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Hydrodynamics of Annular Centrifugal Contactors: a CFD analysis
using a novel multiphase flow modelling approach

A. De Santis *, B. C. Hanson “, M. Fairweather *

“ School of Chemical and Process Engineering, University of Leeds, LS2 9JT, Leeds, United Kingdom

Abstract

Annular Centrifugal Contactors (ACCs) are a promising process intensification technology for
liquid-liquid extraction. Still, there is a limited understanding of the hydrodynamic conditions
observed within ACCs and Computational Fluid Dynamics has the potential to shed light on this.
However, the presence of a broad range of interfacial scales prevents the use of standard
multiphase flow models. Therefore, a generalized multiphase modelling approach has been
proposed, which allows for the simulation of multiscale multiphase flows. This approach has been
applied to the simulation of a laboratory-scale ACC. It is demonstrated that the approach can
provide information on the hydrodynamic behaviour of the system including hold-up, droplet size
distribution and residence time; this, in turn, allows evaluation of the mass transfer performance.
It is concluded that the modelling technique represents a valuable tool for gaining in-depth
understanding of the hydrodynamics of ACCs, thus allowing for the prediction of their

performance.

Keywords: Annular Centrifugal Contactors, Liquid-liquid extraction, Computational Fluid

Dynamics, Multiphase flows

1. Introduction

Liquid-liquid extraction is a key process in current spent nuclear fuel reprocessing methods as
well as in advanced reprocessing technologies foreseen for the next generation of nuclear power
plants [1]. For instance, liquid-liquid extraction is used in the Plutonium Uranium Reduction
Extraction (PUREX) process to separate and purify uranium and plutonium from each other and
from fission products contained in irradiated uranium fuel elements [2]. Intensified liquid-liquid
extraction, which is attained in devices such as pulsed sieve-plate extraction columns and Annular
Centrifugal Contactors (ACCs), allows for higher extraction efficiencies and lower residence
times compared to the standard extraction process taking place in devices such as mixer-settlers
(3] [4].

In particular, ACCs are regarded as a promising technology due to their high mass transfer

rates and good separation efficiency. However, they are characterised by a highly complex
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hydrodynamic behaviour and there is a general lack of understanding of the local features of the

multiphase flow as well as of the local droplet size distribution found in these devices [5].
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Figure 1. Schematic of an ACC (left) and qualitative representation of interface-resolving (top-right) and
interface-averaging (bottom-right) approaches.

A schematic representation of an ACC is provided on the left-hand side of Figure 1. Both the
aqueous and the organic phases enter the device in the mixing region, i.e. in the annular section
encompassed by the outer case and the external rotor wall. Due to the high-speed rotation
imparted by the rotor, the mixing region is dominated by a Taylor-Couette-type multiphase flow
and the mixture inside the annulus is subject to high shear and turbulence. This results in the
formation of a fine dispersion, which is highly desirable to enhance the mass transfer of the solute
to the solvent. This finely dispersed mixture is collected at the bottom of the device and then
guided within the rotor by means of dedicated vanes. Coalescence and phase separation take place
by means of the different centrifugal force experienced by the two phases within the rotor due to
their different density. At the top of the rotor, the two phases are collected and guided to their
outlet sections by means of a complex weir system.

Computational Fluid Dynamics (CFD) has the potential to allow for in-silico investigation of
ACCs and thus shed light on the intricate hydrodynamics of these devices. However, this is
hindered by the complexity of the flow to be simulated; in particular, the presence of a broad
range of interfacial scales within the system precludes the use of standard “off-the-shelf”
modelling approaches for multiphase flows [6] [7]. Standard multiphase models stem from two
modelling approaches [8] [9]:

e Interface-averaging approach

e Interface-resolving approach
The interface-averaging approach results in the so-called multifluid (or Eulerian) models; in these
models it is assumed that scale separation exists between the continuous and the dispersed phases;
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this allows for conditional volume averaging of the governing equations, and therefore in this
approach the interface morphology is not directly resolved. All the phases within the system,
which share the same pressure, are represented as interpenetrating continua and each phase has its
own momentum equation. Due to the averaging procedure and consequent loss of information on
the interface morphology, suitable closures are needed for the exchange of momentum, heat and
mass at the interface.

The interface-resolving approach seeks to directly resolve the morphology of the interface
between the phases; therefore, the numerical grid has to be fine enough to allow for an adequate
resolution of the interface, which hinders the application of this approach to finely dispersed
flows. Two main model classes stem from this approach: interface-tracking models which track
the evolution of the interface in a Lagrangian fashion, and interface-capturing models which
reconstruct the interface from a known indicator function. Interface-capturing models include both
the Level Set [10] and the Volume of Fluid (VoF) [11] techniques; the latter technique, in
particular, is generally numerically robust and widely used in the simulation of segregated
multiphase flows, but tends to show some degree of interface smearing due to the numerical
diffusion of the indicator function. Therefore, a special numerical treatment is required to
counteract this “unphysical” smearing and to retain the sharpness of the interface.

