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Abstract: This study numerically investigates the solid-liquid mixing characteristics in
solid-liquid stirred tanks with solid volume fraction as high as 35%, focusing on the
effect of impeller and baffle configurations on solid and liquid flow behaviors. Three
stirred tanks with different capacities and impellers were analyzed to evaluate liquid flow
field, solid suspension, and free surface profiles. It has demonstrated superior shear rate
uniformity in the multi-impeller systems compared to the single-impeller, attributed to
the enhanced fluid circulation. Multi-impeller systems can achieve near-complete off-
bottom suspension, while the single-impeller configuration exhibited band-shaped particle
accumulation above the impeller. Free surface vortices, significantly deeper in the 6 m>
multi-impeller tank due to high blade tip velocities, were mitigated through the integration
of four circumferentially arranged triangular baffles. The existence of baffles can suppress
surface turbulence, promote axial flow patterns, and eliminate particle accumulation at the
tank bottom, improving shear rate and solid concentration homogeneity. These findings
provide a beneficial guideline for the optimization of solid-liquid mixing efficiency the
similar flow system or processes.

Keywords: solid-liquid mixing; numerical simulation; baffle; multi-impeller; free surface
vortex

1. Introduction

Under high solids loading conditions (>20 vol%) [1,2], achieving effective particle
suspension and uniform dispersion presents significant challenges. The hydrodynamic
characteristics within stirred tanks fundamentally determine solid-phase suspension quality.
Recent studies predominantly focus on baffled reactors [3-5], often neglecting the influence
of free surface deformation on particle suspension dynamics.

Unbaffled stirred tanks demonstrate unique advantages in specific applications [6].
For instance, the presence of baffles enhances frictional interactions with crystal surfaces
and suppresses crystal growth in crystallization reactors. Under constant agitation power,
baffle-free agitated vessels demonstrate superior performance in facilitating mass transfer
between liquid and particles [7,8]. The defining feature of unbaffled systems is intense
vortex-dominated flow [9]. Centrifugal forces induce a pronounced vortex at the free liquid
surface, which progressively deepens with increasing agitation speed. This vortex may
extend toward impellers and even tank bottoms, triggering gas entrainment that forms gas—
liquid mixtures [10,11]. Such phenomena severely compromise suspension homogeneity
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and operational stability. Systematic investigation of free-surface vortices is, therefore,
essential for optimizing unbaffled solid-liquid suspension systems.

Solid-phase suspension mixing operations are widely employed in chemical pro-
cesses [12]. In most solid-liquid suspension systems, particles can achieve complete
suspension but often fail to distribute uniformly throughout the mixing tank. Non-
uniform particle distribution adversely affects process outcomes in reactors, making
understanding particle distribution patterns crucial for equipment design and process
development [13]. In addition, some studies underscore flow pattern dominance in multi-
phase mixing [14,15]. This work establishes predictive models correlating flow fields with
multiphase mixing performance.

Traditional experimental methods for determining solid-phase distribution in stirred
tanks are time-consuming, labor-intensive, and costly. Computational Fluid Dynamics
(CFD) provides an efficient numerical modeling approach to simulate and analyze fluid
flow phenomena. Compared to conventional experimentation, CFD significantly reduces
time and resource expenditures. In process development and equipment optimization,
CFD enables visualization of solid-liquid mixing flows without physical experimentation,
while providing more detailed fluid dynamics insights.

Two primary modeling approaches exist for CFD simulation of solid-liquid two-phase
flows: the Euler-Euler (EE) method [16] and the Euler-Lagrange (EL) method [17]. In
the EE approach, both phases are treated as interpenetrating continua. The mass and
momentum conservation equations are solved on the same Eulerian grid. The EL method
considers the solid phase as discrete particles, solving continuous-phase equations similar
to single-phase flow while tracking dispersed particles through point-particle or parcel
models. Compared to the EL method, the EE approach demonstrates superior accuracy for
high-concentration solid-liquid two-phase systems.

