which concerns the
location where the velocity vector is calculated within each segment of the prescribed
velocity BC imposition region. Notably, qualitative comparisons between the FS elevations
monitored in ANSYS-Fluent software and those derived from the TOMAWAC spectral
model are presented in the Supplementary Materials Section (see Figures S5 and S6 for the
Rio Grande and Tramandaf realistic sea states, respectively). As before, for all evaluated
cases, the realistic irregular waves generated through the WaveMIMO methodology accu-
rately reproduce the target realistic sea states. Consequently, similar to previous studies,
visual distinction between cases remains impossible.

Regarding quantitative evaluation, the results are presented in Table 14 (Rio Grande)
and Table 15 (Tramandai). However, processing times are omitted as they remain con-
stant and correspond to using At = T,,/120 (see Tables 11 and 12). It is highlighted
that Case 9 is not taken as reference for the analysis in the present study, as it matches
Case 12’s configuration.

Table 14. Quantitative results for the study of velocity vector” location, evaluated under Rio Grande’s
realistic sea state.

Case NMAE (%) NRMSE (%)
11 3.4474 4.4375
12 3.6316 4.7072
13 3.8783 5.0428

Table 15. Quantitative results for the study of velocity vector’s location, evaluated under Tramandai’s
realistic sea state.

Case NMAE (%) NRMSE (%)
11 4.3318 5.4591
12 4.4364 5.6000
13 4.5136 5.7045

As observed in Tables 14 and 15, a consistent pattern emerges where Case 11 (velocity
vector at the upper segment position) presented the best results, followed by Case 12
(central position, as recommended by Machado et al. [47], while Case 13 (lower position)
showing the poorest performance. This behavior aligns with findings for the Mostardas
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municipality [49], but contrasts with Maciel et al. [50], who reported superior performance
with lower-position vectors.

In a comparative analysis for Rio Grande’s sea state, Case 12 shows increases of
5.34% (NMAE) and 6.08% (NRMSE) relative to Case 11, while Case 13 exhibits more
significant increases of 12.49% (NMAE) and 13.64% (NRMSE). Similarly, for Tramandai’s
sea state, Case 12 presents increases of 2.41% (NMAE) and 2.58% (NRMSE), while Case 13
shows increases of 4.20% (NMAE) and 4.50% (NRMSE) compared to Case 11.

In addition, this study reveals the most substantial metric variations, particularly for
Rio Grande’s realistic sea state. Therefore, the recommendation is to consider the velocity
vectors at the upper position of the segments in the prescribed velocity BC imposition
region. Finally, it should be highlighted that all cases evaluated throughout the WaveMIMO
methodology parameter assessments have demonstrated results that compare favorably
with existing literature such as [39,66], confirming the robustness of this approach for
realistic irregular wave generation.

5.2. WaveMIMO Methodology Validation

This section presents the validation results of the WaveMIMO methodology [47] for
irregular wave generation and propagation in a numerical wave channel. As previously
mentioned, the laboratory experiments conducted by Koutrouveli et al. [34] served as the
reference for this validation. The validation begins with qualitative analysis. Thus, Figure 11
compares the FS elevation monitored using the WaveMIMO methodology against both
experimental and numerical results from Koutrouveli et al. [34]. Specifically, Figure 11a
displays results monitored at the wave generation zone, x = 0 m, while Figure 11b shows
results from the wave propagation zone, x = 5.70 m.

o taf \mef\j‘hf\ﬁ\&f*\}f | J’U’HJ\MV:U\J / WWW‘MH& \ Uﬂ v/\l,ﬂf..z“\ﬁfwv'q;
O L i A o

Figure 11. Qualitative comparison of the results obtained in the present study with the experimental
and numerical data found in [34]: (a) FS elevation at x = 0 m and (b) FS elevation at x = 5.70 m.
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As observed in Figure 11a, the WaveMIMO methodology demonstrates near-perfect
agreement with the experimental data at the generation zone, with precise matching of
amplitudes and phase synchronization throughout the 50 s of simulation. In contrast, the
numerical results from Koutrouveli et al. [34] show phase discrepancies, including inverted
crests/troughs, occurring near t = 27, 32, and 48 s.

