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Optimization of a Multiphase Mixed Flow Field in Backfill Slurry
Preparation Based on Multiphase Flow Interaction
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ABSTRACT: The paper analyzes the dynamic behavior during the
preparation of cemented backfill slurry by combining the structural
performance analysis of the double-shaft mixer and the Euler multiphase
flow field computational fluid dynamics model. Considering the
interaction between phases and gas phase disturbances, the transient
kinetic parameters and the interaction between gas and liquid phases
were introduced. According to the modified lift model, the user-defined
function of the net lateral lift coefficient and the turbulence energy
equation was adjusted. Taking the parameters of flow field velocity, gas
phase mixing, uniformity, and turbulent energy dissipation as the
evaluation indexes of the mixing effect, the double-shaft mixer at a
rotation velocity of 45 rpm and with a blade installation angle of 25° is
the optimal design in this study. Experimental tests were carried out and
confirmed that the refined two-fluid model of interphase interaction can
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provide a basis for the performance evaluation of material mixing equipment.

1. INTRODUCTION

To serve the production and construction of mines, backfill
mining plays an increasingly important role. By turning the solid
waste materials into high-concentrated paste tailing backfill
materials, they can be recycled so as to effectively assist the
ground pressure management of mining enterprises.l_5 The
double-shaft mixer is widely applied in mixing tailing backfill
slurry and is developing rapidly. At present, in the mining
industry, the application of mixing equipment is mostly based on
empirical parameter methods, and there are few theoretical
studies. In fact, the entire operation of the backfill mining system
is overlapped with multiphase flow discipline. As the core
process, the slurry mixing process is actually the process of
multiphase flow formation and multifield motion.®™® Currently,
as to the backfill fluid theory, most of the research studies still
stay in the ideal fluid stage such as Newton flow and Bingham
flow, which are less combined with the essential characteristics
of multiphase flow. However, no matter what the purpose is,
slurry performance, fluidization characteristics, interphase
interaction, and the law of multifield mechanics are all important
factors in the research of backfill fluid mechanics, which are
directly related to the safety and economic effect of the backfill
process and are also the core problems restricting the resource
development technology.”'” The introduction of a multiphase
flow analysis method will constantly advance the discipline and
industrial innovation in terms of concept, theory, and method."!

As one of the research methods of fluid mechanics,
computational fluid dynamics (CFD) takes a computer
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numerical method as the analysis method and adopts certain
computing techniques to seek discrete numerical solutions to
various complex problems in fluid mechanics.'>~"* In the 1980,
researchers first applied fluid dynamics to the mixing process in
agitated flow fields. In terms of scientific research and industrial
applications, as early as the early 20th century, Drew and Lahey
had proposed the idea of using a numerical method to solve fluid
mechanics problems.'” In the 1970s, they proceeded from the
basic conservation principle and derived the basic equations of
two-phase flow through strict mathematical deduction, but they
were not widely acknowledged. The general method at the
current stage is as follows: (1) Two-fluid model (TFM). In the
cases where the two phases are equivalent, the mathematical and
physical equations of the single phases are established, taking
into account physical factors such as the resistance, relative
displacement, momentum, and heat exchange (transfer)
between the phases. (2) Homogeneous model. As to the two-
phase mixing uniform flow, it can be generalized into a
homogeneous (continuous medium) model and a diffusion
model and analyzed by the classic hydraulics method. (3)
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Statistical group model. As for the two-phase flow of particles
(bubbles, droplets, and solid particles are collectively referred to
as particles), a random analysis is used to establish a statistical
group (particle group) model. Regarding the combination of
multiphase flow and CFD, the researchers derived the
continuity, energy, and motion equations of solid—liquid two-
phase flow according to the field view. Dam and Schuck'®
calculated the concentration and velocity distribution of the
slurry in the horizontal pipeline via a numerical algorithm. Fang
et al.'” applied the Euler—Lagrange mathematical model to
calculate the effect of solid particles on flow velocity and
pressure. Kang and Guo'® summarized the N-S equation of the
slurry under laminar flow through numerical calculations and
found the law of changes in volume fraction and solid particle
settling velocity.

