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This article discusses the development of a new computational fluid dynamics (CFD) model, the MVP (MP-PIC
coupled with VOF and PBE) method, which predicts the slug flow crystallization phenomenon. The model is
capable of predicting the flow of gas-liquid-solid phases and the associated chemical and particle changes. The
MVP model is validated through a comparison with an experimental study on LAM (L-asparagine monohydrate)
crystallization, and the results demonstrate its ability to accurately predict the three-phase fluid flow with
particle size variation. In particular, we have been able to predict the effect of slug length change on particle

mixing and predict hydrodynamic factors such as the particle streamlines and the circulation number of the
particle phase via case studies. Overall, the MVP model is expected to offer a new way to accurately predict slug
flow crystallization and provide valuable information for the process intensification of crystallization.

1. Introduction

The slug flow crystallizer induces the segmented well-mixed slugs
using recirculation flow inside slugs that is spontaneously formed in the
tubular reactor (Etminan et al., 2021; Jiang et al., 2014). The advantage
of this slug production device is to realize the stable-well-mixing inside
slugs without the mechanical device such as the stirred blade (Liu et al.,
2021). In addition, the segmented flow tubular reactor allows a new way
of stable control that, for example, the combination with spatial tem-
perature gradient based on heat exchange sections enables particle size
control through per-compartment temperature control (Mozdzierz et al.,
2021). As such, in the crystallization industry, the slug flow crystallizer
is spotlighted as a part of process intensification (Burns and Ramshaw,
2001).

Recently, modeling studies were introduced to utilize the slug flow
reactor for crystallization (Hellmann and Agar, 2019; Mozdzierz et al.,
2021; Rasche et al., 2016). A characteristic of the above studies is to
assume that the mixing is perfect inside the slug. Since these studies deal
with milli-fluidic or micro-fluidic, sometimes the assumption is suitable.
However, the temperature and concentration inside the slug which
chemical reactions take place inevitably change in space and time. In the

case of crystallization, the produced crystals settle since the product has
larger density than the carrier liquid phase. These features of multi-
phase and multi-component flow inside the slug will disturb smooth
mixing inside the slug and cause local changes in chemicals and heat.
Therefore, the other modeling method is required to overcome the
limitations of the perfect mixing assumption.

The CFD (computational fluid dynamics) method is useful to predict
the flow effects accurately inside the slug flow reactor. For example, the
VOF (volume of fluid) method (Hirt and Nichols, 1981) based on two-
phase modeling is used to simulate slug flows such as a Tayler flow
(Gupta et al., 2009; Gupta et al., 2010). In addition, in order to predict
the slug flow with the particulate phase, it is necessary to implement the
three-phase flow modeling such as liquid-liquid-solid or gas-liquid-
solid. There are two model concepts for three-phase flow modeling:
Euler-Euler VOF (Ngo and Lim, 2020) and Euler-Lagrangian VOF (Jing
et al., 2016; Xu et al., 2013). The Euler-Euler VOF method simplifies the
particulate phase as the continuous phase. Thus, the accuracy of Euler-
Euler VOF method is lower than the Euler-Lagrangian VOF method
which simulate the momentum of each particle. A few researches have
attempted to implement the Euler-Lagrangian VOF method to predict
the three-phase slug flow (Ge et al., 2020). However, these studies do
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Fig. 1. Comparison of flow patterns between the a) ideal slug flow and b) slug flow for cooling crystallization.

not display the changes in chemicals and particles. Regarding the
chemical changes, although Soh et al. (Soh et al., 2017) develop a CFD
model that predict the mass transfer against the slug interface, the
developed model is only predictable for the two-phase slug flows
without the solid phase. The MP-PIC-PBE (Multiphase Particle-In-Cell
coupled with Population Balance Equation) method (Kim et al., 2020,
2021) can simulate the solid phase and carrier phase flow with particle
size changes, but the model cannot simulate the slug flow since the
model’s equations deal with only a single phase for a carrier flow.
Therefore, in order to predict the slug flow crystallizer, it is required to
develop a new CFD model that can handle gas-liquid-solid phases and
indicate chemical changes, particle generation, and particle growth.

