The

University
o Of
#w  Sheffield.

This is a repository copy of A novel generalized multifluid modelling approach for the
simulation of multiphase flows: application to intensified liquid-liquid extraction.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/184715/

Version: Accepted Version

Proceedings Paper:

De Santis, A., Colombo, M. orcid.org/0000-0002-4335-4250, Hanson, B.C. et al. (1 more
author) (2021) A novel generalized multifluid modelling approach for the simulation of
multiphase flows: application to intensified liquid-liquid extraction. In: Proceedings of the
13th International ERCOFTAC Symposium. 13th International ERCOFTAC Symposium on
Engineering Turbulence Modelling and Measurements (ETMM 13), 15-17 Sep 2021,
Rhodes, Greece. ERCOFTAC , pp. 94-99.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
university consortium eprints@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




A NOVEL GENERALIZED MULTIFLUID MODELLING APPROACH

FOR THE SIMULATION OF MULTIPHASE FLOWS: APPLICATION TO

INTENSIFIED LIQUID-LIQUID EXTRACTION

A. De Santis, M. Colombo, B.C. Hanson and M. Fairweather

School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9]T, United King-
dom

a.desantis @leeds.ac.uk

Abstract

Intensified liquid-liquid extraction is a separation
process found in several applications in different in-
dustries including nuclear power generation, metal-
lurgy and biotechnology. The multiphase hydrody-
namic behaviour typical of intensified liquid-liquid
extraction processes often exhibits a broad range of
interfacial scales, ranging from small droplets em-
bedded in a continuous phase to large interfaces ob-
served in the segregated flow regions. This precludes
the application of standard off-the-shelf multiphase
modelling approaches, which rely on the assumption
of either dispersed or segregated flow regimes in the
entire computational domain, for the simulation of
such flows. A novel GEeneralized Multifluid Model-
ling Approach (GEMMA) has been developed and
validated to allow for the simulation of such mul-
tiscale multiphase flows. In this work this approach
is applied to the simulation of the hydrodynamic be-
haviour for acetone absorption in a rotating disc col-
umn. It is shown that the modelling approach can ac-
curately predict key hydrodynamic parameters such
as organic phase hold-up and mean Sauter diameter.
In addition, the GEMMA approach allows for an ad-
equate representation of both the finely dispersed
flow observed in the active part of the column and of
the large segregated interface present in the top sep-
arator. It is concluded that the proposed approach
represents a promising tool for the simulation of
complex multiscale multiphase flows such as those
observed in intensified liquid-liquid extraction pro-
cesses.

1 Introduction

Liquid-liquid extraction is a separation process
found in several applications in different industries
including nuclear power generation, metallurgy and
biotechnology (Hanson (2015)). Regardless of the
specific application, high extraction efficiencies and
low residence times are generally desirable proper-
ties. These can be attained in intensified extraction,
which is enabled by devices such as extraction col-
umns and annular centrifugal contactors (ACCs)
(Hanson (2015); Vedantam and Joshi (2006)). On the
other hand, there is a general lack of understanding

of the local hydrodynamics observed during the op-
eration of these devices. In this context, computa-
tional fluid dynamics (CFD) has the potential to pro-
vide valuable insights into the hydrodynamic behav-
iour of intensified liquid-liquid extraction processes.
However, the complexity of the flow features ob-
served in these processes poses significant chal-
lenges to standard CFD approaches (Vedantam et al
(2012); De Santis et al (2021a)).

With respect to the modelling of multiphase
flows, standard approaches can be generally divided
in two main categories: interfacial-scale averaging
and interfacial-scale resolving approaches (Prosper-
etti and Tryggvason (2007); Marschall (2011)). The
former, which leads to so-called multifluid models,
is particularly appropriate for simulating flows char-
acterised by a fine dispersion of droplet or bubbles
(representing the dispersed phase) embedded in a
continuous phase. The interface is not resolved ex-
plicitly and therefore suitable closures are needed for
the interfacial exchange of mass, momentum and en-
ergy. The interfacial-scale resolving approach in-
cludes both Lagrangian interface-tracking models
and interface-capturing (e.g. volume of fluid (VoF),
level set) models. In this case, the numerical grid has
to be refined enough to allow for an adequate resolu-
tion of the interface morphology, which hinders the
applicability of this approach to finely dispersed
flows. However, both regimes are present at the same
time in most “real-life” multiphase problems, and
specifically in intensified liquid-liquid extraction
processes; as such, standard off-the-shelf multiphase
modelling approaches are ill-suited for the simula-
tion of such flows. Therefore, there is a need for a
generalised multiscale modelling approach capable
of dealing with the coexistence of a broad range of
interfacial scales within the same computational do-
main.

