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ABSTRACT

Gas-agitated reactors are widely used in
hydrometallurgical industry, including cyanide lbagy of
gold, uranium leaching, the bacterial oxidationpgfite
and copper leaching. To predict the performancéhisf
kind of gas-agitated reactors, a numerical simoati
method is presented for gas-liquid flow driven mpbles.
Gas-liquid flow is modelled using the Eulerian-Hida
two-fluid equations, and extra user defined subnestare
incorporated to consider the complex physics, sash
bubble induced turbulence and turbulent disperfioce.
From the different interaction forces between gad a
liquid, the turbulent dispersion force and dragcéolre
particularly considered, because of their importantacts

on bubble flow in gas-liquid system. The simulation
results have been compared with the experimental
measurements and numerical simulations of A. Sokwli

et al. (2004) and have given evidenced solutions. The
simulations are also compared with the experimeh®.
Shekhar and J.W. Evans (1989) for gas-liquid patterd
gas holdup in different operation and design patarse

In comparison with this data, reasonable agreemamts
obtained and the prediction of gas-liquid flow sesig
that the model can be used to improve the perfocmanh
gas-agitated tanks.

the

NOMENCLATURE

Cq drag coefficient [dimensionless]

C, coefficient of bubble induced turbulence kinetic
energy [dimensionless]

C, coefficient of bubble induced turbulence energy
dispersion [dimensionless]

Cu k- turbulent model constant [dimensionless]

diameter [m]

Eotvos number [dimensionless]
drag force [N n]

gravity vector [m g]

turbulent kinetic energy [frs?]
pressure [Pa]

Prandtl Number [dimensionless]
volume fraction [dimensionless]
source

additional source term ikequation
additional source term inequation
time [s]

T turbulent stress tensor [N%h

U velocity vector [m ]
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Greek letters

£ turbulent eddy dissipationfs
p  density [kg ri7]

u  effective viscosity [N s /]

o surface tension [kg%

Subscripts

t  turbulent

a phase number

¢ continuous phase number
d dispersed phase number

INTRODUCTION

Gas-agitated reactor vessels are widely used in
hydrometallurgical industry, such as gold leaching,
uranium leaching, and the bacterial oxidation ofitpy
The performances of these tanks mostly depend en th
suspension of mineral particles and mass transéareps,
which control the kinetics of reactions and aréniately
linked to the motion of the liquid that results frathe
injection of gas through the base (Rodrigeeal., 2007).

So bubble induced gas-liquid flow is the basis ladse
gas-agitated reactors and of the efficiency of thetical
plants. For both economic and environmental reasons
modifications to device design are continuouslyngei
sought to reduce energy consumption and to increase
productivity. A detailed understanding of bubbléven
gas-liquid flow is critical to achieve these design
improvements.

Following the advances of the computing speed and
parallelisation technology, improved software soyi
algorithms, computational fluid dynamics (CFD)
modelling can predict a lot of complex flow phenorae
Today, CFD models play an increasingly importang rial
process design, control and/or optimisation of pssc
units in various process industries, e.g. minerat@ssing.
The published literature implies that the predetpower

of CFD simulations for bubble flow is already atetiable
level, since in most cases good agreements between
experimental results and simulations have been show
However, in modelling of gas-liquid flow, such aasg
liquid dispersion, there are still lots of addit@n
complexities. The question of which physical effeate of
prime importance and how they should be modellestilis
under strong debate as there are no general foranda
coefficient that can reliably describe all bubblpwf
systems.



CSIRO has applied the coupled use of CFD and physical
modelling to develop a bubble driven flow CFD mofiel
aluminium smelting process. A time-averaged (stesate)
bubble driven flow model has been developed and
validated using a full scale air-water model oftpzfran
aluminium reduction cell as a test-bed (Feng e2@1,0a,

b). It was demonstrated that extra source termse wer
required to consider the bubble induced turbulemce
bubble induced turbulent dispersion force. Thesmageare
strongly case dependent. It is interesting to vestther
the developed model can be applied to gas-stiys@iss.

