el 4

Y

" & Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.¢ ScienceDirect

Trans. Nonferrous Met. Soc. China 33(2023) 958—968

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Numerical simulation and multi-objective parameter optimization of
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Abstract: The gas—liquid two-phase flow behavior in a stirred tank was numerically simulated using Euler—Euler
two-fluid model, SST k—w turbulence model and the multiple reference frame method. The results showed that among
all the influencing factors, the rotation speed had the most significant effect on the stirred tank performance, followed
by the damping board width. The parameter combination that can produce the most effective stirring was found through
orthogonal test and matrix analysis, to be a paddle height of 950 mm, a paddle spacing of 1300 mm, a damping board
width of 525 mm and a rotation speed of 123 r/min. Under this condition, the mixing time decreased from 31.620 to
25.845 s when the gas holdup and relative power consumption was basically unchanged.
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1 Introduction

Environmental pollution from sulfur dioxide
(SO») flue gas has limited the development of zinc
hydrometallurgy based on a roasting—leaching—
electrodeposition process. The emergence of zinc
metallurgy technology based on oxygen-rich and
oxygen-pressurized direct leaching has been timely.
This process converts sulfur in a zinc sulfide
concentrate into elemental sulfur for convenient
storage and transport, which prevents SO, flue gas
pollution and is thus considered a green smelting
process. This process has considerable potential
because of the significant advantages of a short
reaction time, low oxygen consumption, high
thermal efficiency and compact equipment, among
others [1—4].

The leaching efficiency of the zinc sulfide
concentrate and the energy consumption of the
process depend strongly on the gas—liquid flow in

the stirred tank. Several factors affect this flow,
including the paddle rotation speed, paddle shape,
distance between paddles, paddle height (which
corresponds to the distance between the paddle and
the bottom of the stirred tank), oxygen flow rate
and damping board width. These factors interact
with each other. To improve the leaching efficiency
of the zinc sulfide concentrate and reduce energy
consumption, systematic studies need to be
performed to determine the ways in which these
factors impact the gas—liquid flow in the stirred
tank and to determine the optimal structural and
operating parameters for the process.

With the improvement of numerical methods
in fluids, computational fluid mechanics have
been extensively used over the past few years to
study gas—liquid flow in stirred tanks [5—11].
KARADIMOU et al [12], SHI and RDLAND
[13,14] and MARION et al [15] numerically
simulated the flow field of the stirred tank based
on CFD technologies. BAO et al [16], OCHIENG
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et al [17] and ZHAO et al [18] investigated the
influence of intermig impeller combined with
experimental measurements. The effects of various
influencing factors on the flow behavior in a stirred
tank, such as impeller type, stirring speed, paddle
spacing and blade diameter, were analyzed through
range analysis and variance analysis [19-22]. In
summary, many interacting factors may affect
gas—liquid flow in a stirred tank. These interactions
are not adequately considered in current studies,
which are mainly focused on the effects of
individual factors.

Therefore, the synthetic actions of factors on
gas—liquid flow in a stirred tank are explored in this
study. These factors include the paddle height,
paddle spacing, damping board width and rotation
speed. A matrix analysis is used to perform a
multi-objective optimization of the stirred tank
parameters, thereby optimizing the flow field in the
stirred tank, increasing the leaching efficiency and
reducing the energy consumption.

2 Physical and mathematical models

2.1 Physical model

Seven compartments of the horizontal stirred
tank have similar structures. To simplify the
calculations, the middle compartment is simulated
in this study using the structure shown in Fig. 1.

Each sidewall of the stirred tank is provided
with one damping board. A double-layer stirring
paddle is used, with a 45° axial-flow upper paddle
with four vanes and a radial-flow lower paddle with
six straight vanes. Oxygen is supplied to the stirred
tank via an inlet at the bottom. The height of the
liquid level after ventilation is taken as the model
height. Multiple reference frames are employed in
the model: the region in which the paddle is located

Liquid
level

Baftle

Stirring \
paddle

is defined within a moving reference frame, and a
stationary reference frame is used for other areas.

2.2 Mathematical model

Gas—liquid flow predominates the stirred tank
interior. The following assumptions are made to
simplify the calculations.

(1) The flow process is stable and continuous,
and it is regarded as a steady flow process.

(2) The middle compartment contains an
overflow port. As the liquid level generally remains
constant, the flow is treated as steady.

(3) As the temperature fluctuations (approx.
15°C) in a compartment are relatively small, the
effect of the temperature on the gas—liquid flow is
neglected.

