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ABSTRACT

This study presents a numerical simulation of the liquid-vapor (L-V) equilibrium stage in a sieve
plate distillation column using the Smoothed Particle Hydrodynamics (SPH) method. To simulate
the equilibrium stage, periodic temperature boundary conditions were applied. The column de-
sign was carried out in Aspen One, considering an equimolar benzene-toluene mixture and an
operating pressure ensuring a condenser cooling water temperature of 120°F. The Chao-Seader
thermodynamic model was employed for property calculations. Key outputs included liquid and
vapor velocities per stage, mixture viscosity and density, operating pressure, and column diame-
ter. The geometry of the distillation column stage and sieve plate was developed using Solid-
Works, and Computational Fluid Dynamics (CFD) simulations were performed using the Du-
alSPHysics code. The results demonstrate the influence of sieve plate design on velocity and
temperature distributions within the stage, providing insights for enhancing stage design and

operational efficiency.
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1. INTRODUCTION

Distillation remains the most widely utilized unit
operation in Chemical Engineering due to its exceptional
capability for product purification. However, conven-
tional distillation processes are often associated with
significant inefficiencies, driving the pursuit of alterna-
tive strategies to improve thermodynamic efficiency in
equipment design and operation. While many of these
alternatives have been evaluated using MESH equations
and sequential simulators, less attention has been given
to their modeling using Computational Fluid Dynamics
(CFD), primarily due to its inherent complexity.

CFD employs either Eulerian or Lagrangian ap-
proaches. Eulerian methods rely on mesh-based dis-
cretization of the medium, producing spatially averaged
results at the interfaces between fluids. Examples in-
clude the finite volume and finite element methods, with
the former being widely adopted for simulating hydro-
dynamics, mass transfer, and momentum within distilla-
https://doi.org/10.69997/sct.128305

tion columns (Haghshenas et al., 2007; Lavasani et al.,
2018; Zhao, 2019; Ke, 2022). However, Eulerian meth-
ods face limitations, including challenges in interface
modeling, achieving convergence, and selecting appro-
priate turbulence models to accurately simulate turbu-
lent flows.

In contrast, Lagrangian methods provide detailed
insights into interfacial phenomena by discretizing the
continuous medium into mesh-free points. This ap-
proach enables precise evaluation of flow, concentra-
tion, and temperature distributions within a system.
Smoothed Particle Hydrodynamics (SPH) is a Lagrangi-
an method particularly suited for modeling discontinu-
ous media and complex geometries. It replaces the need
for mesh generation by representing the medium with
particles, making it applicable to a wide range of sce-
narios, including microbial growth (Martinez-Herrera et
al., 2022), sea wave dynamics (Altomare et al., 2023),
and stellar phenomena (Reinoso et al.,, 2022), demon-
strating its flexibility and robustness.
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Building on these advantages, this study presents
a numerical simulation of a liquid-vapor (L-V) thermal
equilibrium stage within a tray distillation column using
the SPH method. The study focuses on Sieve trays,
incorporating periodic temperature conditions to facili-
tate the simulation of the equilibrium stage.

2. METHODOLOGY

In this work a methodology for the simulation of the
hydrodynamics and thermal equilibrium of tray distilla-
tion columns is proposed. This methodology consists of
3 stages: rigorous design of the distillation column in
Aspen Plus, 3D design of the column - sieve trays and
hydrodynamic analysis of the columns using the SPH

method.
y
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Figure 1. Methodology for the numerical simulation of
the hydrodynamics and equilibrium of distillation
columns.
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2.1. Rigorous design of the distillation column

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 trays 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 tray were developed using SolidWorks.
Subsequently, these files were imported into Du-
alSPHysics (Dominguez et. al., 2022) for CFD numerical
simulation to ascertain flow and temperature profiles at
an equilibrium stage. Stage 7 was selected for analysis,
given their position below the feed stage.

The design of the distillation column was per-
formed by rigorous methods, solving the MESH equa-
tions. M represents the total mass balance and the mass
balance per component. E represents the equilibrium
ratios present in the distillation process. S represents
the sum of the mole fractions of the components of the
mixture. H represents the total heat balance of the dis-
Murrieta-Dueiias et al. / LAPSE:2025.0185

tillation column. This model is represented by equations
1to 4.

