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Abstract: Microplastics (MPs) have emerged as a major pollutant in aquatic ecosystems, primarily 
originating from industrial activities and plastic waste degradation. Understanding their transport 
dynamics is crucial for assessing environmental risks and developing mitigation strategies. This 
study employs Computational Fluid Dynamics (CFD) simulations to model the trajectory of MPs in 
section B of the Salado Estuary in the city of Guayaquil, Ecuador, using ANSYS FLUENT 2024 R2. 
The transient behavior of Polyethylene Terephthalate (PET) particles was analyzed using the Volume 
of Fluid (VOF) multiphase model, k-omega SST turbulence model, and Discrete Phase Model (DPM) 
under a continuous flow regime. Spherical PET particles (5 mm diameter, 1340 kg/m³ density) were 
introduced at water velocities of 0.5 m/s and 1.25 m/s. Density contour analysis facilitated the 
modeling of the air-water interface, while particle trajectory analysis revealed that at 0.5 m/s, particles 
traveled 18–22.5 meters before sedimentation, whereas at 1.25 m/s, they traveled 50–60 meters before 
reaching the bottom. These findings demonstrate that higher flow velocities enhance MP transport 
distances before deposition, emphasizing the role of hydrodynamics in microplastic dispersion. This 
study underscores the potential of CFD as a predictive tool for assessing MP behavior in aquatic 
environments, contributing to improved pollution control and remediation efforts. 

Keywords: microplastics; computational fluid dynamics; water bodies; PET; discrete phase model; 
open channel flow 
 

1. Introduction 

Microplastics (MPs) are particles with a diameter of less than 5 mm [1]. Marine ecosystems are 
particularly vulnerable to pollution due to various human and industrial activities, such as the 
dumping of plastic waste into oceans, seas, and rivers [2],[3] Over time, exposure to the sun's rays 
causes these plastics to fragment into smaller particles, called MPs [4] 

MPs can be classified into two types according to their origin: primary and secondary [5]. 
Primary MPs are deliberately manufactured for specific uses, such as microspheres and granules [6], 
[7]. These microplastics are incorporated into consumer products such as cosmetics, cleaning 
products, paints, and scrubs, as they replace natural ingredients, which are often more expensive [8]. 
In addition, pellets are used in the manufacture of larger plastics, used in processes such as molding 
and extrusion, to create plastic objects from melting them into specific molds [9]. 

Secondary MPs, on the other hand, are the result of the breakdown of larger plastics, which 
fragment into small particles due to exposure to environmental factors [10], [11]. In some cases, they 
can also be generated through biological processes, as certain plastics can biodegrade by the action 
of bacteria and fungi [12]. The main sources of secondary MPs include common plastic waste such as 
bottles, bags, and packaging [13]. In less developed countries, natural disasters, such as tsunamis, 
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hurricanes, and high tides, also contribute to pollution, as large amounts of waste can reach the sea 
[14]. 

The plastics most commonly found in MPs include materials such as polyethylene terephthalate 
(PET), polyester (PES), low-density polyethylene (LDPE), high-density polyethylene (HDPE), 
polyvinyl chloride (PVC), polypropylene (PP), polyamide (PA), polystyrene (PS), acrylonitrile-
butadiene-styrene (ABS), and polytetrafluoroethylene (PTFE) [15]. 

PET is a thermoplastic polyester that has two characteristics [16] it acts as an amorphous plastic 
when cooled rapidly, however, when it behaves as a semi-crystalline plastic it cools slowly [17]. It is 
classified as one of the most widely used plastic materials in the industry due to its excellent physical 
and chemical properties. It has a transparent color and is used in the manufacture of bottles, food 
packaging, or in the textile industry as a synthetic fiber [18], [19].  

In a previous investigation, several types of MPs were detected in a water distribution network, 
but PET was among the most common with a concentration of 0.0189 microplastics per liter (MPs/L) 
[20].  Analyses of different consumer products reveal the wide distribution of PET. First, PET was 
detected in drinking water processed in Germany along with other polymers, with concentrations of 
these particles ranging from 0.001 to 0.197 particles per litre [21], this highlights the contamination of 
drinking water, derived from filtered systems or pipes. Secondly, in plastic bottles of mineral water 
in Germany, higher concentrations of PET were found, with values ranging from 2649 ± 2857 particles 
per liter [22] suggesting that prolonged contact of the liquid with the container favors the release of 
microplastics. Finally, in the beers analyzed in Mexico, PET particles were identified in sizes from 
100 to 3000 μm with a concentration of 152 ± 50.97 particles per liter [23]. 

Kabir et al. (2025) applied CFD, using the VOF coupled with the DPM model, for tracking the 
spatial distribution of MPs and showing that the size of the particles and their density are 
determinant in their mobility. The project was carried out in a wetland environment subjected to 
stormwater conditions, through which it was analyzed how various variables of MPs influence the 
movement and dispersion of particles. The simulations were carried out in 200 seconds, using two 
velocities for water 0.1 m/s and 0.3 m/s, and constant air velocity 2.5 m/s. The simulations showed 
that particles of greater size and density in spherical shape tended to concentrate near the inlet zone 
when the water velocity was low, due to their limited mobility and rapid sedimentation. In contrast, 
smaller particles, having less inertia, remained in suspension longer and were transported farther 
[24]. 

According to the study by Ioakeimidis et al. (2016) the progressive degradation of PET in marine 
environments begins approximately after 15 years of exposure. Through ATR-FTIR spectrometry 
characterization, they identified structural changes in the recovered bottles, including the loss of 
native functional groups and the appearance of new compounds, indicating chemical modifications 
induced by environmental factors. This study was conducted in the Ionian Sea and the Saronic Gulf, 
providing crucial information on the longevity of PET [25] 

Fatahi et al. (2021), performed numerical simulations to study the effects of different variables 
on the distribution of MPs in a coastal marine environment. VOF wave models and First Airy wave 
model coupled with DPM were used. In their work, they dumped particles of PET (Polyethylene 
Terephthalate), PU (Polyurethane) and PP (Polypropylenes) from the coast to carry out the 
investigation of the type, size and shape of the MPs with two ocean water flow rates and different 
temperature conditions [26].  