Liu et al. [18] employed the Euler-Euler method with a modified Brucato drag model
for coaxial anchor-Rushton impellers, revealing co-rotational mode enhances bottom
turbulence but excessive Rushton speeds degrade uniformity. Mozaffari et al. [19] com-
bined Euler-Euler and k—¢ turbulence modeling to demonstrate Lightnin A100 impellers
achieve 18-23% better homogeneity than A200/A310 variants, with particle properties
critically influencing mixing. Ochieng et al. [20] integrated sliding-mesh CFD with
LDV measurements, showing transient simulations improve small-particle (<100 pm)
accuracy by 31% versus steady-state methods. Liu and Barigou [21] confirmed Eulerian
multiphase models reliably predict velocity/concentration profiles across 5~40 wt%
suspensions. Collectively, these works establish method-specific strengths: Euler—Euler
for impeller optimization, transient CFD for fine particles, and multiphase models for
industrial-scale concentrations.

This study develops a numerical model for solid-liquid mixing in energetic granule
fabrication. Firstly, the impact of solid-phase particle addition on free surface morphology
was investigated. Subsequent analyses quantified flow field characteristics, including ve-
locity profiles, solid concentration distributions, and shear rate patterns. Finally, triangular
baffles were designed to optimize mixing efficiency, which is the biggest innovation point
that sets this article apart from previous works.

The paper is structured as follows: The Section 2 presents the flow system, numeri-
cal methodology and simulation schemes. The Section 3 analyze free surface evolution,
velocity fields, suspension homogeneity, and shear dynamics. Then, the mixing enhance-
ment effects of baffle are then systematically evaluated. Key findings are summarized in
the Section 4.
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2. Flow System and Simulation Method
2.1. Flow System

The schematic diagram of the flow system is depicted in Figure 1. Figure 1a shows a
1 m3 standard elliptical-head stirred tank equipped with four two-bladed pitched-blade
impellers. Figure 1b,c depict identical 6 m? elliptical-head stirred tanks with modified
impeller configurations: Figure 1b retains four two-bladed pitched-blade impellers, while
Figure 1c employs a single six-bladed pitched-blade impeller. All tanks are fitted with
thermometers. Detailed geometric parameters are summarized in Table 1. Table 2 is the
properties of air, water, and particle used in this work. The particles in our study are
spherical and have uniform density. The surface tension is 0.073 N-m~!.
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Figure 1. Three-dimensional stirred tank configurations: (a) 1 m® with multi-impellers, (b) 6 m® with
multi-impellers, (c) 6 m? with single-impeller.

Table 1. Geometric and operational parameters.

Volume of  Diameter of Straight Layers of Diameter of  Rotating Solifls
Case Tank/m3 Tank/mm Section Impeller Blade Speed Loading
Length/mm /mm /rpm fvol%
1 1 1100 1225 4 870 100 35
2 6 1800 1945 4 1508 100 35
3 6 1800 1945 1 1000 100 35

Table 2. Physical properties of material.

Material Density/kg m—3 Viscosity/Pa s Diameter/mm
Air 1.225 1.789 x 107> /
Water 998.2 1.003 x 1073 /
Particle 1300 / 1.2

2.2. Multiphase Flow Model and Governing Equations

In this study, the Eulerian—Eulerian model was used to characterize the gas—solid
three-phase flow. Here, the gas phase and particle are the dispersed phase, whereas the
liquid phase serves as the continuous phase. Each phase adheres to its own continuity and
momentum equations, which are presented as follows [22]
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where the subscript i denotes the gas, liquid, and solid phases, respectively. p is the density,

and 1 is the velocity. ¢ is the volume fraction. F represent the net forces acting on the liquid
and solid phases, respectively. The main forces include components of gravity, pressure
gradients, viscosity terms, and other interfacial forces such as drag, lift, and buoyancy [23].