In response to this, we have recently developed a
GEneralized Multifluid Modelling Approach
(GEMMA) which allows for the simulation of mul-
tiscale multiphase flows by introducing interface res-
olution capabilities on top of a standard multifluid
framework; it has been shown (De Santis et al
(2021b)) that the proposed approach results in an ac-
curacy comparable to interface-resolving methods in



the segregate/large-interface regime, whilst a stand-
ard multifluid behaviour is recovered in dis-
persed/small-interface flows. Further, application to
the simulation of a plunging water jet demonstrated
the capability of the approach to handle the presence
of a broad range of interfacial scales within the com-
putational domain. Subsequently, it has been demon-
strated that the GEMMA approach coupled with a re-
duced population balance model can provide an ac-
curate representation of the hydrodynamic features
of the multiphase flow observed in ACCs (De Santis
et al (2021a)).

This work presents the application of the
GEMMA approach to predict the hydrodynamic be-
haviour of the multiphase flow observed in a Rotat-
ing Disc Column (RDC); the considered conditions
within the column mimic the experimental investiga-
tion of Garthe (2006). The experimental data is also
used to validate the numerical results.

The paper is organised as follows: an overview of
the formulation of the model is provided in Section 2
and details of the numerical set-up used for the CFD
simulation are given in Section 3; the numerical re-
sults are discussed in Section 4 and conclusions and
future work are presented in Section 5.

2 Mathematical formulation

The GEMMA approach is built on top of a mul-
tifluid framework provided by the native reacting-
MuliphaseEulerFoam solver in OpenFOAM v7.0
(The OpenFOAM Foundation (2019)). reactingMulti-
phaseEulerFoam is a multifluid solver for systems of
n compressible phases including interphase momen-
tum, energy and mass transfer capabilities. The solver
can also be coupled with an inhomogeneous popula-
tion balance model (Krepper (2008)).

The GEMMA formulation is described in detail in
(De Santis et al (2021b)), and only a short overview
is provided here for the sake of brevity. The approach
relies on the introduction of an ad-hoc multifluid for-
mulation suitable for large interfacial scales. A binary
scalar field C,, depending on the local flow conditions
and mesh size, is used to select the most appropriate
local formulation for the model. In the cells where
C, = 1 the local mesh size allows for an adequate res-
olution of the interfacial scales, and the aforemen-
tioned multifluid formulation for large interfacial
scales is employed; in the other cells C, = 0, and a
standard multifluid formulation suitable for small/dis-
persed interfacial scales provided by reactingMulti-
phaseEulerFoam is recovered.

The switch logic is based on the definition of an
interface resolution quality (IRQ) index, which quan-
tifies the capability of the mesh size to resolve the lo-
cal interface curvature (De Santis et al (2021b); Anez
et al (2016)); the IRQ is defined as:

2
IRQ =+ (1)
where A is the local mesh size and k is the local inter-
face curvature evaluated as:
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C, is then set equal to one in the cells that satisfy the
condition:

IRQ = IRQcrit (3)
where IRQ,;; is a user-defined threshold that allows
control on the minimum resolution of the interface
needed to activate the large-interface formulation. An
additional control based on the local value of the vol-
ume fraction is included in the switch logic to ensure
that C, is zero in the cells containing pure phases (De
Santis et al (2021b)). Also, for the cases in which the
local dispersed phase diameter d is known (for in-
stance, from the solution of a population balance equa-
tion), an additional check is performed and the switch
is activated only in the cells where the condition:

d >TA )

is met; in Equation (4), I' is another user-defined pa-
rameter which allow control on the minimum resolu-
tion of the dispersed phase diameter required to acti-
vate the large-interface resolution.