In the propagation zone (Figure 11b), one can note the inertia condition effects on the
flow, as there are no elevations within the first seconds of the monitored results in both
numerical approaches and the physical setup. Moreover, WaveMIMO maintains supe-
rior consistency with experimental trends compared to numerical results of Koutrouveli
et al. [34]. While both methods approximate the wave envelope, WaveMIMO preserves
correct phase sequencing despite amplitude variations, whereas the reference model [34]
shows systematic errors: crests replacing troughs, close to t = 5, 10, 20, 25, 35, 45, and 50 s
and troughs replacing crests, near t = 10, 12, 35, 40, and 49 s. Notably, these discrepancies
emerge within the first 10 s of simulation in [34], whereas the WaveMIMO methodology
maintains near-perfect agreement. Both numerical approaches (present study and [34])
begin to diverge more significantly from experimental results after t = 20 s suggesting the
onset of reflection effects in the laboratory setup, which neither fully replicates.

This robust agreement with the experimental data verifies the WaveMIMO capability
to accurately reproduce the target irregular waves, similar to what was observed for regular
waves in Maciel et al. [48]. To further validate these observations, quantitative metrics,
NMAE and NRMSE, are analyzed in Table 16.

Table 16. Quantitative comparison between numerical and experimental data.

x=0m x=5.70m
C
ase NMAE (%) NRMSE (%) NMAE (%) NRMSE (%)
Present study 2.6239 3.4785 7.6844 10.6914
Koutrouveli etal. [34]  10.6485 131727 13.5124 17.2615

The results presented in Table 16 corroborate the qualitative analysis performed,
validating the WaveMIMO methodology for the generation and propagation of real-
istic irregular waves. The results monitored at both probes demonstrate consistency
with previous numerical-experimental studies on wave energy [39,48,66,67,69]. Consid-
ering the same criterion applied in the validation of numerical models across various
fields [34,48,66,69-75], the results obtained in the present study represent excellent agree-
ment with experimental data, with metrics below 10%. Only the NRMSE value at
x = 5.70 s slightly exceeds this threshold, remaining below 11%, which still indicates
a good agreement.

Notably, the increase in metrics in the wave propagation zone was expected, as the
numerical model employed differs from the physical model, incorporating adaptations
such as the numerical beach. However, the metrics recorded by Koutrouveli et al. [34] at
this probe exceed those of the WaveMIMO methodology by 75.87% (NMAE) and 61.44%
(NRMSE). This can be partially explained by the use of a numerical beach in the present
model, which replicates, within appropriate proportions, the breakwater used in the
experimental setup of Koutrouveli et al. [34], a feature that is absent in their numerical
model. These differences were even more pronounced in the wave generation zone,
reaching 305.82% (NMAE) and 278.68% (NRMSE), which can be attributed to the fact that
these results were also monitored in a propagation zone in [34].

Thus, it was possible to validate not only the use of the WaveMIMO methodology but
also the entire numerical model employed, including the applied numerical configurations
(see Table 1) and the theoretical recommendations obtained in the present study. Moreover,
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the modifications made to adapt the experimental model to the numerical one, such as
laminar flow conditions and the use of a numerical beach, also proved effective.

Finally, the visualization of the physical phenomenon is presented through the volu-
metric fraction field, shown in Figure 12, where the water phase is represented in blue and
the air phase in red. Figure 12 illustrates the hydrodynamic behavior in the channel at the
end of the simulation, at t = 50 s; it highlights the beginning of the channel, where surface
elevations are observed and the end of the channel, where the efficiency of the numerical
beach in dissipating the energy of the waves reaching this region can be observed, as no
elevations are present.

Figure 12. Physical phenomenon representation at t = 50 s.