To this end, this study introduces a new type CFD method called MVP
(MP-PIC coupled with VOF and PBE) to predict slug flow crystallization.
The proposed model, different from the Euler-Lagrangian VOF method,
predicts particle size change through the population balance equation
and mass and heat transfer by crystallization through species balance
and energy balance. The model is validated through a comparison of an
actual experimental study regarding LAM (L-asparagine monohydrate)
crystallization. The predicted particle phase flow patterns, and slug
shape are visually compared to graphics taken by microscope cameras.
In addition, the validation section compares the experimental data about
particle size distribution of the end product to the simulation result. The
error of the simulation result concerning the average particle size has
only about 6 %. Simulation analysis results explain the characteristics of
slug flows accompanied by crystallization, which could not be observed
by conventional modeling methods or experimental studies. In partic-
ular, through case-studies, the effect of slug length on crystal nucleation
and growth is analyzed. The investigation represents that the aspect
ratio of a slug affects the particle density and the number of the particle
phase re-circulations inside the slug, which in turn can change the size of
the particles.

2. System description and experimental method
2.1. Slug flow for cooling crystallization

The advantage of slug flow is that it induces hydrodynamically stable
mixing without external devices. Fig. 1a) shows an ideal flow pattern
inside a slug. The friction on walls stops the fluid velocity against the
walls and creates the fastest velocity at the center of the slug. Without
gravity, the flow lines form a decalcomania-like circulation pattern
(Kashid et al., 2005). This stable mixing has led many researchers to use
the assumption of perfect mixing in their modeling research (Kufner
et al., 2022; Mozdzierz et al., 2021; Rasche et al., 2016). However, as
shown in Fig. 1b), the inside of the slug where particles are mixed causes
the flow pattern to deviate from the ideal due to the gravity force. In
particular, gravity acceleration is expected to be more pronounced when
particles with a density about 1.5 times higher than the liquid are
generated such as LAM crystallization. Additionally, external cooling
can cause temperature distributions inside the slug and crystallization

typically generates heat. Considering these facts, even if small slugs are
used, the assumption of perfect mixing inside the slug can be inaccurate.
Therefore, modeling of the slug flow crystallization needs to accurately
predict particle behavior and the mixing and temperature distribution of
the solution through precise flow analysis. Considering particle behavior
and slug flow means concurrently dealing with the three phases of
gas-liquid-solid. Moreover, the solution has a multi-component phase
mixed with water and solute. Therefore, a CFD model should be able to
handle the multi-component and three-phase fluid flow.

2.2. Experimental apparatus

This study analyzes the process of extracting and crystallizing L-
asparagine monohydrate (LAM, purity > 99 % (TLC)) from a solution
through cooling. The experimental design is based on studies introduced
by M. Jiang et al. (Jiang and Braatz, 2018; Jiang et al., 2014). The so-
lution is prepared by mixing LAM and deionized water, and the tem-
perature is maintained using a refrigerated temperature circulating bath
with a temperature controller (CN 89202-958, from VWR) to keep the
solubility below saturation. The flow rate delivered to the flask (200 ml
double jacket flask) from the temperature bath is fixed, and water is used
as the heat transfer fluid. The water temperature inside the bath is
maintained using an electric heat source and a PI controller. The tem-
perature of the solution is measured using a PT100 temperature sensor
(combined with MAX31865, Arduino Uno, and PT100 thermocouple),
and is controlled by a cascade control system that uses a PI controller
(implemented using MATLAB 2022a) to maintain the temperature set
point.

The reactor is a silicon tube (Masterflex L/S # HV 96400-16) with an
inner diameter of 3.1 mm and an outer diameter of 6.2 mm. The slug
solution and air (filtered by a polytetrafluoroethylene filter) injected
into the reactor are supplied by two plastic pumps (combined with
Masterflex L/S Pump Head # HV-77200-50 and Masterflex L/S Speed
Console Device # 07528-30) and spontaneous slug flows are formed
using a T-junction. The RPM of the air and solution pumps is adjusted to
induce an aspect ratio (L/D) of 1 for the air and slug, and the flow ve-
locity inside the reactor is maintained at 0.0345 m/s. The reactor is
exposed to ambient air at a room temperature of about 21 + 0.2 °C,
which induces the cooling down of the fluid inside the reactor.