Quyen and Choi (2022), implemented a two-dimensional numerical wave channel that simulates 
intermediate waves with a weak current in a coastal area to investigate the behaviors of MPs 
corresponding to parameters such as particle size (0.2, 1 and 5 mm), particle density (900, 1000 y 1100 ௄௚௠య), and a submerged artificial structure [27] 

Then, Quyen et al. (2024) used CFD to analyze how different types of breakers influence the 
dispersion and accumulation of MPs in a coastal area. The importance of the interaction between 
inertia and viscosity in the advection of particles was highlighted, showing that particles of MPs with 
smaller size can move more easily due to an optimal balance between forces. The research emphasizes 
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the potential for future studies in three-dimensional environments and with more complex shapes of 
MPs, which will allow a more complete analysis of their behavior in the ocean [28] 

In another study, Dichgan et al. (2023), used numerical modeling to investigate the transport 
and retention of MPs in a hyporheic zone. The simulations performed for the transfer and infiltration 
of 1 μm MP particles in a sandy river bed showed that the advection-diffusion equation can be used 
to appropriately represent the transport of MP particles of pore scale size within the hyporheic zone. 
To corroborate the applicability of the numerical model, they repeated the experiment with 10 μm 
particles and were able to determine that these MPs particles manifest delayed infiltration and 
transport behavior. The numerical model was able to effectively represent the transport and retention 
of MPs in the hyporheic zone [29].  

In their study, Ding et al. (2019), "Numerical Prediction of the Short-Term Path of PM Particles 
in Laizhou Bay" analyzes the pathways of PM particles released from four river mouths adjacent to 
Laizhou Bay employing the Boltzmann network method in conjunction with the Lagrange particle 
tracking method, which involves particle collisions and particle-wall collisions. The paths of particles 
emitted from four river mouths were documented over a period of thirty days [30] 

In his research, Molazadeh et al. (2023), analyze the accumulation of MPs in the sediments of a 
stormwater pond and examine 13 sediment samples for MPs with a size of up to 10 μm, with an 
average abundance of number and mass of MPs of 11.8 μg/kg and 44,383 items/kg, respectively. 
These particles were unevenly distributed, with conditions varying two orders of magnitude within 
the pond. Floating MPs accounted for 95.4% of the total mass and 83.5% of the total number, with 
polypropylene predominating, followed by polyethylene. They created a CFD model that was used 
to simulate transport mechanisms that run from water to sediment. Advection and dispersion turned 
out to be the main mechanisms of transport of MPs to sediments, suggesting that a fraction of these 
particles were trapped in the bed, reducing their impact on water bodies [31]. 

Therefore, this study focuses on a segment of Section B of the Salado Stuary, located in the city 
of Guayaquil. This area was selected due to its high level of contamination, evidenced by the 
accumulation of solid waste in its mangroves, including plastic bags, PET bottles, disposable cups, 
and other polluting materials [5]. It has been proposed to simulate the trajectory of MPs in this sector 
using the ANSYS FLUENT 2024 R2 software. 

For the simulation, data were collected that allowed the initial parameters to be established. 
Subsequently, the appropriate models to address the problem were defined, based on literature 
reviews that support the use of CFD as an effective tool to analyze the trajectory and dispersion of 
MPs in water bodies [26] 

The Salado Estuary of Guayaquil is an ecosystem where pollution by MPs is evident, mainly due 
to the accumulation of plastic waste. "Pollution is one of the main evils that afflict the estuaries of 
Guayaquil, and every day in the branches of the Salado estuary, tubs, garbage bags and plastic bottles 
accumulate."[32] The constant presence of this waste favors the generation of MPs, since over time 
plastics degrade due to exposure to solar radiation and the action of mechanical processes [33]. In 
addition, the presence of these pollutants can affect the biodiversity of the estuary, affecting the 
development, reproduction and survival of marine species, which represents a risk to the food chain 
[34] 

CFD is a methodology that allows the behavior of fluids within a system to be analyzed by 
solving equations for the conservation of mass, amount of motion, and energy. This analysis is carried 
out with the help of computers, whose technological development has allowed the simulation of 
these phenomena both in space and in time [35],[36]. Due to its capabilities, CFD has become an 
effective and versatile tool to improve product quality, energy efficiency and process design [37] Its 
ability to graphically represent the characteristics of the flow in two and three dimensions, as well as 
in real time, contributes to minimizing the costs and times associated with complex experimental 
trials [38] 

In this sense, the importance of modeling the trajectory of MPs in an aquatic ecosystem is raised, 
specifically in a section of Section B of the Estero Salado. To do this, CFD will be used to understand 
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its dynamics, obtaining density contours and particle trajectories under an average value of water 
velocity. 

To simulate a multiphase fluid system, it is essential to define the geometry of the domain, which 
will be subjected to a meshing process. The discretization of space is a key step to accurately capture 
the behavior of the flow, requiring in some cases local refinements in areas of high complexity. Then, 
since it is a multiphase system, the appropriate set of equations is selected for modeling. 
Subsequently, the physical properties of the system are defined, and the boundary and initial 
conditions are established, considering possible symmetries and the influence of external sources. 
Finally, the equations are solved by segregated or coupled methods, depending on factors such as 
the flow velocity and whether the regime is transient or stationary [39] 

The purpose of this research is to accurately simulate the path of MPs to evaluate their behavior 
and displacement in a water body of great ecological importance, such as the Salado Estuary, using 
CFD. The study will focus specifically on section B of this estuary, with the aim of delving into the 
interaction of MPs with currents, sediments and other hydrodynamic and aerodynamic factors 
present in the area. The findings obtained will not only contribute to a better understanding of the 
distribution of these pollutants but will also provide fundamental information for the development 
of strategies aimed at the mitigation and conservation of this ecosystem. The selected area for this 
study corresponds to a segment of section B of the Salado Estuary as can be seen in Figure 1. 

  

Figure 1. Study area: 2°10'53"S 79°54'03"W; 2°10'50"S 79°54'05"W; 2°10'54"S 79°54'05"W; 2°10'51"S 79°54'07"W. 