From the description of the operating principles of ACCs, and as schematically shown in
Figure 1, it follows that the interface-averaging approach is better suited for the simulation of the
finely dispersed flow observed in the mixing region, whilst an interface-resolving approach is
desirable for the simulation of the segregated flow found within the rotor. This highlights the
problems encountered when trying to apply modelling paradigms suitable for “idealized” flow
configurations, such as the fully dispersed and the large-scale/segregated interface assumptions, to
“real-life” multiscale complex flows. This has been demonstrated in the context of liquid-liquid
extraction in the recent LES/VoF simulation of a Pulsed Sieve-plate Extraction Column reported
in [12]. It has been observed that an extremely fine mesh, associated with an unfeasible
computational cost, would be required to resolve the single droplets within the system following
an interface-resolving approach; including the effects of the presence of these droplets, on the
other hand, is key for the correct representation of the hydrodynamic behaviour and of the mass
transfer within the system. A previous study [6] came to the same conclusion following a
LES/VoF investigation of the CINC-V2 ACC. Therefore, it is clear that there is a need for a
generalized multiphase modelling approach capable of switching between some form of the two
different modelling paradigms, interface-resolving and interface averaging, based on the local
flow conditions and mesh resolution [9] [13] [14].

In this context, the University of Leeds has developed a novel GEneralized Multifluid
Modelling Approach (GEMMA) [15]. This approach relies on the multifluid modelling
framework for the solution of the governing equations (i.e. each phase retains its own momentum
equation, and therefore suitable models are needed to account for the exchange of momentum

between the different phases). In regions where the interfacial scales are small compared to the
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size of the mesh, a standard multifluid formulation suitable for small/dispersed interfaces is used,
whilst an ad-hoc multifluid formulation suitable for large/segregated interfaces is used in those
regions were the mesh is sufficiently fine to resolve the interface; a local binary switch is used to
decide the local model formulation as a function of the ratio between the interfacial scales and the
mesh resolution on a numerical cell-by-cell basis. Including a dependency on the local mesh
resolution is crucial since, in the modelling context, “small” and “large” interfacial scales are
always defined with respect to the local mesh size. The status of the switch allows for the
activation/deactivation of different terms and models in the governing equations such that a
standard multifluid formulation is recovered in the regions of small/dispersed interfacial scales,
whilst an ad-hoc multifluid formulation suitable for large/segregated interfaces is used in the
regions where the local mesh size guarantees adequate resolution of the interfacial scales.

The paper presents work on the application of the GEMMA approach to the simulation of the
hydrodynamic behaviour of ACCs. An in-depth description of the modelling approach is given in
Section 2. Section 3 reports the application of the modelling approach to the simulation of liquid-
liquid extraction processes in ACCs: the numerical settings used in the different simulations are
illustrated in Section 3.1, followed by the simulation of the mixing region of an ACC described in
Section 3.2. The simulation of a laboratory-scale ACC is presented in Section 3.3, and a possible
strategy for the application of the CFD results to the prediction of the mass transfer performance
of the device is illustrated in Section 3.4. Finally, conclusions and future work are discussed in

Section 4.

2. Modelling approach

The GEMMA approach has been implemented in the well-known open-source CFD code
OpenFOAM v7.0 [16] [17]. The implementation is based on the built-in solver
reactingMultiphaseEulerFoam, which is a standard multifluid solver for n compressible phases
and can account for both heat and mass transfer. The solver also includes a broad variety of
models for the interfacial transfer of momentum, heat and mass and can be coupled to an
inhomogeneous population balance [18] to evaluate the local size distribution of the dispersed
phase.

The GEMMA approach has been built on top of the standard multifluid modelling framework
given by reactingMultiphaseEulerFoam. The key concept behind the GEMMA approach is the
use of a suitable multifluid formulation based on the local interfacial morphology, i.e.
large/segregated or small/dispersed; the local model formulation is decided via the introduction of
a local binary switch C, [14] [19]; the logic controlling the local switch status is reported in the

flow-chart in Figure 2 an described in further detail below.
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Figure 2: Flow-chart for the switch logic within GEMMA, reproduced with permission from [15].

In the cells of the numerical mesh in which C, is equal to zero the GEMMA approach reduces
to a standard multifluid approach suitable for small interfacial scales. In the cells where C, is
equal to one a multifluid formulation suitable for large interfacial scales is activated. In the
numerical modelling context, it is important to underline that the concept of “small” and “large”
interfacial scales is relative to the local size of the numerical grid. Therefore, the logic controlling
the status of the switch is based on the capability of the local mesh resolution to resolve the local
interfacial scales adequately; within GEMMA the user has the capability to specify the minimum
resolution of the interface that has to been guaranteed to activate the large interfacial scales
formulation. This is achieved by introducing the concept of an Interface Resolution Quality (IRQ)

index [20]. IRQ is defined as:
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where A is the local mesh size, which is evaluated as the cube root of the local cell volume, and k

is the local interface curvature, which is evaluated from the resolved volume fraction field. For a
spherical dispersed phase element, k = 1/r and therefore IRQ = Zr/ A= d/A. A high value of

IRQ corresponds to an accurate spatial resolution of the curvature of the interface. Within the
switch logic, a user-specified critical value IRQ,;; is used control the desired level of resolution
of the interface curvature necessary to activate the large-interface mode of the solver locally. A
second switching criterion is used in combination with IRQ when the local dispersed phase size is
known, for example, via the resolution of a population balance equation. In this logic, ' is a
parameter that allows control of the minimum number of cells needed to resolve the interfacial
scales associated with a Dispersed Phase Element (DPE) of diameter d. This criterion activates
the large interface switch in the cells where the local dispersed phase diameter is at least I' times
larger than the local mesh size.