Computational and experimental studies have quantitatively established that the other
force exhibit magnitudes smaller than drag and gravity under typical suspension conditions,
thereby negligibly influencing phase distribution characteristics [24-26]. Consequently, the
interphase momentum transfer in the current study is confined to the dominant drag force
and gravity. The drag force is formulated as:

3
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where d), is the particle diameter, Cp is the drag coefficient. Considering the high solid
holdup (more than 20%) in the simulation in this study, the Gidaspow drag model suitable
for high solid holdup system is used to calculate the drag coefficient [27]:

Cr 2411 +0.15(Re)*%7], Re < 1000 )
b= 0.44, Re > 1000
d,
Re="F" V ' —— ©6)
1

The hydrodynamic behavior in agitated vessels typically exhibits complex turbulence
characteristics. To resolve this challenge, the standard k—e model [28] was employed in
this study. This turbulence closure scheme presumes fully developed turbulence while
neglecting molecular viscous effects and phase interactions between dispersed particles
and the liquid medium. The governing equation for turbulent kinetic energy transport is
expressed as follows:
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The empirical constants in the model are: ¢; = 1.44, ¢ = 1.92, ¢, = 0.09, 0} = 1.0, and
o, =1.3.

2.3. System Investigated and Boundary Conditions

In this study, the CFD simulations employed the flow system described in the pre-
ceding section. As demonstrated in Figure 2, polyhedral cells were generated using the
commercial software Fluent Meshing 2022 R1, which were adopted due to their significant
advantages over tetrahedral cells in computational efficiency and accuracy. The number of
polyhedral cells is listed in Table 3.



Processes 2025, 13, 1876

50f13

(a) (b) (©)

Figure 2. Mesh of stirred tank configurations: (a) 1 m3 multi-impeller, (b) 6 m3 multi-impeller, (c) 6 m3
single-impeller.

The Ansys Fluent 2022 R1 software was employed with a pressure-based solver. The
gravitational acceleration was 9.81 m/s? in negative z-direction. The simulation of rotor
motion employed the multiple reference frame technique. Coupling of pressure and velocity
was achieved through the SIMPLE algorithm. The second-order implicit scheme was used
for time advancement. All the wall boundaries were maintained no-slip. Convergence at
each time step was achieved when the normalized residuals of the continuity, mass fraction,
and velocities were lower than 107

Grid independence was rigorously validated. As illustrated in Figure 3, taking the
solid concentration distribution along the vertical line in a 6 m® multi-layered impeller
stirred tank as an example, significant discrepancies in simulation results were observed
when the grid number exceeded 1.03 million. To balance computational efficiency and
simulation accuracy, all subsequent simulations on 6 m® multi-layered impeller stirred tank
were performed using the model with 1.03 million grid cells.

2 ,

|1 |
I —803.631 cells

N —1,034,965 cells

0.5¢ —1,252,354 cells -
0

-0.5 '
0.35 04 045 0.5 0.55 0.6

VOF .
solid

Figure 3. Solid volume fraction with different cell number at radial coordinates = 0.1 m and angle
coordinates = 45°.
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Table 3. Mesh parameters.

Case Mlnl‘mum Cell Max*mum Cell Cells Number
Size/mm Size/mm
1m3 multi-impeller 1 10 1,039,436
6 m> multi-impeller 2 15 1,034,965
6 m? single-impeller 2 15 1,178,469

3. Results and Discussion
3.1. Flow Field

Figure 3 is the non-dimensional velocity distribution scaled by impeller tip speed
Viip In the gas-liquid-solid system within the stirred tank. The translucent iso-surface,
where gas volume fraction is 0.5, demarcates the liquid surface inside the tank. Figure 4a,b
demonstrate similar flow patterns in both 1 m® and 6 m® multi-impeller systems. Localized
circulation patterns form near each impeller tip, while sequential impeller interactions
establish axial circulation loops across the tank. Figure 4c reveals axisymmetric axial
circulation under single-impeller down-pumping operation. Due to the low installation
height of the single impeller, its influence diminishes near the free surface, resulting in
reduced velocities in the upper region.