In this paper, a CFD model has been setup based on
literature experimental geometry for model validati
purpose. A 3D laboratory scale flat airlift loopactor
used in the experimental measurements and simugatid
Sokolichin et al. (2004) is modelled first. The level of
bubble induced turbulence is included based on the
experimental work. Also, the role of turbulencepdission
force acting is assessed. The simulation resules ar
compared with the original work and give a good
agreement. The model is further extended to sirauat
Pachuca gas-stirred tank where experimental data is
available for comparison (Shekhar and Evans 1989).

MODEL DESCRIPTION

The governing equations are an extension of théragty

and Navier-Stokes equations for multiphase systems,
essentially conservation equations for mass and
momentum (Fenget al., 2010). For gas-liquid system
being studied here, the equations are averaged theer
phase structure so as to give time-averaged eaqsatoy
each phase (Larat al., 2005). As discussed in published
literatures, the closely relevant forces which have
important influences on the simulation results he t
mathematical models are the pressure force, tteefdrae
and the turbulent dispersion force. Another imparta
factor is the bubble induced turbulence which has@ng
influence on the mass diffusion and mixing.

Governing equations

The continuity equation and momentum equation thke
following form (wheren = c¢ for liquid,a = d for gas):

A0.) 1 6, p,0,)=0 &
ot
a(rapaua) - _
ot +D[qra(paua DUa))_ raDpa )

+0 EaT;urb + SMa + Ma + P9

Herer is the phase volume fractiop, » is the densityt
is time,U, is the mean velocity vector for each phase, and
Pz is pressureSyqe describes momentum sources due to

external body forces, e.g. buoyandj. is the interfacial
momentum transfer between phases and can include
several types, such as drag force, lift force,ugirtmass
force, wall lubrication force, inter-phase turbulen
dispersion force, etc.

By applying the eddy viscosity hypothesis, the Regsol
stresses can be linearly related to the mean v¥gloci
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gradients in a manner analogous to the relationship
between the stress and strain tensors in laminatdyéan

flow, so the effective turbulent stress ten'El(}'fb can be
written in the following form:

T =y, [O0u, +(OU,)') )
wherey  is effective viscosity.

The effective viscosity is sum of the molecular and
turbulent viscosities:

Ha = Ho + 1 )

Phase dependent turbulence models have been used he
the dispersed phase zero equation model for thelyzse
and k-¢ two-equation model for the liquid phase. The
turbulence eddy viscosity is calculated as:

2
te=Cop, ®)
for the liquid phase, and:
_ Py He
,utd - ?i?tr (6)

for the gas phase.

The parameteP, is the turbulent Prandtl number relating
the dispersed phase kinematic eddy viscosity to the

continuous phase kinematic eddy viscosily. is thek-¢

turbulent model constant (default value is 0.09and ¢

are the turbulence kinetic energy and turbulence
dissipation rate respectively. As is standard jracthe
transport equations fdrande are assumed to take a form
similar to the single-phase transport equations:

0 EErc(pcuckc)—[u{,’fJchJ

=r,(p. - p.£.)+ S,

mcﬁrc(pcucsc)—[u%jmcj
Uk

rC % (C€1 pC - C€2pC£C)+ S€

)

(8

where C,,, C,,, 0, O, are turbulence model constants,

default values being 1.44, 1.92, 1.0 and 1.3 rasmbe.
p. is the turbulence production due to viscous praduact
S and S represent inter-phase transfer flarand e
respectively (Fengt al., 2010).

Extra model input is required to represent the pégkics,
of which, two factors considered here are bubbtkiaed
turbulence and bubble turbulent dispersion force.

