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Abstract
This work presents the numerical simulation in L -V equilibrium stage in a Sieve plate distillation column using the SPH method. To perform the simulation of the equilibrium stage, periodic conditions in temperature were established. The sizing of the column was performed in Aspen One considering an equimolar mixture of Benzene-Toluene and an operating pressure that guarantees that the cooling water temperature of the condenser is 120°F, the thermodynamic model used was Chao-Seader. With this information, the following was obtained: liquid velocity and vapor velocity per stage, viscosity and density of the mixture, operating pressure and column diameter. The geometry of the stage in the distillation column and the sieve plate were made in SolidWorks. The CFD simulations were performance using DualSPHysics. The results show the effects of sieve plate design on the velocity and temperature distribution in the stage, lead to information to improve the design and efficiency of the stage.
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Introduction
Distillation stands as the most extensively employed unit operation within the field of Chemical Engineering, primarily due to its remarkable capability for product purification. Traditional distillation processes, however, exhibit notable inefficiencies, prompting the exploration of alternative approaches to enhance their thermodynamic efficiency in equipment design and operation. Many of these alternatives have undergone scrutiny through the MESH equations and sequential simulators, while less attention has been devoted to their modeling with Computational Fluid Dynamics (CFD), mainly due to its inherent complexity. CFD employs methods of either Eulerian or Lagrangian nature. Eulerian methods utilize a mesh for medium discretization, resulting in spatial averages at transfer interfaces between fluids. Noteworthy examples include finite volume and finite element methods, with the former being the preferred choice for simulating hydrodynamics, mass transfer, and momentum within distillation columns (Haghshenas et al., 2007; Lavasani et al., 2018; Zhao, 2019; Ke, 2022). However, this method is not without its drawbacks, encompassing challenges in interface modeling, convergence, and the selection of appropriate turbulence models to simulate turbulent flow.

Conversely, Lagrangian methods afford a detailed view of phenomena at interfaces, discretizing the continuous medium through non-meshed points. This characteristic enables the assessment of flow, concentration, or temperature distribution within a system. Smoothed Particle Hydrodynamics (SPH) emerges as a Lagrangian method that adeptly represents discontinuous media and intricate geometries using particles, avoiding the need for a mesh. It has found applications in modeling diverse scenarios, including microbial growth (Martínez-Herrera et al., 2022), sea wave dynamics (Altomare et al., 2023), and stellar phenomena (Reinoso et al., 2022), showcasing its versatility and robustness. In light of these considerations, this study presents a numerical simulation of a liquid-vapor (L-V) thermal equilibrium stage within a plate distillation column employing the SPH method, specifically examining Sieve and Bubble cap plates. Periodic temperature conditions were imposed to facilitate the equilibrium stage simulation.
Methodology 

In this work a methodology for the simulation of the hydrodynamics and thermal equilibrium of plate distillation columns is proposed. This methodology consists of 3 stages: rigorous design of the distillation column in Aspen Plus, 3D design of the column - sieve plates and hydrodynamic analysis of the columns using the SPH method. The Aspen Plus simulation results were used as input data for SPH. The 3D design was performed in SolidWorks.
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Figure 1. Methodology for the numerical simulation of the hydrodynamics and equilibrium of distillation columns.
Rigorous design of the distillation column in Aspen Plus

The column's sizing was conducted using Aspen One, considering an equimolar mixture of Benzene-Toluene and an operational pressure guaranteeing a condenser cooling water temperature of 120°F. The thermodynamic model applied was Chao-Seader, and sieve plates were employed. The column featured ten stages, with stage 5 designated for feeding, and both components assumed a 98% purification and recovery rate. This information yielded crucial data, including liquid and vapor velocities per stage, mixture viscosity and density, operating pressure, and column diameter. Three-dimensional CAD files of the distillation column and the sieve and bubble cap plates were developed using SolidWorks. Subsequently, these files were imported into DualSPHysics (Domínguez et. al., 2022) for CFD numerical simulation to ascertain flow and temperature profiles at an equilibrium stage. Stage 6 and 7 were selected for analysis, given their position below the feed stage. 

Column and sieve plate sizing

The 3D design of the column and plates was carried out in SolidWorks. The design parameters used were: column diameter, effective and downspout areas, obtained in Aspen Plus. The distance between plates was proposed to be 0.15m. Stainless steel 316L was chosen as construction material. Figure 1 show, from left to right, the 3D design of the plate, the stage and the initial conditions .
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Figure 1. From left to right: 3D Sieve plate design, stage design and initial conditions of simulation.

