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PREFACE

This book contains all manuscripts approved by the reviewers and the organizing committee of the
12th International Conference on Computational Fluid Dynamics in the Oil & Gas, Metallurgical and
Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also
known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997.
So far the conference has been alternating between CSIRO in Melbourne and SINTEF in Trondheim.
The conferences focuses on the application of CFD in the oil and gas industries, metal production,
mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are included in the proceedings. 108 contributions were presented at the conference
together with six keynote presentations. A majority of these contributions are presented by their
manuscript in this collection (a few were granted to present without an accompanying manuscript).

The organizing committee would like to thank everyone who has helped with review of manuscripts,
all those who helped to promote the conference and all authors who have submitted scientific
contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal
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ABSTRACT

A 2D CFD-PBM based numerical model to predict
interphase mass transfer in a Pulsed Sieve Plate
Column (PSPC) is reported. The model is based on
Euler-Euler interpenetrating continuum approach. Drag
law due to Schiller and Naumann is used to model the
interphase momentum exchange term. Spatial and
temporal variations of drop population are obtained by
coupling Population Balance (PB) equations with flow
equations. Suitable drop coalescence and breakage
kernels are used in the PB equations. Species transport
equation is solved in both phases to predict interphase
mass. The developed model is validated against
reported mass transfer experimental data in a 2 inch
PSPC. Absolute average error in prediction is less than
5%. The validated model is used to understand the
complex time periodic flow patterns inside the column.

Keywords: CFD, population balance equations, two
phase flow, species transport equations, mass transfer.
snap-shot approach.

NOMENCLATURE

Greek Symbols

S Coalescence kernel

¢ Phase fraction, [-].

A Collision efficiency, [-].

Latin Symbols

A Pulse amplitude, [m].

a Breakage kernel,

B¢ Droplet birth due to aggregation, [1/m>-s].

B’ Droplet birth due to breakage, [1/m3-s].

b Daughter droplet distribution

D* Droplet death due to aggregation, [1/m3-s].
D? Droplet death due to aggregation, [1/m*-s].
D Effective diffusion coefficient, [m2/s].

f Pulse frequency, [1/s].

h  Collision frequency [1/m3-s]

K, Distribution coefficient, [-].

Ka Overall volumetric mass transfer coefficient, [1/s].
L Characteristic drop size, [m].

n  Droplet number density, [m/s].

U Velocity vector, [m/s].

Pulsing velocity, [m/s]

x  Concentration of solute in aqueous phase, [-].
y  Concentration of solute in organic phase, [-].
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Subscripts
p p" phase.
q q" phase.

J J"species.

INTRODUCTION

Pulsed sieve plate columns (PSPCs) are extensively
used for solvent extraction in hydrometallurgical
processes for extraction of important metal values
(Grodfrey and Slator, 1994; Ferreira et al., 2010;
Gameiro et al., 2010).

Typically pulsed column involves a cylindrical section
comprising of plates with sieve holes. The construction
is similar to that of a sieve plate. However, the
percentage opening and hole size in the sieve plates are
not sufficient to allow a counter-current flow (heavier
aqueous phase moving downward while lighter organic
phase moving upwards) solely due to gravity. Thus in a
pulsed sieve plate the column contents are
pneumatically pulsed from the bottom which forces the
phases through the sieve plates ensuring counter-current
flow in the column. During the positive peak of the
pulse the lighter phase is forced up through the sieve
holes. In doing so the lighter phase breaks up into small
drops which increase the specific interfacial area for
mass transfer. Pulsing also increases the turbulence in
the column which increases the mass transfer
coefficients. Thus a PSPC becomes more efficient than
a typical sieve plate column.