Bubble induced turbulence

Bubbles rising in the gas-agitated tank will produce
increased turbulence of the liquid phase, knowhudsble
induced turbulence. Various models have been pespos



in the literature to account for this mechanismthvthe

two most widely accepted being modifying bubble
induced turbulence eddy viscosity and adding acsof
bubble induced turbulent kinetic energy. Bubble tetu
turbulence is very case dependent, which prevents a
universal form for general use and is still an\actrea of
research, as reviewed by Sokolicleiral. (2004). For the
model with a modified turbulence kinetic energy &tipn,

the following source terms have been added td dued ¢
equations (Fengt al., 2010):

Sk :Ckpcrc(:l'_rc)(Uc_Ud)2 (9)

£
S, =C,—-S§, (10)
k
Here C, and C, are the coefficients of bubble induced

turbulence kinetic energy and energy dissipation
respectively.

Bubble turbulent dispersion force

A turbulence dispersion force is proposed in tterditure
to account for the diffusion of bubbles due to thedom
influence of turbulent eddies in the liquid. Theviea
averaged turbulence dispersion force model, aroopti
the ANSYS CFX14 Solver, has been used in this study.

The form is given as:
Ve [ Org _Ore | q
O.\ Iy I

[

M cTD =-M JD = _CTDCcd

Here,C is the momentum transfer for the interphase drag
force, and o (. is the turbulent Schmidt number for

continuous phase volume fraction, currently sebé0.9.
Crp is taken to be 1.

Drag force

Another important consideration in gas-liquid madebs
been the specification of drag force on the bubbléss
can be the most important factor for determining ga
holdup and distribution, since in the absence of
acceleration a balance between drag and buoyamcgsfo
determines the bubble slip velocity. It is comman t
describe the drag fordg, in the following form:

__1 dy

- _Ecdpc”7|ud _Uc|(Uc _Ud)
d, denotes here the bubble diameter, &jds the drag
coefficient. Several drag coefficient correlatiorsse
available for the two fluid bubble flow regime. Bashii
Zuber and Grace correlations are commonly usedhitn
article, all simulations are set with the Ishii addber
model.

F, (12)

A commercial CFD code ANSYS CFX14 has been used to
obtain a solution of the above equations, and sules

are implemented to calculate the bubble induced
turbulence and the drag force. A gas outlet boundar
condition has been used on the top surface of ahemm
through which gas leaves the tank at the raterivesw
from below (an option called”degassing conditich in
CFX). Wall solid boundaries were set as no slipvater
and free slip for air.
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RESULTS AND DISCUSSION

The test case geometry, a locally aerated flat leubb
column, is the same as the column used in the atioal
work of Sokolichinet al. (2004). Figure 1 presents a test
case of a flat airlift loop reactor with 2.0 m ieight, 0.5

m in width, and 0.08 m in depth. A central innerllwa
(1.45 m height, 0.03 m width located 0.16 m abdwe t
bottom) separates the two main parts of the buddiiemn.
The liquid height is 1.9 m. The gas is injectedabsparger
located 0.15 m from the left-hand side of the macind
the gas flow rate equals 4 L/min. A whole 3D geagnet
was built, with a grid of 72,520 cells.
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Figure 1. Flat column gas-agitated loop reactor under
4L/min gas flow rate. Simulation contour results gafs
volume fraction at a centre plane of the columraivietd.
From left to right: (a) with standard CFX setup; (lh

the consideration of bubble induced turbulence;with
consideration of bubble induced turbulence andulerit
dispersion force.

