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Abstract: Salinity intrusion is one of the most pressing threats to unconfined coastal aquifers, and its
simulation is of great importance for groundwater research and management. This study compared
the performances of two computational fluid dynamics (CFD) software applications, ANSYS Fluent
2022 R2 and COMSOL Multiphysics 5.6, in simulating the transport of saltwater in a pilot-scale
experimental setup, which was built to recreate two boundary conditions of unconfined aquifers
with homogeneous stratigraphy. The experiments were performed until the saline wedge reached a
quasi-steady-state condition. Sequential photographs and image analysis were required to record the
movement of the saline toe and the saline wedge location. The maximum toe length was achieved
under the head-controlled boundary condition, with a toe length of 1.6 m after 7 h of the experiment,
and 1.65 m and 1.79 m for the COMSOL and ANSYS Fluent simulations, respectively. The findings
evidence that the flux-controlled condition produced a better representation of the saline wedge than
the head-controlled condition, indicating good agreement between the CFD simulations and the
experimental data. Recommendations for future research include CFD simulations of real coastal
aquifers and coupling fluid dynamics with other processes such as land subsidence.

Keywords: seawater intrusion; groundwater modeling; experimental simulation; multiphysics platforms;
coastal aquifers

1. Introduction

Salinity intrusion is a significant threat to coastal aquifers, and it is commonly studied
using various experimental, numerical, and in situ approaches. Salinity intrusion dynam-
ics in groundwater are described by the following three main governing equations: the
groundwater flow equation based on Darcy’s law, density-dependent flow, and the solute
transport equation based on Fick’s law [1]. Over the years, diverse methods have been
applied to solve these equations, including analytical methods [2-7], experimental approxi-
mations [8,9], statistical models [10,11], and numerical models [12,13]. The latter includes a
broad range of algorithms, such as SEAWAT [14,15], FEFLOW [16], SUTRA [17-19], and
MODFLOW-SWI [20], among others. These methods vary in their numerical approaches,
employing finite difference, finite element, finite volume, or a combination of them. To solve
these governing equations numerically, it is necessary to establish initial conditions and
boundary conditions based on the nature of the salinity intrusion process. Other approaches
explore the application of neural network algorithms and machine learning [21-23], as well
as the use of computational fluid dynamics (CFD), to predict the transport of salinity and
the mixing zone over time, from models of a real or hypothetical aquifers [24-27].

Over the past decades, CFD has demonstrated its applicability and accuracy in simu-
lating fluid transport processes, contaminant transport, and heat transfer and in recreating
complex porous media [28-31]. Additionally, it has been used to simulate viscous fingering
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processes in porous cavities and flow dynamics in open and enclosed cavities [6,32,33].
Only some studies consider CFD for simulating groundwater dynamics, and to this day it is
not commonly associated with solving hydrogeological problems. CFD produces quantita-
tive predictions of fluid flow based on the conservation laws that govern fluid motion [34].
Its main emphasis is on finding numerical solutions to differential equations governing
the transport of mass, momentum, and energy in moving fluids [35]. It is frequently used
alongside experiments and field data. It allows for a relatively faster description of fluid
flow without extensive training, as required by neural network algorithms, and more
robust models while meeting accuracy requirements for the results. It also allows for faster
sensitivity assessments with the parametric sweep option, modifying initial values and
boundary conditions, and it can improve time optimization, especially when experiments
require changing laboratory materials or techniques. In situ approaches to assess salinity
intrusion are effective to develop an understanding of the general dynamics of aquifers;
however, the higher costs and greater lengths of time required by efforts make them less
convenient for small-scale projects that can be replicated in experimental setups.

Two of the most common commercial CFD software applications are COMSOL Mul-
tiphysics and ANSYS Fluent. COMSOL Multiphysics is a general-purpose simulation
software used in all fields of engineering, and scientific research [36]. It brings coupled mul-
tiphysics and single-physics modeling capabilities. There are many advantages to the use
of COMSOL, such as its ability to mesh multiple physical elements in a single model [24].
ANSYS Fluent is also general-purpose software that offers a modern, user-friendly interface
that streamlines the CFD process from pre- to postprocessing within a single workflow
window, and it offers a free license for students [37]. Both allow for solving differential
equations numerically and with high versatility. The user-friendly interfaces, coupled with
the advances in meshing and the integration of boundary conditions with space and time
variations, make them suitable platforms for hydraulic and hydrogeological modeling.
Various studies have included comparisons of COMSOL and ANSYS, evaluating their com-
putational uncertainties, discrepancies in results, allocations of memory, and computation
times. The comparisons vary from the simulation of river dynamics [38], fluid dynamics
on bubbles [39], heat transfer [40,41], and vibration in complex structures [42]. All of them
agree that both platforms offer good results compared to the analysis of physical dynamics,
except in the case of ANSYS Fluent in the simulation of small bubble dynamics [39]. Up to
now, there has not been a study that compares the numerical capabilities of COMSOL and
ANSYS Fluent in simulating solute transport dynamics in sand.

A comparison between the performances of FEFLOW, a finite element numerical
algorithm, and Open Foam, a CFD software application, in the simulation of heat transfer
in a porous medium suggests the use of CFD as an alternative to an FEM because it is
computationally efficient and accurate [43]. CFD models permit the coupling of various
physics using a single simulation, with the option of editing the governing equations used
by the model. They enable the inclusion of additional coefficients or variables that are usu-
ally fixed in conventional algorithms, this is important for the assessment of simultaneous
dynamics, such as coupling temperature gradients with a laminar or turbulent flow and
mass transfer dynamics with soil mechanic processes. These advantages make CFD more
computationally demanding than other software that applies numerical algorithms based
on a single physical process.

The configuration of the numerical model and accurate selection of the boundary con-
ditions can significantly affect the formation of the saline wedge and movement of the saline
toe [44,45]. Integral frameworks that model salinity intrusion require the selection of bound-
ary conditions that better represent the aquifers [46]. Ketabchi et al. modified the landward
boundary condition and compared the head-controlled condition with the flux-controlled
condition with a numerical model using the saturated—unsaturated density-dependent flow
and transport code SUTRA [47]. They found that the flux-controlled landward boundary
condition better represented the form of the saline wedge and considered the influence of
the surface discharge through the upper part of the coastal aquifer. Ranjbar et al. used the
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numerical model MODFLOW-2000 to solve groundwater flow equations and compared
coastal aquifer cases in the literature based on the freshwater-side boundary condition [48].
The comparisons between the flux-controlled and head-controlled boundaries showed that
the transient movement controlled by the head-controlled condition of freshwater and
seawater could lead to a relative overestimation of the salinity intrusion.