Mass balance:

am

j:LH+V +F!+F —(L,+U)-(V,+W)) (1)

J+l
Equilibrium relationships:

Y, =K, X, 2
Summation constraints:

NC
> K, X, -1.0=0 (3)

i=1
Energy balance:

dM,U.)

o =LHEH+V

j

WHia+FITG+F/Hy (L +U DR —(V,+W)H, +0,  (4)

2.2. Column and sieve tray sizing

The 3D design of the column and trays was carried
out in SolidWorks. The design parameters used were:
column diameter, effective and downspout areas, ob-
tained in Aspen Plus. The distance between trays was
proposed to be 0.15m. Stainless steel 316L was chosen
as construction material. Figure 2 shows, the 3D design
of the tray, the stage and the initial conditions.

a) 3D Sieve b) stage design

design

tray

Perodic boundary
conditions for liquid

Perodic boundary
conditions for steam

Tg=115.42°C

Perodic boundary

Vso=0
conditions for liquid Perodic boundary

conditions for steam

c) initial conditions of simulation

Figure 2. Sieve tray design to simulation.

Table 1. Results of the rigorous simulation of the distilla-
tion column in Aspen Plus.
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Parameter Liquid Vapor
Density (kg/m*® 783.8023 4.0206
Viscosity (Ns/m?) 2.5x10™* 9.5x10°
Temperature (°C) 105.99 115.42
Mass fraction 0.5886 0.5405
Velocity (m/s) 0.0261 0.0214
Coefficient of thermal diffu- 7.9247x10%®

sivity (m?/s)

Surface tension 0.018 N/m 0.018 N/m

2.3. Hydrodynamics and heat transfer

Smoothed Particle Hydrodynamics (SPH) is a La-
grangian, 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-Rodriguez C.E. et al., 2019). The method uses
points named particles to represent the continuum and
these particles move according to the governing equa-
tions 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.

For the numerical simulation the conservation
equations of mass (Eq. 5), momentum (Eqg. 6) and ener-
gy (Eqg. 7) in Lagrangian formalism are considered.

dp _ (5)
ac = PV
dv -1
Y vp+lviy g FB (6)
e p p
ar 1 7)
ﬁ_pcpv (kVT)

where p is the density, t is the time, v is the velocity
vector, P is the pressure, u is the viscosity, g is the
gravitational acceleration vector, T is the temperature,
Cp is the heat capacity and k is the thermal conductivity
coefficient.

The motion of the fluid due to the change in tem-
perature is provided by Boussinesq approximation (Eg.
8):

FP=—gB(T-T) (8)
where p is the thermal coefficient of volumetric expan-
sion, and T, is the reference temperature of the fluid.

The momentum, continuity and energy equations
can be discretized using the SPH formalism and gives:

dpa (9)

dt = _paZ mp E *VWap
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n
dv, P, P, (10)
dt Zmb <p§+p§ Valap

+Z": 4y, VW,
m V,
- b (pa + pb)(rabz + 52) ab

+F8

n
daT _ 1 my (ka + kb)rab . VaWab (T T ) (11)
dt a Cp D PaPp rabz + &2 ¢ b

Equations (Eg. 9)-(Eq. 11) are coupled by the Tait
state equation (Eqg. 12)

ol -

where P is the pressure, g is the reference density, B =
c2p/y,y =7 =7 for liquids and y = 1.4 for gases.

Different approaches and methods have been pro-
posed to simulate multiphase flows (Tartakovsky &
Meakin, 2006; Monaghan & Kocharyan, 1995; Sigalotti et
al., 2014). In this work several new approaches are add-
ed to the standard formalism. These features permit to
properly simulate multiphase flows, where the main
contribution lies in the improved management to inter-
phase with highly nonlinear deformations.