The gas—liquid flow in the stirred tank is
described using the Euler—Euler two-fluid model.
The continuity equation is

V- (a;pu;)=0 (1)

where p; denotes the phase density for phase i, a;
denotes the phase fraction, and u; denotes the phase
velocity for phase i.

The gas—liquid momentum equation is

V(a,pu;,Qu;)=-aVp+V T +a,p,8+
(EDrag +EVM +F;Liﬁ +EDisp) (2)

where Vp is the gradient of pressure; Vz: is the
stress—strain tensor for phase i; g is the acceleration
due to gravity; F”™ denotes the drag force,
which is described by the model proposed by
TOMIYAMA et al [23]. Due to the large difference
between the densities of the gas and liquid phases,
the virtual mass force (E-VM) cannot be ignored,
and the coefficient of the virtual mass force (Cym) is

set to be 0.5 based on numerical simulation research

4,

L | L

Fig. 1 Schematic of stirred tank (4;: Paddle height, 4>: Paddle spacing, 43: Damping board width)
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results of MOUGINET and MAGNAUDET [24].
FI-Lift denotes the lift force and in this study, it is
described by the model proposed by TOMIYAMA
et al [25]. F"® represents the turbulent
dissipation force and is described by the model
proposed by BURNS et al [26].

Since the flow is turbulent at the oxygen inlet
(given the Reynolds number Re=13600>2300),
the shear stress transport (SST) k—w turbulence
model [27] was used to describe the turbulent
process in the stirred tank. In the SST k-
turbulence model, the transport equations of the
turbulence kinetic energy (k) and turbulence
frequency (w) need to be solved. The specific forms
of the equations are as follows.

k equation:

V. (aipiuiki) =V (aiFkai) +
a,(P, - B pkw,)+ S 3)
 equation:

V- (a,puw)=V-(a,]",Vo)+

P
a; (CIUP turlZ -

20,(1- F)2202 vV oy, + 52 (4)
Q.

3

Cpria)i2)+

where S’ is a constant; the density p; and the
velocity vector u; can be treated as known
quantities; Py is a turbulence-induced term; /7 and
I, are the diffusion coefficients for & and w,
respectively; F is the mixed function; Cop, C,p and
turb . . .
0w2 are constants; g, is the turbulent viscosity;
S* and S” are user-defined source terms.
y;“rb can be computed by k and w as follows:
turb pk 1
e )
! 1 QF,
“ max[—, 2]
a  ao

where a” is the low Reynolds number correction
coefficient to reduce the viscosity of turbulent
vortexes; 2 is the constant term of the shear tensor;
ap is the empirical constant, and F> is the mixing
function. In this work, FLUENT method [28] is
used to solve the above control equation and
SIMPLE [29] algorithm is adopted. The detailed
model validation can refer to a previous work [30]
using the same physical and mathematical models.
The resulting computational time was about 24 h
per working condition using a 20 core Intel i7
3.2 GHz CPU.

2.3 Definition of physical properties

The liquid phase in the stirred tank is a zinc
sulfate solution, and the gas phase is oxygen at
350 kPa. The physical properties of these two
phases are given in Table 1.

Table 1 Physical properties of simulation

Variable Value
Density of zinc sulfate solution/(kg'm>)  1.35x103
Viscosity of zinc sulfate solution/(Pa-s) 0.01

Density of high-pressure oxygen/(kg-m ) 4.89

Viscosity of high-pressure oxygen/(Pa's)  2.5x1073
Flow rate at oxygen inlet/(m-s ™) 17.14
Bubble diameter/m 0.004

Based on the on-site conditions and flow
characteristics, the corresponding boundary
conditions are set for the control (Egs. (1) and (2)).
The specific definitions are as follows.

(1) Inlet boundary: Velocity inlet boundary.

(2) Outlet boundary: Degassing boundary. The
degassing boundary is used to simulate a free
surface, and the gas phase can escape through the
boundary.

(3) Wall boundary: The solid wall surface in
the tank is set to be in no-slip boundary conditions.

2.4 Grid independency study

Due to the complex combined structure of
stirred tank, the structured grid cannot meet the
requirements. Therefore, the structured grid and the
unstructured grid are combined to divide the
computing domain into grid blocks, as shown in
Fig. 2.