Assuming incompressible phases, and neglecting heat and mass transfer, the momentum
conservation equation for phase k in the multifluid formulation is given by:

dauy
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where the interfacial momentum exchange term Fj includes forces due to drag, lift, wall

lubrication and turbulent dispersion; all these terms need suitable models in order to close the
equation. The surface tension force Fg;, is usually taken equal to zero in the standard multifluid
formulation developed in the context of small/dispersed interfaces.

The corresponding continuity equation for phase k reads:

da (©))
a—tk+V- (agu) =0

In the cells in which the model is operating in large/segregated interface mode the local mesh
resolution is theoretically fine enough to guarantee an adequate resolution of the morphology of
the interface; therefore, it is desirable to maintain a “sharp” interface in these cells, similarly to
what is done in interface-capturing models such as VoF. Within GEMMA, this is achieved by
including a compressive term in the continuity Equation (3), following a technique commonly
employed in the VoF approach to guarantee a sharp interface. Therefore, the continuity equation
for phase k used in GEMMA reads:

% + V- (au) + V- (uea (1 —ap)) =0 )

where the term a;, (1 — a;,) ensures that the compressive term is only active in the interface region
and u, is the compressive velocity. It has to be pointed out that the compressive term appearing in
Equation (4) does not corresponds to any actual physical phenomenon, but is merely a numerical
expedient used to counteract another purely numerical effect, i.e. the “smearing” of the interface

[21].



The compressive velocity is evaluated as:

Va
Uc = Calul—a S)

where I\Z_ZI ensured that u, is normal to the interface, and |u| is the magnitude of the relative

velocity between the two phases at the interface. The binary switch C, in Equation (5) ensures
that the compressive term is only active in the large/segregated interface cells, whilst the standard
multifluid continuity Equation (4) is recovered in the small/dispersed interface cells where C, is
equal to zero.

In order to develop a multifluid formulation suitable for large/segregated interfaces it has to be
observed that the standard interfacial momentum exchange closures, which have been developed
under the assumption of the presence of a dispersed phase made up of DPEs such as droplets or
bubbles, are not applicable in large/segregated interface cells. Therefore, a closure for the
interfacial momentum exchange due to drag in the presence of large/segregated interfaces [9] is
used within GEMMA in the cells where C, is equal to one; all the other interfacial momentum
exchange terms are neglected in those cells. A novel generalized blending technique, depending
on the local C, value, is used to blend between interfacial exchange models suitable for small and
large interfacial scales [15].

In addition, the resolution of the interfacial morphology in the regions of large/segregated
interfacial scales allows for the evaluation of the surface tension force. A multifluid version [22]
of the Continuum Surface Force (CSF) [23] [24] is employed to evaluate the surface tension force
Fg, ) in the cells where C, is equal to one. The surface tension force within GEMMA is therefore

evaluated as:
ng
2p
Fop = akz Cap iV 5= (6)

i=1
where gy, ; is the surface tension force coefficient between phases i and k, and p is the density of

the mixture, Apy ;. The interface curvature k is evaluated on a smoothed volume fraction field,
following the Smoothed Continuum Surface Force (SCSF) approach of [25].
From the discussion above, it follows that the multifluid formulation for large interfacial scales
used within GEMMA in the cells where C,, is equal to one is based on three main features:
1. Introduction of a compression term in the continuity equation to guarantee a sharp
interface
2. Introduction of a drag closure suitable for large/segregated interfacial morphologies
and of a generalized blending method between closures suitable for small/dispersed
and large/segregated interfacial scales
3. Introduction of a multifluid version of the SCSF for the evaluation of the surface
tension force.
The GEMMA formulation described above has been tested in different test cases in [15],
where it has been shown to be as accurate as standard interface-capturing models in the simulation

of cases characterized by large/segregated interfaces, whilst a standard multifluid formulation is
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recovered in cases characterized by small/dispersed interfaces. In the same work the authors also
demonstrated the capability of the GEMMA approach to deal with a prototypical multiscale flow,

i.e. a water jet plunging into a quiescent pool [26].

2.1 Reduced population balance

In the context of the simulation of liquid-liquid extraction processes, a knowledge of the
droplet size distribution in the mixing region is key for the hydrodynamic characterisation of
ACCs and also for the evaluation of their performance in terms of mass transfer. A population
balance approach can be used within GEMMA to evaluate the DPE size distribution when
working in dispersed-interface mode. The formulation of GEMMA is fully compatible with the
MUSIG [18] multigroup inhomogeneous population balance embedded within the
reactingMultiphaseEulerFoam solver in OpenFOAM, which allows for the evaluation of the
DPEs diameter distribution.

However, in order to reduce the computational overhead associated with the resolution of the
population balance equation, a reduced population balance has been implemented within
GEMMA as an alternative to MUSIG. The reduced population balance is based on the One
Primary One Secondary Particle Method (OPOSPM) [27], which is a special instance of the
Sectional Quadrature Method of Moments (SQMOM) in which only one primary particle and one
secondary particle are considered [27] [28]. In the OPOSPM approach two low-order moments
can be conserved, and the secondary particle represents a Lagrangian fluid particle carrying
information about the droplet population through its low-order moments. Although the selection
of these moments is arbitrary, the total number and volume concentrations are the most natural
candidates for the conservation of the total number and mass of the DPEs. Because the total
number and volume concentrations are conserved, the population density is represented by a

single particle (assumed to have a spherical shape) whose size is characterised by the diameter:

da = 73 = J% ™)
my, Ny
where a; and N, are the volume fraction and the particle number density of the dispersed phase,
respectively, which are related to the zeroth and third moment of the distribution m, and m;. The
dispersed phase volume fraction is already known from the solution of the related continuity
equation, so the OPOSPM only requires the solution of one additional conservation equation for

N, which reads:

d(paNg)

ETR V- (patalNg) = paS ®

where the source term is given by:

1
§=(Ng—1Dg(d3p) — Ea(d3o’d3o)N§ ®



In the equation above, g(dso) and a(dso, d3o) represent the break-up and coalescence rates,
respectively, which have to be evaluated by using a suitable closure. In all the cases considered in
this paper, the break-up model of [29] and the coalescence model of [30] have been used.