For data measurement, the slug shape and particle flow pattern are
captured using a combination of a stereomicroscope (OM4413 from
OMANO) and an industrial camera with a reduction lens (DFK 42BUCO03
from The Image Source, LLC, and A3RDF37 from OMAX) at approxi-
mately 7.5 m of the reactor. In addition, slug samples collected from the
reactor outlet are imaged offline using a transmitted light microscope
(TL3000 Ergo from Leica Microsystems). Using approximately 200 ml of
solution, theoretically, about 8550 slugs can be formed. Considering the
thermal stabilization time of the tube, 3 samples of slugs formed after
the middle stage (around slug #4000) are empirically collected through
hand-picked sampling. PSD (particle size distribution) is derived from
the captured pictures through post-image processing. The image
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Table 1

List of experimental conditions.
Variable Value
Tube length 7.6m
Tube inner diameter 3.1 mm
Tube outer diameter 6.2 mm
Slug velocity 0.0345 m/s

Aspect ratio (L/D) of slug shape 1

Solution concentration 0.1058 g LAM / g H,O
Solution temperature 54 °C £0.05 (327.15 K)
Room temperature 21 °C £0.2 (294.15K)

analysis procedure consists of six steps (Mozdzierz et al., 2021): 1)
subtract background, 2) make binary (black and white), 3) remove noise
and outliers, 4) label and split the particles in the image, 5) estimate
particle objects, and 6) analyze particles. The image analysis is imple-
mented and processed using Fiji software (source, 2023). In summary,
Table 1 lists the detailed experimental conditions, and Fig. 2 shows the
experimental devices.

3. MVP method description

The MVP model is a combined version of the MP-PIC-PBE and VOF
models. MP-PIC-PBE can predict not only the flow of particles and car-
rier phases but also their chemical interactions and changes in particle
size. On the other hand, the VOF model is a numerical technique for
tracking and locating the free surface (or fluid-fluid interface) within
CFD simulations of two or more immiscible fluids. The combination of
these models enables the prediction of slug flows that require consid-
eration of the interactions between air, solution, and particle phases. In
particular, MVP can predict 1) changes in particle size, 2) mass transfer
within the continuous phase, and 3) heat transfer within the continuous
phase, surpassing the capabilities of existing CFD models.

3.1. Continuous flow phases

The formulas for the multiphase continuum including VOF are (1) to
(9) below.
Mass equation

9(9py)
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+V o (05pfli) = —Sm @
Momentum equation
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where 6 is the fluid volume fraction, p; is the fluid density, Uy is the fluid

velocity, Sy, is the mass source, 7 is the shear stress by viscous and tur-
bulent flow, P is the system pressure, g is the gravitational acceleration,
F is the interphase momentum transfer that includes viscous drag be-
tween particles and drag force between the particulate phase and the
fluid phase and shear lift force, uSy, is the momentum source by mass
transfer, a is the volume fraction of solution, i, is the relative velocity
between phases, i = Ar e Va/|Va| is the face flux calculated from
volume fraction gradient, Cr is free surface compression factor of 1, 7 is
the volume flux, Ar is the face flux, ¢y, ¢, and¢, are physical prop-
erties of the fluid, solid, and air phases, F, is the surface tension
modelled as CSF (continuum surface force)[], o is the surface tension
constant, « is the curvature, n(0) is the interface normal vector with a
contact angle 6, C, is the specific heat capacity of the fluid, Ty is the fluid

temperature, Ky = }ﬂf|2 /2 is the kinetic energy, ky is the fluid thermal
conductivity, 7.y ® Ty is the mechanical source, S, is the energy source by

mass transfer, and Y; is the volume fraction of component i.
The combination of the VOF method, which uses one momentum

T circulator

Video on horizontal view

Video on vertical view

Solution pump

A
Connector

Air filter

Air pump

Bilade |

Reactor

Microscope
for measuring PSD

Fig. 2. Schematic of the experiment system.
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Fig. 3. Schematic showing incorrect species flux generation with VOF.

equation to represent two phases, and the species balance equation can
cause inaccurate species flux at the interface (Soh et al., 2017). As shown
in Fig. 3, the gradient calculation method based on the FVM (Finite
Volume Method) can generate unnecessary flux in cells near the two-
phase boundary. The third term of Equation (9) creates a sharper re-
gion of species at the interface, similar to the third term of Equation (3).

3.2. Particulate phase

Equation (10) ~ (17) describe dynamics of particle phase based on
the MP-PIC method (Snider, 2001).

Particle distribution function
of

T 4T (9) + Vs, o (1) =0 10

Particle acceleration
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Fluid volume fraction
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Interphase momentum transfer function
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where f is the particle distribution function in the Euler grid, v, is the
discrete particle velocity, A is the discrete particle acceleration, Fp, is the
particle drag function, p, is the particle density, F;, is the particle shear
lift function, Cy is the drag coefficient, r,, is the particle mean radius, vf is
the kinematic viscosity of the fluid, 7, is the interparticle stress, P; is a
constant in units of pressure, 6, and 6, are the particle volume fraction
and its maximum of 0.6, 4 is a constant whose value is set to 2, ¢ is a
small number on the order of 1077, m is the total mass of the particles in
a parcel, v is the volume of the mesh where a parcel is located.