Figure 4. Axial slice of flow fields in stirred tanks: (a) 1 m?> with multi-impeller, (b) 6 m> with
multi-impeller, (c) 6 m3 with single-impeller.

Figure 5 illustrates the shear rate distribution within three stirred tanks. Figure 5a,b
demonstrate the shear rate distributions in 1 m® and 6 m® multi-impeller systems, revealing
uniform patterns with peak values localized at impeller tips and tank walls. In contrast,
Figure 5c shows significant spatial heterogeneity in the 6 m® single-impeller system, where
high shear zones concentrate near the impeller and walls, while the upper-middle regions
exhibit markedly lower shear rates. This contrast highlights the advantage of multi-impeller
configuration in maintaining consistent shear fields across scaled systems.

To quantitatively evaluate the uniformity of shear rate distribution, the coefficient of
variation COV,, for shear rates within the solid-liquid mixture can be calculated as:

(I(Yi - Yuve)zdv> e
Yave

_ fV ’YidV
Yave = %

COV, =

(10)

(11)
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where v, denotes the spatially averaged shear rate, and V is the volume filled with solid
and liquid. The smaller the COV,, the more uniform the shear rate distribution.

Strain Rate
30.00
2710
2420
21.30
18.40
16.50
12.60
9.70
6.80
3.90

1.00
[s*-11

(a) (b (©)

Figure 5. Axial slice of shear rate distribution in stirred tanks: (a) 1 m3 with multi-impeller, (b) 6 m3
with multi-impeller, (c) 6 m® with single-impeller.

The calculated COV,, values for the 1 m® multi-impeller, 6 m® multi-impeller, and
6 m3 single-impeller stirred tanks were 0.98, 2.59, and 3.13, respectively. These results
quantitatively demonstrate that the multi-impeller system achieves superior shear rate
uniformity compared to the single-impeller design. Furthermore, the attenuation of surface
vortices, evident from the liquid surface morphology changes in Figure 5a,b, correlates
with enhanced homogeneity in shear rate distribution.

3.2. Solid-Liguid Suspension

Figure 6a,b illustrate solid volume fraction distributions in 1 m3 and 6 m3 multi-
impeller systems. Both configurations achieve generally uniform solid dispersion under
operational conditions, with localized high-concentration zones confined below the bottom
impeller. Figure 6¢ reveals distinct behavior in the 6 m3 single-impeller system: solids accu-
mulate within the upper recirculation zone under down-pumping operation, forming an
annular banded agglomeration. Centrifugal forces drive a radial distribution pattern with
lower solid fractions centrally and higher concentrations near the sidewalls. Furthermore,
the liquid surface and axial center regions exhibit negligible solid presence.

VOFs1q
0.60

0.57
0.54
0.51
048
045
042
0.39
0.36
0.33
0.30

(a) (b) (©)

Figure 6. Axial slice of solid volume fraction distribution in stirred tanks: (a) 1 m3 with multi-impeller,
(b) 6 m® with multi-impeller, (c) 6 m? with single-impeller. The solid-filled phase (VOFg,};q > 0.5) is
shown in blue.

In addition, in both 1 m® and 6 m® multi-impeller stirred tanks, only a minor fraction
of mechanical energy contributes to the particle dispersion and solid suspension under
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vortex-dominated flow conditions, with most energy dissipated through circumferential
rotation of solid and liquid. Blue regions represent liquid phase distribution, while orange
zones (solid volume fraction > 0.5) indicate particle accumulation areas. Quantitative
analysis revealed that accumulation zones occupy 0.0189 m? (1.90% of total solid-liquid
volume) in the 1 m? system, whereas the 6 m3 system exhibits a significant increase to
0.265 m3 (5.36% of total volume), showing a 64.6% rise in solid accumulation compared to
the smaller-scale system.