Assumptions of boundary conditions when studying salinity intrusion usually con-
sider both sides of an aquifer to be head-controlled (HC), or a head-controlled seaside
condition and a flux-controlled (FC) landside condition. In cases such as the simulation of
tides and waves, the seaside boundary is assumed to be head-controlled, with equations
representing the amplitude and frequency of the tidal cycles and a flux-controlled boundary
to describe the groundwater flux discharge. According to Suk et al., the seaside bound-
ary condition can apply either the Dirichlet boundary condition or the Cauchy boundary
condition to reduce the overestimation of the saline wedge when the flow moves toward
the aquifer [49]. Other studies suggest that the identification of the stagnation point in the
seaside boundary condition is key to understanding the solute transport dynamics [50,51].
With the availability of CFD software, salinity intrusion simulations and the influence
of the boundary conditions can be explored, creating an alternative to reduce modeling
times and increase the robustness of solving such problems. To the extent of the authors’
knowledge, there are few studies that apply CFD platforms to solve salinity intrusion prob-
lems in coastal homogeneous aquifers while also analyzing the influence of the selected
boundary conditions.

The primary objective of this study is to evaluate the performance of Multiphysics
platforms and an experimental setup for simulating salinity intrusion, with a focus on
analyzing two boundary conditions at the landward side. The numerical model undergoes
a calibration process through comparison with experimental results, specifically in a pilot-
scale setup. While the initial calibration ensures accuracy under controlled conditions, it
is essential to acknowledge the limitations stemming from the absence of real-life data
beyond the laboratory experiments. Despite lacking real-life data beyond experiments,
this study is crucial for assessing multiphysics platforms in simulating salinity intrusion,
selecting boundary conditions, and gaining insights for groundwater dynamics studies.

The simulation targets salinity intrusion in a pilot-scale setup with an initial constant
seawater concentration of 35 g/L of NaCl. A homogeneous two-dimensional costal aquifer
is simulated to analyze the effect of the boundary condition to the transient dynamic of
the saline wedge. The experimental results are compared to the solution of the governing
equations applying COMSOL Multiphysics and ANSYS Fluent. This study includes the
application of COMSOL and ANSYS Fluent to simulate groundwater dynamics considering
an experimental setup and hypothetical conditions for a two-dimensional model. The
study compares the performances of the two CFD platforms in simulating the experimental
results and recreating two boundary conditions (i.e., HC and FC). In addition, memory
and processing times are compared to ensure the analysis of the software capabilities when
selecting the best platform for future multiphysics groundwater simulations.

2. Review of CFD Modeling of Fluid Transport in Porous Media

CFD tools have been used to simulate various transport processes in porous media,
with applications ranging from oil exploration and gas to water management. Previous
studies demonstrated that groundwater flow can be successfully simulated using COMSOL
Multiphysics or ANSYS Fluent [2,25,31,52,53]. However, a comparison of the performances
of both platforms in the simulation of salinity intrusion dynamics has not been performed.
In addition, the study of the influence of boundary conditions on the simulated results
using COMSOL Multiphysics and ANSYS Fluent will bring better insight into the software
applications’ capabilities and their influence on simulated salinity intrusion profiles.

Table 1 summarizes studies in which CFD was used to simulate groundwater flow
and fluid transport in soil. Some include the application of basic model features, such
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as hypothetical aquifers or reservoirs, while others consider the real characteristics and
dimensions of the aquifers or simulate experimental setups.

Table 1. Studies that apply CFD models to simulate fluid transport in soil.
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OPENFOAM, MIN3P HYP 3D  Water - I;:Ig’ - - 3:5 H, UNCO R [54]
HC,
COMSOL HYP 2D Water - FC. C - SS, FB 11:19 He VS [55]
ANSYS-Fluent, HC, .
MARUN HYP,EXP 2D  Water v FC - BS, FS 1:4 H, UNCO W [30]
COMSOL HYP 2D Water - HC v - 3:20 He, L, CO - [56]
COMSOL REAL 2D Water - HC v - 1:225 H, CO [52]
COMSOL HYP, REAL 2D  Water - HC v - 3:20 He, L, CO - [57]
COMSOL HYP 2D Water v HC - - 1:3 H, He - [27]
MATLAB, COMSOL REAL 2D Water v HC v - - H, UNCO - [12]
COMSOL REAL 3D  Water - HC v SS, BS - H, UNCO W [24]
ANSYS-Fluent REAL 2D Gas - HC - - 6:25 H,F Temp [25]
ANSYS-Fluent REAL 2D Water - HC - SS, FB 80:367 H,F Temp [53]
STAR-CCM HYP, REAL 2D oil, - HC v SS,FB  914:13925 H, He, L Y [58]
+ v15.04 Water
RST2D EXP 2D Water v HC - FB 1:2 H - [59]
COMSOL, FC, ) This
ANSYS-Fluent HYP, EXP 2D  Water v HC - FB 1:25 H, UNCO - Study

Notes: @ HYP: hypothetical aquifer, EXP: pilot-scale aquifer, REAL: real aquifer. ? 2D: two-dimensional,
3D: three-dimensional. ¢ FC: flux-controlled, HC: head-controlled, C: Cauchy. d §G: surface slope, FS: flat surface,
BS: bed slope, FB: flat bottom. ¢ H: homogeneous geology, He: heterogeneous geology, L: layered stratigraphy,
CO: confined aquifer, UNCO: unconfined aquifer, F: faults. fR: recharge, W: wells, Temp: temperature variation,
VS: variable-saturated. v'considered condition.

Most of the studies consider two-dimensional simulations and vary from groundwater
to gas and oil reservoirs. Studies on oil and gas reservoirs over the last twenty years have
informed the development of CFD models for such conditions [60-62]. Some studies that
explore salinity intrusion dynamics using CFD include Oz et al. [9] and, more recently,
Zhao et al. [63].

Boundary conditions vary from head-controlled to flux-controlled simulations, and,
in some cases, the Cauchy boundary [55]. Few studies include both boundary conditions.
The geometry for real-world case simulations is usually approximated to flat-bottomed
slopes [30,46]. Geometric proportions of the simulated domains vary from real aquifers
that extend kilometers [53,58] to hypothetical studies and experimental setups that extend
a couple of meters [27,30,54]. This flexibility in geometrical proportions evidences the
versatility of CFD and experimental setups in simulating a wide scale of subterranean
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processes. The geology of the reviewed aquifers varies from sedimentary aquifers to
rock aquifers. Regarding fluid dynamics, the simulations explored aquifer recharge [54],
pumping with wells [24,58], temperature-driven flux [25,53], constant freshwater head, and
fluids through a variable-saturated porous media [55].