6. Conclusions

The present study systematically evaluated the application parameters of the
WaveMIMO methodology [47] through four sequential investigations of realistic irreg-
ular wave generation. Numerical simulations were performed using wave climate data
from coastal areas of the Brazilian state of Rio Grande do Sul near the cities of Rio Grande
and Tramandai, with comparative analysis incorporating previous results from the coastal
region of city of Mostardas [49]. These assessments enabled the development of theoretical
recommendations for implementing the WaveMIMO methodology in the realistic irregu-
lar wave generation. Final validation was achieved through qualitative and quantitative
comparison with laboratory experimental data from Koutrouveli et al. [34], confirming the
methodology’s effectiveness for both wave generation and propagation of these waves.

Among these studies, there are those that focus on the spatial discretization of the
computational domain employed, such as the investigation into the discretization of the
prescribed velocity BC imposition region. Based on the evaluations and analyses con-
ducted, it was determined that the best results were achieved in Case 1, where it was
subdivided into 14 segments. In another study, the mesh sensitivity in the FS region was
analyzed. It was possible to establish Case 5 as a theoretical recommendation, where
the central segments of the FS region were discretized with greater refinement, totaling
60 computational cells. Additionally, the temporal discretization was investigated, where
the time step was related to the mean period. In this evaluation the processing time re-
quired was considered to determine the most suitable relation. Thus, the recommendation
of using At = T, /120, referred to as Case 9, was established. The final study addressed
the evaluation of the velocity vector’s location. As a result, Case 11 was determined as the
theoretical recommendation, which consists of placing the vector at the upper part of each
segment of the prescribed velocity BC imposition region.

In summary, when applying the WaveMIMO methodology for realistic irregular wave
generation, the prescribed velocity BC region should comprise 15 segments: the first
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two, located just below the WLR, with a size of /1/28, while the remaining 13 segments
must have a size of h/14. Thus, the FS region on the stretched mesh consists of the
first two segments below the WLR and two equally sized segments above it. For spatial
discretization, segments near the WLR should contain 20 computational cells, whereas the
remaining segments should use 10 cells. The temporal discretization requires a time step
of T, /120 and the velocity vector should be considered at the top of each segment in the
prescribed velocity BC region.

At last, it is worth highlighting that, when comparing the optimized configuration
(Case 12) to recommendations from the previous literature (Case 1) [47], the metrics were
reduced by 7.58% (NMAE) and 8.36% (NRMSE) for Rio Grande, while Tramandai’s sea state
showed more modest improvements of 2.36% (NMAE) and 2.44% (NRMSE). Thus, after
performing the investigations, it was possible to validate the WaveMIMO methodology
against experimental data from Koutrouveli et al. [34]. One can highlight that, in a general
way, an excellent agreement between the irregular waves generated with WaveMIMO
methodology and the experimental data was achieved, since most employed indicators
were below 10%. For future studies, it is suggested to implement a prescribed velocity BC
positioned in the upper section of the left wall of the channel. This approach could emulate
the effects of wind on the FS of the channel, thereby improving the adjustment of missed
crests and troughs, enhancing wave generation accuracy.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pr13051395/s1, Figure S1: Qualitative results for the study
of mesh sensitivity in the free surface region, evaluated under Rio Grande’s realistic sea state:
(@) 0s <t <300s;(b)300s <t <600s;(c)600s <t <900 s; Figure S2: Qualitative results for the
study of mesh sensitivity in the free surface region, evaluated under Tramandai’s realistic sea state:
(@)0s <t <300s;(b)300s <t <600s;(c)600s <t <900s; Figure S3: Qualitative results for the
time step independence study, evaluated under Rio Grande’s realistic sea state: (a) 0s < t < 300s;
(b) 300s <t < 600s; (c) 600s < t <900 s; Figure S4: Qualitative results for the time step indepen-
dence study, evaluated under Tramandai'’s realistic sea state: (a) 0s <t < 300s; (b) 300s <t < 600s;
(c) 600 s < t < 900 s, Figure S5: Qualitative results for the study of the velocity vector location,
evaluated under Rio Grande’s realistic sea state: (a) 0s < t < 300s; (b) 300 s < t < 600 s;
(c) 600 s < t < 900 s; Figure S6: Qualitative results for the study of the velocity vector loca-
tion, evaluated under Tramandai’s realistic sea state: (a) 0s < t < 300s; (b) 300s < t < 600 s;
(c)600s <t <900s.
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