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Abstract: Liquid-liquid mixing is generally considered as a significant prerequisite to enhance many
modern industrial processes, such as mineral processing, pharmaceutical and petrochemical fields.
Therein, an efficient dispersion system is required to improve the reagent adsorption and transfer
behaviors, especially for the oily and insoluble collector in water. In this study, a method using the
Confined-Space Pulp Conditioning Device to promote oily reagent dispersion was proposed. Different
measuring points were arranged along the device wall, thus making it possible to take samples at
different space and time intervals. CFD numerical simulation was employed to analyze the turbulent
features of this device. Reagent concentration and droplet size distributions were obtained to evaluate
the solution homogeneity. Results show that at low rotation speeds, the mixing process can reach the
stable state faster but the dispersion performance is poor. With the increase of the external energy input,
the mixing time required to achieve equilibrium is prolonged but both the spatiotemporal difference
and the mean value of collector concentration show an obvious reduction. This finding can be associated
with the dynamic evolution of oily collector dispersion under the action of turbulence. The research
outcome is expected to provide important references for the optimization of liquid-liquid mixing and
pulp conditioning,.
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1. Introduction

With the minerals of high quality gradually depleted, the relatively low-grade ore has been the main
target to realize the recovery of valuable components and provide raw materials for the manufacturing
industry (Zheng et al., 2024). Due to the general feature of such mineral characteristics, sufficient griding
is required to liberate finely disseminated constituents from unwanted gangue, thus giving rise to the
increased content of small size fractions (Marion et al., 2019; Little et al., 2017; Sinnott et al., 2006).
Flotation has been widely acknowledged as the main method to complete the selective separation of
fine minerals, which is mainly based on the difference in surface hydrophobicity of different particles
(Zhou et al., 2015; Xu et al., 2024; Wang et al., 2025). For example, hydrophobic and hydrophilic particles
tend to attach to bubble surfaces and remain in pulp, respectively, which is responsible for the
generation of concentrates and tailings (Chen et al., 2024; Krasowska et al., 2007; Basat'ova et al., 2017).
During the practical flotation process, the surface hydrophobicity of objective particles is usually
enhanced in the preconditioning stage through the collector adsorption (Wang et al., 2020). However,
unlike the soluble reagent that can readily dissolve in pulp and interact with particle surfaces, the
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insoluble one with poor solubility, such as the diesel, kerosene and dodecane, which has been widely
applied as the collector applicable for the flotation of coal, graphite, molybdenite etc. (Chen et al., 2022;
Vasumathi et al., 2023; Sun et al., 2022; Nazari et al., 2022; Gao and Pan, 2021).

In previous literature, it has been indicated that improving the pulp homogeneity can significantly
contribute to the enhancement of particle surface hydrophobization (Yang et al., 2024). On the one hand,
when this type of reagent is fragmentate into small droplets, larger specific surface areas can be created
to achieve interaction with particles (Lian et al., 2023). On the other hand, the improved dispersion
degree of oily collector can promote the collision probability between the reagents and particles but
then their collision probability is expected to exhibit a decreasing trend as the collector droplet below a
size threshold tends to flow around the particle without contact (Liao et al., 2020). Despite this, the
decreased size of insoluble reagents is helpful for enhancing the adsorption intensity, thus giving rise
to an overall positive effect on the improvement of particle surface hydrophobicity (Ma et al., 2012; Ma
et al., 2013; Lai et al., 2005). As such, different methods have been employed to promote the breakup of
reagents, such as increasing the energy input, emulsification and optimizing the equipment structure.
Yu et al., 2017 showed that besides the pulp homogeneity, the high-intensity conditioning could also
cause surface cleaning which made the fresh particle surface exposed and thus provided sites for
reagent adsorption. Xia et al., 2020 introduced the collector pre-dispersion into the flotation flowsheet
of low-rank coal and the flotation recovery was increased by 5-10%, which was attributed to the
improved adsorption amount on the coal surface. By comparing the characteristics of stirred flow and
opposite rotational flow, Li et al., 2022 demonstrated that only when the zones of high pulp
homogeneity and strong strain rate were compatible with each other should the collector adsorption
process be further facilitated. In addition, the oily collector was proposed to achieve strong dispersibility
through emulsification, which can not only decrease the reagent consumption but also strengthen the
surface hydrophobization performance (Li et al., 2024).