COMSOL Multiphysics simulations and ANSYS Fluent simulations are flexible with
respect to the geometric proportions of the model. One advantage of COMSOL over other
platforms is its advanced mesh function, which can divide the geometry into triangular
subsections to better fit the topography or stratigraphic curves [24]. The latest versions of
Fluent are also capable of adapting the mesh to fit the geometry. Uner and Dogan and Sen
and Diistintir-Dogan used ANSYS Fluent and adapted the mesh to improve the definition
of the simulated aquifer faults [25,53]. The application of CFD platforms have gained
research attention since they can solve equations that describe simultaneous dynamics [25].
However, a comparison between CFD platforms for the simulation of salinity intrusion
continues to require further attention. This study allows for a better identification of the
potential applications of both platforms to couple and solve salinity intrusion equations.

3. Materials and Methods
3.1. Details of Experimental Setup

The experimental setup consisted of a rectangular flow tank 1.25 m in height that was
divided into three compartments, two side chambers (fresh and saltwater), and two side
reservoirs of water (fresh and saltwater). Figure 1 presents a schematic diagram of the
experimental setup. It shows (1) the main compartment with a 2.50 m length where the
porous media is stored, (2) the left-side compartment of 0.1 m filled with freshwater; and
(3) the right-side compartment of 0.1 m filled with saltwater. The side compartments were
separated from the central compartment by a fine mesh screen with holes of 0.074 mm in
size, also called mesh No. 200, to prevent sand from escaping the central compartment.

6

Freshwater

reservoir Saltwater

reservoir

Figure 1. (a) Schematic diagram of the experimental setup for the beginning of a simulation;
(b) photograph of the actual experimental setup.
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The two chambers located on each side of the flow tank are the (4) freshwater chamber
and (5) saltwater chamber. The chambers control the water level inside the lateral and
central compartments. The chambers were designed to overflow when the water level of
each boundary was reached, and the excess water was redirected to the two side reservoirs.
The side reservoirs are the (6) freshwater reservoir, located on the left, and (7) the saltwater
reservoir, on the right side. Each reservoir is connected to a pump, the (8) freshwater
pump directs the flow to the freshwater chamber and the chamber directs it to the left
compartment of the tank, while the (9) saltwater-submerged pump (Altamira/Marine pump
100A/1/2/HP, Bombeo, Bogota, Colombia) directs the flow to the right compartment with
a flux of 8.1 m3/h, allowing the saltwater side to fill up from the bottom and overflow at
the top, sending the excess water to the saltwater chamber.

Freshwater and saltwater constant-head-controlled reservoirs supply freshwater and
saltwater to the chambers. The saltwater was prepared in a 500 L tank with NaCl and red
food dye (Allura red 40, Mesa Hermanos, Bogota, Colombia) for visualizing the salinity
intrusion. The saltwater was fed directly into the saltwater chamber using a submergible
rust-resistant pump. The saltwater inlet has a valve that alleviates the flow going directly
to the chamber, and two other valves that control the saltwater inlet from the pump to the
chamber. The freshwater supply uses the freshwater pump that supplies water from the
freshwater reservoir to the freshwater head-controlled tank.

Prior to the construction of the experimental setup, a thorough literature review was
conducted to identify the adequate dimensions, considering the type and quantity of
experiments, and the available space at the facilities [64]. This review narrowed the ratio
of the length vs. height to be used in the setup. The experimental setup is part of a larger
project that can simulate land subsidence and various driving forces in the same system.
Therefore, large horizontal and vertical dimensions are required to visualize the saline
wedge and its interaction with other variables. Additionally, a scale comparison simulation
was previously performed to verify that the selected dimensions for the experimental setup
did not alter the dynamic of the saline wedge.

Similarly, a numerical simulation followed the integrated framework to model salinity
intrusion [46]. Experimental setups to recreate salinity intrusion vary from the small scale
to the large scale, with several geometric proportions, from 1:2 to 1:225 [18,65-67], as
well as others, as included in Table 1. Moreover, to further ensure that the scale of the
experimental setup did not compromise the numerical results, a numerical simulation of
the head-controlled scenario was also performed at scales of 1:7 and 3:7, following the
approach of Torres et al. [68].

3.2. Experimental Simulation

The experimental simulation encompassed the following five main stages: concep-
tualization, start of the experiment, experimental procedures, and data analysis of the
results. The first stage was the conceptualization of the model; it included selecting the
porous media, geometry, stratigraphy, initial values, and detailed assumptions considered
for each experimental assessment. It was followed by start of the experiment, including
the application of a packing technique, and adjustments of the hydraulic head and the
concentration of NaCl. The grain distribution of the porous media is presented in Figure 2,
and details of the experimental procedure are described in Table 2.
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Figure 2. Grain distribution of the fine sand.

Table 2. Details of the experimental procedures for salinity intrusion.

Experimental Stages Detailed Procedure Description

- Fine silica sand

B Selection of the porous - Rectangular geometry, without

media
- Selection of the geometr; surface or bottom slopes
1. Conceptualization - Selection of the Etratigraghy Homogeneous stratlgraph}{
o Freshwater from the tap, with a
- Initial values and . 3
assumptions density of 990 kg/m’ and
Okg/ m? NaCl
- Packing the main compartment
with water and soil with 10 cm
- Packing technique layers
- Adjustments of the - Hydraulic head difference of 1 cm
2. Start hydraulic head and - Preparation of the solution of
concentration of NaCl. freshwater from the tap and NaCl

with a concentration of 35 kg/ m3
and 1 kg/m? of food dye

- Continuous photography and

- Salinity intrusion -
sampling

3. Procedure

- Maps of the concentration
- Image analysis
4. Data analysis of results - Output data - Numerical model with ANSYS
Fluent and COMSOL
Multiphysics

The packing of the sand was performed following Weber’s methodology [69]. It
consists in filling the main compartment with 10 cm of water, followed by 10 cm of sand
using a PVC tube connected to a funnel located just above the water’s surface when filling.
After the first layer of sand is filled, 10 cm more of water is added, and later the next layer
of 10 cm of sand is added as well. This method prevents air entrapment, and the previous
sieve of sand reduces variations in the grain size.