3.3. Population balance equations in a parcel

The PBE that represents the particle distribution within a parcel
assumed to be well-mixed is expressed in equation (18) (Kim et al.,
2020). To represent cooling crystallization, the kernels consist of a
nucleation rate for particle generation and a growth rate for particle
growth. The slug flow reactor exhibits sufficient mixing effects without
the need for external devices (Jiang et al., 2014). Therefore, breakage
and agglomeration can be excluded because there is little shock applied
to the particles.

M —27‘)[@(”78’ ) +B(N;, S, T) [ [o(r —0) (18)
a < ar; A

LAM crystallization kinetics, by cooling supersaturation, consists of
primary nucleation (Mozdzierz et al., 2021), and growth (Bhoi and
Sarkar, 2016) as follows,

1 kno
B(S, T) = 10~ T2(InS)exp | — —— 19
) (InS) p{ Tﬁ(lns)z}
G(S, T) = 10f (S — 1)k« (20)
M

5= My

where

M, = 3.084 x 1072 -1.373 x 107 3T +5.214 x 107°T? 21

where k;; = 9.43 and k,, = 217 are the necleation kinetic parameters,
and kg = —4.341, and ky» = 1.62 are the growth kinetic parameters, S
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Fig. 4. Schematic diagram of the MVP model’s numerical solution procedure.

is the supersaturation ratio, M is the concentration of g LAM in g water,
and M, is the solubility of g LAM in g water.

The total amount and average size of particles in a parcel are
calculated using equations (22) and (23), and are utilized in predicting
crystallization.

m= Vcellppkv/rjslvjdj (22)
_J’Ndi
Da = (N 23)

where k, = 0.39551 is the dimensionless shape factor (Mozdzierz et al.,
2021).
Equation (24) represents the conversion rate of the solute, and
equation (25) represents the exotherm caused by crystallization.
ON;
k 3" dj, i = solut
5. — Py V/r] 3% lj,i = solute

0,i = water

; (24)

Se = Smhcry (25)

where h, =—35700j mol ! is heat of crystallization (Rasche et al.,
2016).

3.4. Numerical solution

The basic structure of the MVP is based on the MP-PIC-PBE with
addition of the VOF model. The MVP model involves the detailed for-
mulas regarding the alpha, temperature, and species equations based on
the MP-PIC-PBE. The Fig. 4 shows the numerical procedure of the newly
updated MVP model, and briefly describes Lgrangian phase’s solution

PCG: preconditioned gradient, PBiCGStab: stabilised preconditioned biconju-
gate gradient, DIC: diagonal incomplete-Cholesky, DILU: diagonal incomplete-
LU, GAMG: generalised geometric-algebraic multi-grid, smoothSolver: solver
that uses a smoother

Table 3
Numerical schemes.
Category Variable or specific symbol Method
Time Default Euler
Gradient Default linear
Divergence Default linearUpwind
o Y, T vanLeer
P limitedLinear
Turbulent upwind
Compression terms for Alpha and Y  linearUpwind
Laplacian Default Gauss linear uncorrected
Interpolation Default linear
Distance to wall ~ Default Poisson

methods (see the Snider’s research (Snider, 2001)). In order to calculate
the three-phase volume transport, equation (3) and numerical schemes
refer to the Jing et al. research (Jing et al., 2016). In particular, the
multidimensional universal limited explicit solver (MULES) limiter
(Deshpande et al., 2013) is used for guaranteeing the robustness of
liquid-gas interface-tracking in large Courant number environment
since the MP-PIC-PBE method requires larger mesh size than parcel
volume size (Kim et al., 2020). For the solution algorithm, the pressure
implicit with splitting of operator (PISO) is applied (Issa et al., 1986).
Table 2 and 3 list the detailed numerical schemes which are provided
options in OpenFOAM v.2106 (Ltd, 2023).