Despite the significant process, the distribution of insoluble reagents inside the equipment is largely
unknown. Present studies mainly focus on the overall dispersion performance of collector
with little attention paid to the local situation. Due to the reagent distribution readily varying with the
space and time, a solid understanding for the dynamic evolution of reagent concentration inside the
equipment is required. Therefore, in this study, the sampling locations are orderly placed along the
Confined-Space Pulp Conditioning Device (CSPCD), which ensures the characterization of reagent
concentration distribution. Additionally, CFD numerical simulation is used to explore the flow field
characteristics in the confined space, including the velocity distribution, pressure distribution,
turbulence kinetic energy and dissipation rate. The research outcome should have significant
implications for the optimization of the equipment structure and energy input targeting liquid-liquid
mixing.

2. Materials and methods
2.1. Confined-space pulp conditioning device

Pulp conditioning experiments are carried out using the Confined-Space Pulp Conditioning Device
(CSPCD), and the structural diagram of this device is shown in Fig. 1. The CSPCD
corresponds to a cylindrical vessel with an inner diameter of 150 mm and a height of 300 mm. The upper
and lower baffles exhibit the respective inner diameter of 60 mm and 50 mm, but have
the same thickness equal to 5 mm. The upper impeller is located between the top of the cylinder
and the upper baffle plate, while the lower one is placed between the upper and lower baffles. The
upper and lower impellers are designed as the open axial and semi-open radial types
with the respective diameter equal to 55 mm and 60 mm. The distance from their centre
to the device bottom is about 230 mm and 100 mm, respectively. In this study, the main operational
parameter of the CSPCD corresponds to the rotation speed of impellers, which is set at 400, 800, 1200,
1600, 2000 r/min. It should be noted that two inlets are extended into the CSPCD to create colliding
flow. In addition, the pressure gauge and torque sensor are introduced to measure the internal pressure
of the barrel and the torque of the rotating shaft. Along the wall of the CSPCD, many rubber plugs are
evenly distributed to make it possible for syringes to extract liquids during the pulp conditioning
process.



3 Physicochem. Probl. Miner. Process., 61(4), 2025, 208727

Pressure gauge

——

/Rubber stoppers
Vertical baffles

Outlet
Upper impeller

Fig. 1. Confined-Space Pulp Conditioning Device

2.2. Numerical simulation
2.2.1. Physical modelling

The geometrical model is established according to the test system shown in Fig. 1. The 3D computational
basin is divided into the dynamic domain including the upper rotor and the lower rotor and the static
domain including the baffle plate, and the hexahedral mesh is selected for meshing. The mesh
independence is verified by taking the volume average dissipation rate as the characteristic parameter,
and the mesh independence is verified as shown in Fig. 2. It can be observed that, the volume average
dissipation rate increases with the increasing number of meshes, which tends to eventually stabilize
after reaching 3920000. As a result, the total grid number of 3920000 is selected as the division strategy
by considering both calculation accuracy and cost.
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Fig. 2. Grid independence verification

2.2.2. Boundary condition

The inlet is set as mass flow inlet and the velocity of each inlet is 0.056 kg/s. The impeller rotation
direction is clockwise when observed from top view and five different impeller speeds are adopted,
including 400, 800, 1200, 1600, 2000 r/min. The outlet is set as the pressure outlet.

2.2.3. Computational model

Ansys Fluent software is used to numerically calculate the grid model, and the k-e model is selected for
the viscous model. The liquid aqueous phase is chosen for the fluid medium. Considering the gravity
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effect, the SIMPLEC method is employed for the coupling of velocity and pressure, and the least squares
cell method is used to solve the gradient. The second-order upwind scheme is adopted to solve the
velocity, pressure, turbulence intensity and turbulence dissipation rate. The unsteady simulation is
carried out, and the convergence accuracy is set to 10-4. It is generally believed that a statistically stable
state can be reached after 20 rotations of the impeller, and the flow field is set to be stable after 30
rotations of the impeller. The flow field within 10 s of the post-statistical time is taken to carry out the
time-averaged analysis.