The large-scale multifluid formulation employed
in the cells where C, is equal to one introduces three
main features:

e The introduction of a compression term to
guarantee a sharp representation of the inter-
face in the large-interface cells,

e The inclusion of suitable closures for interfa-
cial transfer model which are compatible
with the local morphology of the interface; in
particular, the drag model of Marschall
(2011) is used to account for interfacial fric-
tion in cells where C, = 1,

e The introduction of a multifluid-compatible
formulation for the surface tension force.

In addition, a reduced population balance formula-
tion is used to evaluate the local Sauter mean diameter
of the organic phase in the present simulation. Simi-
larly to De Santis et al (2021a), the One-Primary-One-
Secondary-Particle-Method (Drumm et al (2010)) is
used for this purpose, with the break-up and coales-
cence rates evaluated using the closures of Martinez-
Bazan et al (1999) and of Prince and Blanch (1990),
respectively. It should be pointed out that the choice
of a reduced population balance approach is linked to
the need to reduce the computational cost of the simu-
lation, but the GEMMA approach is fully compatible
with more complex population balance formulations.

3  Numerical set-up

The computational domain mimics the experi-
mental set-up of Garthe (2006), for which a schematic
representation is provided in Figure 1. The RDC has a
total height of 4400 mm and an active height of 2950
mm, corresponding to 59 compartments; the compart-
ments are delimited by static baffles (not depicted in
Figure 1) attached to the static external wall of the ac-
tive section of the column with a 50 mm spacing. The



shaft driving the rotating discs has a rotating speed of
200 RPM.
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Figure 1: Schematic of the RDC.

In the experiments the column is used for acetone
absorption in a water/toluene/acetone system. Since
the objective of the numerical simulation is to evaluate
the hydrodynamic behaviour of the system, and the ac-
etone concentration was kept relatively small in the
experiments, mass transfer is not accounted for in the
simulation. The physical properties for the aqueous
and the organic phases are taken from Garthe (2006).

The computational domain makes use of the axial
symmetry of the rig (with the exclusion of the inlet and
outlet pipes), and consists of a 5-degree wedge with
rotational periodicity imposed on the front and back
boundaries of the domain. This numerical set-up has
the advantage of reducing the computational cost with
respect to the simulation of the full geometry of the
column; at the same time, the computational domain
could be readily modified for the use of a larger angle
for the wedge if deemed necessary in future work,
without the need to modify the numerical set-up.

The numerical grid consists of unstructured hexa-
hedral cells with a characteristic size of 2 and 0.8 mm
in the bulk and at the walls, respectively, for a total
cell count approximately equal to 120,000.

Dirichlet conditions enforcing flow rates con-
sistent with the experimental set-up (i.e. volumetric
flow rates of 40 and 48 1/h for the aqueous and the or-
ganic phase, respectively) are used for the velocity at
the heavy phase inlet and outlet, and at the light phase
inlet, whilst a Neumann condition is used for the light
phase outlet; a no-slip condition is used for the veloc-
ity at the walls and moving wall conditions are used to
account for the rotation of the shaft and of the rotating
discs. For the operating pressure, Neumann conditions
are used on all the boundaries but the light outlet,

where a Dirichlet condition on the total pressure is en-
forced. For the reduced population balance method, a
Dirichlet condition corresponding to a mean Sauter di-
ameter of 3 mm is imposed at the light phase inlet for
the number density, whilst a zero-gradient condition is
used on the other boundaries.

The simulation has been performed using the
open-source code OpenFOAM v7.0; the convective
terms in all the transport equations have been discre-
tised using a second-order total variation diminishing
(TVD) scheme, whilst the time-derivative terms have
been discretised using a first-order Eulerian scheme;
the MULtidimensional limiter for Explicit Solution
(MULES) is used to guarantee the boundedness of the
volume fraction solution (Berberovic et al (2009)).

The time-step size is selected to guarantee a max-
imum Courant number value less than or equal to 0.5.
The simulation has been run for 200 s of physical time
to reach a statistically steady state plus an additional
400 seconds to collect statistics.

Both phases are considered to be turbulent and a
large eddy simulation (LES) has been used to account
for turbulence effects, with a dynamic Smagorisnky
model (Smagorinsky (1963); Verma and Mahesh
(2012)) for the subgrid stresses and a wall-function ap-
proach (Launder and Spalding (1974)) used to relax
near-wall mesh requirements.