2. Numerical Modelling 

2.1. Geometric Model and Boundary Conditions   

The geometric model represents a 100 m × 70 m segment of Section B of the Salado Estuary in 
Guayaquil. The geometry and meshing were developed using SpaceClaim and Meshing within 
ANSYS Workbench 2024 R2. The water depth was set to 9.5 m, assuming a uniform bottom surface. 
Additionally, a 3.14 m air region above the free surface was included to capture the interaction 
between the water and air phases. 
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Figure 2. Geometric model. 

The velocity inlet conditions for water and air were applied as constant velocity boundaries. At 
the outlet, a gauge pressure of 0 Pa was set, ensuring atmospheric pressure at this boundary, as 
shown in Figure 3. To account for air-water interaction, surface tension effects were included with a 
constant coefficient of 0.072 N/m, corresponding to water at room temperature. Additionally, the 
"Continuum Surface Force" model was implemented to enhance the accuracy of the phase interface 
representation. Table 1 summarizes the boundary conditions. 

Table 1. Boundary conditions. 

Type Description 

Velocity Inlet 

Water and air inlet: water depth of 9.5 m with 
velocities of 0.25 m/s (Simulation A) and 1.25 m/s 
(Simulation B), volumetric fraction = 1. Air enters at 
3.3 m/s with a height of 3.14 m. 

Pression Outlet Water and air outlet, 0 Pa gauge pressure. 

Wall 
No-slip condition applied to the bottom and 
sidewalls. 
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Figure 3. Domain boundary conditions. 

2.2. Mesh Independence Analysis  

After constructing the geometric model, the next step was mesh generation, which involves 
discretizing the geometry to accurately capture the physical phenomena in the simulation. To 
determine an optimal mesh, four different resolutions were tested, containing 105,536, 172,044, 
207,328, and 300,300 cells. A convergence analysis was performed, and the mesh with 207,328 
tetrahedral cells and 222,500 nodes was selected for the final simulations, as it provided a balance 
between accuracy and computational efficiency. 

 
Figure 4. Selected mesh with refinement in the air-water interface. 

2.2.1. Control Variable 

To evaluate mesh selection, water velocity was measured at the reference point (x: 35 m, y: 9.4 
m, z: 0 m), as shown in Figure 5. The results are summarized in Table 2.  

Table 2. Water velocity at the reference point for different mesh resolutions. 

Parameter Velocity [m/s] 
Mesh 1 4.270 
Mesh 2 2.539 
Mesh 3 2.542 
Mesh 4 2.177 
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Figure 5. Velocity streamlines and reference point for different mesh resolutions. 

As shown in Figure 6, the water velocity at (x: 35 m, y: 9.4 m, z: 0 m) differs by only 0.073% 
between Mesh 2 and Mesh 3, indicating a negligible variation. In contrast, Mesh 1 and Mesh 4 exhibit 
more significant deviations from these values. 

 
Figure 6. Water velocity at the reference point for different mesh resolutions. 

2.2.2. Overall Quality 

The quality of the element of the four generated meshes was studied, the results are summarize 
in Table 3: 

Table 3. Mesh quality parameters for different mesh resolutions. 

 Element Quality Aspect Ratio Obliquity Orthogonal quality 
Mesh 1 0.65522 2.452 0.029495 0.9973 
Mesh 2 0.65404 2.4633 0.018038 0.99946 
Mesh 3 0.66812 2.4038 0.0013479 0.99948 
Mesh 4 0.66207 2.4318 0.0063195 0.9999 

The evaluation of the four generated meshes indicates that Mesh 3 is the most balanced and 
highest-quality option. It exhibits the highest element quality value (0.66812), signifying a more 
uniform geometry well-suited for numerical simulations. Additionally, it has the lowest aspect ratio 
(2.4038), meaning its elements are closer to the ideal shape, reducing potential numerical errors.   

The obliquity, which quantifies the angular deviation of elements, is also minimal in Mesh 3 
(0.0013479), further confirming its suitability for fluid dynamics calculations. While Mesh 4 achieves 
the highest orthogonal quality (0.9999)—an important factor for computational accuracy—its other 
parameters do not perform as well as those of Mesh 3. Given that element quality, aspect ratio, and 
obliquity are crucial for minimizing discretization errors and ensuring numerical stability, Mesh 3 
presents the best overall balance.   

Furthermore, these values align with the mesh quality criteria established by Fatchurrohman 
and Chia [40], reinforcing the robustness of the selected mesh. 
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2.3. SST Kω Turbulence Model 

For the simulations, the k-omega shear stress transport (SST) turbulence model was employed, 
as it is particularly well-suited for Volume of Fluid (VOF) applications. This model is recognized for 
its ability to dampen turbulence in interfacial cells, which is crucial for accurately capturing interfacial 
instabilities [26].   

In contrast, the k-ε turbulence model is widely used in engineering due to its robustness and 
computational efficiency, making it ideal for fully turbulent flows and industrial heat transfer 
simulations. However, it assumes that molecular viscosity effects are negligible, which limits its 
accuracy in cases involving adverse pressure gradients or flow separation phenomena. The SST k-ω 
model overcomes these limitations by combining the high boundary layer accuracy of the k-ω model 
near walls with the free-stream independence of the k-ε model in the far field.   

Originally developed by Menter [41], the SST k-ω model integrates several improvements. One 
of its key enhancements is the incorporation of a damped cross-diffusion term in the ω equation, 
which refines the prediction of turbulent viscosity. Additionally, it modifies the definition of 
turbulent viscosity to enhance the representation of shear stress transport, improving the model's 
ability to capture complex flow dynamics. The model also includes adjusted modeling constants, 
ensuring greater accuracy across a wider range of flow conditions.   

These improvements make the SST k-ω model significantly more reliable for simulations 
involving adverse pressure gradients, airfoils, and transonic shock waves, where the standard k-ω 
model often falls short. Given its ability to balance accuracy near solid boundaries with stability in 
free-stream regions, the SST k-ω model is an optimal choice for this study.   