2.3. Collector dispersion experiments

During the working process of the CSPCD, the solution enters into the head-on collision zone from two
feeding tubes with opposite directions, which can generate strong turbulence and promote the initial
dispersion of pulp. Subsequently, the solution enters the lower impeller zone, where the strong rotation
is expected to induce fluid shear for the reduction of collector droplet size. Following this, the water-oil
mixture can achieve further mixing within the upper impeller zone. In addition, it should be noted that
the whole process is completed under confined space. The prepared solution can be discharged from
the outlet. The physical diagram of the experimental setup used for liquid-liquid mixing is shown in
Fig. 3. Therein, each experiment is carried out in a stainless-steel iron system. The slurry pump was used
to provide kinetic energy for feeding through the inlet, and the flowmeter was used to control the feed
rate. The mixture of collector and water was returned to the tank after the mixing process through the
CSPCD. During the whole experiment process, the liquid enters the CSPCD at a flow rate of 0.2 m3/h
and the impeller speed can be changed for optimization. The temperature is controlled by an air
conditioner, and the investigation on collector dispersion under different conditions is completed at
about 20 °C.

Slurry pump

Fig. 3. The schematic layout of the pulp conditioning experimental setup

2.4. Measurement of the spatio-temporal reagent concentration

In this study, a commonly used collector in flotation, diesel oil, is selected as the research objective. Fig.
4(a) illustrates the results of Fourier Transform Infrared Spectroscopy. Therein, it can be found that the
absorption peaks near 1460 cm?® and 1380 cm! correspond to the C-H bending and fluoride (C-X),
respectively (Uyumaz et al., 2024; Nabi et al., 2023; Yadav et al., 2015) and the absorption peak near
2798-3032 cm is associated with the stretching vibration of -CH, (Li et al., 2020). Such a large number
of non-polar hydrocarbon groups are responsible for the poor solubility of diesel oil in water. To
measure the concentration of dispersed reagents in various positions, a coloring agent is employed.
Prior to the experiment, 3 g diesel oil and 0.05 g Eosin Y are mixed with 100 mL absolute alcohol to
prepare the dyed collector. It should be noted that the dyed diesel oil can be diluted by deionized water
to obtain different concentration, which creates the possibility to achieve the quantification of solution
absorbance through the ultraviolet spectrophotometer. As such, the standard curve illustrating the
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known absorbance and corresponding concentration of diesel oil can be established. The fitting result
is shown in Fig. 4(b), where good consistent between the prediction and experimental data can be
obtained, evidenced by the correlation coefficient larger than 0.99. During each experiment, 21 g diesel
oil and 0.35 g Eosin Y are initially added into 700 mL ethanol and then mixed with deionized water to
prepared 30 L solution that can be transferred to the CSPCD. The flow rate of each inlet is setat 0.2 m3/h
and the rotation speed can be controlled within the range of 400, 800, 1200, 1600, 2000 r/min.
Subsequently, the syringes are used to obtain the dispersed solution at different measuring points,
which can be introduced to the system of ultraviolet spectrophotometer. Notably, the concentration of
diesel oil can be determined according to the standard curve in Fig. 4(b).
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Fig. 4. (a) Infrared spectra of the diesel oil and (b) standard adsorption curves

2.5. Measurement of the spatio-temporal reagent droplet size

For each experiment, 21 g diesel oil is added into 30 L deionized water and then introduced into the
CSPCD to complete the reagent dispersion. Five different impeller speeds (400, 800, 1200, 1600,
2000 r/min) can be used to carry out the conditioning process. Subsequently, the obtained solutions
containing collector droplets from the CSPCD at 120 different positions are introduced to the sample
delivery system of the particle size analyzer (S3500, Microtrac, US) to measure the droplet size
distribution as a function of time and space.

