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Abstract

The pump mixers are widely used in a solvent etvac
(SX) process. Any improvement in understanding of
hydrodynamics and flow instabilities within a SXnpp mixer
unit would enable effective design of the mixetiset
equipment. In this direction, the present work Btigates the
predictive performance of the One-equation modelSab-grid
scale turbulent kinetic energy Large Eddy Simolat{l-Eqn.
SGS-TKE LES model) vis-a-vis other LES models
(Smagorinsky LES model, Dynamic LES model), the PIV
experimental results and the RANS based model. Casapar
have been made initially for single phase operatiba pump-
mixer unit, and then for the multiphase operatiofhe
ANSYS/CFX modelling package has been used to se&up
transient three-dimensional CFD model using theirglidnesh
approach for impeller motion and Eulerian-Eulerguproach for
multi-phase flows. Tha-Eqn. SGS-TKE LES modéhs been
implemented in CFX using user routines. The prealictdf
instantaneous flow structures and turbulence iitiesgusing this
model will pave the way for determination of drdpséze and
mass transfer rates, which are required in degigrtimese
systems. To the best of author’'s knowledge, thikedirst use of
a transport equation for SGS kinetic energy in &itimg two
phase liquid-liquid flows.

Introduction

Solvent extraction based hydrometallurgy processeswidely
used in copper, nickel, uranium and cobalt indestrand are
implemented through the use of Mixer-Settlers. pidgl mixer
settler set-up (as shown in Figure. 1A) involvessavent
extraction pump mixer (Figure. 1B), comprising ofnaxing

impeller, a false bottom for inlet of fluids andvair at the top for
discharge. The impeller on rotation creates a presdrop or
head that generates the flow, and creates a higgr shgion for
droplet formation and break-up. The main desigrectbje in the
mixer section involves achieving a sufficiently $haaoplet size
for mass transfer to take place, without generatipgpulation of
fine droplets that will be difficult to separate the settler.
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Figure 1A shows schematic diagram of geometry.
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Figure 1B shows typical grid and directions usethis study.
Figure 1(A-B) shows schematic diagram of geometry.

One way of achieving this is through a proper usi@eding of
hydrodynamics and turbulent conditions within th&en unit,
and this would require an advanced turbulence rliadel
approach. Recently, the Large Eddy Simulation (LES)
turbulence model has shown significant promise reanthing
flow details in gas-liquid multiphase systems [B0711], and, in
this work, we plan to use this for analysing lipliguid system.

Model Equations

The numerical simulations presented here are basedoth a
single phase model and a multiphase model. ForespEasons,
the multiphase model is described, which is a tw@fmodel
based on the Euler-Euler approach. The eulerian eliogl
framework is based on ensemble-averaged mass amg:mham
transport equations for each of these phases. Tiiassport
equations without mass transfer can be written as:

Continuity equation

%(pra,)+DE(p,aru,)=0 &

Momentum transfer equations
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In this work, the phases are continuous aquebasep(r=a)
and dispersed organic phase (r =o). The variabe) (

represents the volume-fraction of the respectivasph.
The terms on the right hand side of equation (8)raspectively
representing the stress, the pressure gradientjtygrand the
ensemble averaged momentum exchange between ttsespha
due to interfacial forces (like, drag force, lifir€e, virtual mass



force and turbulent dispersion force (TDF) respety). For
simulating liquid-liquid flow in pump-mixer, onlyhe drag force
and TDF are considered in this work. The drag ddefit for the

drag force has been determined through the embirica

correlations of Ishii and Zuber [5], and TDF cotriion is based
on incorporating SGS kinetic energy. The pressughared by
both the phases. The stress term of phase r isrildedcas
follows:

r 2
Tij,r :_(:ul,r +:ut,r)(|:|ur +(Dur) _gl(Dur)J (3)

where, #,and g, are laminar and turbulent viscosity
respectively . The aqueous phase turbulent eddysity (x4 )

is formulated based upon the turbulence model u&ede

turbulence model or LES turbulence model), and hbgen
described below, while the effective organic dispdr phase
viscosity is computed as:

Pa

/’Ieff ,0 = [FOJ/'IEﬁ a (4)

k- € Turbulence Model

When the ke model is used, the velocities)(in continuity
and momentum equations (equations 1-2) representtithe
averaged velocities. The turbulent eddy viscosityformulated
as:

- k®
Hia = Pg u? ®)

The turbulent kinetic energ¥)(and its energy dissipation ragg (
are calculated by solving governing transport equat

LES Models

Equations for LES are derived by applying a fileri
operation to the Navier-Stokes equations. Theréitteequations
are used to compute the dynamics of the large-staletures,
while the effect of the small scale turbulence @elled using a
SGS model. Thus, the entire flow field is decomgosgo a
large-scale or resolved component and a small-ssaseib-grid-
scale component. In case of LES, the velocitigsr( continuity
equations and momentum equations (equation.1-2¢sept the
resolved velocities or grid scale velocities. Th&SS stress
modelling requires computation of a turbulent eddscosity,
which is formulated depending upon the LES modkicted. In
this work, the Smagorinsky model [9], the dynamiodél [4,6]
and1l-Eqn. SGS-TKE LES el [2,7] has been chosen.