Table 1. Results of the rigorous simulation of the distillation column in Aspen Plus.

	Parameter
	Líquid
	Vapor

	Density (kg/m3)
	783.8023
	4.0206

	Viscosity (Ns/m2)
	2.5x10-4
	9.5x10-6

	Temperature (oC)
	105.99
	115.42 

	Mass fraction
	0.5886
	0.5405

	Velocity (m/s)
	0.0261
	0.0214

	Coefficient of thermal diffusivity (m2/s)
	7.9247x10-8

	Surface tension
	0.018 N/m
	0.018 N/m




Hydrodynamics and heat transfer in SPH

SPH is a Lagrangian, meshless method with applications in the field of Computational Fluid Dynamics. Originally invented for astrophysics in the 1970s (Monagan J, 1992) it has been applied in many different fields, including  fluid dynamics (Alvarado-Rodríguez C.E. et al., 2019). The method uses points named particles to represent the continuum and these particles move according to the governing equations in the fluid dynamic. When simulating free-surface flows, no special surface treatment is necessary due to the Lagrangian nature of SPH, making this technique ideal for studying violent free-surface motion. The SPH formalism used in the simulations is reported by (Dominguez et al., 2021) which is set in the DualSPHysics code, in this work only the continuity (Eq. 1), the momentum (Eq. 2) and equation of state (Eq. 3) in the SPH formalism are reported. For this work, the heat equation (Eq. 4) was implemented on the DualSPHysics code to calculate the temperature variation in the stage.
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where the subscripts a and b are denoted for the mean particle “a” and the neighbors particles “b”, v is the velocity, t is time, m is mass, P is pressure, ρ is density, υ0 is the kinematic viscosity, r is the vector position, τ is the stress tensor, , c0 is and artificial sound speed, and γ = 7, T is temperature, k is the conductivity constant, Cp is the heat capacity at constant pressure, and W is the kernel function defined in the SPH method.

This method was implemented for the numerical analysis of the distillation columns under the following considerations: periodic conditions were used to perform the hydrodynamic and equilibrium analysis. Equivalent boundary conditions at zero pressure, P=0, were considered at the exit of the stage. The initial properties of the fluids are shown in Table 1. In all cases, no-slip boundary conditions were considered in the interaction between fluid and boundary particles using the dynamic particle method. 
Discussion of results
From the results obtained SPH method in the numerical simulations, it is possible to analyze the velocity profile and the temperature profile inside the stage. In addition, it is possible to approximate the time it requires for the stage to reach equilibrium under the initial conditions established.
The simulation was performed with a total of 7,261,750 fluid particles of which 1386940 are bound particles, 4230940 liquid and 1,643,870 are vapor. 60 seconds of real time were simulated.  The simulation was completed in a total of 17.5h on the GPU NVIDIA GeForce 3060 of ITESI. In Figure 1 is shown the evolution of velocity field obtained in the simulation. A higher velocity is obtained in the area where the fluid enters from the downspout, the velocity distribution is not completely homogeneous, however, there are not dominant streamlines in the stage, meaning a good distribution of the flow in the stage. In Figure 3 is shown the evolution of the temperature in the stage which due to the good flow get the equilibrium temperature in the simulated time. 
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Figure 2. 3D perspective of the velocity field evolution in the stage, each frame correspond to 7.5 seconds.
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Figure 3. Lateral perspectives of the velocity and temperature fields in the stage., each frame correspond to 7.5 seconds.
Conclusions
In this work the CFD numerical simulation of a stage inside a distillation column is presented. The geometry of the column and the plates were made in SolidWorks. Then, the geometries were exported to DualSPHysics to perform the corresponding simulations, based on the parameters obtained with the rigorous simulation in Aspen Plus. 
The numerical simulations supply data to analyze the flow and heat transfer in the stage, considering the flow of two faces, steam and liquid, and the change of the temperature of each one. With this data is possible to perform a new methodology to calculate the global heat transfer coefficient in the stage, this parameter could heat to improve the plate design used in the column and to compare between different kind of plates. In summary, the findings underscore the effectiveness of implementing initial and boundary conditions in distillation columns to simulate thermal equilibrium. Furthermore, the SPH method emerges as a potent and versatile tool for conducting numerical simulations of fluid dynamics and thermal equilibrium within distillation columns.
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