4. Description of the case study simulation
4.1. Computational domain

The geometry has been meshed as hexagonal cells using Ansys
meshing module v.2022 R2 and converted to the OpenFOAM mesh
format. As shown in Fig. 5, the total number of cells is about 3,500 which
is decided by grid sensitivity analysis. Although the length of the domain
is only 12.4 mm, which is much shorter than the actual domain of 7.6 m,
a continuous tubular slug flow is simulated by implementing trans-
lational cyclic boundaries (Coe and Holland, 2023). In the case of
gas-liquid slug flow, the assumption of translational periodicity is often
valid because the flow patterns are repetitive and do not change
significantly over the length of the tube. Particularly, in unidirectional
flow, the exchange of information at the inlet and outlet boundaries
relies on convective flux. Thus, even with continuous temperature and
phase changes such as heat exchange with the walls and crystallization,
the cyclic boundary condition can maintain the information of the
accumulation of various physical variables over time within the slug.
Assuming that the flux at the outlet boundary is equal to the flux at the
inlet boundary, a source term, equation (25), is added to maintain the
mean velocity in the flow direction at the operating velocity.
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Fig. 6. Slug and particulate flow patterns captured from vertical view a), and horizontal view b). 1) is taken by a microscope camera, 2) is drawn by isolation surface
of the solution volume fraction of 0.5, and tracked parcels with mean diameter of particles, and 3) is drawn by isolation surfaces of solution volume fraction of 0.5,

and particle volume fraction of 0.3.
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Then, the values of the two face pairs are determined via linear
interpolation. The Lagrangian phase changes the x-axis coordinate to the
inlet when passing through the outlet. This setup ensures mass conser-
vation by equating the flow rate at the outlet with that at the inlet,
thereby enabling the simulation of a continuous process. These cyclic
boundary conditions are implemented using the cyclicAMI option pro-
vided in OpenFOAM. This simple idea allows the size of the computer
domain to be reduced by about 600 times compared to the actual reactor
size. A small number of meshes can significantly increase the stability
and accuracy of the solution method. Time step size is adjusted ac-
cording to maximum Courant number, 0.5, in each transient step. The
value of the maximum Courant number has been determined by our
experience to make sufficiently sharper interfaces between the solution
and air phases. During the simulation, the time step size maintains about
0.0002 s. Regarding the Lagrangian phase, 1000 virtual parcels are
initially injected at the inlet. The number of parcels is adjusted to match
the number of cells occupied by the slug when the aspect ratio is 1.

4.2. Scenario of case studies

In order to validate the developed MVP model, the experimental
conditions are applied to the simulation. To represent the heat transfer
between room temperature and the slug, heat conduction between the
ambient state and the tube wall, as well as heat convection between the
tube wall and the inner flow, are applied (Bergman and Lavine, 2017).
The velocity at the wall is assumed to be no-slip, and the k-omega model
is applied to predict the small size turbulent effect to the heat transfer
that can occur against the wall, despite the low Reynolds number
(Wilcox, 2008). Since a cyclic boundary is used, the un-specified pres-
sure difference (or inlet velocity) between the inlet and outlet is replaced
by the mean velocity using equation (25). The slug formation due to
surface tension is realized using the wall adhesion model for the wall

Table 4
Operating conditions used in the simulation.
Variable Value Unit
Heat transfer at Ambient temperature 21 °C (K)
walls (294.15)
Convective heat transfer 20 Wm2
coefficient K1
(Mozdzierz et al., 2021)
Thickness of the tube wall 0.0363 m
Heat conductivity of the tube 1 m
wall
Initial mass fraction of the LAM in a slug 0.1058 -
Initial mass fraction of the water in a slug 0.8942 —
Initial temperature 54 °C (K)
(327.15)
Slug velocity 0.0345 m/s
Operating pressure 1 bar
AR of slugs 1, 1.5, —
2,25
Table 5
Physical properties used in the simulation.
Variable Value Unit
Density 1568 kg m®
LAM Heat capacity 1065 Jkg 1K
Viscosity 3.6510™ Pas
Heat of crystallization —35700 J mol™!
Water Density 986 kg m®
Heat capacity 4186 Jkg ' K!
Viscosity 5.47 10" Pas
air Density Ideal gas kg m3
Heat capacity 1007 Jkg ' K?
Viscosity 1.84 10° Pa.s
Surface tension of the solution 0.07 Nm™!
Static contact angle 55 :
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(a)

boundary condition (Brackbill et al., 1992). The wall adhesion model
requires the static contact angle 0, which is experimentally measured
and provided. We have found that the contact angle is approximately 55
degrees based on the image of the slug captured in Fig. 6. In summary,
Table 4 summarizes the initial and boundary conditions for simulation,
and Table 5 represents the physical properties required for the
gas-liquid-solid phases. The gas is assumed to be a perfect mixture and
ideal gas, and the liquid is assumed to be an ideal mixture of LAM and
water. It is assumed that the densities of LAM and water are constant,
and the viscosities and heat capacities of all phases are also constant.