The OPOSPM population balance allows for the evaluation of d3,; mathematically, this is a
more coherent choice compared to ds,, since the former is a natural quadrature node whilst the
latter is not. However, keeping in mind the importance of evaluating the interfacial area density a;
to assess mass transfer within the device, it is worth observing that knowledge of d;, allows

evaluation of the interfacial area density as:
6a

ds
For the simulation of ACCs, [14] proposed to use the knowledge of d5, directly available from

a; = (10)

the OPOSPM population balance and estimate the ratio of d3°/ dsy’ which for liquid-liquid

dispersions in centrifugal contactors is observed to be consistently in the range 0.75-0.8. A value

0f 0.76 is used throughout the simulations presented in this work.

3. Simulation of liquid-liquid extraction processes

The section presents the results obtained using the GEMMA approach for the simulation of two
cases relevant to liquid-liquid extraction processes in ACCs: firstly, the multiphase flow observed
in the annular section of an ACC has been investigated, in order to assess the capabilities of the
modelling approach in the simulation of the mixing region of ACCs and validate the numerical
results against available experimental observations. Secondly, a laboratory-scale ACC has been
simulated, in order to demonstrate the capability of GEMMA to predict the complex flow-field

observed in these devices and to yield key information on their hydrodynamic behaviour.

3.1 Numerical set-up

All the simulations were performed using the open-source CFD code OpenFOAM v7.0.
Second-order Total Variation Diminishing (TVD) schemes were used for the spatial discretization
of the convective term in all the transport equations, whilst a first-order Eulerian scheme was used
to discretize the temporal derivative terms. The semi-implicit MULtidimensional limiter for
Explicit Solution (MULES) was used to guarantee the boundedness of the volume fraction fields
[21]. The pressure-velocity coupling algorithm employed in all the simulation was a multiphase
extension of the PIMPLE algorithm [16]. The time-step size employed in all the simulations

enforced a maximum Courant number value equal to 0.5.



3.2 Simulation of the mixing region of an ACC

In order to assess the capability of the GEMMA approach with respect to the simulation of the
annular mixing section of an ACC, the flow in the mixing region of the CINC-V2 centrifugal
contactor at different rotor speeds was simulated. This contactor has been investigated
experimentally in [31]. The computational domain employed for the present simulations was
based on the work of [14] and consists of a 5° wedge, representing the annular region between the
casing and the outer rotor wall of the contactor, with periodic conditions enforced on the wedge
sides. The domain was discretized in space with a structured hexahedral mesh of size equal to 0.4
mm, which resulted in a cell count of 19,600. For the baseline case, corresponding to a rotating
speed of 2000 RPM, a more refined mesh of size equal to 0.2 mm (corresponding to a cell count
of about 160k) was also used to assess the sensitivity of the results to mesh resolution. All the
simulations were run for a physical time of 3 seconds, except for the cases at rotating speeds of
1100 and 1500 RPM, for which 6 seconds of physical time were simulated.

All the simulations were initialized with three horizontal layers of water, organic phase
(PDMS) and air with a height ratio of 3/1/3. The air phase was considered to be laminar, whilst a
Large Eddy Simulation (LES) approach with a dynamic Smagorinsky [32] [33] closure for the
subgrid-scale stresses was used for both the water and the PDMS phases; additionally, a wall
function [34] was used to relax the mesh size requirements at the wall, thus resulting in a wall-
modelled LES approach. The GEMMA approach was used to simulate the dispersion of the
organic phase in water, whilst it was assumed that a sharp interface was maintained between the
air and the two liquid phases at all times, and hence a uniform value of C, = 1 was imposed for
the air-liquid interfaces. The OPOSPM population balance approach was used to estimate the
PDMS droplet size. This allowed for the use of the switching logic based on both IRQ and the
dispersed phase diameter for the evaluation of the local value of C,. The values for both IRQ;;
and T’ were taken equal to 2. Even though these values correspond to a coarse resolution of the
interface curvature and of the dispersed droplets, this choice was made deliberately to demonstrate
to capability of GEMMA to switch between large-interface and small/dispersed-interface modes

in the considered flow configuration.
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Figure 3. Instantaneous contours of air, PDMS and water volume fraction on the fine mesh.
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Figure 4. Instantaneous contours of water-PDMS C, and PDMS diameter (m) on the fine mesh.

A snapshot of the instantaneous volume fractions of the three phases at t = 0.7 s on the fine
mesh for the baseline 2000 RPM rotating speed is shown in Figure 3. It can be seen that the model
keeps a sharp interface between air and the two liquid phases everywhere in the domain due to the
uniform unitary value of C,. For water and PDMS, on the other hand, the model works in
interface-averaging mode almost everywhere, and this is due to the fine dispersion of PDMS in
water induced by the rotation of the rotor. The corresponding contours for C, and the PDMS
diameter predicted by the reduced population balance are shown in Figure 4. It can be seen how

the small PDMS diameter compared to the mesh size results in C, being zero almost everywhere
11



in the domain, and hence in the interface-averaging behaviour shown in Figure 3. The only
exception is represented by two pockets of entrained dispersed phase, for which the mesh is fine
enough to switch to C, = 1, which guarantees the sharp interface observed in Figure 3 for these
two features.
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Figure 5. Transient evolution of the liquid-averaged PDMS diameter on the coarse and fine meshes at
2000 RPM.