PSPCs are characterised by high mass transfer
efficiency and higher throughput. Another feature of
PSPC is absence of any moving part which makes these
columns highly reliable and maintenance-free. Even
though there has been a large volume of work on
PSPCs, most of it is experimental. There have been
experimental studies on pressure drop and axial
dispersion in two-phase flow (Miyauchi and Oya, 1965;
Novotny et al., 1970; Rao et al., 1978; Srinikethan et al.,
1987). Experimental studies on mass transfer, dispersed
phase hold up and drop size distribution have also been
reported (Kumar and Hartland, 1988; Lorenz et al.,
1990; Srinivasulu et al., 1997; Kumar and Hartland,
1999; Usman et al., 2009). Several experimental studies
shed light on different regimes of operation and
transitions from one regime to another (Sato et al.,
1963; Boyadzhiev and Spassov, 1982; Kumar and



Hartland, 1983). Experiments to understand flooding
characteristics have also been reported (Kagan et al.,
1965, Tronton, 1957). The end results of most of the
experimental studies on PSPCs are empirical
correlations. Due to the large volume of experimental
work that has been carried out, there exist many
empirical correlations for PSPCs. Each of these
correlations is valid for the range of the experimental
data over which it has been regressed. However, there
is no correlation that has been shown to be universal
enough to be valid over a wide range of operational and
design parameters. The existence of so many
correlations has in fact caused a “problem of plenty”
making it difficult to choose the best correlations to be
used for designing a PSPC for a given duty (Yadav and
Patwardhan, 2008).

As a result, design of industrial scale PSPCs still is
based on the data generated using pilot-scale units and
insights into the local hydrodynamics in the column are
still rare. It becomes very difficult to experimentally
investigate local hydrodynamics and drop dynamics in a
column, especially large diameter columns. This makes
use of CFD-based models very attractive. Such models
can provide valuable insights into the functioning of the
columns, help reduce experimentation and design of
industrial-scale columns.

CFD and CFD coupled with population balance
modleing (PBM) have been used to model dispersed
liquid-liquid two-phase flow in different types of
equipments (Wang and Mao, 2005; Gimbun et al., 2009;
Kerdouss et al., 2008). Recently, several studies on CFD
modelling of air pulsed columns have also been
reported. But majority of these studies are on pulsed disc
and doughnut columns (Retieb el al., 2007; Nabli et al.,
1997; Saini and Bose, 2014). A CFD-PBM based
approach to model pulsed disc and doughnut column
was reported by Amokrane and coworker (Amokrane et
al., 2014). Only drop breakage was considered in PBM.
Single-phase CFD model was validated using
experimental PIV data. The PBM was validated
separately using the experimental data generated in a
stirred tank. There after coupled CFD-PBM was used to
predict the hydrodynamics in the column. However, the
results of the CFD-PBM based model were not
validated. In a recent study by the same group
(Amokrane et al., 2016) a CFD-PBM approach
considering both drop breakage and coalescence was
reported. Drop size distribution in a 1 inch column was
measured and used for optimization of the breakage and
coalescence kernels. Only limited validation of the
CFD-PBM approach was reported. Though there are
several single-phase CFD studies on PSPCs (Kolhe et
al.,, 2011; Xiaojin and Guangsheng, 2011; Sen et al.,
2015) two-phase CFD studies on PSPCs are scarce.
Yadav and Patwardhan, 2009 reported two-phase CFD
modeling of a PSPC to study the effects of pulsing on
column hydrodynamics, operating regimes and
dispersed phase hold-up. However, the plates used in
their work had downcomer (separate path/passage
provided for the heavier phase to move down the
column — similar to those provided in sieve/bubble cap
plates in distillation columns for the downward
movement of the heavier liquid phase). Plates typically
used in PSPCs do not have downcomers. The

336

hydrodyanmics in a column having plates with
downcomers may be significantly different from those
without downcomer. Din et al., 2010 reported a 2D two-
phase CFD model of PSPC but the sieve plate section
was modelled as a porous medium which is a significant
simplification of the actual geometry. Recently we
reported a 2D two-phase CFD mdoel to predict
hydrodynamics and dispersed phase holdup in PSPC
(Sen et al.,, 2016). A comparison of different drag
models, was carried out and validation against reported
experimental data was done. To the best of our
knowledge CFD-PBM simulation of PSPCs has not been
reproted so far. This study, therefore, represents the first
implementation of CFD-PBM approach for PSPCs.

1D mathematical models to predict mass transfer in
PSPCs have also been reported (Gonda and Matsuda,
1986; Torab-Mostaedi and Safdari, 2009). In fact, in
nuclear fuel cycle several codes based on 1 D modelling
are available (SOLVEX, SEPHIS-MOD4, Revised
MIXSET, PULCO). However, each of these
mathematical models embed several empirical
correlations. With each correlation having its own
uncertainty, using several of them in a mathematical
model may result in significant overall uncertainty in the
predictions of the model.