3. Results and discussion
3.1. Flow velocity analysis

The central cross section of the CSPCD (Y=0 section) is chosen to analyze the flow velocity distribution.
As shown in Fig. 5, it can be found that after entering the device, the fluids coming from two inlets are
expected to collide with each other, thus giving rise to little increase in the local flow velocity within the
colliding zone. Thereafter, the fluid flow is significantly affected by impeller rotation through the
external energy input. It can be seen that the largest flow velocity mostly happens in the vicinity to the
lower and upper impellers. As a consequence, the mixing performance of reagents should be improved.
With the increase of impeller rotation speed, the fluid flow velocity in the region close to impellers
exhibits an obvious increase, while that in the collision zone shows few changes. This phenomenon can
be attributed to the fact that the rotor mainly influences the near-impeller area (Li et al., 2019). Although
the impact of impeller rotation is enhanced under the condition of larger agitation speeds, evidenced
by the enlarged region with higher fluid flow velocity, the lower part of the CSPCD is still outside the
actuating range of stirred flow.

3.2. Pressure analysi

Fig. 6 presents the cloud diagram for pressure distributions varying with impeller agitation speeds at
the central cross section of the CSPCD (Y=0 section). Therein, it is indicated that the pressure is larger
at the lower part of the CSPCD, corresponding to the colliding zone of fluids from two inlets. The
maximum pressure value is reached exactly at the center of the collision region. Accompanying the fluid
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flow entering the impeller zone, the negative pressure can be produced, which is closely associated with
the centrifugal force formed by the rotating motion of the lower and upper blades (Shen et al., 2021). In
this scenario, the liquid tends to be thrown to the CSPCD periphery. Subsequently, the fluid is expected
to collide with the baffle, thus giving rise to the velocity gradients and pressure difference. With the
agitation speed increasing, the pressure in most regions of the CPSCD shows a growing trend except
for the near-impeller area where the magnitude of negative pressure is further enhanced.
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Fig. 5. Flow velocity distribution at the central cross section of the CSPCD
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Fig. 6. Pressure distribution inside the CPSCD under different agitation speeds

In previous literature, it has been indicated that there exists a critical pressure to determine whether
the two colliding droplets will coalesce with each other or bounce back (Li et al., 2023). For the case of
applied pressure below this threshold, increasing pressure is helpful for increasing the droplet
coalescence probability (Qian and Law, 1997). Once the produced pressure reaches the critical value,
further growth of the pressure should promote the merging regime instead. Notably, it can be found
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from Fig. 6 that with the increase of agitation speeds, the pressure within the head-on colliding flow
region (the inlet) is increased accordingly. As a consequence, the introduction of higher agitation speeds
may contribute to a larger reagent size distribution. Despite this potential effect, when the collector
droplet enters the vicinity of the lower impeller, strong turbulence and fluid shear are expected to
promote collector dispersion, thus giving rise to the size reduction of diesel oil.

3.3. Analysis of turbulent flow characteristics

The turbulent kinetic energy and dissipation rate changing as a function of agitation speed at the central
cross section of CSPCD (Y=0 cross section) are presented in Fig. 7 (a) and 7(b), respectively. It is obvious
that the distribution rules of the turbulent kinetic energy and dissipation rate are highly consistent with
each other. They exhibit the maximum value within the near-impeller region. It is worth noting that the
turbulent kinetic energy and turbulent dissipation rate in the CSPCD are underdeveloped when the
stirring speed is 400 r/min, both of which are individually less than about 0.1 m?/s2 and 10 m?/s. As
such, it is difficult to generate high turbulence without high energy input. Notably, the increase of
agitation can not only increase the turbulent intensity but also expand the actuating range of strong
turbulence, characterized by the corresponding region extending from the impeller to the near-wall
zone, which is favorable to the dispersion of the insoluble collector.
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Fig. 7. Effect of agitation speed on (a) turbulent kinetic energy and (b) turbulent dissipation rate at the central
cross section of the CSPCD