The variation of the liquid-averaged PDMS diameter over time for the baseline 2000 RPM case
is shown in Figure 5. The two meshes show similar trends for this quantity, with time-averaged
values of 248 and 252 pum for the coarse and the fine meshes, respectively, compared to an
experimental value of 361 um; thus, all the simulations at different RPM values were performed
on the coarse mesh only. Also, when performing a quantitative comparison between the
experimental and the numerical results for this quantity, one should keep in mind that the
experiments were performed on the actual contactor, whilst the numerical simulations are based
on a simplified geometry of the annular region only.

A comparison between the experimental and numerical values of the liquid-averaged Sauter
mean diameter d3, is shown in Figure 6. The average Sauter mean diameter is expected to
decrease following a power-law trend with increasing rotating speeds and, overall, this is the case
in both the experimental and the numerical results. However, some experimental points are
observed to deviate from the expected power-law curve. This is likely due to the specific
technique used in [31] to calculate ds, from the droplet size distribution, since the mean diameter
values reported in the same work do not show any deviation from the expected power-law curve.
From Figure 6, it can be observed that the numerical results are in an overall good agreement with
the experiments, especially at the higher rotating speeds. At lower rotation speeds the discrepancy
between the numerical results and the experimental measurements is more significant. In this

respect, it should be kept in mind that the droplet size distribution gets broader at lower rotation
12



speeds, which results in a higher standard deviation associated with the values reported at such
speeds [31]. Overall, these results are seen as an encouraging demonstration of the ability of
GEMMA coupled with an OPOSPM population balance to predict the complex multiphase flow
behaviour observed in the mixing region of ACCs and to provide a good prediction of the

dispersed phase diameter.
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Figure 6. Measured and calculated time-averaged PDMS diameter at different rotating speeds.

3.3 Simulation of a laboratory-scale ACC

The previous section has shown the capability of the GEMMA concept to predict the flow field
observed in the annular section of an ACC. This section describes the application of the modelling
concept to the flow in a complete laboratory-scale ACC. The design of this device does not
replicate any specific existing ACC, as this exercise is meant to be a proof of concept to assess the
capabilities of GEMMA in the simulation of a generic “realistic” laboratory-scale device. In this
respect, it should also be noted that no experimental data are currently available that permit a
thorough validation of a CFD simulation of a complete ACC; for instance, the experiments in [31]
have been performed in a complete ACC, but only the flow observed in the annular section of the
device has been characterised experimentally. For this reason, and also due to the simplifying
assumptions that are addressed below, the numerical results obtained in this simulation are not
directly compared against any experimental data.

The computational domain is depicted in Figure 7. The outer diameter of the ACC is equal to
6.3 cm. The inner diameter of the annulus and the inner diameter of the rotor are equal to 5.4 and
5.0 cm, respectively. The height of the ACC is equal to 8.2 cm. The diameter of the inlet pipes is
equal to 0.8 cm. Four radial vanes are present at the bottom of the device to drive the mixture

within the rotor. A X-shaped stirrer is attached to the shaft within the rotor. The domain is
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discretised using a cut-cell mesh, shown in a vertical mid-plane section in Figure 7, consisting of
2.2M hexahedral cells.

Heavy Light
phase phase
outlet outlet

Heavy
phase inlet
—

Light
phase inlet
—p

Figure 7. Computational domain and numerical grid for the laboratory-scale ACC simulation.
With respect to a “real” ACC, the two main simplifying assumptions made in the present

simulation are:

1. The complex outlet weir systems are not included in the computational domain. Instead
two annular outlet sections are imposed for the heavy phase (shown in red in Figure 7)
and the light phase (shown in blue in Figure 7). An additional pressure overhead equal to
3000 Pa is imposed at the heavy phase outlet to account for the presence of the weir
system that is not included in the computational model.

2. The presence of the air phase is neglected in the simulation; the ACC is modelled as a

two-phase system.

A tributyl phosphate (TBP)/dodecane mixture at 30/70 wt% and a 3 M nitric acid (HNO3) solution
are assumed to represent the light organic phase and the heavy aqueous phase, respectively. The
physical properties of the two phases are reported in Table 1. The aqueous over organic
volumetric flow rate ratio is equal to 2:1. The rotating speed of the rotor is equal to 3600 RPM.

The Moving Reference Frame (MRF) approach is used to account for the rotation in the numerical

simulation.
Table 1. Physical properties of the working fluids.
Density (kg m~) Dynamic viscosity (Pa s)
TBP/dodecane 806 1.894 x 10
Nitric acid 1110 1.129 x 1073
Surface tension (N m™) 0.00983

Both TBP/dodecane and nitric acid were considered to be turbulent, and the wall-modelled
LES approach with the dynamic Smagorinsky closure for the subgrid-scale stresses described in
Section 3.2 was used for both phases. The diameter of the TBP/dodecane phase was evaluated

using the OPOSPM population balance.
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For the simulations, after an initial transient of 6 seconds, the flow in the system was observed
to have reached a statistically-steady state. After this initial transient period, flow statistics were

collected for 4 seconds, leading to a total of 10 seconds of simulated flow time.
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Figure 8. Instantaneous contours (t = 7.5 s) of HNO3 volume fraction, C, switch and diameter

of the dispersed phase (m) on the ACC mid-plane.