As shown in Fig. 2, two red-framed regions

Fig. 2 Schematic diagram of stirred tank grid division
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represent the rotation region, while the other
regions are stationary regions. The position of the
red box is set as the interface. The mesh-
independent analysis was carried out for the model
of horizontal stirred tank. The above mesh-
generation scheme was adopted to divide the
stirring models with 8x10°, 1.2x10%, 1.6x10° and
2x10° meshes, respectively. The results of the
average gas holdup in the tank were 0.798%,
0.895%, 0.910% and 0.904%, respectively. When
the number of grids is 8x10° the gas holdup is
significantly different from that of 2x10%, and the
relative error is 11.73%. When the number of grids
is 1.2x10° and 1.6x10°, the simulation results are
close to that of 2x10° and the relative errors are
1.01% and 0.66%, respectively. In consideration
of the computational amount, the partitioning
conditions under the number of 1.2x10° grids are
adopted in the subsequent studies.

3 Orthogonal test scheme design and
numerical simulation results

The oxygen flow in the stirred tank depends on
the process conditions and cannot be arbitrarily
changed. The four parameters that are optimized in
this study are the paddle height, paddle spacing,
damping board width and rotation speed, based on
the structure and operating conditions of the stirred
tank at the respective company, including
maintaining the overall structural size and oxygen
flow conditions of the stirred tank.

3.1 Orthogonal test design

The following parameter values are used for
stirred tank operation in this study: paddle height of
950 mm, paddle spacing of 1300 mm, damping
board width of 525 mm, and rotation speed of
123 1/min.

The gas—liquid flow is numerically simulated
for the 16 operating conditions in Table 2 to
determine the velocity distribution in the gas and
liquid phases and the concentration distribution in
the gas phase in the stirred tank.

3.2 Evaluation indicators

A uniform oxygen distribution enhances gas—
liquid mixing, which promotes the leaching reaction
and decreases the time required to mix new pulp
into the liquid phase in the stirred tank. The stirred

Table 2 Orthogonal test scheme Lis(4*) for optimization
of stirred tank parameters

Test Pa'ddle Padfile Dampip g Rotation
No. height, spacing, board width, speec'i,
Aj/mm Ax/mm Aymm  A4/(r-min")
1 700 (1) 1150 (1) 0 63 (1)
2 700 1300 (2) 175 (2) 83 (2)
3 700 1450 (3) 350 (3) 103 (3)
4 700 1600 (4) 525 (4) 123 (4)
5 825 (2) 1150 175 123
6 825 1300 0 103
7 825 1450 525 83
8 825 1600 350 63
9 950 (3) 1150 350 83
10 950 1300 525 63
11 950 1450 0 123
12 950 1600 175 103
13 1075 (4) 1150 525 103
14 1075 1300 350 123
15 1075 1450 175 63
16 1075 1600 0 83

The level number of the influencing factor is shown in brackets.

tank space is thus more fully utilized for the pulp
leaching reaction, which increases the leaching rate.
The mechanical stirring capacity can be affected
by the development of “gas cavities” behind the
stirring paddle when gas is introduced into the
stirred tank. The resulting reduction in the stirring
power to below that of a pure liquid phase [31] and
the original conveying capacity of the stirring
paddle deteriorates gas—liquid dispersion and
mixing. Thus, three indicators are used in this study
to synergistically evaluate the leaching efficiency
and energy consumption of the stirred tank, i.e., the
mean gas holdup, mixing time and relative power
consumption.

(1) Mean gas holdup

The mean gas holdup indirectly characterizes
the uniformity of the gas—phase distribution in the
stirred tank and is calculated as a volume-weighted
average of the gas holdup in each mesh as follows:

N

Sar (6)

1
E=—
=

where a; represents the gas holdup of mesh i; V;
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denotes the volume of mesh i; V' denotes the total
volume of the fluid domain; N’ denotes the number
of meshes.
(2) Mixing time

The mixing time is an important indicator of
the fluid mixing rate in the stirred tank. The mixing
time is determined by injecting a tracer with the
same physical property parameters as the ore pulp
into the overflow port and using the results in

conjunction with the following composition
equation:
0
PNV (D) =V, ©)
_ H;
J.=—(pD; +-)VY, (@)
Y

where Y; represents the mass of component i; J; is
the mass diffusion flux relative to the mean velocity;
D; denotes the diffusion coefficient of component i
in component k; and Sc; is the Schmidt number,
which is valued at 0.7 in this study.