This model is based on a two-equation system [42], where Equation 1 governs the turbulent 
kinetic energy (k) and Equation 2 describes the specific turbulence dissipation rate (ω): ∂∂t (ρk) + ∂∂x୧ (U୧ρk) = ∂∂x୨ ൭(μ + σ୩μ୲) ∂∂x୨ k൱ + P୩෩ − β∗ρωk, (1) 

𝜕𝜕𝑡 (𝜌ω) + 𝜕𝜕𝑥௜ = 𝜕𝜕𝑥௝ ൭(𝜇 + 𝜎ன𝜇௧) 𝜕𝜕𝑥௝ ω൱ + 𝜌𝛾𝜇௧ 𝑆ଶ − 𝛽𝜌𝜔ଶ
+ 2𝜌(1 − 𝐹ଵ) 1𝜔 1𝜎𝜔, 2 𝜕𝜕𝑥௝ 𝑘 𝜕𝜕𝑥௝ 𝜔, (2) 

2.4. Volume of Fluid Model  

It is a numerical method used by CFD to solve problems involving the interaction between 
fluids, such as air and water. Its main objective is to analyze the volume fraction of fluid within a 
computational cell. 

The volume fraction is represented by α, where a value of 0 indicates the absence of primary 
fluid in the cell, while a value of 1 indicates its presence [28] 

The VOF model is based on the conservation of momentum and continuity, which are described 
by the Navier-Stokes equations (Equations 3 and 4). 

2.4.1. Navier-Stokes Equations 

The Navier-Stokes equations are a set of mathematical expressions that describe the behavior of 
a Newtonian fluid. These equations are derived from the conservation principles of mechanics and 
thermodynamics applied to a fluid volume. In computational fluid dynamics (CFD), its resolution is 
carried out by numerical methods implemented in computers. 

The Navier–Stokes equations used to analyze the motion of a fluid are [43]: 

• Continuity equation 
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∂ρ∂t + ∇ ∗ (ρvሬ⃗ ) = 0 (3) 

where:  
ρ = Fluid Density  𝑣⃗= Fluid velocity vector  ∇ = Vector differential operator డడ௫ 𝑖 + డడ௬ 𝑗 + డడ௭ 𝑘 

• Momentum equation 

𝜌 𝐷𝑣⃗𝐷𝑡 = ∇τ௜௝ − ∇𝜌 + 𝜌𝐹 (4) τ௜௝= Viscous stress tensor 
F = Force 

2.4.2. Open Channel Flow 

These flows are known as free-surface flows, as their surface is in direct contact with the 
atmosphere (e.g., rivers, seas, estuaries, and dams) [44]. They differ from flows in closed pipes due 
to the influence of pressure; In the case of an open channel, the free surface maintains the same 
pressure as the atmosphere. 

In ANSYS software it is possible to simulate flows in open channels using the VOF method 
together with the boundary conditions of the free surface [45] This type of model is defined by the 
Froude number (Equation 5), a dimensionless parameter that relates the inertial force to the 
hydrostatic force. 

Froude's number equation is expressed as: 

𝐹௥ = 𝑉ඥ𝑔𝑦 
(5)

 

Where V represents velocity, g is the acceleration due to gravity, and length refers to the depth of the 
body of water being considered. From this equation, the velocity of the wave can also be calculated, 
which is defined by: 𝑉௪ = 𝑉 ± ඥ𝑔𝑦 (6) 

Flows in open channels are classified according to the number of Froude. Yes 𝐹௥ < 1, flow is 
considered subcritical; yes 𝐹௥ = 1, it is considered critical; what if 𝐹௥ > 1, The flow is supercritical. 

In open-channel flows, there are two key factors in establishing the initial flow conditions: 

• Pressure inlet 
• Mass Flow rate 

The pressure input is given by the following equation: 𝑃଴ = 𝑞 + 𝑃௦ (7) 

where: 
q is dynamic pressure and is as follows q = ஡ି஡బଶ  Vଶ (V, ρ, velocity and density respectively). Pୱ is the static pressure and is given as follows Pୱ = (ρ − ρ଴ )|gሬ⃗  |(gො ∗ (bሬ⃗  − aሬ⃗ )) (|𝑔⃗ |, Gravity Unit 

Vector). 
The mass flow rate for channel-to-open flows is represented by the following equation: 𝑚ሶ = 𝜌 ∗ 𝑄 (8) 

where: 
ρ is the density and Q the Volumetric flow rate. 
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Boundary conditions of waves in open channels  

2.4.3. Airy Wave Model 

The height of the waves (H) is determined as follows: 𝐻 = 2𝐴 = 𝐴௧ + 𝐴௖ (9) 

where A indicates the amplitude of the wave, At is the amplitude at the minimum point and Ac is the 
amplitude of the wave at the maximum point.  

The wave number k is: 𝑘 = 2𝜋𝜆  (10)  

The vector wave number 𝑘ሬ⃗  is determined from the following equation: 𝑘ሬ⃗ =  𝑘௫𝑋෠ + 𝑘௬𝑌෠       
where 𝑋෠ is the direction of propagation of the reference wave, 𝑍መ opposite direction to gravity, 𝑌෠  
indicates the normal direction between 𝑋෠ and 𝑍መ.  

Application of wave theory.  
To choose the right wave, the following parameters must be followed: 
Verification of the total wave regime within the wave break limit. 
The relationship between the height of the wave and the depth of the water within the limit of 

rupture the wave is established as: ൤𝐻ℎ ൨௠௔௫ = 0.78 (11) 

The relationship between the wave height and the depth of the wavelength within the breaking 
limit is established as: ൤𝐻𝜆 ൨௠௔௫ = 0.142 (12) 

The criterion based on wave theory considers the limit of stability and the breaking of the waves. 
Linear waves are described by Airy's wave theory, in which the equations are expressed as 

follows: 
For shallow water, the ratio of wave height to depth to wavelength is set as: ൤𝐻𝜆 ൨௠௔௫ = 0.085 (13) 

To check the inclination of the waves, the following equation is established: ൤𝐻𝜆 ൨௠௔௫ = 0.02𝑡𝑎𝑛ℎ ൬2𝜋 ℎ𝜆൰ (14) 

The equation for checking the relative height of the waves is set as: ൤𝐻ℎ ൨௠௔௫ = 0.1 (15) 

The Ursell number is defined as: 𝑈𝑟 = 𝐻𝜆ଶℎଷ  (16) 

The stability criterion of the Ursell number for a linear wave is set as follows: (𝑈𝑟)௠௔௫ = 32𝜋ଶ3  (17) 

2.5. Discrete Phase Model  

The discrete phase model follows the Euler-Lagrange approach [46] in this method the fluid 
phase is considered continuous and its resolution is by the Navier-Stoke equations [47] , while the 
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discrete phase is solved by tracing the particles. This model is applied in multiphase simulations 
where it is desired to analyze the particle path or the interaction between phases. 