The instability and artificial surface tension pro-
duced in a multiphase flow using the standard SPH has
been reported by (Colagrossi & Landrini, 2003, and
Gomez Gesteira et al, 2010). For this work we have re-
placed the Eq. (10) used in the standard SPH formula-
tion by the Eq. (13) which to permit that higher density
ratios in simulations avoiding the artificial surface ten-
sion (Colagrossi & Landrini, 2003). The method is rather
robust, even for large free-surface fragmentation and
folding, efficient and relatively easy-to-code and results
stable and capable to easily treat a variety of density
ratios.

n
qu Pb+Pa
—_—=- — |V,
dt Zmb(l)al’b> aWap

(12)

(13)

Higher density ratios can be simulated with the use of
this expression avoiding the artificial surface tension.

According to (Colagrossi & Landrini, 2003) the
pressure of each phase is calculated using the equation
of state (14), which is calculated using appropriate pa-
rameters according to each phase reference density.
So, the equation of state (14) is calculated for each
phase using:

Py =B [(2) - 1] (14)
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where the subscripts a denote the phase

The constant B, is chosen form the liquid phase to
permit a small compressibility of the higher density fluid,
that is Viyaxa = ¢ K1 1, where v, is the maximum
velocity of the fluid with higher density expected in the
considered problem. Then B, must be matched to the
liquid and gas phases in the equation of state for the
fluid with lower density to create a stable pressure at
the interphase. This formulation allows the simulation of
high-density ratios (e.g. 1:1000, which is like the air-
water ratio).

This method was implemented for the numerical
analysis of the distillation columns under the following
considerations: periodic conditions were used to per-
form the hydrodynamic and equilibrium analysis. 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.

3. DISCUSSION OF RESULTS

From the results obtained using the SPH method in
numerical simulations, it is possible to analyze the ve-
locity 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 particles of which 1,386,940 are bound,
4,230,940 are liquid and 1, 643,870 are vapor. 60 sec-
onds of real time were simulated. The simulation was
completed in a total of 17.5h on the GPU NVIDIA Ge-
Force 3060 of ITESI.

In Figure 3 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 4 the evolution of the temperature in the
stage is shown, which due to the good flow get the
equilibrium temperature in the simulated time. It is ob-
served that in the downcomer section the fluid velocity
is the highest and that the velocity distribution is uni-
form throughout the tray.

In Figure 5 is shown the distribution of the temper-
ature from a top perspective at 22.5 seconds. The
dsitribution of the temperature is almost homogeneus at
this time. The liquid temperature and vapor temperature
are very nearly at equilibrium. In addition, vapor accu-
mulation zones can be observed which show very high
temperatures and therefore no interaction between
liquid and vapor.

In Figure 6 is shown a Reynolds map from a top
perspective calculated from the average velocity shown
in the Figure 3. This figure shows that the highest
Reynolds values occur in the holes of the deck area and
are consistent with the thermal behavior of Figure 5.
This shows that the greater the interaction of the liquid
with the vapor, the greater the heat transfer.

Velocity (m/s)
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Figure 3. 3D perspective of the velocity field evolution
in the stage.
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Figure 4. 3D perspective of the temperature field
evolution in the stage.
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Figure 6. Top perspective of the Reynolds map
calculated from the average velocity shown in Figure 3.

4. CONCLUSIONS

This study presents the CFD numerical simulation
of a stage within a distillation column. The column and
tray geometries were designed in SolidWorks and sub-
sequently exported to DualSPHysics to carry out simula-
tions based on parameters obtained from rigorous simu-
lations in Aspen Plus. The numerical simulations provide
detailed insights into the flow and heat transfer within
the stage, accounting for the interaction between the
vapor and liquid phases and their respective tempera-
ture variations. This data enables the development of a
novel methodology for calculating the global heat trans-
fer coefficient in the stage, which can be leveraged to
enhance tray design and facilitate comparative analyses
of different tray types. In conclusion, the results high-
light the effectiveness of applying initial and boundary
conditions to simulate thermal equilibrium in distillation
columns. Additionally, the SPH method proves to be a
powerful and flexible tool for numerical simulations of
fluid dynamics and thermal equilibrium, offering valuable
contributions to the design and optimization of distilla-
tion equipment.
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