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A B S T R A C T

Gravitational mixer settlers (GMXSs) are widely used for liquid-liquid extraction (LLE). Immiscible
fluids are mixed to promote the transfer of compounds, then separated by gravity in a settling chamber.
Micromechanical fluid interactions decisive to the separation process are complex, however studies
have shown that by optimizing settler flow pattern, separation performance can be significantly
improved. In this paper, an optimization framework for GMXSs designs is investigated which uses
experimentally validated single phase Computational Fluid Dynamics (CFD) and residence time
distribution (RTD) analyses to identify optimal combinations of design features which maximize
desirable characteristics such as resident time and pressure drop. The design of the settler is formulated
in terms of two design variables: flow rate and position of the inlet baffle. A Radial Basis Function
(RBF)-based surrogate modeling approach using a Design of Experiment (DOE) technique and a
permutation genetic algorithm was used to establish optimal process parameters. A Pareto front is built
which enables designers to explore appropriate compromises between designs with small residence
time and those with small pressure drop.

1. Introduction
Gravitational mixer settlers are used in nuclear [1],

chemical, pharmaceutical, and hydrometallurgical industries
for liquid-liquid extraction [2, 3]. Processes that define their
operation, particularly through the settling chamber, are not
fully understood and large equipment means pilot studies
are time consuming and costly. CFD provides an alterna-
tive method of investigating settler’s performance, where
gravitational settler analysis has focused on inlet geometric
and picket fence configuration by means of multiphase flow
analysis [4, 5, 6]. Alternatively, success has been found
using single phase simulation to improve settler performance
through the flow pattern, and without modeling multiphase
coalescence mechanisms [7, 8]. Coalescence is important
for settler separation and can be encouraged by minimizing
viscous shearing; droplets in the dispersed phase remain in
contact for a maximum amount of time, encouraging film
drainage and coalescence [9, 10]. Furthermore, for a given
system, there exists an optimum residence time over which
the separation will satisfactorily occur. It is thus desirable
that a maximum proportion of the dispersion flow is in
the settler for this time. Lane et al. [8] indicate that plug
flow is the ideal regime, but this is practically difficult to
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achieve, and flow patterns significantly deviate from this
ideal, ensuing reduced efficiency. It has been shown in [8, 11]
that residence time distribution analysis is adequate to assess
settler flow pattern quality.

In the present work, a data-driven CFD-based design-
optimization framework is developed with combines sur-
rogate modeling as in [12] and residence time analysis to
investigate flow patterns in a GMXS.

2. Materials and method
Figure 1a and Fig. 1b show the geometry of the settler

model as depicted by Panda et al. [5].

2.1. Single-phase simulations
The incompressible Navier-Stokes equations for single

phase are assumed:

𝜕(𝜌𝑢)
𝜕𝑡

+ ∇ ⋅ (𝜌𝑢𝑢) − 𝜇∇2𝑢 = ∇𝑝, (1)

where u denotes fluid velocity, 𝜌 the density, 𝜇 viscosity re-
spectively and p its pressure are solved using the simpleFoam

solver in OpenFOAM subject to the boundary conditions
shown in Fig. 1a. These are solved using second order
interpolation, an orthogonal hexahedral mesh and under-
relaxation factors for velocity and pressure of 0.3 and 0.7
respectively as these are found to provide the best conver-
gence performance. In total, 0.15M elements, as exemplified
in Fig. 1b, are used together with automatic parallelization
with 8 subdomains minimizing the number of processor
boundaries.
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Figure 1: Schematic of the mixer settler together with: (a) Boundary conditions and (b) example of mesh distribution.

2.2. Residence Time Distribution (RTD)
The cumulative RTD, F(t), is the proportion of the flow

with a residence time, E(t), less than or equal to time, t. This
is calculated by introducing passive scalars at the inlet and
calculating the time taken for them to leave the GMXS at the
aqueous outlet. The scalarTransportFoam solver then solves
the convection-diffusion equation for the passive scalar, c,
namely

𝜕(𝜌𝑐)
𝜕𝑡

+ ∇ ⋅ (𝑢𝑐) − ∇2(𝐷𝑇 𝑐) = 0, (2)

where the steady, single-phase flow field u is obtained at
steady state solution of Eq. (2).

Once F(t) is determined, the residence time distribution
𝐸(𝑡), the mean residence time 𝑡𝑚, and the standard deviation
𝜎𝑡 are given via

𝐸(𝑡) =
𝑑(𝐹 (𝑡)
𝑑𝑡

, (3)

𝑡𝑚 = ∫

∞

0
𝑡𝐸(𝑡)𝑑𝑡, (4)

𝜎𝑡 =

√

∫

∞

0
(𝑡 − 𝑡𝑚)2𝐸(𝑡)𝑑𝑡 . (5)

The quantity 𝜎𝑡 is useful since a smaller value indicates that
the flow is closer to the ideal flow scenario.

2.3. CFD-based optimization strategy
In this section, we consider the optimization of the

GMXS system, subject to the conflicting objectives of min-
imizing both the energy loss, i.e., 𝐸∗ = Δ𝑝 ⋅ 𝑄 ⋅ 𝜌 with
pressure drop Δ𝑝, density 𝜌 and flow rate 𝑄, and the RTD 𝜎𝑡.

Two design variables are used, namely: the flow rate 𝑄, and
baffle position 𝑑𝑏 in the ranges of 0.2m3∕h ≤ 𝑄 ≤ 0.8m3∕h
and 55mm ≤ 𝑑𝑏 ≤ 200mm as indicated in Fig. 2a.

