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Abstract

The middle trough of spirals serves simultaneously as a buffer zone for variations in
hydrodynamic parameters and as a region where mineral particles of different densities
are prone to mixing, exerting a profound influence on particle-separation effect. This study
employed a multi-fluid volume of fluid (VOF) model incorporating the Bagnold effect
to simulate the ilmenite—chlorite slurry flow in a custom-designed ©400 mm short-travel
spiral concentrator with three turns. This study systematically investigated the influence
of the transverse inclination angle of the middle trough (ranging from 3.5° to 9.5°) on
separation indicators, flow film morphology, secondary circulation characteristics, and
particle force dynamics. The results indicate that employing a lower transverse inclination
angle is more conducive to improving the technical separation indicators for ilmenite and
chlorite. When using enrichment ratio and separation efficiency as criteria, the optimal
inclination angles range from 3.5° to 5° and 3.5° to 6.5°, respectively. Meanwhile the
separation efficiency and its sensitivity to the middle trough transverse inclination angle
vary remarkably with different feeding sizes. Feeding of 112 um ilmenite and 19 pm chlorite
yields the premium separation performance and is minimally affected by the middle trough
transverse inclination angle. Conversely, as the ilmenite particle size decreases or the
chlorite particle size increases, the separation indicators decline but become significantly
regulated by the middle trough transverse inclination angle, exhibiting a desirable angle
range of 3.5-6.5°. Hydrodynamic parameter analyses indicate that a moderate flow film
depth, continuous secondary circulation morphology and stabilizing inner circulation in
the middle trough can be obtained at a middle trough transverse inclination angle scope
of 3.5-6.5°. Once the inclination angle exceeds 6.5°, a distinct ridge forms in the flow
film of the middle trough, and extensive disruptions occur in the outward circulation,
which subsequently impedes the outward transport of low-density particles along with the
fluid. Ata middle trough transverse inclination angle scope of 3.5-6.5°, the Bagnold force
exerted on the ilmenite particles in the middle trough remains low during the initial stage
of flow field evolution, which favors their retention in the lower fluid layer to become the
concentrate product. Concurrently, the chlorite particles near the inner region experience a
higher Bagnold force, which facilitates their suspension into the upper outer circulation,
thereby amplifying the kinematic differences between the chlorite and ilmenite particles.
This study demonstrates that fluid dynamic parameters and the force characteristics of
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mineral particles can effectively characterize the separation process of mineral particles
in spirals.

Keywords: spirals; transverse inclination angle; Bagnold force; separation efficiency; spatial
distribution; secondary circulation

1. Introduction

IImenite is the primary raw material for the global titanium industry and plays a vital
role in high-end technological fields, such as aerospace, national defense, and medical
devices [1-4]. China has the world’s largest ilmenite reserves, which are mainly concen-
trated in Panzhihua of Sichuan Province and Chengde of Hebei Province [5]. Nevertheless,
ilmenite resources are generally characterized by low-grade, high-impurity content and
fine dissemination. In particular, the average grade of ilmenite in vanadium-titanium mag-
netite ores of the Panxi region is less than 10%, accompanied by high contents of associated
impurities such as calcium and magnesium. In addition, high-grade rutile resources are
extremely scarce. These result in low mineral separation efficiency at the upstream end of
China’s titanium industrial chain and high import dependence for downstream high-end
titanium materials, including aerospace titanium alloys and electronic-grade high-purity
titanium, which poses a serious threat to national resource security [6-8].

Mineral separation and enrichment are crucial procedures in the exploitation of tita-
nium resources and are essential for improving the comprehensive utilization efficiency
of titanium resources [9]. As a classic gravity separation device, the spiral concentra-
tor has been widely used in the combined separation process of ilmenite owing to its
simple structure and low energy consumption [10-12]. Over decades of development,
studies on the separation mechanism and structural optimization of spiral concentrators
have been continuously deepened, which has greatly promoted their separation perfor-
mance [13-17]. Relevant studies have demonstrated that geometric conditions, including
cross-sectional shape and wall surface characteristics, can markedly alter the thickness of
flow film, Reynolds number distribution and secondary circulation on the trough surface.
This further affects the migration behavior of mineral particles and separation perfor-
mance. The middle trough surface serves not only as a buffer zone for the variation in
hydrodynamic parameters but also as a mixing zone for mineral particles with different
densities. Meanwhile, the middle trough responds strongly to the adjustment of splitter
position [18,19]. Therefore, compared with the outer and inner regions, the geometry of the
middle trough has a more pronounced influence. Exploring the effects of middle trough
geometric parameters on the flow field and particle-separation behavior of spiral concen-
trators is of great theoretical and engineering significance for spiral structure optimization
and separation performance improvement.