In the stirring equipment, the rotation of the blades generates
kinetic energy in the watershed so that the fluid can flow in the
stirring watershed, thereby achieving the exchange of substances
and energy. This type of calculation mainly involves inviscid flow
and viscous flow."”*° The former includes low-velocity flow,
transonic flow, and supersonic flow, while the latter includes
turbulent flow, boundary layer flow, etc. Computational fluid
dynamics (CFD) has become an effective tool for learning about
complex phenomena in fluidized bed systems. Conventionally,
two types of CFD models will be employed, namely, Euler—
Euler model and Euler—Lagrange model.*"*? In the first model,
both the fluid and solid are regarded as continuous phases, while
in the second model, the fluid is regarded as a continuous phase,
the solid is regarded as a discrete one, and the motion of each
particle is tracked. The interphase force model plays a key part in
multiphase flow simulation.”” Concerning the drag coefficient,
different correlations are provided in the literature, and models
like the Syamlal-O’Brien model and the Gidaspow model are
frequently applied. McKeen and Pugsley”* proposed a resistance
model, considering the effect of cohesion between particles on
particle agglomeration, and researchers also applied it further. In
recent years, to study the interaction between phases,
researchers often employ new drag coefficient models in
consideration of drag and lift forces.”” >* Momentum transfer
and phase to phase interaction of fluid flow are very important
because it determines the velocity and pressure distribution in
the device, which directly affects the mass and energy transfer
process. It can be concluded that the internal structure of the
mixing device and the fluid motion mode in the flow field
determine the stirring and mixing effect of the multiphase fluid.
If the fluid flow contains a multiphase fluid system, then the
system analysis needs to consider the law of conservation of
mass; if the fluid flow is in a turbulent state, then the system
needs to solve the instantaneous control equation of the
turbulent flow.

Therefore, to optimize the design of the stirring and mixing
equipment, the working mode of the stirring equipment should
be taken into consideration to study the flow state and form of
the multiphase fluid so as to better solve practical problems. This
paper analyzed the structural performance and technical
parameters of the double-shaft mixer, studied the production
efficiency and conveying performance of the mixing equipment,
and revealed the mixing state of materials in the double-shaft
mixer. Based on the structural principle of the mixer and the
actual production effect, the CFD two-fluid mixing model was
established to perform the multiphase flow material mixing
transient numerical calculation. The interphase interaction
model and the turbulent energy equation were introduced

through a refined custom function to complete the flow field
analysis and efficiency evaluation of the double-shaft mixer
during work of different design parameters. The research results
can provide a reliable basis for the optimization of the mixer
structure and the study of the characteristics of the material
mixing flow field.

2. MATERIALS AND METHODS

2.1. Analysis of Structural Performance of the Double-
Shaft Mixer. Since the double-shaft mixer is propelled in the
form of a screw, the mechanism of conveying capacity can be
applied to derive the estimation formula of the mixer. The
production capacity formula is as follows:*’

Q = 607-D*s-n-p-p/4 (1)

In the formula, Q is the production capacity, t/h; D represents
the swivel diameter, m; s refers to the lead, m; n is the rotation
velocity of the shaft, rpm; p is the density, t/m?; ¢ is the backfill
coefficient, and it is generally set at 0.55.

The material has both axial displacement and circumferential
displacement during the mixing process. Its main manifestation
is axial displacement, and the trajectory of the circumferential
displacement is approximately a spiral. Therefore, the
calculation of the axial movement velocity V, of the material
in the mixer needs to consider the spiral coefficient:

1
= 1 + tan a-tan(a + f3) (2)
Vi = brsin a-n-n,2/60 (3)

In the formula, V} is the material movement velocity, m/s; b is
the average blade width, and b = 0.5 m; « is the blade installation
angle, °; B is the friction angle and is set at the value of 30°%; n is
the rotation velocity of the mixing shaft, rpm; # is the helix
coeflicient; 77, is the lateral resistance coeflicient; z is the number
of blades in one pitch, and z = 4.

The residence time of materials in the mixer can be estimated
by the following formula:

Vi (4)

In the formula, t is the material mixing time, s; L is the center
distance between the inlet and outlet of the mixer, m.

2.2. Calculation Equation of the Gas—Liquid Inter-
action System. Solid—liquid dense-phase flow is widely
applied in many industrial processes. Due to the limitations in
experimental research of measurement technology and equip-
ment size, accurate numerical simulation of multiphase flow,
dense multiphase flow in particular, is of great significance.

2.2.1. Two-Fluid Characteristic Equation. Just like other
fluid flow issues, the flow in the mixer must be governed by the
law of conservation of mass and momentum. If the fluid flow
includes heat exchange, the system must also observe the law of
conservation of energy; if the fluid flow involves the mixing or
interaction of different components, the system must also
observe the law of conservation of component mass; if the fluid
flow is in a turbulent state, the system needs to solve the
turbulent flow instantaneous control equation. The governing
equation is a mathematical description of the many conservation
laws followed by the system. The continuity equation is as
follows:***°
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K (ap) + Vo —A) —0 shown in Figure 1. The relative friction and slip between the two
ot %h 8\ = (5) phases can resist the phase dispersed in a opposite direction.

In the equation, p,, @, and v, represent the fluid density,

volumetric content, and motion velocity vector, respectively. In
the multiphase flow system, the gas phase and liquid phase are
usually calculated as continuous phases.