In the present work, we report, for the first time, 2D
two-phase CFD-PBM simulations to directly predict
mass transfer of a species/solute from organic to
aqueous phase in a PSPC. The model is developed and
validated against reported experimental data of a 2 inch
diameter PSPC. The model provides insights into spatial
and temporal variations of hydrodynamic variables
inside the column under pulsing conditions and resultant
effect on mass transfer in a 2D computational domain.

MODEL DESCRIPTION
Computational approach

Two fluid Euler—Euler approach was used to model two
phase liquid-liquid flow in PSPC using a commerical
finite volume based code. This approach has been
widely used to simulate dispersed two-phase flows
(Yadav and Patwardhan, 2009; Din et al., 2010; Ranade,
2002; Wang et al.,, 2014). The model solves the
conservation equations for momentum and mass for
both phases and assumes that both the phases can co-
exist in every computational cell in the domain. The
phase fraction (or hold up) of the dispersed phase in
each cell is computed by solving a convection-
diffussion transport equation for the phase fraction
itself. The momentum exchange between the two phases
is modelled through the interphase exchange
coefficients which in turn is defined in terms of a drag
coefficient.

Turbulence has been modelled using the mixture k-¢
model in which the turbulence equations are solved for
the mixture as a whole. This approach reduces the
number of equations to be solved thus reducing
computational time. The relevent equations can be
found elsewhere (Sen et al., 2016) and are ommited here
for brevity.

The exchange of momentum between the phases is only
through the drag force which is quantified using the
drag model of Schiller and Naumann.



One major simplification in two-phase CFD simulations
of PSPCs reported till now has been the assumption of
monodispersed drops. In such models the information
on temporal and spatial variations of drop size is lost. In
the present work a predictive CFD-PBM numerical
approach is used to circumvent the monodispersed
approximation in computational models of PSPCs. The
method of classes is used to solve the population
balance model (PBM).

Local drop size distribution inside PSPC depends on the
initial drop size distribution in the feed, convective
transport of the drops, breakage and coalescence rates of
drops. In absence of mass transfer, the population
balance equation for characteristic length of drop (L)
can be written as (Singh et al., 2009; Marchisio et al.,
2003)

= {n(L, O} + V. (U.n(L, 1)) = BY(L; t) = DA(L; t) + B (L; £) —
D (1;0) (1)
Here B* and B? are birth rates of droplet of size L at
any time ¢ due to coalescence and breakage
respectively. D*and DPare the death rates of droplet of
size L at any time ¢ due to coalescence and breakage,
respectively. n(L;t) is number density (per unit
volume) of droplet having characteristic length L at any
time £.

The expressions for the birth and death rates are given
by Eq. (2) to (5).

B ) = & [y ) A {Eijzzi'“ n((1* ~

233 tn(x; HdA )

D(L;t) = n(L; 1) [, B(L Dn(A; t)dA (3)
BY(L;t) = [, a()b(LIDn(A; t)dA )
DP(L;t) = a(L)n(L; t) Q)

Where,  is the coalescence kernel, a is the breakage
kernel, b is the daughter droplet distribution, h(L,2)
and n(L,A) are collision frequency and collision
efficiency, respectively. In literature, several kernels
have been reported.

Breakage, daughter droplet distribution and coalescence
kernels (and constants there in) proposed by Hsia and
Tavlarides (Hsia and Tavlarides, 1980) have been used
in the present work. Expression for these kernels are
available elsewhere (Hsia and Tavlarides, 1980; Singh
et al., 2009) and are omitted here for brevity.

The entire range of possible droplet size is divided into
a fixed number of classes and a conservation euqation is
solved for each class. The rate of death and birth of
drops in a specific class due to breakage and
coalescense are accounted using respective kernels. In
the presnt work, the range of drop sizes is considered to
be from 0.5 mm to 4 mm. This choice of drop size is
based on the values of drop sizes typically observed in a
pulsed column (Lorentz et al., 1990, Usman et al.,
2006).