Figure 6¢ illustrates solid-phase accumulation in the 6 m3 single-impeller system.
Compared to the multi-impeller configuration at identical rotational speeds, the single
impeller features lower positioning, smaller diameter, and reduced tip speed, resulting
in weaker vortex formation. The six-blade design enhances bottom solids entrainment,
achieving 38% higher scouring efficiency than the dual-blade multi-impeller system.

Flow analysis reveals dominant circumferential liquid motion with a localized upper
circulation zone. Limited pumping capacity restricts circulation to the middle cylindrical
section. Solids entrained from the bottom accumulate in this upper circulation zone,
forming an annular agglomeration band. Quantitative assessment shows this accumulation
occupies 0.265 m3, occupying 21.36% of total volume.

Interestingly, we also observed that a more uniform shear rate distribution corresponds
to a smaller volume of the solid accumulation region. This indicates a positive correlation
between flow field uniformity and solid-phase suspension efficiency.

3.3. Free Surface

As shown in Figure 7a,b, scale-up of multi-impeller systems by simultaneously in-
creasing impeller diameter and tip speed (V}p), can intensify the vortex formation. This
results in a deeper penetration of the inverted conical liquid surface toward the bottom
impeller, with vortex depth reaching 40% of the liquid height in the 6 m® system compared
to 22% in the 1 m3 configuration.

Phase 1.Velocity in Stn Frame Phase 1.Velocity in Stn Frame Phase 1.Velocity in Stn Frame
3.00 5.00 2.00

(b)

Figure 7. Streamline of liquid phase in stirred tanks: (a) 1 m® with multi-impeller, (b) 6 m® with
multi-impeller, (c) 6 m® with single-impeller. Solid accumulation zones in orange, and liquid phase
regions in blue.

Under identical operating conditions, comparison with the gas-liquid two-phase
system in Figure 8a,b reveals a significantly higher liquid level rise (18.8% increase) in the
gas-liquid-solid three-phase system. Quantitative analysis attributes this to the elevated
average density of the three-phase mixture—a 5.3% density increase occurs at 35% solid
loading compared to the liquid-only system. The denser mixture amplifies centrifugal
forces during circumferential flow, intensifying vortex formation and associated liquid
surface deformation.
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Figure 8. Free surface profiles in stirred tanks with solid phase: (a) 1 m?3 with multi-impeller, (b) 6 m?
with multi-impeller, (¢) 6 m? with single-impeller (the iso-surface of gas volume fraction in 0.5 is
regarded as free surface).

3.4. Effect of Baffle on Solid—Liquid Mixing

The comparative analysis demonstrates that multi-impeller configurations outper-
form single-impeller systems in achieving uniform solid-liquid suspension and shear rate
distribution. However, vortex-induced challenges limit their industrial scalability. To
address this, four circumferentially arranged triangular baffles were designed to suppress
vortex formation.

As shown in Figure 9, the baffles induce distinct axial circulation patterns near the
liquid surface while eliminating vortical flow. This modification enhances velocity field
uniformity throughout the tank. Figure 10 further reveals improved shear rate homogeneity
in the liquid phase under baffled conditions. The coefficient of variation COV,, is 1.98,
which is better than that in the 6 m? stirred tank with multi-impeller but no baffles.

(a) (b) (e)

Figure 9. Free surface in stirred tanks without solid phase: (a) 1 m? with multi-impeller, (b) 6 m® with
multi-impeller, (c) 6 m3 with single-impeller. The iso-surface of gas volume fraction in 0.5 is regarded
as free surface.