Generally, modeling research on slug flow reactors assumes perfect
mixing inside the slug. In this study, in order to investigate and analyze
the uncertainty inherent in the perfect mixing assumption, the section
5.3 analyzes the effect of changes in the aspect ratio of the slug on
particle size distribution. Considering the fact that the source of the body
force of the particulate phase in slug flows depends on the attraction
force by the interface between liquid and gas, it is clear that as AR in-
creases, the circulation numbers in the particulate phase decrease during
the same residence time. Therefore, the case study will produce detailed
analysis results explaining the effect of particulate phase mixing on
particle size growth.

5. Result and discussion
5.1. Validation

The MVP model is validated by comparing the simulation results
when the AR 1 case lasts for 220 s, with photographs taken by a

(b)

Fig. 7. Images of product crystals taken by stereo microscope: area-average crystal size through image processing (a) 79 pm, (b) 86 pm, and (c) 84 pm.

Chemical Engineering Science 297 (2024) 120238

(9

microscope camera at 7.5 m of the reactor. Fig. 6(a.1) shows the shape of
the slug and the movement of particles inside the slug, as captured in a
vertical view. The slug has a concave shape in the front and back due to
surface tension, and the particles inside the slug are mostly dragged
against the slug’s tail and move in the x-axis direction. Some particles
are carried to the front of the slug due to the strong body force formed in
the center of the slug. Fig. 6(a.2) and (a.3) are graphics extracted from
the simulation results through vertical section planes. The shape of the
slug is drawn as an iso-surface using a solution volume fraction of 0.5,
and the particles are represented as spheres with an average particle size
of the parcel. They similarly depict the shape of the slug and particle
flow pattern captured in the video. Particularly, when an iso-surface is
drawn with a particle volume fraction of 0.3, as in Fig. 6(a.3), it is
observed that most of the particles settle to the bottom of the tail of the
slug due to gravity. Fig. 6b show CFD simulation results taken from a
horizontal view. The settled particles gather in the center along the wall
of the cylindrical tube and move in the x-axis direction pulled by the tail
of the slug. As shown in Fig. 6(b.2) and (b.3), the MVP model predicts
such particle behavior perfectly.

Fig. 7 shows pictures taken with a stereo microscope of three arbi-
trary product samples obtained at the reactor outlet. Analysis of each
sample through image processing revealed that a) has an average par-
ticle size of 79 pm, b) has 86 pm, and c) has 84 pm. The average particle
size of the three samples is calculated to be approximately 82 ym. The
simulation of the AR 1.0 case has predicted an average particle size of
around 87 pm, which is approximately 6 % larger than the average
particle size obtained experimentally.

Fig. 8 compares the cumulative size distribution and the number-
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Fig. 8. Number-weighted crystal size distribution: Histogram represents number size distribution, and line represents cumulative size distribution.
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weighted crystal size distribution obtained from the experimental results
of Fig. 7 with the simulation predictions. The particle ratio in the range
of 20 to 40 pm is higher in the simulation than in the experiment. In
contrast, the particle ratio around 60 pm to 160 pm is higher in the
experiment, and the trend reverses from 180 pm onwards. This is
attributed to the fact that the Population Balance Equation (PBE) model
kernels employed in our study are predicting the phenomena at a
slightly slower rate compared to the actual behavior. The marginally
slower nucleation and growth rates of particles are responsible for the
resultant PSD that exhibits a long-tailed shape.

5.2. CFD result analysis

This section analyzes the results of time-transient simulations for the
AR 1.0 case and investigates the effect of flow characteristics of slugs on
crystallization. As shown in Fig. 9a, when checking the mass fraction
contours of LAM inside the slug, the concentration of LAM decreases as it
approaches the bottom of the slug, despite the density of LAM inside the
solution is about 1.5 times higher than that of water. This is because
most of the generated crystals are distributed on the bottom due to
gravity, resulting in the consumption of LAM by particle growth
concentrated on the bottom of the slug. Quantitatively, the difference

between the maximum and minimum values of the LAM mass fraction
inside the slug can be calculated as follows: 8a.1) about 0.03, 8a.2)
about 0.02, and 8a.3) about 0.017 at each time period. As shown in
Fig. 10a, the maximum crystallization rate is observed around 20 s, and
the then crystallization rate gradually slows down, resulting in a con-
stant average particle size from 100 s onwards. Therefore, the largest
distribution difference of LAM concentration within the slug is observed
around 20 s, and the concentration distribution stabilizes over time.