3.4. Analysis of the eddy scale

The common wisdom holds that turbulence can be regarded as the composition of a series of eddies in
different size (Nguyen et al,, 2016). Among them, the minimum eddy, known as the one with
Kolmogorov length scale (1x). As displayed in Fig. 8, the distribution of the minimum eddy at the center
cross section of the CSPCD is presented under different conditions of stirring speed. It can be noted that
the smallest Kolmogorov eddy is mainly distributed in the near-impeller region and the fluid collision
zone, which can be associated with the strong energy dissipation. When the rotation speed is set at 400
r/min, the minimum eddy is located within the range of 30~100 pm. However, with the stirring speed
increased to 2000 r/ min, most areas of the CPSCD exhibit the Kolmogorov length scale less than 40 pm
except for the lower part (head-on collision flow region) showing this characteristic value larger than
100 pm, which is seemingly independent on the stirring speed. This can be attributed to the fact that the
inlet zone is far away from the impeller and thus minimally influenced by the external energy input.
On the one hand, in previous literature (Li et al., 2025), it has been demonstrated that particles
dispersed in solution tend to be trapped by and move with the eddies have similar size to the particles.
As such, the collision probability between collector droplets is expected to exhibit a corresponding
increase at larger impeller speeds. On the other hand, the motion velocity of droplets can be maintained
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at a certain level through the energy transfer, which can contribute to the bouncing behavior after the
collision. In the meanwhile, the eddies with small scales are generally considered to exhibit high strain
rate, which can give rise to the increased deformation and decreased coalescence probability because
larger liquid film regions trapped between two colliding droplets are supposed to prevent the reach of
critical film thickness for rupture within a limited time interval during the collisional interaction. As
such, there may exist a balanced point, beyond which the collector droplet size should remain almost

unchanged.
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Fig. 8. Analysis of the minimum eddy scale in the CPSCD under different agitation speeds at the center cross
section of the CSPCD

3.5. Spatiotemporal evolution of collector concentration

As shown in Fig. 9, the collector concentration in the CSPCD is described as a function of space under
different energy input conditions. Therein, it can be observed that when the agitation speed is 400
r/min, the reagent dispersion performance is underdeveloped, evidenced by the three-dimensional
collector concentration mostly larger than 600 mg/L in the device. Additionally, at relatively low
agitation speeds, the difference in collector concentrations of different positions is large. Obviously,
within the near-impeller regions, lower concentrations of diesel oil can be measured, while the collector
in the areas far from such two impellers exhibit locally concentrated phenomenon, which can be
associated with the distribution of turbulent intensity and agree well with the previous analysis of flow
field characteristics. Accompanying the increase of energy input, the above effect can be alleviated. To
be more specific, higher turbulent intensity in the CPSCD can induce larger fluid shear and promote the
reagent dispersion. Compared with the changed reagent concentration between 540 and 600 mg/L
within the near-impeller region, that in the other zones shows a larger varying range from 550 and 620
mg/L. In particular, at the rotation speed of 2000 r/min, the concentration of each measuring point is
between 560 and 570 mg/L, suggesting that the uniform distribution state is basically reached. In
addition, the decreased collector concentration at higher agitation speeds could also indicate the
collector loss. The effect of evaporation can be excluded due to much larger boiling point of diesel oil
than that of water, and the relatively short conditioning time (~2 min). Wall adhesion may be the
potential reason for this effect, which can be attributed to stronger turbulent intensity at higher rotation
speeds. As shown in Fig. 7, it can be found that with the rotation speed increased from 400 r/min to
2000 r/min, both the magnitude of turbulent intensity and the actuating range of impeller rotation is
enhanced. Especially, when the rotation speed exceeds 800 r/min, regions with high turbulent kinetic
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energy can be gradually extended to the near-wall. In this scenario, the collision probability between

the collector droplet and the wall surface should be increased, which can be responsible for the collector
loss.
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Fig. 9. Three-dimensional distribution of collector concentration varying with the stirred speed in the CSPCD

To quantitatively characterize the solution homogeneity and the difference in collector
concentrations of different space, the average collector concentration in the CPSCD can be obtained
based on results in Fig. 9. Following this, the uncertainty (error bar) and variance for collector
concentration can be calculated, both of which can clearly show the deviation of each measuring point
from the average value and indicate the degree of uniformity. As shown in Fig. 10, it can be found that
the impeller speed has a significant effect on the collector concentration distribution. On the one hand,
with the rotation speed increased from 400 r/min to 2000 r/min, the averaged collector concentration
is decreased from 597.8 mg/L to 567.4 mg/L. On the other hand, when the impeller speed is 400 r/min,
the uncertainty and variance of collector concentration are +11.3 mg/L and 126.3 mg?/L?, respectively,
indicating the poor dispersion effect. However, at the impeller speed of 2000 r/min, the concentration
difference can be obviously narrowed, characterized by the above two factors decreasing to + 5.2 mg/L
and 27.2 mg?/12, respectively. This outcome clearly suggests that increasing energy input can contribute
to improving solution homogeneity and decreasing difference in collector concentrations.
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3.6. Analysis of the collector droplet size