2.2.2. Discretization of Transient Dynamic Equations. As
for the transient problem, the governing equation is similar to
the steady-state problem, and the main concern is the
discretization of the transient term. The general governing
equation is as follows:

o) | 2)_ 0 (130)

ot Oox ox

ox (6)

They refer to convection term, diffusion term, and source
term, respectively. ¢ is the generalized variable and can be
defined as some physical quantity to be solved, such as velocity,
temperature, or concentration. I' is the corresponding diffusion
coeflicient, and S is the generalized source term.

When dealing with the discretized mixing model, the transient
structural dynamic equation can be derived from the principle of
minimum potential energy:3'1’3’2

MI{4} + [Cl{q} + [K1{q} = {F"} (7)

In the equation, [M], [C], and [K] represent the mass,
damping, and stiffness matrix of the mixing point, respectively.
{g}, {q}, {q}, and {F°} refer to the node acceleration, velocity,
displacement, and corresponding external force of the finite
volume method, respectively.

2.2.3. Interphase Interaction. The state expressed by the
Euler multiphase mixing model is that each phase is not
constrained by the phase state and can be combined arbitrarily
without being affected by the concentration. Furthermore, a
series of equations with different phases can be solved
simultaneously to meet the needs of actual simulation. In this
model, each phase itself also satisfies the volume conservation
law of multiphase flow:*

V= [ (8)

2= 10, = 1, V, is the volume fraction of the g phase. This
statistical method will be used in the subsequent calculations.

Figure 1 shows the interaction between the gas and liquid
phases. The basic equations of fluid mechanics are closed-
formed,** while regarding multiphase flow, the inter}ghase
interaction equations are used to describe the fluid forces.” To
date, most studies believe that the drag force plays a significant
role in the momentum exchange process between phases, as

Relative velocity Virtual quality force

Liq““‘ ‘Liquid

Drag force

Relative velocity Turbulent dispersion force

Liquid =770 o .« Gas phase distribution

Figure 1. Schematic diagram of interphase action.

Different publications concerning the flow characterization of
the interphase state induced by the drag force have confirmed
that the drag force can achieve the momentum transfer between
the interphase mean flow and turbulent flow,>® as well as the
entrainment transport of the fluid relative to the discrete
phase.”” Therefore, drag force is applied to define different
scenarios in simulation of the multiphase mixed flow field.

To fully study the velocity gradient in the continuous phase
flow field, the multiphase flow model in this research considers
the relative motion and action of gas phase and slurry to the full
and defines the function of the lift force so as to accurately
reproduce the effect of air mixing into the flow field during the
mixing process. The operation mechanism of slurry mixing is
shown in Figure 2.

In the study of the lift effect, Tomiyama defined the
theoretical lift model in the flow field containing gas and
acquired the following formula:**~*’

rd®
Fr=Fyp+ Fyp = —(Cpp + CTL)pL?(VG — V) X rotV,

nd®
= —CTpL7(VG - V) X rotV, ©)
In the formula, F; refers to the lift force; Fy; represents the
tensile lift force; F; p refers to the shear lift force, and C is the net
lateral lift coefficient.
The ratio of buoyancy to surface tension E,, is expressed as
follows:

B, = g(pL - pG)dI%I
od = c (10)

In the formula, dy; refers to the size of gas phase and o is the
surface tension.

The net lateral lift coefficient can be expressed as the
relationship between the Reynolds number and E; thus, the
corresponding range can be defined as follows:

min[0.228 tanh(0.121Re), f(E,,)] for Ey; < 4

! F(E,y,) for 4 < Eyy < 107
(11)
f(Eyy) = 0.00105E; — 0.0159E; — 0.0204E,,; + 0.474
(12)

The lift force is the key force to promote the radial movement
of gas, and it is also the difficult point of gas—liquid mixture
simulation. User-defined function is adopted to define the
relationship between the net lateral lift coefficient and lift model
parameters, and the multiphase flow model is modified
accordingly. The computational model is shown in Figure 3,
and parameters are listed in Table 1.

3. RESULTS AND DISCUSSION

3.1. Reliability Analysis of Gas Liquid Interaction
Simulation. Figure 4 indicates the velocity distribution of the
flow field center at different elevations perpendicular to the y-
axis section. It can be concluded that the region where the
turbulence occurs most violently is the region where the rotating
coordinate system is staggered. The peak value of each curve is
staggered, forming the flow field oscillation, which is beneficial
to the mixing effect. The maximum velocity is 1.40 m/s, at the
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Figure 2. Operation mechanism of slurry mixing TEM.
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Figure 3. Distribution and grid division of double-shaft mixing.