Overall monitoring [32] is used to determine
the mixing time in this study. The mixing time
corresponds to the time at which the fluid volume
Vmix reaches a prescribed mixing volume fraction
My (My=1) when the tracer concentration is
generally equal to the final equilibrium
concentration (within £5% deviation). The mixing
volume fraction is calculated by the following
equation:

V.
M, =-mix 9
a7 ©)

where V7 represents the volume of the total fluid
domain in the stirred tank. As My increases
gradually over time, the time needed to reach M;=1
is the mixing time.

(3) Relative power consumption

The relative power consumption characterizes
the degree of reduction in the conveying capacity of
the stirring paddle, namely, the ratio of the power
consumption after ventilation to that before
ventilation. The power consumption of the stirring
paddle is calculated using the following equation:

P=2nNM (10)

where n represents the stirring paddle rotation
speed, 1/s, and m denotes the stirring paddle torque,
N-m, which is obtained from a numerical
simulation.

3.3 Numerical simulation results of orthogonal

test

A total of 16 sets of operating conditions were
numerically simulated based on the orthogonal test
scheme L;4(4%) given in Table 3. Table 3 shows the
mean gas holdup, mixing time and relative power
consumption calculated under different operating
conditions.

Table 4 presents the results of a range analysis
of the data in Table 3.

Table 3 Orthogonal test scheme and corresponding numerical simulation results

Test No. Level of A1 Level of A2 Level of A3 Level of A4 hlfgﬁilugi’z Riléllils\;f;lpp(g;ir %gg/lsg
1 1 1 1 1 0.9709 0.8596 47.46
2 1 2 2 2 0.9065 0.9785 34.38
3 1 3 3 3 0.8279 0.9621 35.77
4 1 4 4 4 0.8995 0.9856 26.45
5 2 1 2 4 0.7936 0.9893 28.16
6 2 2 1 3 0.8283 0.9495 31.27
7 2 3 4 2 0.9402 0.9640 36.725
8 2 4 3 1 0.9772 0.9213 57.415
9 3 1 3 2 0.8726 0.9394 32.61
10 3 2 4 1 1.0095 0.9610 41.11
11 3 3 1 4 0.8962 0.9911 23.325
12 3 4 2 3 0.8795 0.9107 36.72
13 4 1 4 3 0.9121 0.9867 25.7
14 4 2 3 4 0.8431 0.9732 23.755
15 4 3 2 1 0.9327 0.9046 52.595
16 4 4 1 2 0.9094 0.9661 35.275
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Table 4 Range analysis of numerical simulation results

Influencing factor

Test evaluation indicator Variable
A A> A3 As
kit 0.9042 0.9012 0.8873 0.9012
kii2 0.8848 0.8969 0.8781 0.9072
Mean gas holdup, G kiis 0.9145 0.8993 0.8802 0.8620
k4 0.8993 0.9164 0.9403 0.8581
St 0.0296 0.0291 0.0623 0.1145
ka1 0.9465 0.9438 0.9416 0.9116
' ka2 0.9560 0.9656 0.9458 0.9620
::Zl;tggtli’;’:gz o3 0.9506 0.9555 0.9490 0.9523
kaia 0.9577 0.9459 0.9743 0.9848
82,0 0.0112 0.0218 0.0328 0.0732
k3in 36.0150 33.4825 34.3325 49.6450
ki 38.3925 32.62875 37.96375 34.7475
Mixing time, G3 k33 33.4413 37.1038 37.3875 32.3650
k3ia 34.3313 38.9650 32.4963 25.4225
83,0 4.9513 6.3363 5.4675 24.2225

The term kj;; represents the arithmetic mean
of the test evaluation indicator G at level j of the
influencing factor 4;. The maximum difference in
kn;jis denoted by sy,

Spi = max(kh,[,j) - min(kh,i,j) (11)

where A(=1, 2 and 3) denotes the three test
evaluation indicators, i.e., the mean gas holdup,
relative power consumption and mixing time,
respectively; i(=1, 2, 3 and 4) denotes the four
influencing factors, i.e., the paddle height (4)),
paddle spacing (4>), damping board width (43) and
rotation speed (44), respectively; j(=1, 2, 3 and 4)
corresponds to the four levels for each factor.

4 Use of matrix analysis for multi-
objective optimization

4.1 Matrix analysis

A matrix analysis of the data in the range
analysis table presented above was used to perform
a multifactor and multi-objective optimization for
the four influencing factors and three test evaluation
indicators for the stirred tank.