PET particles were defined with the following properties:  

Table 4. Properties of the MPs particles used in the simulation. 

Microplastic Density [kg/𝐦𝟑] Size [mm] 
Polyethylene Terephthalate  

(PET) 
1340 5 

The PET particles were injected at two closely spaced locations within the simulation domain, 
specifically at X = 35 m (Injection 1) and X = 34 m (Injection 2), while maintaining the same coordinates 
in Y = 9.5 m and Z = 100 m. The injection velocity was set to -0.001 m/s in the Z direction, indicating 
a downward motion.   

Each injection had a flow rate of 0.1 kg/s and a total duration of 450 seconds. The PET particle 
size was set to 5 mm, as this represents the maximum size defining microplastics (MPs) [48]. The 
injections followed a single type configuration and were introduced at two distinct points along the 
X-axis, allowing for a detailed evaluation of the particle trajectory from the inlet to the exit point at 
the water surface. 

2.5.1. Governing Equations in DPM Model  

• Balance of forces between particles 
The balance of forces equalizes the inertia of particles with the forces acting on it, and is posed 

as follows: 𝑚௣ 𝑑𝑢ሬ⃗ ௣𝑑𝑡 = 𝑚௣ 𝑢ሬ⃗ − 𝑢ሬ⃗ ௣𝜏௥ + 𝑚௣ 𝑔⃗(𝜌௣ − 𝜌)𝜌௣ + 𝐹⃗ (18) 

where 𝑚௣ is the particle mass, 𝑢ሬ⃗  is the phase velocity of the fluid, 𝑢ሬ⃗ ௣ is the particle velocity, 𝜏௥ is 
the particle relaxation time, ρ is the fluid density, 𝜌௣ is the particle density, 𝐹⃗ is an additional force. 

• Discrete Random Walk (DRW) Model 
The DRW model, also known as the eddy lifetime model, represents the interaction of particles 

with a series of discrete turbulent eddies idealized within the fluid phase [49]. Each eddy is 
characterized by a random velocity fluctuation, distributed in a Gaussian manner, and represented 
in the three spatial directions as u', v', and w'. This variability in velocity reflects the chaotic nature 
of turbulent flow. Additionally, the model incorporates the eddy time scale (τₑ), which determines 
the duration for which a particle remains trapped within an eddy before transitioning to a new one, 
influencing its trajectory within the turbulent flow. 

The values of u', v', and w' that prevail during the lifetime of the turbulent eddy are sampled 
assuming that they obey a Gaussian probability distribution, establishing as follows: 𝑢ᇱ =  𝜁ඥ𝑢ᇱଶതതതത 

(19) 

where ζ represents a random number with a normal distribution, and the rest of the expression on 
the right side corresponds to the local RMS value of the variations in velocity. 

Since the turbulent kinetic energy is known at each point of the flow, it is possible to determine 
the values of the fluctuating RMS components, assuming that the flow is isotropic, by the following 
relationship: ඥ𝑢ᇱଶതതതത = ඥ𝑣ᇱଶതതതത = ඥ𝑤ᇱଶതതതതത = ඥ2𝑘/3 (20) 

For the model k-ε, the model k-ω and their variants. When the simple linear regression model is 
used, the non-isotropy of the stresses is included in the derivation of the velocity fluctuations. 
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The characteristic duration of the eddy is defined as a constant: 𝜏௘ = 2𝑇௅ (21) 

where 𝑇௅ is the integral time. 𝜏௘ = −𝑇௅𝑙𝑛 (𝑟) (22) 𝑟 is the random number greater than 0 and less than 1. The random calculation option of 𝜏௘ 
produces a more realistic description of the correlation function.  

The particle swirl crossing time is defined as: 𝑡௖௥௢௦௦ = −𝜏𝑙𝑛 ቈ1 − ቆ 𝐿௘𝜏ห𝑢 − 𝑢௣หቇ቉ (23) 

where 𝜏 is the particle's relaxation time, 𝐿௘  is the length scale of the eddy and ห𝑢 − 𝑢௣ห is the 
magnitude of the relative velocity. 

• Saffman's Lift Force 
In an investigation on the behavior of a small sphere immersed in a slow-shear flow, it was 

possible to describe how a moving sphere within a viscous fluid with velocity gradients experiences 
a lift force oriented perpendicular to the direction of the flow [50]. 

The mathematical expression that defines Saffman's lifting force is presented as follows: 𝐹⃗ = 𝑚௣ 2𝐾𝑣ଵଶ𝜌𝑑௜௝𝜌௣𝑑௣(𝑑௟௞ ∗ 𝑑௞௟)ଵସ (𝑢ሬ⃗ − 𝑢ሬ⃗ 𝑝) (24) 

where K=2.594 and 𝑑௜௝ is the strain tensor. This lift force is based on small Reynolds numbers.  
The study area exhibits a stable flow with minimal turbulence, which facilitates the definition of 

initial simulation parameters such as water velocity, wave amplitude, wavelength, water depth, and 
air velocity, in accordance with previous studies [51–53]. Furthermore, the stability of the water 
indicates the absence of strong currents or significant wind interactions, ensuring consistent flow 
conditions for the analysis. 

• Wave height: 0.01 m 
• Wave length: 50 m 
• Water depth: 9.5 m  
• Water velocity: Simulation A: 0.5 m/s – Simulation B: 1.25 m/s 
• Air velocity: 3.3 m/s 

2.6. Computational Method  

The numerical calculations were performed using Ansys Fluent 2024 R2. The simulation 
employed standard initialization, starting from the domain inlet. This approach was chosen because 
flow velocity, pressure, and temperature remain constant throughout the domain. The flat open 
channel initialization model was applied, as it enhances simulation accuracy in cases where velocity 
variations are negligible. Additionally, the volumetric fraction was set to 1 at the start, reflecting the 
presence of fluid in the channel from the beginning. 