Table 1. Computational Model Parameters

parameters value
tailing slurry density (kg/m?) 1950
cement slurry density (kg/m?) 1842
gas density (kg/m®) 1225
flow field dimension (m) 2.025 X 0.736 X 1.110
number of blades in a pitch 4
rotation diameter (m) 0.70
initial blade angle (°) 15
filling factor of mixer 0.55

inlet boundary condition type
outlet boundary condition type
method

under-relaxation factors
pressure

momentum

volume fraction

inlet-velocity
pressure-outlet
SIMPLEC

0.3
0.7
0.5

elevation of —0.25 m. The peak value of each curve is
concentrated in the middle of the mixing tank, so a large range
of upward flow will be produced in the vertical direction of the
middle of the flow field at the initial stage of mixing, which is
consistent with the effect of industrial production. To investigate
the influence of different forces on the reliability of the
simulation results, three drag models were employed to simulate
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Figure 4. Distribution and grid division of double-shaft mixing.

the gas—liquid flow field under the same gas—liquid boundary
conditions.

To investigate the influence of different forces on the
reliability of the simulation results, three drag models were
employed to simulate the gas—liquid flow field under the same
gas—liquid boundary conditions.

3.1.1. Standard S-N Model. This model is a classic model
established by Schiller and Naumann and is also the default
option in the calculation of gas—liquid problems on the Fluent
platform.”" It is generally applicable and can predict the
movement of the gas phase in the liquid phase, but it fails to
fully consider the movement of the gas in the turbulent flow.

3.1.2. Modified S-N Model. In light of the effect of liquid
phase turbulence on the drag coeflicient and the size change
during gas movement, the effect of liquid phase turbulent flow
on reducing the slip velocity is introduced. This model is based
on the classic Schiller and Naumann model with the effect on the
turbulence added. The equation is as follows:**

CpRe
f 24 (13)

In the equation, Cj, refers to the drag coefficient and can be

calculated by the following equation:

24(1 + 0.15Re")

Re < 1000
Cp= Re

Cp = 0.44 Re > 1000
(14)
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Re =
w (15)

Among them, y* is the modified viscosity of the liquid phase,
mainly including the vortex viscosity y, and the bulk viscosity y;:

W=, + Chy, (16)

C* is introduced into the equation to characterize the
inhibition of liquid turbulent flow on the slip velocity between
phases, the value of which is usually set as 0.3.

3.1.3. Tsuchiya Model. On the basis of previous experimental
verification, the effects of turbulent flow and stagnation flow are
taken into consideration in this study. Therefore, the Tsuchiya et
al.*? drag correlation coefficient model is introduced to consider
the influence of turbulence on the drag coeflicient by using the
size of discrete phase and turbulence length:

3
=Gy _ %
Cp A (17)

0

This model can predict the motion of the gas phase in the
liquid phase, and the influence of turbulence flow is also
considered. The values of K are set at 8.67 X 107", dgand 4 are
the gas phase size and Kolmogorov length size, which are used to
describe the minimum turbulence scale. The following function
is defined by the hydrodynamic viscosity and the average
turbulent flow energy dissipation rate progression:

3 0.25
1=Z
g o

In the model, the drag coefficients in turbulent fluids and
viscous fluids are denoted by Cp and Cp, respectively, to
describe the drag effect of gas in viscous flow:

2.667F,
Cp, = max [7"}ﬁ(1 + 0.15Re,**"")
EO + 4 Reg (19)
L p,)edy
0 o (20)

Among them, E, represents the ratio of buoyancy to surface
tension.

Based on the simulation scheme, the state of the mixer
running for 10 s was selected for analysis. At this moment, the
slurry has not yet entered the mixing tank, and the gas—liquid
junction state is also very obvious. Figure5 is a description of the
transient simulation total pressure distribution and gas phase
volume fraction.

The total pressure distribution in the flow field indicates that
the overall pressure distribution gradually increases from the top
of the stirring tank. As the slurry is injected, the original air in the
empty tank will be progressively discharged, resulting in the
change of total internal pressure. At the moment of running for
10 s, the S-N model still maintains a relatively uniform pressure
distribution, and no obvious turbulent flow occurs, which is
considerably different from the actual situation. The modified S-
N drag model ameliorates the distribution in the flow field. With
the rotation of the stirring blades, pressure changes appear in the
upper part of the flow field, but this model is not accurate
enough to predict the changes in dynamic pressure. In contrast,
dynamic pressure changes of the operating conditions of the
Tsuchiya model have taken place near the rotation domain,
which is more in line with the trend of turbulent changes in the
flow field.