Comparative analysis of Figures 11 and 5b demonstrates that baffle installation en-
hances solid-phase distribution uniformity while eliminating particle accumulation in
the bottom head. Figure 12 demonstrates the absence of solid accumulation zones (solid
volume fraction > 0.5), confirming optimized off-bottom suspension and enhanced distri-
bution uniformity. In the gas-liquid—solid system under multi-impeller down-pumping
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operation, baffle implementation eliminates vortex formation. In Figure 13, flow analysis
reveals circumferential liquid motion driven by the bottom impeller, with fluid near baffles
redirected into axial circulation.

iV
0.55
0.50
0.44
0.38
0.33
0.28
0.22
0.16
0.11
0.05

0.00
[m s7-1]

Strain Rate
30.00
2710
24.20
21.30
18.40
15.50
12.60
9.70
6.80
3.90

1.00
[s*1]

VOFgqia
0.60

0.57
0.54
0.51
0.48
045
0.42
0.39
0.36
0.33
0.30

Figure 12. Axial slice of solid-phase volume fraction distribution in 6 m? stirred tank with triangular
baffles. The solid-filled phase (VOFgqjiq > 0.5) is shown in blue.
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Phase 1.Velocity in Stn Frame

0.00
[m s?-1]

Figure 13. Streamline of Liquid phase in 6 m stirred tanks with triangular baffles. Liquid phase
regions in blue.

4. Conclusions

In this study, the Euler-Euler model was employed to numerically investigate high
solid-loading multiphase mixing processes in stirred tanks with varying impeller types
and scales. Additionally, triangular baffles were designed based on flow field results under
baffle-free conditions to optimize the uniformity of shear rate and solid concentration
distributions in the 6 m® multi-impeller system.

Firstly, flow fields in the 1 m3 multi-impeller, 6 m3 multi-impeller, and 6 m3 single-
impeller systems were compared. Results revealed pronounced swirling phenomena in
both 1 m® and 6 m® multi-impeller tanks. At identical rotational speeds, the 6 m> multi-
impeller system exhibited higher blade tip velocities, leading to more severe swirling
compared to the 1 m? system. In the 6 m? single-impeller tank, the impeller’s lower
positioning localized high-velocity zones near the tank bottom. Qualitative and quantitative
analyses demonstrated superior shear rate uniformity in multi-impeller systems.

Secondly, solid-liquid suspension behaviors were evaluated. Near-complete off-
bottom suspension was achieved in both 1 m® and 6 m3 multi-impeller tanks, with minor
particle accumulation beneath impellers. In contrast, the 6 m> single-impeller system
showed band-shaped particle aggregation above the impeller.

Thirdly, free surface morphologies were analyzed. Surface vortices were observed in
both 1 m3 and 6 m® multi-impeller systems. The 6 m® multi-impeller tank exhibited deeper
vortices due to higher blade tip velocities at equivalent rotational speeds. Minimal surface
vortices occurred in the 6 m® single-impeller system, attributed to the basal positioning of
the impeller and weaker axial pumping capacity.

Finally, four circumferentially arranged triangular baffles were integrated into the
6 m® multi-impeller tank. These baffles suppressed surface vortex formation and enhanced
axial circulation between the top impeller and liquid surface. Post-modification, shear
rate and solid concentration distributions showed improved uniformity, with complete
elimination of particle accumulation at the tank bottom.

Building on the current findings, future research will address key limitations and
expand practical applications. Scale-up implications will be quantified through systematic
geometric and dynamic similarity studies to bridge lab-scale results with industrial reac-
tors. Energy-saving potential will be rigorously evaluated by correlating impeller-baffle
configurations with power consumption metrics, enabling optimization of operational
efficiency. Advanced baffle geometries (e.g., helical or perforated designs) will be explored
to enhance flow homogeneity while minimizing dead zones. Furthermore, the framework
will be extended to non-Newtonian systems through experimental validation of shear-
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thinning /thickening suspensions and development of modified turbulence closure models.
These efforts will establish predictive scaling correlations while advancing sustainable
mixing technology for complex multiphase processes in chemical, pharmaceutical, and
wastewater treatment industries.
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