The two boundary conditions were set up at the beginning of the experiment, the hy-
draulic head-controlled boundary condition was set with the side chambers, guaranteeing
that the 0.01 m difference on the hydraulic head was maintained during the experiment.
The freshwater head was maintained at 1.01 m and the saltwater head at 1 m. The flux-
controlled boundary condition was set with a freshwater influx of 15.7 cm3/s.

4. Computational Methods

The computational design for the domain was based on the experimental setup. The
groundwater flow, solute transport, and salinity intrusion dynamics have been thoroughly
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explained in previous research. The design includes the application of Darcy’s law, Fick’s
law, and the continuity equations.

oh
oSi—L + egic)% = pK(Vhy) (1)
Equation (1) describes the groundwater flow in terms of the hydraulic head, where
0 [ML3], S, [L™1], hf [L], €[], c [ML73], ¢, K [LT1], and Pf [ML3] are the density of
the fluid, specific storage in terms of the hydraulic head, groundwater head, porosity,
concentration of salinity, time, hydraulic conductivity of the fresh groundwater, and initial
fluid density, respectively.

oc % N e [9(cvx) N d(cvy)
ot xax2 yayz ox By

@

Equation (2) describes the rate of increase in the concentration per unit volume of porous
media, considering that the main drivers are the contribution of dispersion to the changes
in the solute mass and the advection of solute mass into or out of the control volume, where
Dy [L2T 1] and Dy [L2T~1] are the dispersion tensors in the x and y directions, and vy [LT 1]
and vy [LT '] are the average fluid velocities in the x and y directions.

p=pf+<ps_pf>c 3)

Cs _Cf

Equation (3) describes the density change in the function of the concentration inside
the control volume, where p; [ML~3] is the density of the saltwater, estimated to be
1026 kg/ m?; ¢ [ML 3] is the concentration of the salinity in saltwater of 35 kg/ m3; and
cr [ML 3] is the concentration of the salinity in freshwater of 0 kg/m?.

The governing equations of salinity intrusion were adapted to the software interfaces
to maintain consistent input and compare the simulated results.

4.1. COMSOL Multiphysics
4.1.1. Fluid Properties

COMSOL applies simplified equations of fluid transport in porous media consid-
ering Darcy’s law. It utilizes a comprehensive graphical user interface (GUI) that facili-
tates the selection of governing equations and their application to a previously specified
control volume.

- ohy ohyg
0 == 5y y@ 4)

Equation (4) is a summarized version of Darcy’s law, and it is applied by COMSOL to
describe the groundwater flow dynamics without concentration changes, where v [LT1],
K, [LT71], Ky [LT1], %, and % are the flux velocity vector through the porous medium,
saturated hydraulic conductivities in the x and y directions, assuming anisotropy in a

homogeneous aquifer, and the hydraulic gradients in the x and y directions, respectively.
- k

v =——VP (5)
K

In terms of pressure, Equation (5) is applied, where k [L?], 4 [ML™!T], and P [ML~1T?]
are the permeability of the solid matrix, fluid viscosity, and fluid pressure, respectively.

dp  dpoC k -\\)
PSop Tesa5, — P -(V(Vp—pg» =0 (6)
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COMSOL applies Equation (1) to describe the fluid dynamics in terms of pressure;
therefore, Equation (1) takes the form of Equation (6), where S [L71], p IML™IT2], k [L2], u
[ML~!T], and E [LT 2] are the specific storage, fluid pressure, permeability of the solid
matrix, fluid viscosity, and gravitational acceleration vector, respectively.

4.1.2. Solute Transport

COMSOL applies Equation (2) to describe solute transport. For the initial values of
the concentration, 0 mol/m? is the initial value for the concentration of the salinity of
freshwater and 1 mol/m?3 as a normalized concentration of the salinity of saltwater. This is
a common approach in simulating solute transport with COMSOL. With the concentration
and the density difference, the coefficient beta was calculated to act as the coefficient of
density changes in the groundwater due to gradients in the initial concentrations and
density. This approach is also applied in codes such us SUTRA and SEAWAT [70]. To
ensure that the concentration of 35 kg/m? NaCl from the experiment was applied to the
simulation, the saltwater density was initially set to 1026 kg/m?>. Equation (3) was applied
to calculate a variable density for the concentration changes inside the control volume.

4.2. ANSYS Fluent
4.2.1. Fluid Properties

ANSYS Fluent uses the general equation of mass conservation and momentum conser-
vation to represent the groundwater flow dynamics.

0 (P ?) —— - =
+V-<pvv):—VP+V~T+F @)
ot

In contrast to COMSOL, ANSYS Fluent starts with an expanded description of the
groundwater flow, as described by Equation (7), and allows for adjusting the equation

—
depending on the model characteristics, where 7 [ML!T?] and F [ML~!T?] are the
external source and sink of the momentum, respectively.

e%—i—V(pv):O (8)

To describe the dynamics of this experimental setup, Equation (7) was modified
considering that the velocity of the porous media is very slow compared to a turbulent
flow. Therefore, the derivative term that includes density and velocity tends to zero, which
similarly occurs to the acceleration term, neglecting the first and second terms of the
equation. Another consideration is that there is no shear stress, neglecting the second term
on the right side. The mentioned adjustments are reflected in Equation (8).

Replacing Equations (3) and (5) in Equation (8), the mass conservation is modified,
and it also takes the form of Equation (1).

4.2.2. Solute Transport

Dispersion is the main driver of solute transport for both software applications. The
governing equations used by ANSYS Fluent and COMSOL are based on Fick’s law and the
mass conservation equation of the concentration of solute in the fluid.

ac

S =V-(DVe) = V-(dc) +F ©)

The equations are coupled to produce a second Fick’s law augmented with the trans-
port term as expressed in Equation (9), where D [L2T~!] and F [ML3T] are the dispersion
tensor and an external source or sink of the concentration. Neglecting external sources
or sinks of the concentration and applying this definition to a two-dimensional control
volume, Equation (9) takes the form of Equation (2).
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4.3. Conditions for the Numerical Simulation Applying CFD

The groundwater flow of Equation (1) was solved considering the no-flow boundary
conditions at the top and bottom boundaries, while the lateral boundaries exhibited two
different conditions to compare the salinity intrusion dynamic. On the freshwater side, one
scenario assumed a head-controlled boundary, while another assumed a flux-controlled
boundary. On the seawater side, the boundary was set as a head-controlled boundary for
both cases. However, applying the flux-controlled boundary using COMSOL Multiphysics
on the freshwater side does not yield information on the pressure within the domain, which
can lead to unstable models that do not converge. Applying the velocity boundaries on the
freshwater side provides no information on the pressure within the domain, which means
that it can generate estimates of the pressure change instead of the pressure field.