After the solution of 54 degree of Celsius is injected into the tube, the
temperature of the slug rapidly decreases due to heat transfer with the
tube wall. The rapid temperature decrease creates a temperature dis-
tribution within the slug as shown in Fig. 9b. As time goes by, if the
temperature difference between the slug and room temperature de-
creases to a certain level, the driving force of heat transfer from the tube
wall decreases, causing an occasional temperature increase due to the
heat of crystallization at the slug bottom (see Fig. 9b.2)). When the
temperature inside the slug decreases sufficiently to room temperature,
the temperature gradient decreases, and crystallization stops, causing
the temperature distribution within the slug to become constant.

Fig. 9c represents the particles’ behavior and crystallization rate
generated inside the slug. Since most particles are located at the bottom
and tail of the slug, crystallization mainly occurs in these regions. When
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Fig. 11. Contour profiles of a) temperature, and b) LAM mass fraction in AR 1) 1.5, 2) 2.0, and 3) 2.5 cases at 100 s.

collisions between particles become frequent due to increased particle
volume, as shown in Fig. 9¢ 3), some particles actively circulate inside
the slug. Fig. 9b shows that the average supersaturation mass fraction
inside the slug becomes larger than the maximum mass fraction of the
slug at about 8 s as the temperature decreases after the slug is injected.
The difference between the mass fraction and supersaturation mass
fraction then becomes the maximum value at around 20 s (Fig. 9¢ 1), and
Fig. 10), causing the crystallization rate to increase up to about 26.0 kg
m 357! (weighted parcel number average up to about 2.7 kgm > s~ as
shown in Fig. 10a). As time goes by, the area where crystallization oc-
curs increases due to the widening particle volume and movement
range. However, particle generation and growth also slow down as the
solvent concentration decreases. As shown in Fig. 10, since slug particle
generation and growth have reached 99 % or more at around 100 s,
operation for the remaining 120 s may be unnecessary. In other words,
the half-length of the tube may be sufficient if the AR can be controlled
to 1.0.

5.3. Effects of slug aspect ratio

The average standard deviation of the measured particle size in the
experiment is approximately 2.7 pm. The disturbance influenced in the
slug samples may vary. The size and number of particles generated by
each slug may also differ due to the stochastic nature of the crystalli-
zation, especially nucleation. However, it has been observed clearly
through a stereo microscope in experiments using transparent tube re-
actors that the aspect ratio of slugs varies slightly (1 to 2.5). Even when
attempting to adjust the aspect ratio of slugs to match 1 using pumps and
T-tubes of the same RPM, the aspect ratio of the slug sometimes becomes
greater than one, or slugs may merge with other slugs while moving
through the tube (Mehault et al., 2021). If the interior of the slug is
assumed to be perfectly mixed, then theoretically, the particle genera-
tion should not be affected by different aspect ratios. In other words, the
assumption of perfect mixing will be valid. However, if the interior of
the slug is not thoroughly mixed, the perfect mixing assumption may be

Fig. 12. A) particle size and particle flow patterns, and b) relative velocity (u —tif) and streamlines in AR 1) 1.5, 2) 2.0, and 3) 2.5 cases at 100 s.
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incorrect. Therefore, this section investigates whether the assumption of
a perfect mixing reactor is still valid by predicting the temperature,
concentration, particle size, and flow pattern inside the slug when the
aspect ratio is different.

Fig. 11 describes contour profiles of temperature and LAM mass
fraction in the vertical section planes of the slug. These graphics
compare the slug’s state inside when the slug’s AR is different at a
residence time of 100 s. In the temperature results, the larger the AR, the
higher the temperature of the slug at the same residence time because
when the AR of the slug increases, the heat loss decreases as the ratio of
the increase in the heat transfer area to the increase in the slug’s volume.
Therefore, when using the same cooling system, the temperature
decrease rate of the slug slows down as the slug’s AR increases. When
observing the temperature distribution inside the slug, it appears that
the temperature decreases more quickly in the lower part of the slug
than in the upper part. As shown in Fig. 12a, the flow pattern of the
particulate phase vigorously moving on the bottom by gravity makes the
main flow pattern inside the slug dependent on one large recirculation
zone, as shown in Fig. 12b. Although A small upper recirculation zone
still exists, a large recirculation zone at the bottom of the slug distributes
the temperature well at that location, creating a temperature distribu-
tion inside the slug. In addition, quantitatively, the temperature devia-
tion inside the slug increases as the AR increases (see Fig. 11a.1) =
~0.07 K, 11a.2) = ~0.12 K, and 11a.3) = ~0.14 K). It seems that the
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heat mixing ability inside the slug decreases as the slug becomes longer.
Fig. 12 can be good evidence for this opinion. As shown in Fig. 12a,
particles can be circulated well even with an increasing AR. However,
Fig. 12b represents that the central body force that moves particle for-
ward in the slug gradually decreases as the AR increase (Upax = ~0.10
ms ! at AR 1.5, Upax = ~0.08 m s~ ! at AR 2.0, and upax = ~0.05m s~ !
at AR 2.5). As a result, when the AR increases, the velocity at the center
of the slug is lowered, and the particles’ circulation frequency decreases
as the slug’s length increases, thereby lowering the mixing force inside
the slug.