Mass transfer of j solute (concentration x;) from one
phase (phase p) to the other phase (phase q) is modelled
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by solving species transport equation in both phases
with mass exchange (source) terms as shown in Eqn. (6-
7). Concentration of solute in the second phase (phase
q) is denoted by y;.

ox; yi
a_tjd)p + d)pU.Vx] = d)prsz]‘ - KLa(xj _K_;) (6)
2 o + bgU.Vy; = paDgV2y; + Kpa (x; — 2L 7
2t Pa qV- VY = PqlqV7Yj T RLa\ X —

where ¢, is hold up of the p™ phase, D is the effective
diffusivity (comprising of both eddy and molecular
diffusion), Kia is overall volumetric mass transfer
coefficient, K, is the distribution coefficient. Value of
K;a and K; are estimated from the correlations reported
in literature (Gonda and Matsuda, 1986). The mass
transfer term (source term) is calculated based on the
difference in concentration of the solute in the two
phases and overall volumetric mass transfer coefficient.
The two species transport equations are coupled with
each other through the source terms. As the problem
involves partitioning of one solute in two different
phases, solute concentrations in the organic and the
aqueous phases are related through the following
equation.

(®)

The pulsing action is introduced into the computational
model using a pusatile velocity at the pulse inlet, as
given by Eq. (9).

Vi = Kax;

Up = mAf Sin(2nft) %)
where U, is the pulsing velocity, 4 is the amplitude and
fis frequency (Hz) of pulsation.

As the solute concentration varies across the
computational domain the density of both phases also
varies. In other words as the solute is partitioned from
organic phase into aqueous phase, the density of the
organic phase reduces while that of the continuous
phase increases. This effect has been incorporated in the
model.

Computational domain

For validation of the developed model, reported
experimental data on solute end concentrations in a 2
inch PSPC are used (Gonda and Matsuda, 1986).
Hence, the computational domain is based on the
reported geometry. A standard sieve plate cartridge
(23% opening area, 3 mm hole diameter, 5 cm inter-
plate spacing) was used. The column was 2 m in height
and had 36 plates. A pulse leg was connected the
bottom disengagement section to provide pulsation to
the column contents. The phase system used was 30%
TBP in dodecane and 0.1 N Nitric acid.

In the present 2D computational model a reduced
number of plates (5 plates) has been considered so as to
limit the size of the computational domain and the
resulting computational time. Suitability of using a 2D
model and reduced number of plates for CFD modelling
of PSPCs has been reported earlier (Kolhe et al., 2011;
Yadav and Patwardhan, 2009; Sen et al., 2015; Sen et
al., 2016). Transient simulations are carried out with a



time step of 0.01 sec which corresponds to Courant
numbers less than 0.5 in all cases. A grid density of
1.027 x 10° cells/m? has been used in the present work.
This grid density is chosen based on the results of grid
independece test carried out in our previous study on
single-phase flow in pulsed sieve plate column (Sen et
al., 2015). Similar grid density has been used in our
recent work on two-phase flow in PSPC (Sen et al.,
2016). In the model the hole diameter is kept at the
original value (i.e. 3 mm) while the pitch is chosen such
that percent free area is the same as in experimental
setup. Fig. 1 shows the meshed computational domain
and the quality of mesh in two inter-plate zones.

~— Light phase outlet

Heavv phase inlet

.,

TS Sieve plate

Light phase inlet

_— Pulse inlet

—— Heavy phase outlet

Figure 1: Meshed computational domain used to model 2 inch
PSPC and zoomed view of the mesh in two inter-plate zones

RESULTS AND DISCUSSION
Validation

The mass transfer prediction of the developed CFD-
PBM model is first wvalidated against reported
experimental results. Gonda and co-workers (Gonda and
Matsuda, 1986) reported back extraction (stripping) of
heavy metal solute from organic (dispersed phase) to
aqueous (continuous phase) in a 2 inch diameter PSPC.
Solute concentration in the organic phase fed to the
column bottom was 97 gpl while the aqueous phase did
not contain any solute. Solute concentration in each
phase was reported at various locations along the
column height leading to a solute concentration profile
of each phase.

The computational model used in this work comprises
of only 5 plates to ensure that computational time
remains with in resonable limits. Solute concentration in
organic phase entering the column and solute
concetration in aqueous phase at the location of 5™ plate
from bottom goes into the model as inputs while the
model predicts solute concentration in the aqueous
phase exiting 1% plate from column bottom and in the
organic phase exiting 5" plate from column bottom.
Table 1 below shows the comparison of the predicted
and reported values of solute concentration in the
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organic phase at the 5" plate from bottom and in the
aqueous phase at the location of 1% plate from column
bottom. It is seen that the absolute average error in
prediction of our model is 2.8 %. Hence the 2D CFD-
PBM approach can directly predict mass transfer from
one phase to another with good accuracy.