Smagorinsky Constant Model

The Smagorinsky model [9] used the following expi@s to
calculate the turbulent viscosity, i.e the SGS assty:

thr = pa(C.AY S (6)

Where, Gis the Smagorinsky constant, S is the strainaated
is the filter width and it is computed based on ¢e#- grid-size,
so, A =(A,A1Ak)% , where,i, j andk are directions. The constant

C, is different for different flows. In the literatirfor single-
phase flow, the constant is found to vary in thegeafrom G =
0.065 to G=0.25. For this work, aalue of 0.12 is taken.

Dynamic Smagorinsky Model

The uncertainty in specifying the constant i€ Smagorinsky
model led to the development of the dynamic sutd-grodel in
which the constant Cs is computed. The main idea ferto

introduce a filtefa}, with larger width than the original one, i.e.
{a} > A. This filter is applied to the filtered Navier—&&s

equations (the NS equations are filtered twicaldyng the value
of Cs, which is used in equation (6). The second filtesually
called the test filter, which is twice the meshesia the present
study, has been applied to the velocity field.

One-equation SGS TKE LES Model
In this case, the eddy viscosity is calculated from
luT,a = paCkAksgsll2 (7)

Where ks represents  the SGS kinetic energy, which is obthi
by solving for transport equation flag.
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Where, G is the production term, defined as:
G, = tr, [§] ©)

The value of model constants Q.05 and ¢=0.07) in equation
(8) are considered on the basis of recommendatjoRavidson

[2].
Modelling Details

Geometry

The pump mixer unit comprises of a square mixer (aix
dimensions 450mmx450mmx450mm) equipped with a tight
R320 impeller (of diameter 230 mm and positioneduaiomm
above the false bottom). The mixer has been matieli¢th an
impeller speed of 200 rpm (tip speed of 2.4 m/g)this work,
only the pump-mixer region has been simulated. &her a
separate inlet section for the organic and aquepbases located
in the bottom section below, where they flow inaatate of 15
I/min each. The outlet from the mixer box is in leem of an
overflow via a weir to a rectangular settler (ofménsions
1410mm x 450mm).

Model Setup

The ANSYS/CFX modelling package has been used toset
transient three-dimensional CFD model using theirglidnesh
approach for impeller motion and Euler-Euler applodor
multi-phase flows. In this work, the interface sepiag the static
and revolving mesh is mid-way between the impeilerand
baffles, as has been suggested in the literatune. choice of
interface location is critical given the close proity of impeller
tip and the baffles. For single phase, the aqughase inlet
velocity is 30 I/min. For multi-phase, both aguggihase (1000
kg/m® density, 1 cp viscocity) and organic phase (930mkg
density, 3 cp viscocity) enter through separateténat 15 I/min.
The through-flow rate was determined based on aetar
residence time of 2 minutes in the mixer. The pumiger
comprises of a R320 impeller revolving at 200 rprar k-«
model, the high-resolution scheme has been usedaandES,
the central difference scheme has been used fotiakpa
discretization of the advection terms. The secomoimplicit
scheme has been used for time discretization ih tw cases.
The LES run has been initialized with a perturbed NSA
transient solution run to achieve steady flow (ab@0 impeller
rotations). Fok — &£ runs, the time-step has been the time taken
by impeller to revolve by 15(around 0.01 s) and for LES, it is
around 8 x 10 s. The selected time-step ensures proper
convergence and capture of transient flow strustur€he



simulations were performed for a time-span of atbd@ sec,
which corresponds to around 33 revolutions of thpeller. For
multiphase simulation, the average droplet diametes taken as
0.6 mm, based on the results from experimental qgraphic
techniques

Resolution Issues While Applying LES

The accuracy of LES simulations depends upon drie s
and resolved kinetic energy. For accurate LES tgsthle
modelled SGS stress should account for a negligible
fraction of the total stress. In other words, thiel ghould
be sufficiently fine so that only smaller, isotropgddies
are modelled. Baggett et al. [1] suggested that SIGSs
becomes isotropic when filter width is a fractiof o
turbulent dissipation length scale (preferably,)0This
has been used in this work as the criteria to obtai
appropriate grid size. The turbulent dissipatiorgté scale
has been obtained froknand ¢ values of thek-« model.
The volumetric average of ratiqvm)%/(kal-s/ga) is around
0.6. Thus, while the grid is a bit coarse, it banregarded
as suitable for moderately resolved LES simulatidrise
mesh consisted of 587000 cells (hexahedral elemeiitts
relatively fine mesh near the impeller to bettesotee the
velocity fields. In pump mixers, the turbulent stiwres are
generated by large and rotating geometrical featared
flow curvature. Hence, the near wall spacing dates
relaxed with use of appropriate wall functions. Tdiber
issue in LES is resolved kinetic energy. Pope [Bjgested
that the ratio of resolved turbulent kinetic enetgythe
total turbulent kinetic energ)(kR /(kR+kSG5)) be used as a
measure to analyse the adequacy of the fluid fleimd
resolved by LES. For a well-resolved flow, the wais
greater than 80%. In this work the ratio is abo@o7
when averaged over the tank, and in regions witfinéi
turbulence near the impeller and in the bulk, thgoris
greater than 80%. Thus, the results from this bEScan
be considered to moderately resolved and acceptable
analysis.