The movement characteristics of gas—liquid two-phase flow
are the key to the model calculation. In general, the predicted gas
phase distribution by the S-N drag model is far from the actual
situation in the three drag models, while the Tsuchiya drag
model offers more reliable results in line with the actual gas
distribution. This is because the gas—liquid two-phase flow is in
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Figure 6. Flow field characteristics of different blade angles.

a strong turbulence state in the simulation system, but the
influence of liquid turbulence on the drag coefficient is not
considered in the S-N drag model. The ratio of turbulence
length scale is used to correlate the influence of turbulent motion
on the drag coefficient in the Tsuchiya drag model, which
improves the ability to predict the flow field characteristics in the
gas—liquid interaction simulation of double-shaft mixing.
Naturally, the Tsuchiya drag model is the best option for this
study.

3.2. Case Analysis on Performance Optimization of
the Double-Shaft Mixer. In the process of stirring and mixing,
the core part of the whole mixer is the mixing blade. The mixer
blade transfers the mechanical energy generated by its rotation
to the surrounding fluid while working, causing the nearby fluid
to rotate and produce turbulence in the flow field. In the
operation of materials in the stirring tank, to achieve a variety of
mixing purposes is usually a plus. The appropriate fluid
movement state will be selected to make the most of its mixing
effect. This paper is aimed to realize the best mixing effect.

3.2.1. Influence of Different Blade Installation Angles on
the Flow Field. Four blade agitators with four different
installation angles (15, 20, 25, and 30°) were used to simulate
the transient state of double-shaft stirring at a rotation velocity of
40 rpm. The geometric model and physical model of the stirring
tank were consistent with the previous model. According to eqs
3 and 4, with the increase in blade angle, the residence time of
materials in the mixer gradoublely becomes shorter, but when it
increases to a certain angle, the time becomes longer. This is due
to the fact that the material particles do not move directly along
the axis but motion complexly along the direction of
approximately vertical blade surface in the curve. The longest
stay time is 102.2 s under 15° blade angle, and the other three are
87.6, 82.3, and 83.6 s, respectively. In the transient simulation
environment, the final moment of each blade installation angle
scheme is calibrated in turn, and the calculation results are
extracted for analysis, as shown in Figure 6. The flow velocity in
the double-shaft blade stirring tank in Figure 6 suggests that the
velocity distribution in the flow field is relatively uniform,
implying that the influence of double-shaft blades on the flow
field is relatively smooth. The flow velocity in the blade and
nearby area is relatively large, with a maximum of 1.40 m/s. The
velocity in the bottom center of the tank, the middle part of the
upper layer of the flow field, and the lower part of the blade is

lower, which is not conducive to mixing. From the velocity
vector diagram of the stirring tank, it can be seen that a vortex is
formed at the top and bottom of the impeller, while a small
amount of an inverted cone-shaped induction area is formed in
the local part of the double-shaft stirring tank, and the velocity
under the blade is relatively low. The influence of air phase is
considered in the distribution of mortar volume fraction.
Although the volume fraction of mortar in most areas is
relatively average, there is still an area with a volume fraction of
1, which shows an obvious mortar agglomeration phenomenon.
That is, the scheme of blade angle of 15° still fails to achieve the
ideal mixing effect in a long mixing time.

From the comparison of the volume fraction distribution
nephogram of the tail mortar, it can be concluded that the radial
flow caused by the rotation region of the blade increases
obviously due to the increase in the blade installation angle,
especially in the blade part. This also results in the obvious
change of flow pattern and phase distribution. Different from the
scheme with a blade angle of 15°, due to the appearance of a
push-down flow pattern, there is no more area with a volume
fraction of 1 in other schemes, and the distribution of tailing
slurry is more and more uniform. However, there are still some
discrete phase concentration at the bottom of the mixing tank.
These areas are the low-velocity areas in the velocity vector.
With the increase in blade angle, the concentration degree
decreases. Comparing the various schemes, it can be concluded
that with the continuous increase in blade angle, the influence of
radial flow is intensified, but the influence of axial flow is
reduced, which directly affects the uniformity and transportation
velocity of slurry. Although the mixing time is longer, the scheme
with 30° blade angle is higher than that with 25° blade angle,
which is not conducive to uniform mixing. Therefore, increasing
the blade installation angle is conducive to the mixing effect to
some extent, but it is not the greater the angle, the better.