4 Results and discussion

Figure 2 shows the time-averaged organic phase
volume fraction in the central compartments (i.e. com-
partments #29 and #30) of the RDC.
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Figure 2: Time-averaged organic phase volume
fraction in the central compartments.

Consistently with what has been observed in other
CFD investigations of RDCs (Drumm et al, (2010);
Attarakih et al (2015)), it can be seen that the organic
phase tends to accumulate beneath the discs and the



stator baffles, forming pockets in those regions. How-
ever, this accumulation is due to a large number of
droplets, and therefore there is not a defined large-
scale interface between these organic phase pockets
and the surrounding aqueous phase. At the same time,
it is observed that the organic phase also establishes a
S-shaped path (although with a low volume fraction
value compared to the pockets under the baffles) be-
tween the discs and the static baffles.

The time averaged velocity magnitude contours for
the two phases in the central compartments, together
with the corresponding velocity vectors, are depicted
in Figure 3. The upward S-shaped motion of the or-
ganic phase highlighted in Figure 2 is evident from the
velocity vectors; the heavy phase velocity field, on the
other hand, is dominated by the presence of two large
counter-rotating vortices in each compartment, and no
evident downward motion is visible.
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Figure 3: Time-averaged velocity magnitude for the
organic (left) and the aqueous (right) phases with
superimposed corresponding velocity vectors in the
central compartments.

The benefit of using a generalized approach such
as GEMMA in the simulation of this case is high-
lighted in Figure 4, showing the resolution of the large
interface found in the top separator of the column. It
can be seen that the approach is capable of detecting
the large interfacial scales associated with this feature,
which results in the activation of the C, switch at the
interface. This, in turn, allows for a “sharp” represen-
tation of the interface, without any significant numer-
ical diffusion that is typical of the standard “dis-
persed” multifluid formulation when resolving large
segregated interfaces.
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Figure 4: Instantaneous organic phase volume
fraction (left) and C, switch (right) contours at the
top separator of the column.

Finally, the compartment-averaged light phase
hold-up and Sauter mean diameter obtained from the
simulation are compared with the experimental meas-
urements of Garthe (2006) in Figure 5 and Figure 6,
respectively. The simulated organic phase hold-up in
the active section of the column is roughly constant,
with an average value of 0.067 which is in a good
agreement with the experimental observations. For the
Sauter mean diameter, the numerical results tend to
overpredict its value slightly along the column com-
pared to the experimental measurements. Experi-
mental error ranges were not reported, but the average
variance with respect to the experiments data points
appears to be relatively small. In this respect, it should
be pointed out that no efforts were mode to optimize
the break-up and coalescence kernels used in the re-
duced population balance to improve the agreement
with the experimental data.
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Figure 5: Compartment-averaged organic phase
hold-up along the active section of the column axis:
numerical results and experimental measurements.
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Figure 6: Compartment-averaged organic phase
Sauter mean diameter along the active section of the
column axis: numerical results and experimental
measurements.

Both hold-up and Sauter mean diameter are key
hydrodynamic parameters for the prediction of the
mass transfer performance of the device; therefore, the
accurate results obtained with GEMMA are seen as an
encouraging first step for the prediction of mass trans-
fer within the column.

5 Conclusions

A novel GEneralized Multifluid Modelling Ap-
proach (GEMMA) suitable for the prediction of mul-
tiscale multiphase flow has been applied to the simu-
lation of the hydrodynamic behaviour of a rotating
disc column used for acetone absorption. A compari-
son with experimental measurements has shown that
the proposed approach is capable of providing an ac-
curate representation of the complex multiscale flow
found within the device; this is regarded as key for the
prediction of the mass transfer performance of the col-
umn. Further, it has been shown that the GEMMA ap-
proach can adapt to the local interfacial scales, with
the large segregated interface observed in the top sep-
arator of the column being correctly identified and re-
solved using the large-interface formulation of the
model. It is concluded that the proposed approach rep-
resents a promising tool for the simulation of complex
multiscale multiphase flows such as those encountered
in liquid-liquid extraction; future activities will in-
clude further model assessment and the inclusion of
local predictive capabilities for concentration-driven
mass transfer within the GEMMA framework.
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