The variation of collector droplet size at different impeller speeds and time intervals in the CSPCD is
shown in Fig. 11. It is worthwhile noticing that Fig. 11(a) and 11(b) correspond to the location of the
lower and upper impellers, respectively. Obviously, in two different regions, the basic variation
tendency with the impeller speed is consistent with each other, characterized by the ever-decreasing
collector droplet size over time. With the increased rotation speed, a larger reduction in the collector
droplet size can be observed, and the final value keeps stable at a smaller level. According to the
experimental measurements, in the vicinity of the lower and upper impellers, the collector droplet size
requires about 60 s and 100 s to reach the equilibrium at the rotation speed of 2000 r/min, respectively,
as compared to 30 s and 60 s at the rotation speed of 400 r/min. This phenomenon indicates that the
collector droplet size requires more time to become smaller at higher rotation speeds, which may be
attributed to more opportunities can be provided for collector to complete collision and coalescence or
deformation and even breakup with the increase of external energy input. However, at the same
measuring time, the collector droplet size is always decreased with increasing impeller speeds. In
addition, prior to the flotation separation, pulp conditioning process is usually introduced to modulate
the particle surface hydrophobicity, which can last for about 2 min or longer (Yu et al., 2017; Li et al.,
2020; Wang et al., 2020). Within this time interval, the collector droplet size is expected to reach the
equilibrium for the interaction with particles. It is worthwhile noticing that the error of the collector
droplet size is relatively larger at the beginning but then exhibits a gradual decreasing trend, indicating
the requirement for sufficient conditioning time to achieve solution homogeneity. When the equilibrium
state is reached, the respective diesel oil droplet size in the vicinity of the lower impeller is about 15.5
pm and 9.8 pm at the respective rotation speed of 400 r/min and 2000 r/min. Previous literature (Chen
and Peng, 2022; Zhang et al., 2024) has reported that the decreased collect droplet size is helpful for
improving the flotation recovery of valuable components, hence highlighting the significance of
controlling collector droplet size.
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Fig. 11. Time-dependent collector droplet size at the region of the (a) lower and (b) upper impellers under
different rotation speed in the CSPCD

4. Conclusions

This study is mainly devoted to providing an insight to spatiotemporal evolution of insoluble collector
droplets in water by using the confined space and stirred fluid conditioning pulp. The main conclusions
are presented as follows:

1. In the flow field of the CSPCD, strong turbulence can be produced within the region near the lower
and upper impellers, characterized by larger fluid velocity and turbulent kinetic energy dissipation
rate. In addition, due to the collision of fluids from the two inlets, local velocity gradients can be
generated, thus giving rise to the improved turbulence. With the increase of rotation speed, the
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influence of rotor rotation becomes gradually enhanced, including the enlarged range of strong
turbulent intensity, which is conducive to dispersion of the insoluble oily collector.

2. To quantitatively obtain the three-dimensional distribution of collector concentration, different
sampling points are arranged along the CSPCD. The results show that at low rotation speeds, the
dispersion degree of diesel oil is underdeveloped because the corresponding flow field cannot
provide sufficient fluid shear and contribute to the solution homogenization. With the increase of
the impeller speed, the difference in collector distributions of different measuring points is
narrowed, as well as the decreased mean value of collector concentrations, both of which
demonstrate the improved mixing performance.

3. With respect to the size distribution of oily collector droplets, it is found that with the rotation speed
increased from 400 to 2000 r/min, the collector droplet size exhibits a reduction from 19 to 10 pm. In
addition, it should be noted that the condition of higher stirred speed requires longer time to reach
the equilibrium. For example, when the rotation speed is equal to 400 r/min, it takes about 40 s to
attain the stable state, as opposed to about 100 s at the speed of 2000 r/min. As such, during the
practical pulp mixing process, enough time interval should be provided to complete the effective
dispersion of oily collector.
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