To solve this issue, a point constraint was introduced, which arbitrarily fixed the
pressure at a point within the domain in the COMSOL setup.

p=po—pgH (10)

The initial values set for COMSOL Multiphysics and ANSYS Fluent include the initial
pressure as a function of a variable density, as described in Equation (10). The initial values
were set as 0 m/s and 0 Pa for the velocities and pressure, respectively. A volume force
was applied as the consideration of the gravity effect.

pr=rpro—prgH (11)

ps = po — psSH (12)

where p is the variable density, g is the gravity constant, and H is the elevation resulting
from the total geometry height and the water table location. The pressure boundary
conditions for the freshwater side set for both cases are a function of the constant density
of freshwater (ps) and the constant density of seawater (ps) on the seaward side. The
expression representing such boundary conditions are Equations (11) and (12).

—epD = psvp (13)

For the flux-controlled seaward boundary condition case, the expression representing
the boundary condition is a function of the flux velocity inlet, expressed as Equation (13).
The parameters considered for the numerical simulation of the experimental setup for the
specified head-controlled and flux-controlled boundary conditions are listed in Table 3.

Table 3. Parameters of the numerical model.

Name Value Description
L 1.1m Basin depth
hy 1.01 m Freshwater head
hs Im Saltwater head
Pf 995 kg/m?3 Freshwater density
Ps 1026 kg/m3 Saltwater density

cf 0 mol/m?3 Zero salt concentration
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Table 3. Cont.

Name Value Description
cs 1 mol/m?3 Salt concentration
B 26 kg/mol Increase in density due to salt concentration
Yo 0Pa Reference pressure
Py 9848.5 Pa Freshwater relative pressure
Ps 10,054.8 Pa Saltwater relative pressure
1 0.001 Pa-s Dynamic viscosity
€ 0.43 Porosity
% 2.03 x 10710 m? Permeability

1x 1077 m?/s Molecular diffusion

Pe 1.33 x 10° Peclet number
K 0.0002 m/s Hydraulic conductivity
wg 0.001 m Longitudinal dispersivity
o 1x10%4m Transversal dispersivity
U0 1x 107> m/s Initial flux velocity

The parameters in Table 3 were chosen on the basis of the characteristics of the
performed salinity intrusion experiment and the commonly applied parameters used in
the literature to represent a homogeneous unconfined aquifer. Additionally, the specific
characteristics of the sand used to represent the porous media in the setup were considered.
The density of the tap water used in the experiments was measured at 995 kg/L. This same
value was, therefore, used for the numerical simulations.

5. Results and Discussion
5.1. Experimental Response

The experiment was designed to explore the response of the saline wedge and the
toe location using two different freshwater-side boundary conditions. The experiment
was configured using fine silica sand with an average particle diameter of 0.39 mm and
0.43 porosity, to recreate the fully saturated porous medium. The two boundary conditions
were the head-controlled and flux-controlled boundary condition, and the beginning of the
experiments started with a fully saturated aquifer with freshwater. For the head-controlled
case, the seawater-side head was maintained as 1 m and the freshwater side as 1.01 m,
creating a hydraulic pressure difference of 206.29 Pa. During the first three hours of the
experiment, a one-centimeter lens was observed on the top of the seaside boundary. This
lens has been observed in previous experiments and it corresponds to freshwater outflow
through the seaside boundary. To address this outflow and guarantee a constant water
level on the sea side, the experimental setup included the right-side chamber.

This control and reduction in the freshwater outflow lowers the hydraulic gradient
toward the saltwater side, and allows further intrusion of the saline wedge [71]. On the
saltwater compartment, the 1 cm lens could potentially lower the seawater density, water
pressure, and the initial geometry of the saline wedge [72,73]. Figure 3 depicts the saline
wedge movement during the first three hours, while the 1 cm lens was still visible in the
saltwater compartment.



Water 2024, 16, 1970

12 of 26

Figure 3. Seawater boundary in the head-controlled case: (a) after 1 h; (b) after 3 h; (c) after 5 h;
(d) right half of the experimental setup after 3 h.

The final location of the saline toe after it reached a quasi-steady state took 7 h and had
a length of 1.6 m for the head-controlled condition. The definition of the quasi-steady state’s
position followed the approach of Robinson et al. and Ahmed et al. [18,74]. A quasi-steady-
state condition is said to be achieved when no significant movement is observed at the toe
of the saltwater wedge; the period of no movement for this study was 30 min. The flow-
controlled condition, on the other hand, allows for the head at the freshwater-side boundary
to increase when salinity intrusion occurs [73]. The consequent increase in the inland head
maintains the pressure gradient and reduces the rate of salinity intrusion. It was evidenced
during the experiment that the saline wedge under the flux-controlled condition was more
stable than with the head-controlled condition, and the freshwater lens was observed on
the top of the sea side but not for a significant amount of time. The quasi-steady-state
toe location for the flux-controlled condition was at 1.15 m. It is important to highlight
that even when pilot-scale studies consider head-controlled conditions, this approach is
not defined for variable density systems; instead, the pressure difference is recommended
as an equivalent to the hydraulic head [73]. In order to avoid complications with in situ
measurements, flux-controlled conditions and flux measurements are preferred [19,75,76].

5.2. Convergence Criteria and Mesh Sensitivity in COMSOL and ANSYS Fluent

For the mesh sensitivity, the maximum horizontal velocity and the concentration
profile were analyzed. To eliminate variations induced by the mesh, identical meshes were
used in COMSOL and ANSYS Fluent. The Courant number was considered as a target to
select the time step and the element size of the selected mesh. Every simulation had the
same parameters, except for the mesh size and boundary conditions. The results of the two
boundary conditions, the head-controlled condition and the flux-controlled condition, were
compared. Seven different meshes were considered for COMSOL and ANSYS. The finest
mesh had a total of 220,000 elements and an element size of 0.005 m; the coarser mesh had
a total of 13,930 elements and an element size of 0.01 m. For the head-controlled condition,
the mesh that allowed for the independence of the results was the one with 154,000 elements
and an element size of 0.006 m; when the mesh was imported into COMSOL and to ANSYS
Fluent, the amount of data changed to adjust the software applications” discretization,
resulting in a total of 154,030 elements for COMSOL and 153,222 elements for ANSYS
Fluent. The toe location and the average and horizontal velocities were analyzed with
the changes of meshes, reaching a close agreement between COMSOL and ANSYS with a
mesh of approximately 154,000 elements. The mesh sensitivity results from the horizontal
velocity and estimated toe location are presented in Figures 4 and 5, respectively.
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Figure 4. Mesh convergence estimating the maximum horizontal velocity after three and a
half hours (black symbols) and seven hours (red symbols) with ANSYS Fluent under head-
controlled and flux-controlled conditions and COMSOL Multiphysics under head-controlled and
flux-controlled conditions.
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Figure 5. Mesh convergence estimating the toe location after three and a half hours (black symbols)
and seven hours (red symbols) with ANSYS Fluent under head-controlled and flux-controlled
conditions and COMSOL Multiphysics under head-controlled and flux-controlled conditions.