The LAM mass fraction of the slug solution still shows a lower value
in the lower part, even when the AR changes, as shown in Fig. 11b. This
is because most particles move while settled, and they use LAM as they
grow, even when the AR increases.

Fig. 13 shows the temperature, average particle diameter, and
maximum mass fraction of LAM over time in a slug as AR changes. As
shown in Fig. 13a, the slug needs more time to cool as the AR increases,
causing the activation of crystallization to be delayed. A slowdown in
the rate of LAM concentration reduction due to AR changes does not
mean a slowdown in particle nucleation and growth. Even if the initial
particle growth rate decreases as AR increases due to the decrease in
cooling rate (see Fig. 13b), a large volume of slug induces supersatura-
tion by a temperature drop while maintaining a high lam concentration,
resulting in larger particle growth (see Fig. 13c). Due to the sensitivity of
solubility to concentration according to equation (21), higher LAM
concentrations can induce stronger crystallization. Additionally, higher
LAM concentrations impact particle growth more than nucleation.
Therefore, as AR increases, the average particle size increases.

Fig. 14 illustrates the variations in particle distribution with changes
in the Aspect Ratio (AR). Initially, an increase in AR is observed to
correlate with an augmentation in the total number of particles gener-
ated. Furthermore, the capability to sustain a high concentration has
facilitated the significant growth of particles. In essence, slugs with a
larger AR have not only produced particles of a greater average size but
have also quantitatively generated a larger and more substantial number
of particles.

6. Conclusion

This research introduces a newly developed CFD numerical proced-
ure, the MVP method, to investigate the slug crystallization phenome-
non. The developed method can predict the three-phase fluid flow with
particle size variation, which could not be shown by existing CFD
models, and its ability is verified through comparison with experimental
results.

The validation is performed in two stages. First, the flow pattern of
the slug captured by a camera in the experiment is qualitatively
compared with the CFD results. Second, the particle size distribution
obtained by image processing from the end product, which is captured
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by a stereo microscope, is compared with the simulation results. The
CFD simulation results have represented the flow pattern of particles
sinking to the bottom of the reactor and the shape of the slug, which has
been consistent with the images captured in the experiment. The model
has also predicted the average particle size with an error of about 6 %.
Furthermore, the MVP model has revealed that the flow pattern of
sinking particles causes the distribution of temperature, concentration,
and crystallization rate in the slug and explains it physically and
chemically. These verification results indicate that the MVP model can
be useful for simulating particle movement inside the actual reactor.

In the case studies, the MVP model predicts that the size and number
of particles formed can change depending on the size of the slug. The
simulation results clearly explain that the slug size is one factor that
interrupts the actual experimental setup from producing particles of the
same size every time. For example, an increase in AR from 1.0 to 2.5
leads to a larger slug volume, slower temperature reduction, larger
temperature and concentration distribution, and lower frequency of
particle circulation, which reduces nucleation due to cooling and in-
creases particle growth rate due to the increased LAM concentration. As
a result, the size of the particles can increase as the AR increases. These
findings clearly depict the limitations of the perfect mixing assumption
for slug flow crystallization modeling. This investigation result suggests
that slug AR is a variable that must be controlled in the development of
slug flow crystallizers in the future, and that perfect mixing may be a
poor assumption.

In the future, we will complement the MVP model and focus on
intensification research on the slug flow crystallizer through the MVP
model. For example, we will complement the PBE kernels used in the
MVP model, add secondary nucleation reflecting the spatial distribution
of particles, and attempt parameter estimation based on the MVP model
to improve the model accuracy. In addition, the MVP model will be used
in research to control particle size by manipulating the flow pattern on
slug crystallization or changing the size or shape of the tube to control
particle size.
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