The instantaneous contours of the heavy phase volume fraction, C, switch and light phase
diameter on the ACC vertical mid-plane evaluated at t = 7.5 s are shown in Figure 8. The
instantaneous HNO3 contours within the annulus show that any information on the interface
morphology is lost, and this is due to the fact that the model is working in small/dispersed-
interface mode in that region. This is confirmed by the C, contour plot, which shows that the
switch is set to zero almost everywhere within the annulus. Moving to the rotor region, it can be
seen that due to coalescence of the organic phase and the consequent increase in the diameter of
the dispersed phase, the C, switch tends to assume a unity value at the interface between the two
phases; this is particularly evident in the upper part of the rotor region, where the cone-shaped
interface typical of ACCs [5] can be observed and complete phase separation is achieved. The
activation of the C, switch within the rotor region allows the model to work in large-interface
mode; this results in a direct resolution of the interface morphology, as can be inferred by the
sharp interface shown in the ayy , contour plots in the upper part of rotor region, and therefore in
an accurate location of the dispersion band. The capability of GEMMA to handle the transition
from the unresolved small interfacial scales within the annulus to the large segregated interface
found in the rotor region is key to the accurate characterization of the hydrodynamic behaviour of
the ACC. With respect to the organic phase diameter, it should be pointed out that the contours
shown in Figure 8 report the diameter obtained from the OPOSPM population balance; although
this diameter is defined in every cell of the computational domain, it is only representative of the
interfacial scales in the regions where C, is equal to zero. In these cells the interfacial morphology
is not directly resolved and the interfacial area density can be evaluated from the Sauter mean

diameter given by the population balance via Equation (9).
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In the large-interface cells, the interfacial morphology is directly resolved and therefore the
interfacial scales should be evaluated directly from the volume fraction field. In these cells

Equation (9) is no longer representative of the interfacial area density, which can be evaluated as:

a; = |Va| 11

QHNOS drep
000 025 050 075 1.00 1.00e-05 3.40e-4 6.70e-4 1.00e-03

—-— — — R —

Figure 9. Time-averaged contours of HNO3 volume fraction and TBP/dodecane phase
diameter on the ACC mid-plane.

Figure 9 shows the time-averaged contours of the HNO; volume fraction and of the
TBP/dodecane phase diameter. From the time-averaged heavy phase volume fraction contours, it
is observed that a fine dispersion is established within the annulus, as confirmed by the time-
averaged diameter contours; within the rotor region, due to coalescence and separation, a cone-
shaped interface is observed, with a well-defined dispersion band located between the heavy
phase and the light phase outlets, and a complete disengagement of the two phases at the top of
the rotor region.

The evolution of the organic phase hold-up over time is shown in Figure 10. It can be observed
that the hold-up has reached a statistically steady-state in both the annulus and the rotor region at
the start of the sampling period at t = 6 seconds. The time-averaged hold-up values are equal to
0.335 and 0.665 in the annulus and in the rotor region, respectively; it should be pointed out that
the hold-up value within the rotor is affected by the absence of the entrained air in the simulation;
in the actual operation of an ACC, an air cone is formed within the rotor and thus the hold-up
value is expected to be less that the value observed in the present simulation.

Figure 11 shows the evolution of the spatially-averaged organic phase diameter within the
annulus over time. It can be observed that this quantity also shows a statistically steady-state
behaviour over the sampling period. The time-averaged diameter value in the annulus is equal to
0.170 mm. For comparison, the mean diameter evaluated with the correlation proposed by [35] is
0.243 mm. The correlation is given as:

d = 150(We)~*55(Re) 02 (H_d)o.s (i)o.s (12)
Y e/ \Dy
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where We and Re are the droplet Weber and Reynolds number, respectively, D; is the inner

diameter of the annulus and g is the annulus gap.
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Figure 10. Transient evolution of the organic phase hold-up in the annulus and in the rotor

region.
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Figure 11. Transient evolution of the average organic phase diameter in the annulus.

The instantaneous organic phase droplet size distribution within the annulus at t = 7.5 is
shown in Figure 12. The spatially-averaged instantaneous diameter is equal to 0.175 mm at the
considered time. The diameter distribution shape is in qualitative good agreement with the

distributions that have been observed experimentally in ACCs [31], which confirms the ability of
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the GEMMA approach coupled with OPOSPM to provide a reliable prediction of the expected

droplet size distribution observed in the mixing section of ACCs.
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Figure 12. Instantaneous droplet size distribution within the annulus at t=7.5 s.

The residence time is a key parameter for the characterization of the performance of ACCs; in
particular, the residence time of the organic phase within the annular mixing region is a key
parameter for the evaluation of mass transfer within the device [5] [36]. Since the GEMMA
approach allows for an accurate evaluation of the flow within ACCs, the resulting flow field can
be used to evaluate the residence time associated with the given operating conditions.