(1) Layer matrix of test evaluation indicators

By assuming # test evaluation indicators and /
influencing factors with m levels each, the layer

matrix M) for the h-th test evaluation indicator is
given as follows:

K1 0 o - 0

K12 0 o .- 0

Kim 0 o .- 0
0 K,y 0 - 0
0 K,y 0 - 0

M, = : : : : (12)

0 Ky 0 - 0
0 0 0 K11
0 0 0 Kis
0 0 0o - Kh,l,m

If a large evaluation indicator produces a more
efficient result, then Kj;; is set equal to kj; if a
small evaluation indicator produces a more efficient
result, then Kj,;; is set equal to 1/k,;;. Increasing the
mean gas holdup and decreasing the time to obtain
a uniform mixture improves the leaching rate in
the stirred tank. Increasing the relative power
consumption reduces the energy consumption of the
system.
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The layer matrix M) for the test evaluation
indicators has /-m dimensions.

(2) Layer matrix of influencing factors

Considering ks ;for Gy, the layer matrix 7 of /
influencing factors is an /-dimensional diagonal
matrix:

T,=diag[ T, T,,. . Ty, | (13)

where 7, =1/ ZK,U.,J..
j=1

(3) Horizontal layer matrix

The range s5; of 4; for Gj is described by a
horizontal layer matrix .S, which is a column vector
with / elements:

T

S, :|:Sh,19 Spas Sh,l] (14)

i
where S,,=s,,/ > 5.
i=1

(4) Weight matrix of test evaluation indicators

The weight matrix w; (h=1, 2 and 3) of the test
evaluation indicators reflects the extent to which
different factors affect G, and is a column vector
with /-m elements:

T
o, =M,T,S, =[a’h,1,1’ D125 "7 Wpijs " a)h,/,m]

@Ky TS (15)

hyi,j = hi

m

where Kh,i,jTh,z(:Kh,;,j/th,f,j] is the ratio of
=

the test evaluation indicator at level j of 4; to the
sum of the test evaluation indicators of all levels of
Ai; Sni 1s the ratio of the range of A4; to the range
sum of all the influencing factors. The product w;;
reflects both the effects of level j of 4; on Gj and
the range proportion of A;. Therefore, the priority
and optimization scheme of the influencing factors
can be obtained from the weights of the effects at
each level of every factor on the test evaluation
indicator.

oy, (h=1, 2 and 3) indicates the priority of the
influencing factors for the three different test
evaluation indicators. The optimization scheme for
comprehensive performance evaluation is obtained

by using the mean of @, that is, (Y)lewh.

N p=1
Using the data in Table 5 yields the following
result:

o= [0.0271, 0.0263, 0.0280, 0.0276, 0.0368,
0.0375, 0.0357, 0.0352, 0.0548, 0.0530, 0.0532,
0.0574, 0.1209, 0.1354, 0.1366, 0.1526]" (16)

In Eq.(16), every four data constitute the
weight of the influence of a factor on the
comprehensive performance of the stirred tank. The
maximum weight is the optimized value of the
corresponding factor. Hence, the optimal schemes
for the stirred tank are inferred to be 4,=3, 4,=2,
As=4, and A4=4; that is, a paddle height of 950 mm,
a paddle spacing of 1300 mm, a damping board
width of 525mm, and a rotation speed of
123 r/min.

Figure 3 shows the priority of the influencing
factors is AsA3A»A:; that is, the rotation speed has
the largest effect (53.46%), followed by the
damping board width (21.14%), compared to
relatively weak influences for the paddle spacing
and height (14.50% and 10.90%, respectively).

60
53.46

50

40 -

30r

Weight/%

21.14

20
14.50

10.90

10

0

4, A, A, A,
Influencing factor

Fig. 3 Weight distribution of influencing factors

4.2 Comparison of numerical simulation results
between optimized and base configurations
Table 5 summarizes the above-mentioned
optimized and base configurations for the stirred
tank. The gas—liquid flow process is numerically
simulated under both operating configurations.
(1) Comparison of evaluation indicators

Table 5 Optimized and base operating configurations

Operatin Paddle Paddle Damping Rotation
p g height/ spacing/ board width/ speed/
configuration S
mm mm mm (rrmin™")
Base 846 1410 375 83
Optimized 950 1300 525 123
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The comparison of the evaluation indicators
for the two configurations shown in Table 6
indicates that all three performance indicators (i.e.,
the mean gas holdup, relative power consumption
and mixing time) of the stirred tank were improved
to some extent. Increasing the speed has been
reported to decrease the mean gas holdup in a
stirred tank [30]. However, this result was not
obtained in this study: optimizing the structural
parameters of the stirred tank ensured full
gas—liquid contact and promoted the chemical
reaction in the stirred tank, thus increasing the
leaching efficiency. The increased relative power
consumption reflected an enhancement of the
conveying capacity of the stirring paddle and more
efficient fluid stirring in the stirred tank. The
reduction in the mixing time reflected faster fluid
mixing and higher mixing efficiency.