Table 1: Comparison of CFD_PBM predicted values
against experimental data

CFD Experim  Average
(gp)) ental Error
(gp) (%)
Solute
concentration at
5t plate (from 87.21 91.38
bottom) in
organic phase
Solute
concentration at 2.78
1* plate (from 48.504 49

bottom) in
aqueous phase

Local hydrodynamic and mass transfer aspects

In this section we use the validated numerical model to
understand the complex hydrodynamics in PSPC and its
resultant effect on transport of species from one phase
to another. Fig. 2 shows the spatial variations of
dispersed phase hold up and Sauter mean drop diameter
in a typical inter-plate zone. As the flow field is time
varying due to pulsation the spatial variations are shown
at positive peak of the pulse.

Accumulation of the dispersed phase is clearly seen
below the sieve plates. The spatial variation of Sauter
mean drop diameter reveals that drop of smaller size are
formed at the location of the sieve holes and drop
diameter increases as the dispersion moves above. This
is due to the fact that turbulence dissipation rates are
higher at the location of the holes (as evident from Fig.
3) which leads to increased breakage rates causing
smaller drops at sieve holes. As the dispersion moves up
and reaches the next plate drops tend to coalesce and
increase in size. Fig. 3 shows the spatial variations of
the turbulence dissipation rates, axial velocity of the
continuous phase and axial velocity of the dispersed
phase at the positive peak of the pulsing cycle.




s e S s —

Figure 2: Spatial variation of dispersed phase hold up (-) (top)
and Sauter mean drop diameter (m) (bottom)

Axial velocity of the continuous phase (

Axial velocity of the dispersed phase (m/sec)

Figure 3: Spatial variations of turbulence dissipation rate,
axial velocity of continuous phase, and axial velocity of the
dispersed phase

It is seen that during the up stroke (i.e. positive peak of
the pulse) both phases are being pushed up through the
holes (indicated by positive axial velocities at the holes
even though the general direction of flow of the
continuous phase is downwards. Presence of small re-
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circulations in the continuous phase visible near the wall
(as evidenced by negative values of axial velocity of the
continuous phase the wall). However, no circulations
are observed for the dispersed phase as axial velocities
are positive everywhere.

Fig. 4 shows the solute concentration (in terms of solute
mass fraction) in the organic (dispersed) phase and the
aqueous (continuous) phase.

A gradual decrease in concentration of the solute as the
dispersed phase moves up is clearly observed. At the
same time whatever solute leaves the dispersed
(organic) phase is transferred to the continuous
(aqueous) phase and is reflected as an increase in the
solute concentration in the continuous phase as it flows
downward.

Aqueous continuous phase Organic dispersed pase 7

Figure 4: Spatial variations of solute mass fraction in
continuous and dispersed phase.

Fig. 5 shows the spatial variation of the density of the
organic phase in the entire computational domain. It is
seen that density of the dispersed phase decreases as it
flows upward along the column. In the model densities
of both phases are composition dependent. Thus the
density of the dispersed phase (organic) is seen to
reduce as solute is transferred from the organic phase to
the aqueous phase.



Figure 5: Spatial variation of the density of the dispersed
phase (kg/m?)

CONCLUSION

The following conclusions could be drawn from this
work

1) A 2D CFD-PBM numerical model is developed
which could predict spatial and temporal variations of
two-phase hydrodynamics and resultant inter-phase
mass transfer in a pulsed sieve plate extraction column
(PSPO).

2) The model is validated against reported experimental
data on solute concentration in organic and aqueous
phases in a 2 inch PSPC. The model predictions are
very close to reported values, the absolute average error
being 2.78%.

3) The validated model is then used to understand the
spatial variations of different hydrodynamics parameters
like dispersed phase hold up, Sauter mean drop
diameter, turbulence dissipation rate and continuous and
dispersed phase axial velocities. Transfer of mass from
organic phase to aqueous was also clearly captured
along the computational domain.

4) The model provides a way to directly estimate mass
transfer performance of a PSPC from first principles
with minimum empirical inputs.
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