For the operating conditions considered in the present simulation, the “plug-flow” residence

time in the system is equal to 1.17 seconds. The “plug-flow” residence time is evaluated as:

|4
tpp == a3)
Q

where V is the volume of the system and Q is the total volumetric flow rate through the inlets. The
“plug-flow” residence time associated with the annular mixing region only is equal to 0.48 s.
However, it should be noted that idealized plug-flow and batch reactors are the only systems
for which all the molecules of the working fluid will spend the same amount of time within the
system [37] and can thus be characterised by a single value of the residence time. For non-
idealized systems the concept of Residence Time Distribution (RTD) E(t) is more appropriate
[38]. Usually, the RTD is evaluated experimentally by injecting an inert fluid, i.e. a tracer, within
the system and monitoring its concentration over time C(t) at the outlet. From a CFD
perspective, the equivalent of the aforementioned technique is to inject a passive scalar inside the
system and track its evolution using an advection equation. In this work the focus is on the
residence time of the dispersed organic phase, therefore the passive scalar used as a tracer has the
same physical properties as the organic phase and the advective velocity field is given by the
velocity associated with the continuous aqueous phase. For a step-shaped tracer injection, the

RTD can then be evaluated as [37]:
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dt 14

E(t)

Figure 13 shows the resulting outlet concentration and RTD for the passive scalar. It can be
seen that the RTD for a passive scalar having the same physical properties as the organic phase is
relatively narrow, with an average value of 1.19 seconds, which is very close to the residence time
evaluated with a “plug-flow” assumption. Likewise, the average residence time of the passive
scalar in the annular region is equal to 0.49 seconds, which is very similar to the value of 0.48

seconds obtained with a “plug-flow” calculation.

0.35 1.0
0.30 —
— E(t) 0.8
0.25
020 06
Y =]
0.15 0.4
0.10
0.2
0.05
0.00¢ 5 y : 10.0

t(s)

Figure 13. Exit age and RTD of a passive scalar advected by the aqueous phase through the
system.

However, it should be noted that a passive scalar is unlikely to be representative of the RTD
within the system for a dispersed phase such as the organic phase in an ACC [37]. In fact, DPEs
do not follow an advection equation and they are subject to forces such as drag, lift and turbulent
dispersion. For this reason, it is assumed that Lagrangian Particle Tracking (LPT) would provide a
better estimation of the RTD of the dispersed organic phase compared to the advection of a
passive scalar. In order to estimate the RTD using LPT, 1000 particles were injected in the
domain from the organic phase inlet; these spherical particles have the same physical properties as
the organic phase and a diameter equal to the time-averaged diameter of the droplets within the
annulus, i.e. 0.170 mm. The transport of the particles by the continuous phase was tracked using a
one-way coupled LPT solver. The RTD was evaluated following Equation (14), where the
concentration of the scalar at the outlet was replaced with the count of the particles leaving the
computational domain through the outlet sections. The mean residence times obtained with the
three different techniques, i.e. “plug-flow”, passive scalar and LPT, in both the entire system and

in the mixing zone are summarized in Table 2.
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The LPT-based RTD within the ACC is shown on the left hand side of Figure 14. It can be seen
that the RTD obtained with the LPT is noticeably different with respect to the one obtained with
the passive scalar approach (Figure 13). In particular the former distribution is wider than the
latter, indicating that the standard deviation in the residence time for the particles is significantly
higher compared to that of a tracer; the mean of the distribution is equal to 6.24 seconds, which is
markedly higher than the mean residence team obtained with both the tracer and the plug-flow
assumptions. Lastly, it can be seen that after 20 seconds of simulated time around 300 particles
are still present within the system, possibly indicating the presence of dead zones in the ACC [36].
The RTD for the annular mixing region evaluated with the same LPT-based technique is shown
on the right-hand side of Figure 14; also in this case the distribution appears wider with respect to
the tracer-based RTD, with a significantly longer tail; the LPT-based residence time within the
annulus is equal to 1.06 seconds, which is more than twice that resulting from the passive scalar
calculation. The latter finding is particularly important keeping in mind that the residence time in
the mixing region plays a key role in the evaluation of the mass transfer within the system, and
thus using a tracer-based RTD would result in an underestimation of time available for the mass
transfer process to take place within the mixing region.

Table 2. Mean residence times in the whole system and the mixing region evaluated with
different techniques.

Whole system (s) Mixing region only (s)
“Plug-flow” 1.17 0.48
Passive scalar 1.19 0.49
LPT 6.24 1.06
800 0.40 1000
i 14
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Figure 14. LPT-evaluated RTD within the entire system (left) and the mixing region (right).
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3.4 Application to the prediction of mass transfer coefficients in the mixing
region of the ACC

The detailed information on the hydrodynamic behaviour of the device obtained using
GEMMA can be used to extract useful information on the performance of the system in terms of
mass transfer.

According to the two-film theory [39], assuming infinitely fast interfacial chemistry and
therefore neglecting the resistance to mass transfer at the interface, the mass transfer rate (in kg/s)

from the continuous aqueous phase to the dispersed organic phase can be expressed as:

m = kogApa(mY: —Y,) as)
where A is the total interfacial area available for mass transfer, p, is the density of the dispersed
phase, m is the distribution coefficient of the considered system, and Y, and Y, are the bulk mass
fractions of the solute in the continuous and dispersed phases, respectively; ko4 is the overall
mass transfer coefficient evaluated with respect to the dispersed phase, which can be expressed as

a function of the phase-specific mass transfer coefficients k, and k. as:
1 1 m
=—+
koapa  kapa  kcpc

(16)

Different correlations are available in the literature to evaluate the phase-specific mass transfer
coefficients k,; and k., which are usually expressed as a function of the Sherwood number; good
reviews of such correlations are given in [40] [41]. For a given phase q the Sherwood number is

expressed as:

7
where k, is the phase-specific mass transfer coefficient for phase g, d; is the diameter of the
dispersed phase and Dy, is the diffusion coefficient of the solute in phase g. These correlations

usually express the Sherwood number as a function of the physical properties of the fluids as well
as a function of the hydrodynamic conditions within the system. For instance, the correlation from
[42], suitable for evaluating the mass transfer coefficient for the continuous phase in a swarm of

circulating droplets, reads:

D
k.= 70(0.725Re§"575c2'42(1 —ay)) (18)
where the Schmidt number for the continuous phase is:
Sc, =— 19
¢ peDe )

and the Reynolds number is evaluated as:
_ Pajuyld

Ha
In the equations above « is the dispersed phase hold-up, D, is the diffusivity of the solute in the

Re, (20)
continuous phase and |U,| is the magnitude of the relative velocity between the two phases.
Similarly, a popular correlation for the mass transfer coefficient for the dispersed phase in the

case of a circulating droplet is given by [43] and reads:
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An examination of Equations (15), (18) and (21) reveals that different sets of parameters are
needed for the evaluation of the mass transfer coefficients:
1. Physical and chemical properties of the system (e.g.: densities, viscosities, mass
diffusivities, distribution coefficient)
2. Hydrodynamic parameters (e.g.: dispersed phase diameter, hold-up, slip velocity)
3. Interfacial area and residence time within the system, to integrate Equation (15) over
time and evaluate the overall amount of extracted solute
Whilst the physical properties of the system can usually be retrieved from the literature or via
ad-hoc experiments, the hydrodynamic parameters and residence time are dependent on both the
characteristics of the device and on its specific operating conditions, and are very often extremely
difficult to obtain experimentally, especially in the case of complex devices such as ACCs;
therefore, it is evident that an accurate multiphase modelling approach for multiscale multiphase
flows such as GEMMA allows the use of CFD to evaluate these key parameters needed for the
evaluation of mass transfer in intensified liquid-liquid extraction devices. Within the CFD model,
the mass transfer rate can be evaluated locally, based on local resolution of Equations (15), (18)
and (21), with the controlling parameters evaluated on a cell-by-cells basis within the
computational domain. A less computationally expensive approach is to evaluate these
parameters, and hence the mass transfer performance of the system, using volume-averaged
values of the variables obtained from the CFD simulation. With respect to the laboratory-scale
ACC considered in Section 3.3, the simulation performed with GEMMA yields the volume-
averaged values reported in Table 3 for the annular mixing region. This information, combined
with knowledge of the physical and chemical properties of the system, readily allows for the
evaluation of the volume-averaged mass transfer coefficients in the annular region using
Equations (20) and (21), or other similar correlations available in the literature, and then for the
integration of Equation (15) over time to evaluate overall mass transfer within the device. The
implementation of local cell-by-cell mass transfer modelling capabilities within the GEMMA

approach is foreseen for future developments of the model.

Table 3: Volume-averaged hydrodynamic parameters in the mixing region of the ACC.

Organic phase hold-up 0.335
ds, (m) 1.70 x 10°%
Interfacial area A (m?) 0.9392
Re, 57.4828
|U4| (m s 2.4249
|U,| (ms™) 0.3268
Expected residence time in the annulus (s) 1.06
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4. Conclusions

A novel GEneralized Multifluid Modelling Approach (GEMMA) for the simulation of
multiphase flows has been applied to the simulation of the hydrodynamics of intensified liquid-
liquid extraction processes, with a particular focus on Annular Centrifugal Contactors (ACCs).
The GEMMA approach can seamlessly switch between multifluid formulations suitable for both
large/segregated and small/dispersed interfacial scales, thus allowing for the simulation of the
complex multiscale flows observed in ACCs. The switch is based on the local mesh size and flow
conditions.

The simulation of the multiphase flow in the annular mixing region of an ACC has shown that
the proposed approach is capable of reproducing the main features observed experimentally in
such flows; it was also demonstrated that a combination of GEMMA with a reduced population
balance can provide a reasonable prediction of the Sauter mean diameter of the dispersed phase,
and therefore of the interfacial area density, within the system over a broad range of rotating
speeds.

The simulation of a laboratory-scale ACC has been used as a proof of concept to demonstrate
that GEMMA is a pragmatic approach for the simulation of the complex flow field observed in
these devices; in particular, it has been shown that the modelling approach can satisfactorily
predict the dispersed nature of the flow in the mixing region using a standard interface-averaging
approach for small/dispersed interfaces; within the rotor region, an accurate resolution of the
large/segregated interfacial morphology resulting after phase coalescence and segregation is
obtained, thanks to the multifluid formulation for large interfacial scales implemented within
GEMMA. The accurate resolution of the multiscale flow observed in the ACC makes available
key information such as the location of the dispersion band, residence time, hold-up, droplet size
distribution and interfacial area density. It is of particular interest to note that the hydrodynamic
information made available by the GEMMA approach can readily be used to evaluate the overall
mass transfer performance of the system.

It is concluded that the proposed modelling approach represents a useful and pragmatic tool for
the simulation of intensified liquid-liquid extraction processes, which can yield valuable insights
into the hydrodynamics of these processes. Future work will include further assessment of the
approach and comparison with experimental observations, for which gathering of the necessary
experimental data is ongoing, and the implementation of local mass transfer modelling capabilities

within the GEMMA approach.
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