W
(b)
Figure 2: Flat column gas-agitated loop reactor under
4L/min gas flow rate. Simulation contour results of
turbulent kinetic energy at a centre plane of thkimn
obtained with standarld¢ model. From left to right: (a)
with standard CFX model; (b) with the consideratian

bubble induced turbulence; (c) with consideratioh o
bubble induced turbulence and turbulent disper&iace.
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The simulation results with the same mesh inforomati
and boundary conditions are presented in FiguWwith a
standard setting from the CFX solver (e.g. without
consideration of the bubble induced turbulence and
turbulence dispersion force) a bubble plume hasbee
generated, but the dispersion of the gas phase is
underestimated, so that the gas bubbles accumulate
exclusively near the left column wall (Figure 1Bjgure

2a shows the turbulence kinetic energy calculatsbd

on the standarbl-¢ equations. As expected, the turbulence
level is higher at regions corresponding to higiuikl
velocities and gas volume fraction. However, the
turbulence level is lower than the experimental
measurement. This is because that the bubble idduce
turbulence is not considered. Following the suggest
formula of Sokolichinet al. (2004), the bubble induced
turbulence was included as an extra source teriieo
standard k- equation. Thus, the turbulence level is
increased a bit (Figure 2b), but there is littlamte on the
bubble plume region (Figure 1b). From previous
experience, the width of bubble plume region issiem

to the bubble induced turbulent dispersion forcehew
this source term (Equation 11) is added on the mdune
equation (2), the bubble plume area becomes wider
(Figure 1c), which gives a better agreement with
experimental observation. Interestingly, the maximu
level of turbulence reduces (Figure 2c). This isause of
the inter-related phenomena between gas volumédrac
and bubble induced turbulence. Following the inseeaf
bubble plume width, the maximum gas volume fraction
reduces, thus, the bubble induced turbulence kedkices.
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Figure 3: Flat column gas-agitated loop reactor under
4L/min gas flow rate. Simulation results obtainedhw
standardk-¢ model, drag force, turbulent dispersion force
and bubble induced turbulence in the mid-depth eok@)
liquid velocity, and (b) gas velocity.

In the test case, the application of bubble induced
turbulence source term with adapted value€of 0.83
andC, = 0.13 results in a much better agreement with the
experimental result. Figure 3 shows the flow pateior
gas phase and liquid phase of the model with the
consideration of bubble induced turbulence dispersi
force and bubble induced turbulence. The good eticun
flow of liquid phase near column wall has been geteel

by the injected gas flow at the bottom of the tamkich is
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very close to the real flow field measured by LD i
experiments. Since the degassing boundary condised
here set a closed flow area for the liquid phdse,das-
liquid surface fluctuation was not simulated hefbere
are some small bubbles distributed in downcomes sid
the column, which are brought by the high speedidiq
flow. Although this phenomenon cannot be observerhf
the simulated gas holdup distribution (Figure 1log gas
velocity field still shows a small circulation imd area
where there could represent small bubbles (Figure 3
The results qualitatively agree well with the expental
measurement. To give a quantitative validation loé t
current  model, point-wise comparison between
experimental data and the simulation data is requlir
which represent our on-going work.

The optimal parameter values, determined by fittofg
experimental data, are strongly different from dasease.

If the gas flow in the example of Figure 3 is regldidrom

4 L/min to 2 L/min, the optimal values faZ, and C,
change to be 1.2 and 2.0. Because of the lowerlgas f
rate, the bubble driven liquid recirculation redsice
considerably (Figure 4a). Similarly, the turbulereegel
reduces (Figure 4c). It is interesting to see thatbubble
plume area increases (Figure 4d). On the one hhed,
level of turbulence reduces, the plume area woedhlice.
On the other hand, the reduction of liquid veloditgds to
less push of the bubbles towards the left wall. The
combined effect leads to a wider bubble plume area.

Another test simulation was made for gas-liquidivflim a
laboratory-scale Pachuca tank, which was from Shekh
and Evans (1989). The Pachuca tank was 1.5 m @igt,
m in diameter and had a conical bottom (height 3=r@.
and cone half angle = 45 degree). The filled heighs
1.21 m. The draft tube bottom (draft tube heiglt. &1 m
and draft tube diameter = 0.15 m) was position@38 tn
above the apex of the cone. Gas was injected lrtdank
through a single nozzle (diameter = 0.07 m) pla@€®®5
m below the draft tube bottom at a gas superfigdbcity
of 0.0014 m/s. The geometry has been representedlBy
degree section of the Pachuca tank, with a grid3p443
cells.