For the various meshes, the value of the maximum horizontal velocity changed, and
the slope of the change in the velocity decreased after mesh 6 with 154,000 elements. The
results with the coarse meshes show instability until the number of elements of the mesh
increased to more than 55,000.

For the flux-controlled condition, the selected mesh had 131,000 elements and an element
size of 0.0065 m. Figure 4 shows the variation in the horizontal velocity in the domain with
each mesh after seven hours and three and half hours, respectively. The average error of
the velocity between COMSOL and ANSYS Fluent was 0.0019%, and it did not substantially
affect the formation of the saline wedge or the toe location. Figure 5 presents the results for
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the toe location after 3.5 h and 7 h of the simulation. It was evidenced that the results for the
toe location with both software applications achieved better agreement when the mesh was
refined with more than 55,000 elements. The discrepancies in the toe location results at 3.5 h of
simulation was 3.5% under the head-controlled condition with a mesh of 154,000 elements and
0.8% under the flux-controlled condition with a mesh of 131,000 elements. A summary of the
characteristics of the selected meshes for the head-controlled and flux-controlled conditions is
provided in Table 4.

Table 4. Characteristics of the selected meshes for the head-controlled and the flux-controlled conditions.

Description Head-Controlled Flux-Controlled
Number of elements 154,000 131,000
Element size 0.006 m 0.0065 m
Minimum element quality 0.1876 0.2152
Average element quality 0.7449 0.7445
Ratio of elements to area 0.08273 0.105

The mesh with 131,000 elements for the flux-controlled condition and 154,000 elements
for the head-controlled condition provided the best balance between computational cost
and accuracy. Finer meshes generally improve a solution’s accuracy but at a significantly
increased computational cost. The selected mesh densities were found to sufficiently
capture the key features of the flow field without excessive computational expense.

5.3. Spatial and Temporal Discretizations

The physics of COMSOL allow for the design of stable meshes. The mesh definition
with COMSOL was established once the toe location and velocity were not affected by the
mesh size. The time step for COMSOL was set as an adaptable time step, which allowed for
the model to adjust to the completed number of iterations and identify the remaining steps
to reach a converged solution. COMSOL also allows for a parametric sweep that facilitates
the postprocessing of the simulation, creating plots for various experimental times and
for previously assigned conditions. This saves time and computer memory and generates
acceptable results.

The time step selected was 1 s, and the total simulation required 25,200 time steps
with a maximum of 20 iterations per time step. It was evidenced that both results were
very close; however, the ANSYS simulation with the manual time step required 18 GB of
memory compared to the 0.19 GB required by the free time step simulation applied by
COMSOL. Some of the model characteristics considered by COMSOL Multiphysics and
ANSYS Fluent are presented in Table 5, and the discretization scheme used by COMSOL
Multiphysics is presented in Figure 6.

Table 5. Numerical model characteristics for the COMSOL and ANSYS Fluent simulations.

Description COMSOL ANSYS

Time step Initial 1 s 1s

Temporal discretization Automatic step size flrst—or(‘jler implicit time
integration

Step scheme Backward differentiation formula  Second order upwind scheme

Required memory 0.19GB 18 GB

Order of lineal and residual errors ~ x10~ 14 x10~7
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COMSOL Multiphysics

System of Partial Differential
Equations (PDEs)

Finite Element

Discrtization | . Time Discretization |
Implicit system of .| Algebraic equations
differential - y for the unknown
algebraic equations degrees of freedom
A 4
Solved with
Newton-like
method
v
MUMPS iterative | Automatic
solver linearization

Predefined accuracy requirements

- Time-stepping (solver) error
- Algebraic equation error

Figure 6. COMSOL Multiphysics discretization scheme. Source: Authors.

5.4. Head-Controlled Boundary Conditions

Experimental and numerical simulations considering a head-controlled boundary
condition show a longer saline toe and larger saline wedge. Previous studies attributed
this to the assumption that both the freshwater side and saltwater side maintain a constant
hydraulic head. However, a recent study by Laabidi and Bouhlila included an approach
that relates the location of the saline wedge to the stability of the bottom of the freshwater
lens, also known as the stagnation point [77]. Additionally, aquifers characterized by a
constant hydraulic head boundary have been shown to strongly depend on the hydraulic
conductivity of the aquifer. Slight changes in the hydraulic conductivity generate an
increase in the inland movement of the saltwater intrusion toe [71,78].

For pilot-scale applications, guaranteeing a constant hydraulic head on the sea side
with constant density is a common approach to simulating head-controlled aquifers. Nev-
ertheless, for large-scale systems, maintaining such conditions can be challenging, and it
could restrict the dynamic nature of the sea side, considering that the hydraulic head is not
defined in variable density systems [79].

The photographs captured at 1, 3, 5, and 7 h (Figure 7) after the red dye injection illus-
trate the movement of the tracer from the seawater boundary to the freshwater boundary.
The experimental data indicate that it took seven hours for the plume to travel through the
flow domain and reach a quasi-steady-state condition. The saltwater wedge generated by
ANSYS Fluent is represented by a solid light-green line, depicting 50% salinity, while the
COMSOL wedge is depicted by a solid red line, representing 50% salinity. As part of the
simulation study, the dispersion parameters «L and «T were adjusted within an expected
range to match the observed plume’s spreading levels. A qualitative analysis suggests that
the dispersivity values of L = 0.01 m and «T = 0.001 m approximate the solute transport
pattern and toe location. These values align with the recommended range provided by
previous studies [80].
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Figure 7. Saline wedge HC boundary for the COMSOL Multiphysics and ANSYS Fluent simulations.

Figure 7 shows that the concentration gradient at the beginning of the experiment
created instability in the intrusion of salinity along the seawater side. However, comparing
the location of the 50% salinity concentration, the location of the saline toe coincided with
the COMSOL simulation’s results and was close to ANSYS Fluent’s location for the saline
toe. Similarly happens for the toe location after three and seven hours.