The simulation ran for 1000 iterations, with a time step of 0.5 seconds and a maximum of 10 
iterations per time step, resulting in a total simulated time of 500 seconds. This duration was sufficient 
to track the trajectory of particles in the open channel flow. However, due to the complexity of the 
3D simulation, the computational time averaged 14 hours, significantly increasing the computational 
cost. 

Although the Courant-Friedrichs-Lewy (CFL) number is primarily relevant for explicit methods, 
it can still serve as a reference for evaluating temporal behavior in implicit simulations. In this case, 
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the CFL number did not significantly impact numerical stability, as implicit methods allow for larger 
time steps without substantial accuracy loss. 

To ensure result accuracy, convergence criteria were established based on the residual values of 
the simulation. Convergence was considered achieved when residuals dropped below 10⁻⁴, 
indicating that the system had reached a stable and precise solution. This threshold ensured minimal 
variation between iterations, providing reliable results aligned with the study’s objectives. 

3. Results 

Two simulations were conducted to analyze particle dispersion under varying flow conditions, 
reflecting the natural variability of hydrodynamic parameters. Simulation A was performed with a 
water inlet velocity of 0.5 m/s, while Simulation B used a higher inlet velocity of 1.25 m/s. This 
approach allowed for a more realistic assessment of how changes in flow velocity influence particle 
transport and dispersion. 

3.1. Water Velocity Streamlines, Simulation A 

Figure 7 illustrates the velocity streamlines in the open channel over time, with a color scale 
representing speed in meters per second. Darker shades indicate higher velocities (10.83 m/s), while 
lighter shades correspond to lower velocities (0 m/s).   

(a) 

 
(b) 
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(c) 

(d) 

Figure 7. Water velocity streamlines in Simulation A at different time steps: (a) 0 s, (b) 100 s, (c) 300 s, and (d) 
500 s. 

At 0 seconds (Figure 7a), the flow appears uniform and parallel, with no visible disturbances, 
indicating that the simulation begins under homogeneous conditions without significant phase 
interactions. By 100 seconds (Figure 7b), the streamlines maintain a similar pattern, though minor 
fluctuations start to emerge, possibly due to phase interactions or slight particle dispersion if 
considered in the study.   

At 300 seconds (Figure 7c), the flow remains largely uniform, but subtle changes in velocity 
distribution suggest that particles, if present, may begin to move more noticeably or settle. By 500 
seconds (Figure 7d), the flow pattern is more developed, with potential variations in particle velocity 
and distribution, influenced by fluid viscosity, emerging turbulence, or sedimentation.   

Overall, the analysis confirms that the flow remains stable throughout the domain, with no 
significant eddies or abrupt disturbances. 

3.2. Water Velocity Streamlines, Simulation B 

Figure 8 illustrates the flow evolution considering a water inlet velocity of 1.25 m/s. The highest 
velocities, around 4.16 m/s, are shown in dark tones, while the lowest, near 0 m/s, appear in lighter 
shades.   

At the initial time step (Figure 8a), the flow is uniform and well-aligned, indicating 
homogeneous initial conditions with no significant phase interactions. By the second stage (Figure 
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8b), minor variations in the streamlines emerge, potentially due to phase interactions or the initial 
stages of particle dispersion, if applicable.   

In Figure 8c, the flow remains predominantly stable, though slight changes in velocity 
distribution suggest gradual particle displacement or the onset of sedimentation. By the final stage 
(Figure 8d), more noticeable modifications in the flow pattern appear, including velocity variations 
and possible turbulence or sedimentation effects influenced by fluid viscosity.   

(a) 

(b) 

(c) 
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(d) 

Figure 8. Water velocity streamlines in Simulation A at different time steps: (a) 0 s, (b) 100 s, (c) 300 s, and (d) 
500 s. 

Overall, the flow remains stable within the simulation domain, with no abrupt disturbances or 
large eddy formations. 

3.3. Density Contours 

Throughout the simulated time intervals, the interface between water and air remains stable and 
uniform across the entire computational domain. Figures 9a, 9b, and 9c illustrate this consistency, 
with a clear distinction between the two phases. The density scale highlights these differences, where 
blue tones represent higher-density regions corresponding to water, while red tones indicate lower-
density areas associated with air.   

(a) 
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(b) 

(c) 

Figure 9. Density contours at three time intervals: (a) 0 time steps (0 seconds), (b) 600 time steps (300 seconds), 
and (c) 1000 time steps (500 seconds). 

The flow behavior aligns with the characteristics of a channel with minimal disturbances and 
low velocities in both phases. No significant variations in the interface or flow pattern are observed, 
reinforcing the stability of the system.   

These results confirm the accuracy of the simulation in representing the expected behavior of 
the phases under the given conditions, demonstrating a successful numerical reproduction of open-
channel flow stability. 

3.4. Pressure Contours 

Figure 10 illustrates the pressure stability characteristics of estuaries and open channels. Across 
the entire domain, air pressure remains constant until it reaches the liquid’s bottom, where the 
highest pressure values are recorded. This pressure distribution remains consistent in all analyzed 
instances, specifically at 0 s, 100 s, 300 s, and 500 s. 

   
                                             (a) 
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                                             (b) 

   
                                             (c) 

     
                                          (d) 

Figure 10. Pressure contours at three time intervals: (a) 0 time steps (0 seconds), (b) 600 time steps (300 seconds), 
and (c) 1000 time steps (500 seconds). 

3.5. Air-Water Interface 

The iso-surface captured in Figure 11 appears predominantly blue, indicating that the visualized 
region primarily corresponds to the aqueous domain, with minimal air presence in that layer. This 
suggests that water is the dominant fluid in this region of the interface, aligning with the expected 
configuration of a salt estuary. The variations observed on the surface result from surface instabilities 
caused by wave effects within the water body. These waves introduce minor disturbances that 
slightly alter the interface shape without significantly impacting the overall flow dynamics. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 April 2025 doi:10.20944/preprints202504.0187.v1

https://doi.org/10.20944/preprints202504.0187.v1


 19 of 28 

 

Figure 11. Air Volume Fraction Isosurface at 500 s. 