When Kolmogoroff was studying the theory of local isotropy,
he pointed out that the energy added in the form of stirring
would form large-scale vortices in the system, and these large
vortices would transfer part of their energy to medium-sized
vortices and then transfer part of it to small eddies. In the process
of energy transmission, as the energy is consumed, the number
of micro vortices increases, and the energy consumption also
increases. The turbulent energy dissipation rate is an important
characterization of energy efficiency.”"*> The variation law of
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the turbulent energy dissipation rate in the stirring tank in Figure
7 indicates that compared with the turbulent kinetic energy, the

4.0x103 |-

3.0x10%

2.0x10°

Turbulence energy/(m?/s®)

1.0x10°%

-0.1 0.0 0.1 0.2 0.3 0.4
z coordinate/m

Figure 7. Variation of the turbulent energy dissipation rate of the
vertical axis in different angle schemes.

fluctuation of the dissipation rate becomes slower. Only the peak
value of the turbulent kinetic energy increases obviously in each
scheme, and the rest of the areas are relatively gentle. The
maxima in each scheme are 2.08 X 1073, 2.28 X 1073, 3.51 X
1073, and 3.95 X 107> m?/s?, respectively, and the maximum
turbulent energy dissipation rate appears in the middle of the
flow field. Even though the flow velocity in some areas is
relatively large, it only acts in the plane and lacks the influence of
axial flow, so there is no obvious change in size and direction,
and the utilization rate of effective energy consumption cannot
be improved substantially. Compared with other schemes, the
scheme with a blade angle of 25° has the most obvious effect on

the turbulent kinetic energy at the bottom of the tank, and its
turbulent energy dissipation rate is also the highest, which can
significantly promote the reduction of the vortex dead zone at
the bottom of the trough.

To accurately analyze the mixing effect of different schemes,
the volume fraction of slurry in the lower part of the mixing tank
is extracted for comparison, which is to effectively control the
interference of the air phase. Moreover, it can be seen from the
results of the simulation cloud picture above that due to the
influence of the flow rate, it is more difficult for the lower part of
the mixing tank to achieve a uniform effect. The volume fraction
ratio of cement slurry and tailing slurry at different height
baseline positions is plotted to obtain the slurry mixing ratio in
the mixing tank at the final moment in different blade installation
angle schemes, as shown in Figure 7. Considering the density of
slurry and the cemented-tailing ratio of 1:4, 0.2647:1 is set as the
reference line of mixing uniformity.

Figure 8 shows that with the progress of mixing, the slurry
mixing ratio approaches the preset cemented-tailing ratio. From
the curve characteristics of each scheme, it can be concluded that
with the decrease in height, the mixing ratio also goes down due
to the fact that the density of tailing slurry is larger than that of
cement slurry, and the deposition at the bottom of the mixing
tank is more obvious. This result is consistent with the actual
situation. The curve suggests that the maximum mixing ratio is
0.477:1, while the minimum is 0.155:1, both of which appear in
the scheme with a blade angle of 15°, indicating that it is the one
with the worst uniformity.

As the blade angle expands, the mixing ratio curve gradually
approaches the baseline. Among them, the scheme with blade
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Figure 9. Flow field characteristics at different rotation velocities.
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Figure 10. Variation of turbulent kinetic energy along the vertical axis in different rotation velocity schemes.

angle of 25° is the closest to the ideal value whose mixing effect is
the best. However, as the angle keeps on being enlarged,
although the velocities of both the inner diameter and tangential
flow rise, the velocity of the axial flow begins to decrease, which
is the reason why the mixing time is longer when the blade angle
is 30°. According to the analysis results of volume fraction data
and cloud chart, the scheme of blade angle 30° fails to form a
better uniformity effect. Therefore, it is insufficient to only rely
on increasing the blade installation angle to improve the mixing
effect. Taking all the factors into consideration, the mixing effect
and conveying time in the scheme with the blade angle of 25° are
the most desirable, which is the optimal scheme. In this
simulation, the preset cemented-tailing ratio of different slurries
makes the results more intuitive and effective.

3.2.2. Influence of Different Rotation Velocity on the Flow
Field. In the mixing process, the rotation velocity of the mixing
blade is the biggest factor affecting the whole mixing system. The
higher the stirring velocity, the greater the turbulence degree of
the fluid, which fully promotes the mixing of different slurry
particles from the microperspective; the longer the feeding time,
the easier the tailing slurry to be mixed with the cement slurry in
the mixing tank. For further quantitative analysis, the angle of
25° standard four blade stirring shaft obtained from the previous
optimization was selected, and four rotation velocities (40, 45,
50, and 55 rpm) were adopted to simulate the transient state of
double-shaft stirring at the standard height. The geometric
model and physical model of the stirring tank were consistent
with the previous model.

The mixing blade of the double-shaft mixer forms a spiral
surface when it rotates, which produces strong mixing force,
intensifies the radial movement and axial propulsion of the
material, and results in a violent boiling state of the material.
With the change in the blade direction in the flow field, the
material is able to obtain additional axial material flow, radial
material flow, and shear material flow so that the mixing and
conveying can be realized in a short time, and the mixing
efficiency is improved. According to eqs 8 and 9, as the mixing
velocity accelerates, the residence time of materials in the mixer
gradoublely becomes shorter. The residence times of slurry in
the stirring tank are 82.3, 73.2, 65.8, and 59.9 s, respectively, at
different rotation velocities.