The experimental saline wedge after five hours and seven hours, when it was close to
achieving a quasi-steady state, showed a similar form as saline wedges reported in studies
with medium—fine sands [81,82].

Figure 8 illustrates that the location of the saline wedge after seven hours in the
experimental simulation exhibited better agreement with ANSYS Fluent’s results than with
those of COMSOL Multiphysics. The saline wedge generated by COMSOL was longer
and showed a wider area for the 50% salinity concentration in the main compartment.
The 50% salinity contour was used to illustrate the location of the saltwater—freshwater
interface, assuming a sharp interface. This approximation has been widely applied in
previous numerical models [7,83-85]. As observed in Figure 7, the experimental saline
wedge is the transition point at which a contrast between the red dye and no dye is observed.
Image analysis was applied to identify the concentration gradient in the transition zone at
the quasi-steady state and determine the 50% concentration of the experimental salinity
distribution; this analysis followed Etsias et al.’s methodology [21], and it is depicted
with the black delineation of the saline wedge, as presented in Figure 8. More detailed
image analyses include the use of image optimization and machine learning techniques
to improve the observation of the mixing zone [21,86]. Figure 8 depicts the 50% salinity
contour for the COMSOL simulation and the ANSYS simulation, and for the experimental
data, the saline wedge shows the location where the 50% salinity concentration contour can
be observed via photographic analysis. The average absolute error between the COMSOL
simulation and the experimental results was a difference of 0.28, and between ANSYS
Fluent and the experimental result it was, on average, 0.18. The root mean square error
between the COMSOL and experimental results was 0.23, and between ANSYS and the
experimental result it was 0.17.
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Figure 8. Saline wedge after 7 h under seaward head-controlled boundary conditions.

Figure 9 illustrates the trajectory of the saline toe from the seaside boundary at the
beginning of the salinity intrusion experiment until the saline wedge reached a quasi-steady
state for the experimental data and up to seven hours for the numerical simulations. The
values were generated with the resulting location of the toe length over time. The Y-axis
shows the location in meters, from 0 m (the saltwater side of the compartment) to the
maximum length reached by the saline wedge. The same procedure was followed for the
flux-controlled boundary condition.
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Figure 9. Simulation of the toe length over time in a head-controlled experiment.
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A comparison of the toe locations over time of the experimental results with COMSOL
and ANSYS Fluent revealed a close correlation of the locations estimated by COMSOL
and the experimental results during the first four hours of the experiment and between
ANSYS Fluent and the experimental results during the last four hours. The maximum
toe length predicted by the ANSYS Fluent simulation was 1.65 m, while the toe lengths
predicted by the COMSOL simulation and observed in the experimental results were
1.79 m and 1.60 m, respectively, after seven hours. The mean absolute error between the
ANSYS simulation and the experimental data for the toe lengths was 5 cm, and between
the COMSOL simulation and the experimental result it was 11.1 cm.

5.5. Flux-Controlled Boundary Condition

The displacement of the saline wedge over time for the flux-controlled condition is
presented in Figure 10 after 1, 3, 5, and 7 h of the experiment. It shows an initial formation
of the wedge followed by a horizontal intrusion at a height of 0.7 cm on the sea side and a
continued horizontal movement of the saline toe. After three hours, the horizontal intrusion
at 0.7 m displaced vertically downward and mixed with the main saline wedge after five
hours. The saline wedge displacements after one hour and three hours show the formation
of an upper saline plume, which is associated with the recirculation of salinity and is
usually related to wave- and tide-induced events [87-90]. However, some experiments
with large-scale setups also report saltwater circulation under quasi-steady-state conditions
for the saline wedge and at the beginning of the experiments [91].
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Figure 10. Saline wedge FC boundary for the COMSOL Multiphysics and ANSYS Fluent simulations.

Figure 10 provides a comparison of the experiment’s images and the numerical simu-
lations with COMSOL Multiphysics and ANSYS Fluent. The COMSOL numerical model
failed to capture the salinity circulation after one hour, and ANSYS Fluent captured a
location close to the transition zone for the overall observed experimental salinity distribu-
tion. The numerical approximation denotes a limitation of the numerical conceptualization
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with Darcy’s equation model to replicate the initial saline wedge dynamics. To avoid the
formation of instabilities at the beginning of large-scale salinity intrusion experiments,
some authors recommend the design of gates that temporary separate the saturated sand
from the seaside boundary [19,92]. Other authors wait for the formation of a quasi-steady-
state saline wedge, which can take from close to five hours [83] to 17 h [93] and up to
24 continuous hours [19]. This research and its simulations also considered the wedge to be
quasi-stabilized once no displacements by the toe occurred over two consecutive intervals
of image captures. The initial form of the wedge did not affect the final seawater wedge
form and the movement of the saline toe.

Small-scale salinity intrusion simulations consider the injection of seawater into the sea
side, where freshwater was initially situated. This initial injection in some studies results in the
mixing of seawater and the movement of freshwater toward the landside [83,94]. Researchers
incorporate techniques to reduce the injection time and avoid mixing with the freshwater, such
using smaller gates [95] and designing syringe-like injection techniques [89]. Figure 10 depicts
a more stable saline wedge reaching a quasi-steady state, which agrees with the numerical
models and the form of the saline wedge observed by other authors [59,83,95].

Figure 11 shows the correlation between the experimental results and simulations.
The flux-controlled boundary condition demonstrated an acceptable correlation between
the experiment and simulations conducted with both ANSYS Fluent and COMSOL Multi-
physics. The experimental results were compared to the simulated results for the saline
wedge and toe length over a period of seven hours, in which a quasi-steady-state saline
wedge formed. The flux-controlled boundary condition better represented the dynamics of
the seaside boundary and the concentration profile of the saltwater intrusion [49].
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Figure 11. Saline wedge after 7 h with a seaside flux-controlled boundary.

The quasi-steady-state location of the saline wedge after seven hours under the flux-
controlled condition showed good correlation between the experimental results and the
simulation. Both COMSOL and ANSYS Fluent represent the saline wedge. Figure 11 shows
the location of the saline wedge estimated with ANSYS Fluent and COMSOL and observed
in the experiment. The mean absolute error between the COMSOL-simulated result and
the experimental data was 0.062 and between ANSYS Fluent and the experimental data it
was 0.053. The root mean square error between the COMSOL and experimental results was
0.07, and between the ANSYS and experimental results it was 0.054.