Results For Single Phase Mixer
Time Averaged Profile

Figures 2 (A-E) shows qualitative predictions efocity vectors
as obtained by various models and can be comparéietPIV
Experimental Data at a plane located at x=-0.112IrmPIV
snapshot (Figure. 2A), at the right side of impelli¢he
recirculating flow doesn’'t reach the top right sideall.
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Figure 2A shows velocity vectors obtained from PIV
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Figure 2D shows velocity vectors predicted B dynamic model.
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Figure 2E shows velocity vectorsdicted by RANS model.
Figure 2 (A-E) shows comparison of time averaded forofile at x=-
0.112 m location captured by various turbulence efodand PIV
(Velocities in m/s).




The 1-Eqn.SGS-TKE LES model arsimagorinskyLES
model (Figure. 2B and 2C) actoser to the flow pattern given |
the PIV experimentThe Dynamic LES ModelFigure. 2D), on
the other hand, deviates a bidbm experimental observatichy
showing recirculation’s of flow near the right wéatharked in rec
circles),while the RANS Model (Figure2E) shows one
circulation covering the whole right side of imee|l here the
recirculating flow reaches the right side wall.

Figure. 3compares predicted values to experimental ve
of time averaged axial velocity along the y direntiat locatior
x=-0.168 m, z = 0.323 m for the pumpixer operating with
single phase.

Comparision of Turbulence Models
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Figure 3 compares performancetafbulence rodds.

Figure. 3 reveals that most comatiwnal models devial
from the experiment at y=0, where they predictghar positive
axial velocity arising from a re-circulatioithe deviatiol of the
Oneequation LES model is lesser than other LES m¢ Apart
from that at other regions, the predoctis within fair agreemen
The over-prediction of centre velocityasesult o the local eddy
viscosity values computed byarious mode. This could be
because the present LES model is moderately rak

Flow Pattern

Figure. 4 compares the medow profile obtained from th
RANS model at a given time (FigureAjwith the instantaneot

flow profile from 1-Eqn. SGS-TKE LES(in Figure. 4B).
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Figure 4A shoW®ANS model prediction of mez velocity
at XY plane at z=0.42 m height.
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Figure 4B.IES prediction of instantaneodow at XY plane at z=0.42 m
height.

Figure 4 compareffow profiles by RANS and LE.

The RANS model results are limited to giving informati
on averaged profiles, while at the same planeinstantaneous
LES (Figure. 8) is able to captu the chaos and turbulent
eddies (marked in red Figure. 4B). The 1-Eqn. SGS-TKE LES
model is able to capture precession vortices near thating
shaft.

Figure 5 shows the sufrid <cale turbulent kinetic energy
predicted by 1-Eqn. SGBKE LES model. The 1-Egn. SGS-
TKE LES model is thus advantageous as compared to bot
dynamic and magorinsky model whic cannot give the
information on sulgrid scale energi. The information on SGS-
TKE can be helpful in determining accurately the tuebt
dispersion and obtaining @aerate total kinetic ener¢ This paper
has delveddeeper into the issue of <«grid scale dispersion
effects. Hence, future work would involve obtaining mc
information using 1-Eqn. SGBKE LES model. The information
obtained from this would beseful in understanding effect
turbulence on droplet diameter and mass transtes &t differen
regions.
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Figure 5. SGS3urbulent kinetic energy predicted by (-equation model.




Instantaneous Profiles For Multi-phase Mixer

Figure. 6A shows the velocity profile obtained dinae step
by the multi-phase RANS model. The RANS model shonlg a
gross circulation pattern and has not been ableesolve the
detailed flow structures. Figure. 6B shows theangtneous two
phase hydrodynamics captured by 1-Eqn. SGS-TKE M,
the organic kerosene phase entering the loweratedt aqueous
phase at lower right of the false bottom. Both phaget drawn
up by the pump mixer, and dispersion of organigtiitophase
and extraction happens in the pump-mixer box. Thgardc
volume fraction is around 50-60% in the pump-mikex, where
it exists in fine droplet form after being sheatsdthe impeller.
The LES models used have been able to capture the

instantaneous flow structures (as marked in réelgare. 6B).
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Figure 6A shows RANS prediction of mean velocitg aispersion.
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Figure 6B shows LES based instantaneous flow strestand dispersion.

Figure. 6(A-B) compares performance of LES and RANBredicting
flow and dispersion at x=0 m location.
Conclusions

The obtained results reveal that the One-equatiBS #odel
gives comparative results to the well-establishgdachic and
smagorinsky model with the additional benefit ofvigg
information on the modelled SGS energy. Introducagne-
equation model for the SGS kinetic energy, allowdedter
insight into the phenomena taking place at the $&8l. The

present work raises hope of being able to utilihe SGS
information.
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