In the transient simulation environment, the final time of the
mixing velocity in each scheme is calibrated in turn, and the
calculation results are extracted and analyzed, as shown in Figure
8. The flow velocity in the stirring tank with double-shaft blades
implies that except for some high-velocity areas, the direction of
the velocity vector in the flow field changes obviously, forming a
large number of vortices with different scales, but the velocity
distribution is relatively uniform, and the flow velocity in the
rotating area of the blade and the nearby area is relatively large.
The low velocity region still appears in the bottom center of the
trough, the middle part of the upper layer of the flow field, and
the lower part of the blade. Due to the fixed blade installation
angle, the vector distribution and flow pattern of each scheme
are relatively close, and the high-velocity zone is concentrated at
the intersection of the two axis rotation domains.
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Figure 11. Distribution of slurry mixing curve in different stirring velocity schemes.

Figure 9 shows the cloud chart of mortar volume fraction
distribution at the final moment. Considering the influence of air
phase, it can be seen that due to the inconsistency of mixing
velocity, the time of material entering and leaving the flow field
changes. The mortar distribution behavior and volume integral
value of each scheme are different. Although the slurry volume
fraction in most areas of some schemes is relatively average,
there are still some large volume fraction areas.

Comparing the different rotation velocity schemes, it can be
concluded that in the condition where the shape of the blade is
fixed, the radial velocity near the rotating zone of the flow field
increases obviously with the lift of the rotation velocity. From
the cross section, the effect of the blade on the flow field in the
stirring tank is more significant. The maximum velocities in the
four schemes are 1.57, 1.79, 1.95, and 2.15 m/s, respectively.
The faster the rotation velocity, the more obvious the
acceleration effect. The increase in velocity has a great impact
on eliminating the deposition area in the flow field. According to
the distribution characteristics of the velocity vector, the velocity
vector diagram and flow pattern in the other schemes are
basically consistent with the scheme in which the rotation
velocity is 40 rpm. It mainly increases the velocity under the
blade to intensify the mixing effect.

When the rotation velocity of the stirring shaft is slow, the
turbulent kinetic energy in the stirring tank is small. As shown in
Figure 10, with the increase in double-shaft stirring velocity, the
velocity in the flow field changes obviously, and the distribution
of turbulent kinetic energy fluctuates continuously, which is
conducive to the formation of mixing vortex. As the flow velocity
goes up, the maximum value and influence range of turbulent
kinetic energy progressively increase, and the maximum
turbulent kinetic energy values of each scheme reach 545 X
107, 623 X 107% 699 X 107° and 7.61 X 107> m?*/s’,

respectively. It implies that the increase in the blade rotation
velocity raises the radial and tangential velocity, which is
beneficial to the growth of kinetic energy. In the case where the
stirring time is satisfied, the faster the rotation velocity, the
stronger the effect of stirring flow field, thus conducive to
uniform mixing,

To accurately analyze the mixing effect in different schemes,
the volume fraction of slurry in the lower part of the mixing tank
is extracted for comparison, which is to effectively control the
interference of air phase. Moreover, it can be seen from the
results of the simulation cloud picture above that due to the
influence of the flow rate, it is more difficult for the lower part of
the mixing tank to achieve a uniform effect. The volume fraction
ratio of cement slurry and tailing slurry at different height
baselines is plotted to obtain the slurry mixing ratio in the mixing
tank at the final time in different stirring shaft velocity schemes,
as presented in Figure 10. In consideration of the density of
slurry and the cemented-tailing ratio of 1:4, 0.2647:1 is set as the
reference line of mixing uniformity.

It can be seen from Figure 11 that with the progress of mixing,
the slurry mixing ratio gradually approaches the preset
cemented-tailing ratio. According to the results of the curve,
the maximum mixing ratio is 0.561:1, and the minimum one is
0.113:1, both of which appear in the scheme where the stirring
velocity is 55 rpm, reflecting that it is the scheme with the worst
uniformity. As the stirring velocity increases, the mixing ratio
curve gradually approaches the reference line. The axial flow of
the flow field also accelerates due to the increase in the flow
velocity, which makes the residence time of slurry in the stirring
tank shorter. Among them, the scheme with the stirring velocity
of 45 rpm is the closest to the ideal value whose stirring effect is
the optimum. In view of the analysis results of volume fraction
data and cloud chart, the uniformity effect is not preferable only
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by increasing the velocity of mixing shaft. Therefore, apart from
the mixing efficiency, the actual uniformity effect must also be
taken into consideration. To sum up, the mixing effect,
conveying time, and slurry uniformity in the scheme with the
stirring velocity of 45 rpm are the most desirable among all the
schemes.