The movement of the saline toe under the flux-controlled condition shows a correlation
between the results of the ANSYS Fluent and COMSOL Multiphysics simulations and the
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experimental data. Figure 12 depicts the location of the saline toe over time with a linear
displacement of approximate 20 cm per hour. The experimental results and the COMSOL
simulation demonstrate a closer approximation of the total toe lengths and the displacement
over time. In contrast, ANSYS Fluent presented a shorter toe length than the experimental data
and the toe lengths simulated by COMSOL. The mean absolute error between the simulated
values with ANSYS Fluent and the experimental data for the toe locations was 0.12 m, and
between COMSOL and the experimental toe locations it was 0.16 m.
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Figure 12. Simulation of the toe length over time in a flux-controlled experiment.

A summary of the statistical errors for the simulated saline wedge locations after
reaching a quasi-steady-state position is presented in Table 6.

Table 6. Errors in the results for the experimental vs. simulated saline wedges under head-controlled
and flux-controlled boundary conditions.

Boundary Condition HC FC
Error COMSOL vs. ANSYS vs. Exp. COMSOL vs. ANSYS vs. Exp.
Exp. Exp.
MAE 0.23 0.16 0.06 0.05
RMSE 0.25 0.17 0.07 0.05

The average error along the length of the experimental setup with the hydraulic head
condition is depicted in Figure 13, and the flux-controlled condition is depicted in Figure 14.
There was a higher deviation between the experimental and simulation results for the
head-controlled scenario compared to that of the flux-controlled scenario. This is attributed
to the limitations of the numerical simulation in adjusting to the changes in pressure that
can occur with a saltwater-side boundary condition. Numerical models that apply a seaside
head-controlled boundary condition have shown a tendency to overestimate the location
of the saline wedge, similar to the results obtained in this study [48].
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Figure 13. Error distribution for the head-controlled condition.
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Figure 14. Error distribution for the flux-controlled condition.

6. COMSOL and ANSYS Fluent Performances

Both COMSOL Multiphysics and ANSYS Fluent demonstrate an ability to replicate
the salinity intrusion process in an experimental setup. However, there are discrepancies in
the results. The standard deviation between the results of ANSYS Fluent and COMSOL
in the estimation of the toe location with the head-controlled case was 4.7%, and for
the flux-controlled case it was 3.8%. Other studies comparing COMSOL and ANSYS
Fluent show evidence of model output uncertainty inherent in the model solution for
each CFD platform. Steiner et al. estimated the computational error of COMSOL using
the L2 norm function [41], reporting 1.52%, and an error for ANSYS of 1.50%; a more
detailed explanation of the application of the L2 norm can be found in Trott et al. [96]. The
disagreement in the simulations between platforms varies from solver error to experimental
discrepancy. Depending on the dynamics simulated, COMSOL or ANSYS Fluent can obtain
better solutions to numerical models [39]. Solution times are another point of comparison
between the platforms. For this study, ANSYS Fluent required approximately eight hours to
complete the simulation with the finer mesh, and COMSOL required a maximum of 45 min
for the simulation with the finer mesh. Depending on the robustness of the model, ANSYS
Fluent can take hours compared to COMSOL to complete a simulation [40]. However,
when COMSOL runs a simulation considering a manually set temporal discretization, the
length of time to compute the solution increases and could be equal to the time required by
ANSYS Fluent.

To reduce errors, the simulations were performed with the same mesh for ANSYS Fluent
and for COMSOL Multiphysics. In this study, ANSYS Fluent exhibited greater sensitivity to
spatial and temporal discretizations compared to that of COMSOL for the specific simulation



Water 2024, 16, 1970

22 of 26

conditions applied. This observation was based on the cases and conditions tested. The
observed differences were likely due to the specific boundary conditions, mesh configurations,
and solver settings used in the simulations. In this study, the best correlation between the
platforms was obtained with the mesh with 131,000 elements for the flux-controlled condition
and the mesh with 154,000 elements for the head-controlled condition. The head-controlled
simulation with COMSOL using the finer mesh with 154,000 elements and 156,778 degrees of
freedom reached a minimum linear error of 1.3 x 10~* after 28 steps and 21 min, and the
Minimum lineal residual was 9.7 x 10~ 14.

7. Conclusions

This study evaluated the performances of Multiphysics platforms and assessed the
landward boundary condition to model salinity intrusion employing an experimental setup.
It explored the resulting saline wedge and toe position under two different scenarios under
a freshwater boundary condition using a pilot-scale sandbox setup. It also compared the
numerical results of COMSOL Multiphysics and ANSYS Fluent with the experimental
findings. This study is novel in the following two important ways: first, it explores and
benchmarks the application of ANSYS Fluent and COMSOL for salinity intrusion models,
and second, it analyzes the influence of the boundary conditions on the transport patterns
and location of the saline toe.

The key findings of this study include the following:

1. ANSYS Fluent and COMSOL software demonstrated good agreement with the experi-
mental results, indicating the potential for CFD to replicate solute transport dynamics.

2.  Pilot-scale experiments allow for visualizing the saline wedge dynamics and toe
displacement over time. Both the experimental and numerical results show that the
boundary condition greatly affected the toe location over time.

3. The flux-controlled boundary condition evidenced a better representation of the saline
wedge compared to the experiment than the head-controlled boundary condition. This
study also corroborates that the head-controlled boundary condition overestimated
the location of the saline wedge compared to the experiment, agreeing with previous
findings in the literature.

4. Darcy’s law equation and the presented numerical modeling were limited to the
stability of the seaside boundary, and they do not represent circulating salinity cells
when concentration gradients are formed in the boundary condition. To improve
the agreement of the simulated scenarios, the concentration boundary condition
can be studied as being time- and space-dependent. Future research could lead to
improvements in monitoring concentration gradients of seaside boundary conditions
in real and controlled groundwater studies.

5. Inthis study, ANSYS Fluent was more sensitive to spatial and temporal discretizations
than COMSOL. However, the simulation times with COMSOL can be faster using the
automatic time-step size rather than the default time-step scheme in ANSYS Fluent.

The simulation results obtained using the CFD tools and the experimental setup
provide an important step toward improving the robustness and coupling capabilities in
simulating the distribution of saltwater with other dynamics in porous media. CFD has
the potential of coupling fluid dynamics with other physics related to soil and air. It could
include assessments that consider soil dynamics, such as land subsidence and salinity
intrusion, using COMSOL or ANSYS Fluent. Future work by the present authors will
explore the simulation of both physics in an unconfined coastal aquifer.
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