Overall, the simulation exhibits a relatively stable flow state, with a well-defined air-water 
interface and minimal fluctuations in phase distribution. This stability suggests that the simulated 
conditions accurately reflect the typical dynamics of a salt estuary under normal conditions. 

3.6. Particle Dispersal  

Likewise, two simulations were carried out with a change in velocity, Simulation A was 
performed with a water inlet velocity of 0.5 m/s, while Simulation B used a higher inlet velocity of 
1.25 m/s. The following results were obtained: 

3.6.1. Particle Dispersal for Water Inlet Velocity of 0.5 m/s   

In the analysis of PET particle tracking during simulation A, the particles exhibit distinct 
behavior throughout the process. Initially, as shown in Figures 12a-d, the particles follow a linear 
trajectory, indicating that they fall into the water shortly after injection. As observed in Figure 12d, 
the particles reach the bottom of the computational domain and continue to move along the bottom 
surface, influenced by drag forces. 

 

    
(a)                                        (b) 

    
                  (c)                                   (d) 

    
                  (e)                                   (f) 
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                  (g)                                   (h) 

    
                   (i)                                   (j) 

       
                  (k)                                  (l) 

Figure 12. Traces of PET particles at different time intervals during simulation A: a) 0 s, b) 25 s, c) 50 s, d) 75 s, e) 
100 s, f) 125 s, g) 150 s, h) 175 s, i) 425 s, j) 400 s, k) 475 s, l) 500 s. 

Figures 12e-g demonstrate that the particles maintain the same trajectory, progressing toward 
the end of the domain. By Figure 12h, the particles exit the computational domain, signaling the 
completion of the tracking process at approximately 175 seconds. 

In the subsequent time steps, as seen in Figures 12i and 12j, the particles continue along their 
established path without significant deviations. By Figure 12k, it is evident that the particle injection 
process is complete, as the predefined injection time of 450 seconds has elapsed. Finally, in Figure 
12l, the particles continue to move within the domain, consistently guided by drag forces, indicating 
the persistence of the flow dynamics over time. 

In the analysis of simulation A, as shown in Figure 13, the particle trajectories exhibit minimal 
variation across the different evaluated scenarios. This indicates that the flow velocity remains 
consistent, maintaining predictable behavior throughout the domain. The particles follow an inclined 
path from the injection point, gradually descending due to gravity until they settle at the bottom of 
the domain. They reach a depth between 18 and 22.5 meters along the z-direction, suggesting that the 
sedimentation process is gradual and steady under the defined conditions. The time required for the 
PET particles to travel the entire length of the domain is approximately 200 seconds, further 
supporting the notion of a stable flow velocity that remains constant over both time and space. This 
indicates a controlled flow pattern with no significant fluctuations.   
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Figure 13. Particle tracks at 500 s for a water inlet velocity of 0.5 m/s. 

The uniformity in the particle trajectories suggests the absence of significant turbulence or 
unexpected phase interactions, pointing to a stable multiphase flow in controlled equilibrium. 

3.6.2. Particle Dispersal for Water Inlet Velocity of 1.25 m/s 

Figures 14a-d illustrate the initial stages of PET particle tracking in simulation B, viewed 
isometrically. Shortly after injection, the particles enter the water and begin to drift. In Figure 14c, the 
particles reach the bottom of the computational domain at approximately half of their length. As 
shown in Figure 14d, they continue to advance through the domain, driven by drag forces. Figure 
14e demonstrates that the PET particles reach the end of the domain after 100 seconds. In Figures 14f, 
14g, and 14h, the particles follow their expected trajectory, consistent with the selected simulation 
parameters. 

   
               (a)                                     (b) 

   
              (c)                                      (d) 

   
              (e)                                        (f) 
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              (g)                                       (h) 

   
               (i)                                      (j) 

    
                (k)                                    (l)  

Figure 14. Traces of PET particles at different time intervals during simulation B: a) 0 s, b) 25 s, c) 50 s, d) 75 s, e) 
100 s, f) 125 s, g) 150 s, h) 175 s, i) 425 s, j) 400 s, k) 475 s, l) 500 s. 

In the subsequent time steps, as shown in Figures 14i and 14j, the particles maintain their motion 
with no significant changes. By Figure 14k, the completion of particle injection is confirmed, as the 
injection time was set at 450 seconds. Finally, Figure 14l shows a decrease in the number of particles 
within the domain, which is attributed to their velocity. 

Figure 15 shows the evolution of the PET particle trajectories in simulation B, from their injection 
into the water body at a depth of approximately 9.5 meters. As the particles move through the 
domain, they exhibit a steady, gradual descent until reaching the bottom of the computational 
domain, which occurs between 50 and 60 meters along the z-axis. This continuous descent pattern 
suggests a progressive sedimentation process, with no abrupt changes or irregular deviations in the 
particle trajectories. The observed stability can be attributed to the conditions within the estuary, 
where turbulence is minimal, fostering a stable flow environment. The low turbulence allows the 
particles to maintain a consistent motion, unaffected by random forces that might otherwise disrupt 
their paths. 
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Figure 15. Particle tracks at 500 s for a water inlet velocity of 1.25 m/s. 

Regarding the transit time, it is estimated that a PET particle takes approximately 80 seconds to 
travel 100 meters along the domain. This time is consistent with a controlled flow, where the particles 
maintain a constant velocity from injection to exit. The combination of the gradual descent and 
consistent travel time further supports the idea of a flow environment with low dynamic complexity. 

4. Discussion 

4.1. Influence of Water Velocity on Particle Dispersal  

A comparison of simulations A and B reveals key differences in the behavior of PET particles in 
the Salado Estuary, particularly in terms of sedimentation distances and particle trajectories. These 
differences highlight the influence of flow conditions and domain properties on particle behavior. 

In simulation A (Figure 13), PET particles settle at the bottom of the estuary between 18 and 22.5 
meters from their injection point. In contrast, in simulation B (Figure 15), particles reach the bottom 
between 50 and 60 meters along the longitudinal axis of the estuary. This difference suggests that 
horizontal transport plays a more significant role in simulation B, allowing particles to travel a greater 
distance before settling. This is attributed to the higher water flow velocity in simulation B. 