Table 6 Comparison of base and optimized operating

configurations
Operating  Mean gas  Relative power  Mixing
configuration holdup/%  consumption time/s
Base 0.8833 0.9633 31.620
Optimized 0.8922 0.9879 25.845

(2) Comparison of velocity field for two
configurations

To facilitate the observation of the flow field in
the tank, a cross-section and longitudinal section of
the tank are selected as the characteristic surfaces
(as shown in Fig. 4).

Figures 5 and 6 show cloud charts of the
velocity distribution in the planes of the upper
and lower paddles of the stirred tank under the two

Velocity/(m+s™")

8.0
7.2
6.4
5.6
4.8
4.0
32
24
1.6
0.8
0

(@)

Cross-

section
7;\

Longitudinal
|| section

Fig. 4 Schematic diagram of cross-section and
longitudinal section of stirred tank

operating configurations. As shown in Fig. 5, with
the base configuration (the fluid motion around the
impeller), due to the effect of blocking of the
damping board, the moving direction of fluids is
changed, and the axial velocity and radial velocity
are increased. The fluid velocity is faster in the area
around the tank wall and damping board, so the
mixing effect is good, but in the middle area from
the tank wall to the tank center, the fluid velocity is
lower, which is not conducive to the gas—liquid
mixing.

In the optimized configuration, as shown in
Fig. 6, under the optimized configuration, the
increased width of the damping board makes the
flow from the tank wall to the tank center more
disordered, the paddle height and paddle spacing
are adjusted to the appropriate position, and the
overall stirring intensity in the tank is more uniform,
which is conducive to the flow mixing, heat transfer
and chemical reaction of the gas—liquid fluid.

Figure 7 shows a cloud chart of the gas holdup
distribution for the longitudinal section of the

>

9

(b)

Fig. 5 Velocity distribution in section with upper and lower paddles located in stirred tank with base configuration:

(a) Lower paddle; (b) Upper paddle
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Velocity/(m-s™")

8.0
72
6.4
5.6
4.8
4.0
3.2
24
1.6
0.8
0

(@

(b)

Fig. 6 Velocity distribution in section with upper and lower paddles located in stirred tank with optimized configuration:

(a) Lower paddle; (b) Upper paddle

Gas holdup
0.030
0.027
0.024
0.021
0.018
0.015
0.012
0.009
0.006
0.003
0

(a)
Fig. 7 Cloud chart of gas holdup distribution in longitudinal section of stirred tank: (a) Actual; (b) Optimized

stirred tank. As seen from Fig. 7(a), in the base
configuration, under the obstruction of the lower
blade disc, the gas phase injected from the bottom
oxygen inlet gathers under the blade, and then the
gas phase moves around with the liquid phase and
rises along the wall of the tank into the circulation
area between the two blades. Overall, the gas phase
distribution is poor. The gas phase is mainly
concentrated under the lower blade and the gas
holdup is low in the area between the two blades.
For the optimized configuration, increasing the
paddle height enables the full development of the
gas phase at the bottom of stirred tank. A larger
gas-phase volume moves between the two paddle
layers to increase the uniformity of the gas-phase
distribution, which in turn increases the gas—liquid
contact area and the leaching reaction efficiency.

5 Conclusions

(1) The matrix analysis output was used to

(b)

rank the factors in terms of their effect on the
overall stirred tank performance in ascending order
as follows: the rotation speed, damping board width,
paddle spacing and paddle height.

(2) The results showed that using this
optimized configuration (a paddle height of
950 mm, a paddle spacing of 1300 mm, a damping
board width of 525 mm and a rotation speed of
123 r/min), improved the mean gas holdup and the
relative power consumption of the stirred tank, and
reduced the mixing time from 31.620 of the base
configuration to 25.845 s.

(3) Using the optimized -configuration
increased the turbulence of the flow in an
intermediate region between the wall and the center
of the stirred tank. The higher overall flow rate
facilitated gas—liquid mixing. The alleviation of
gas-phase enrichment under the paddle resulted in
the gas phase being more evenly distributed and
therefore more efficient stirring than for the base
configuration.
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