4. EXPERIMENTAL VALIDATION

A semi-industrial experiment was carried out to validate the
simulation result, as illustrated in Figure 12. The slump is used to
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Figure 12. Experimental process on the workability of filling slurry.

evaluate the fluidity, cohesion, and water retention of the filling
slurry. These properties are indirectly related to the mixing
process: under an optimal mixing condition, two phases can be
homogeneously mixed to reach the satisfactory properties (as
well as slump) and vice versa. Therefore, the mixture at the
bottom of the mixer should be consolidated while the top is
diluted slurry. Meanwhile, the slurry mixing ratio illustrated in
Figure 11 can also be used to evaluate the mixing outcome.
Accordingly, the idea is to determine the slump of filling slurry at
different stirring velocities and depths to compare the simulation
results of slurry mixing ratio. It is noteworthy that the trend
variation and the optimal stirring velocity should be compared
regarding the mixing ratio (from simulation) and slump (from
experiment). The blade installation angle in the mining is fixed
of 25°. Figure 12 shows the slump testing results of 45 and S0
rpm.

Figure 13 shows the measurement results on slump of mixture
at different stirring velocities and depths. The depth is the
distance from the sampling location to the surface of the double-
shaft mixer. One can observe that the slump has a decreasing
trend with the depth increase, which is due to the solid settling at
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Figure 13. Slump of mixture at different stirring velocities and depths.
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the bottom. The decreasing trend is more relevant to the 55 rpm,
indicating that the materials are not well mixed. The slump also
has a considerable decrease around 1 mm regarding 40 and 50
rpm. The slump of 45 rpm has a limited variation (from 27.7 to
27.3 mm), indicating the hardly no segregation occurring and
homogeneous mixture. The observation demonstrates that the
mixer at a stirring velocity of 45 rpm can reach a satisfactory
mixture, which agrees with the analysis based on simulation.

5. CONCLUSIONS

Based on the finite volume discretization, phase to phase
traction effect, and related theories, the production efliciency
and conveying performance of the mixing equipment were
studied by analyzing the structural performance and technical
parameters of the double-shaft mixer. According to the
structural principle of the mixer and the actual production
effect, a CFD two-fluid mixing model was established for
transient numerical calculation of multiphase flow material
mixing. By introducing the interphase drag force, lift model, and
turbulent energy equation, the flow field analysis and efficiency
evaluation of the double-shaft mixer under different design
parameters were completed. The main conclusions of the
research are as follows:

(1) The working principle and structural parameters of the
double-shaft mixer were analyzed, and the relevant
production and conveying capacity calculation equations
were introduced, which provides the basis for determining
the calculation time of the model. The residence time of
materials in the double-shaft mixer is mainly determined
by the angle of the mixing blade and the axis and the
rotation velocity of the shaft. The optimal mixing time of
materials is supposed to be determined according to the
uniformity of materials and process balance after mixing,
which has also been verified in the numerical simulation;

(2) Regarding the flow rate analysis, phase distribution,
turbulent kinetic energy effect, and mixing ratio were
employed as the evaluation indexes to analyze and
compare the schemes with different blade installation
angles and rotation velocity. The results show that as the
blade angle expands, the velocity and turbulent kinetic
energy also increase, while the velocity of axial flow
decreases, bringing about the decrease in conveying
capacity and stirring effect; as the mixing velocity elevates,
the mixing effect will be strengthened. However, due to
the increase in flow rate, the velocity of axial flow also
accelerates, and the residence time of slurry in the stirring
tank is shortened. Ultimately, it is proved that the most
ideal scheme is the one with the blade installation angle of
25° and the stirring shaft velocity of 45 rpm, which has the
best mixing uniformity effect, preferable conveying
velocity, and desirable production capacity. The exper-
imental observation validates the simulation results and
demonstrates that the stirring shaft velocity of 45 rpm can
reach the optimal slump and the most homogeneous
mixture;

(3) The influence of air on multiphase flow field is considered

in the calculation. The transient dynamic parameters and

the lift effect between gas and liquid are introduced to
modify the multiphase flow model. The net lateral lift
coeflicient and Reynolds number calculation are adjusted
according to the Tomiyama lift model. By analyzing the
mixing flow pattern of the two-fluid model at different
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times, it is found that the area with the most severe
turbulence is the staggered one of the rotating coordinate
systems. The fluid forms two large slewing flows near the
rotating coordinate system in the horizontal direction and
generates a large circulating flow in the vertical direction,
which improves the stirring efficiency and conforms to the
actual working conditions, indicating that the two-fluid
model can provide an effective basis for industrial
parameter optimization.
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