The industry experience and laboratory experiment
knowledge present a secondary recirculation looph&n
top half of the tank and a nearly stagnant regiorihie
bottom half of the tank. In addition, in gas-stifanks, it

is expected that agitation of the liquid will beviest at the
bottom and will increase greatly upon approaching t
fluid surface because of the rapid expansion of gas
bubbles near the surface (Shekhar, 1985).

The simulation results are shown in Figure 5 imtemof
liquid flow field (Figure 5a), gas flow field (Figa 5b),
turbulent kinetic energy distribution (Figure 5g)dagas
volume fraction (Figure 5d) in the mid-depth plafiep
circulation loop and bottom low speed stagnantaegire
clearly shown in the liquid flow field and gas fldield,
which are consistent with the experimental obséermat
Turbulent kinetic energitis in a high value at the top of
the tank, but approximately two orders of magnitloeer
in a zone extending from the top of the conicatisacto
approximately halfway up the tank. This is alsoegion
with low velocities, as can be seen from the gaw field.
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Figure 4: Flat column gas-agitated loop reactor under 2h/gas flow rate. Simulation results obtained wittndardk-¢

model, drag force, turbulent dispersion force antte induced turbulence in the mid-depth planenftleft to right: (a)

liquid velocity vector; (b) gas velocity vector;) @mrbulent kinetic energy; (d) gas volume fraction
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Figure 5: Pachuca tank under 0.0014 m/s gas superficiatitgl Simulation results obtained with standkfe model, drag
force, turbulent dispersion force and bubble induttebulence in the mid-depth plane. From leftight: (a) liquid velocity
vector; (b) gas velocity vector; (c) turbulent Kiceenergy; (d) gas volume fraction.

Figure 6 is the comparison of axial water velotigfween

simulation and experimental results under 0.001<l gas o ¢ DS moeptn, BXP
superficial velocity. It can be seen that the satioh o men. £F0
- 0.1 = 015 m depth, EXP
results are very close to the laboratory tests Kisdre ié S e, O
1989) in different depths of the tank, except tlsifion > \ 025 mdepth, EXP
near tank wall. B 0.05 1 e .25 1 depth, CFD1
g
The simulation results indicate there are potestial g 0 ‘
further improve the current design and/or operatieor E
example, the height of inside tube should be smétiem -0.05
0.55 m to 0.8 m and the filled height keeps theedathen :
a better dispersion of gas phase can be achievédhan 0.1
0.05 0.1 0.15 0.2 0.25 0.3

edge of the circulation loop is closer to tank dobe
walls. A higher gas flow rate (gas superficial ity =
0.0028 m/s) can bring a bigger bubble plume antebet
circulation.

Radial distance (m)
Figure 6: Comparison of axial water velocity between

simulation and experiment when the gas superficial
velocity is 0.0014 m/s.
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CONCLUSION

The bubble driven liquid flow CFD model, developed f
aluminium smelting process, has been extendeduiy st
two gas-stirred systems. With a proper considematid
the bubble induced turbulence and the turbuleqedgon
force, the key flow patterns in a laboratory dirléactor
(Sokolichinet al., 2004) and a Pachuca tank (Shekhar and
Evans, 1989) can be predicted reasonably well.

The initial test demonstrated the usefulness of the
developed model for capturing the complex flow cinoe,
hence for a better understanding of the procesd, an
eventually for further improvement of a specificsidm
and/or operations. It also demonstrated that the fls
complex and the model input parameters are stroceagyg
dependent, where detailed physical modelling data i
required to justify the modelling input parameters
quantitatively. To build a general constitutive redation

for gas liquid complex flow challenges the scidatif
community. This represents our on-going effort tigio
combined use of advanced physical modelling and CFD
modelling.
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