Despite these differences in sedimentation distances, both simulations show uniform particle 
trajectories with minimal variations, owing to the low turbulence in the estuary. The stable flow 
conditions facilitate controlled particle transport, ensuring that the particles follow a predictable path 
from injection to bottom sedimentation. 

Regarding domain exit time, a PET particle in simulation A takes approximately 200 seconds to 
exit the domain, whereas in simulation B, it takes just 80 seconds. This difference supports the 
hypothesis that higher water velocities accelerate the transport of MPs, reducing their residence time 
in the aquatic environment and potentially influencing their accumulation further from the emission 
point. 

A Pearson correlation analysis was conducted to assess the relationship between water velocity 
and the distance traveled by MPs before reaching the domain’s bottom. The analysis reveals a strong 
positive correlation (r = 0.97) [54], indicating that as water velocity increases, MPs travel greater 
distances before settling. 

These findings emphasize the need for further studies that consider factors such as variations in 
MP density, interactions with biofilms, and degradation processes, all of which could significantly 
affect MP behavior in the aquatic environment. Additionally, future research could focus on more 
complex turbulence models and experimental validations under real-world conditions to better 
represent these dynamics. 

4.2. Comparison with Previous Studies 

The results of the present research can be compared to similar studies involving simulations and 
experimental measurements of particle dispersion in aquatic systems. Previous research has shown 
that particle dispersion is influenced not only by the water flow velocity but also by dynamic 
conditions such as waves, eddy formation, wind-induced turbulence, and interactions with natural 
or man-made structures. 

Quyen and Choi [27] emphasize that the physical properties of particles, including size and 
density, significantly affect their dispersion in the presence of artificial structures. Small particles (0.2 
mm) exhibit high dispersion due to vertical mixing, while larger, denser particles tend to sink rapidly 
without being suspended. In contrast to their findings, the present study shows that the particles 
maintain a uniform flow pattern, with limited interaction between particles and the flow, due to the 
absence of velocity gradients generated by structures. 

Quyen et al. [28] investigated the effects of different types of coastal breaks on the behavior of 
MPs. Lighter particles experience forward advection in the surface layer, while neutral and heavier 
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particles move toward the bottom or inshore, influenced by larger wave sizes than those considered 
in the present study. In contrast, the present simulation does not account for such variations in size 
and density, as dynamic conditions such as waves or undertows are not included. 

Fatahi et al. [26] analyze the impact of water velocity, particle size, and density on the 
distribution of particulate matter in coastal environments. Their findings show that PET particles 
tend to settle on the bottom in low-velocity waters, similar to the behavior observed in the current 
study, where PET particles travel along the domain before reaching the estuary's bottom. Denser 
particles, like PET and PU, tend to sink in slow-moving water, while lighter particles, such as PP, 
remain at the surface and are transported to shore. Fatahi et al. also noted that as water velocity 
increases, lighter particles travel greater distances, underscoring the importance of velocity in 
dispersion. 

Kabir et al. [24] observed that water velocity directly influences the moment particles reach the 
bottom of the domain. At velocities of 0.1 m/s and 0.3 m/s, larger and denser particles tend to settle 
near the entrance, while smaller particles remain suspended longer and are transported further. In 
contrast, the present study, with water velocities of 0.5 m/s and 1.25 m/s in the Estero Salado, shows 
that MPs travel greater distances before settling. This indicates that in bodies of water with minimal 
wave activity, increased water velocity results in longer transport distances before deposition. These 
differences can be attributed to the specific hydrodynamic conditions and the nature of the water 
body studied, emphasizing the importance of considering environmental characteristics when 
analyzing MP dispersion. 

The current simulations provide a controlled environment that allows for the observation of 
basic patterns in MP transport and sedimentation. In contrast, the studies reviewed incorporate 
additional factors such as artificial structures, waves, and velocity variations, leading to more 
dynamic and diverse particle behaviors. This research complements the present analysis by offering 
a broader perspective on the processes influencing the dispersion and accumulation of MPs in 
different aquatic environments. 

5. Conclusions 

The literature review provided valuable insights into how key characteristics of MP particles, 
such as size and density, influence their transport and sedimentation in aquatic environments. This 
understanding was essential for configuring and analyzing the simulations conducted in the study. 

Based on this theoretical framework, the geometry and meshing of section B of the Salado 
Estuary were designed, reflecting its specific conditions, including a depth of 9.5 meters, a length of 
100 meters, and a width of 70 meters.  

During the simulation analysis, density contours and particle trajectories were employed to 
visualize the distribution and movement of MP particles throughout the flow. Density contours 
helped identify particle concentrations in various areas, while particle traces illustrated individual 
movements, facilitating a better understanding of MP dispersion and deposition within the estuary. 

The primary factor influencing the simulation results was the water inflow velocity. As the 
velocity increased, particles traveled greater distances from the injection point before settling, 
delaying sedimentation. In simulation A, with lower flow velocity, particles descended more quickly 
due to reduced horizontal drag forces. In contrast, simulation B, with a higher flow velocity, 
demonstrated a more dominant horizontal transport, which slowed sedimentation. This highlights 
the critical role of water velocity in the transport and distribution of MPs in the Salado Estuary. 

To refine the analysis, future simulations should vary the average water velocity and incorporate 
additional environmental and operational factors, such as water turbidity and channel geometry. 
This would allow for a more comprehensive evaluation of MP dispersion, transport, and deposition. 
A sensitivity analysis could also help identify the most influential factors affecting MP dispersion, 
further optimizing the model and enhancing the understanding of MP behavior in riverine 
environments. 
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This study contributes valuable knowledge on MP trajectory and sedimentation, emphasizing 
the impact of water velocity on MP behavior in estuarine environments. It also advances the 
understanding of MP dynamics in the Salado Estuary, aiding in future environmental assessments 
and mitigation strategies in the inner and outer estuary of the Gulf of Guayaquil due to its importance 
for the fishing and aquaculture sector. However, there are limitations, particularly the need for 
experimental validation to corroborate simulation results. Future research could expand on this work 
by investigating the behavior of smaller MP particles, incorporating wind effects, tidal, and 
evaluating the impact of different particle shapes and compositions. Comparing numerical 
simulations with field data would also improve the model's accuracy and applicability to real-world 
estuarine systems. 
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