The goal is to generate a Pareto front of non-dominated
solutions, from which an appropriate compromise design
can be reached. The Pareto front is obtained by building
accurate metamodels of both 𝐸∗ and 𝜎𝑡, as a function of the
two design variables. The metamodels are constructed using
values of the 𝐸∗ and 𝜎𝑡 from numerical simulations carried
out at twenty-four Design of Experiments (DOE) points.
These points are obtained using Optimal Latin Hypercubes
(OLH), by means of a permutation genetic algorithm using
the Audze-Eglais potential energy criterion to ensure an
efficient distribution of DOE points. The points are laid
out as uniformly as possible using criteria of minimizing
potential energy of repulsive forces which are inverse square
functions of the separation of DOE points [12], i.e.,

min𝐸𝐴𝐸 = min
𝑁
∑

𝑖=1

1
𝐿2
𝑖𝑗

, (6)

where 𝐿𝑖𝑗 is the Euclidean distance between points 𝑖 and 𝑗
(𝑖 ≠ 𝑗) and, 𝑁 = 24 is the number of DOE points. Figure 2b
reveals the uniform distribution of the DOE points within the
design space as a combination of the design variables 𝑄 and
𝑑𝑏.

A Radial Basis Function (RBF) method is used to build
the metamodels for 𝐸∗ and 𝜎𝑡, throughout the design space
where a cubic radial power function is used to determine the
weighting (𝑤𝑔) of points in the regression analysis at each
point [12], 𝑤𝑔𝑖 = 𝑟3𝑖 . The parameter 𝑟𝑖 is the normalized dis-
tance between the surrogate model prediction location from
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Figure 2: (a) Two-dimensional plane view indicating the two design variables: Inlet flow rate and baffle position. (b) DOE points
distribution.

(a) (b)

Figure 3: (a) Pressure drop in the GMXS at different Reynolds numbers. The nonlinear behavior is due to the presence of
obstacles in the system. (b) Parity plot of the dispersion number 𝑁𝐷.

the 𝑖𝑡ℎ sampling point. The Pareto front is calculated using a
multi-objective genetic algorithm (MOGA) approach as in
[12]. Points on the Pareto front are non-dominated in the
sense that it is not possible to decrease any of the objective
functions (i.e.,𝐸∗ and 𝜎𝑡) without increasing the other objec-
tive function. Hence, this provides designers the opportunity
to select the most convenient compromise point among the
optimum designs. In the next section, results of the data-
driven CFD-based design optimization are discussed.

3. Results and discussion
3.1. Validation of the method

Simulations are performed with corresponding RTD
flow analysis. Results are firstly validated against the work
by Nieves-Remacha [13], Fig. 3a, with the pressure drop
found to follow a similar power law Δ𝑃 ≈ 𝑅𝑒1.49 where
the nonlinear effect is due to the presence of baffles in the
settler and 𝑅𝑒 is the REYNOLDS number.
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Figure 4: Pareto front showing the compromises that can be
obtained in minimizing both 𝜎𝑡 and 𝐸∗.

The effectiveness of separation is expressed in terms of
following dimensionless number dispersion number (𝑁𝐷) as
noted by Manavalan et al. [14] such as

𝑁𝐷 = 1
𝑡𝑚

√

𝐻
𝑔
, (7)

where 𝑡𝑚 is the mean residence time as defined in the RTD
analysis, 𝑔 the acceleration due to gravity and 𝐻 is the
dispersion-band thickness using the correlation developed
by Panda & Buwa [6]. A parity plot of the dispersion number
𝑁𝐷 between the prediction by Jeelani and Hartland [15] and
the current work is presented in Fig. 3b.

4. Optimization
The Pareto front curve in Fig. 4 represents the results in

terms of both 𝜎𝑡 and 𝐸∗. The data reveal that any decrease
of 𝐸∗ or 𝜎𝑡 is followed by an increase of the other objective
function. A very good agreement between the metamodel
and full numerical calculations occurs demonstrating the ac-
curacy of the metamodeling approach implemented. Results
reveal that at point 𝑃4, identified to be the best compromise
design, a percentage error for around 5% and 6% for energy
𝐸∗ and 𝜎𝑡 between the CFD predictions and metamodels
suggesting the appropriateness of the data-driven model to
predict accurately 𝐸∗ and 𝜎𝑡. Further analysis, as depicted
in Fig. 5a, indicates point 𝑃4 to provide 𝐸∗ = 0.0142mWh
and 𝜎𝑡 = 8062. The Pareto and 𝐸-curves in Fig. 5b might
indicate point P3 to be also a good design, however this
corresponds to an increase of 11.4% and 25.4% in 𝐸∗ and 𝜎𝑡
respectively, compared to 𝑃4. Though the 𝐸-curves, Fig. 5b,
recommend point 𝑃7 to be a good design, an increase of
203% in 𝐸∗ is observed compared to 𝑃4 then again.

(a)

(b)

Figure 5: (a) Energy loss 𝐸∗ and 𝜎𝑡 and, and (b) RTD 𝐸(𝑡) at
seven points on the Pareto front in Fig. 4.

Design 𝑃4 corresponds to a flow rate 𝑄 = 472m3∕𝑠 and a
baffle position 𝑑𝑏 = 139mm.

5. Conclusions
A data-driven CFD-based optimization methodology

has been successfully developed for the design of efficient
GMXS liquid-liquid extraction systems. Current work en-
tails a multi-fidelity approach which combines multiphase
flow analysis.

Data statement
All data underlying the results are available as part of

the article and no additional source data are required in the
Research Data Leeds Repository1.
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