Based on the above background, this study adopts the high-precision numerical cal-
culation model for flow fields and particle motions established in the previous work to
simulate and predict the separation process of ilmenite and chlorite particles in a custom-
designed ©400 mm spiral concentrator. The influence of the transverse inclination angle of
the middle cross-section line on mineral separation performance is systematically investi-
gated. Furthermore, the effects of this geometric parameter on hydrodynamic characteristics
and particle force conditions during the separation process are discussed. This study aims
to reveal the regulatory mechanism of the middle cross-section geometry on dynamic
parameters and separation performance of the ilmenite—chlorite—water pulp system. The
research findings can provide visualized and systematic data support for structural opti-
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mization and the in-depth understanding of gravity separation mechanisms in composite
force fields.

2. Materials and Numerical Methods
2.1. Cross-Section Geometry of Spiral Concentrator and Adjustment Range of Middle Trough

As shown in Figure 1, the cross-section of the spiral concentrator changes gently
in the middle trough and is approximately linear, so the curved segment at radial posi-
tions r = 95-140 mm was selected for local geometric adjustment and replaced by the line
segment AB connecting the two endpoints. This range covers the main approximately
linear part of the middle trough while avoiding the transition zones adjacent to the inner
and outer trough surfaces. By adjusting the transverse inclination angle of segment AB,
the variation trends of pulp flow field parameters and particle-separation behavior were
investigated. The spiral concentrator used in the simulation has a diameter of 400 mm and
consists of 3.25 turns. The radial adjustment range and transverse inclination angles of the
middle trough are listed in Table 1.
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Figure 1. Section geometry and selection of middle trough of spiral concentrator. Note: The red curve
represents the original trough, and the black line AB represents the locally adjusted segment.

Table 1. Adjustment range of the transverse inclination angle of the middle trough.

Base Transverse Transverse Inclination

Segment Radial Range Inclination Angle Adjustment Value
/(mm) ) /)
AB 95-140 6.5 3.5;5;8;9.5

2.2. Physical Model and Mesh Generation

The computational mesh was generated using ICEM CFD 2024 R1 software, and all
numerical simulations were performed using the commercial CFD solver ANSYS Fluent
2024 R1. A 3.25-turn spiral concentrator was selected as the simulation object. According
to the previous mesh independence test results, the simulation results tend to be stable
when the fluid domain of the spiral concentrator with the cross-section of base transverse
inclination angle is divided into 1,037,036 hexahedral cells, which can clearly characterize
the flow film morphology and the tangential velocity distribution of fluid. The mesh
quantity remained unchanged after adjusting the transverse inclination angle of the middle
trough. Taking the transverse inclination angle of 6.5° as an example, the mesh generation
is presented in Figure 2. To accurately simulate the thin flow film less than 1 mm near
the wall surface, local mesh refinement was performed in the near-wall region and outer
edge region of the spiral concentrator in this study. After optimization, the minimum
mesh height at the bottom wall was 0.15 mm, and the obtained minimum Y* value was
approximately 2.
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Figure 2. Mesh division for the computational domain of the spiral concentrator: (a) computational
domain of the spiral concentrator; (b) top view of the wall mesh in the computational domain;
(c) mesh division of the outlet.

2.3. Numerical Model and Boundary Conditions

The separation process in the spiral concentrator involves a complex three-dimensional
multiphase unpressurized rotational shear flow system. Directly performing gas-liquid—
solid three-phase coupling calculation tends to cause instability in numerical solution.
Therefore, the VOF multiphase-flow model and RNG k-¢ turbulence model were firstly
adopted in this study to simulate the gas-liquid two-phase flow field. The governing equa-
tions of the VOF model are shown in Equations (1) and (2), while the transport equations
for turbulent kinetic energy and turbulent dissipation rate of the RNG k-¢ turbulence model
are presented in Equations (3) and (4) [20-23].

Ju o
dpv; . dp 0 dv;  0v; '
o5 + E)Tc] (ovivj) = o + aTc] Heff <8x] + 9% +0gi 2)

where « is the volume fraction of the fluid (gas phase or liquid phase); g; represents the
gravitational acceleration; p represents the average density of the fluid; and g is the
effective viscosity of the fluid.

J d 0 ok

5 (k) + aTCi(kai) = ax; (“kﬂeffax]) + Gy — pe 3)
d d d de € €2
g(p{?) + Tﬂ(pgvi) = aixj <0(g]/leffaxj> + ClgEGk — Cngf — Rg (4)

where k is the turbulent kinetic energy; v; is the velocity component in the i-direction; &
is the turbulent dissipation rate; ay is the inverse effective Prandtl number for k; « is the
inverse effective Prandtl number for ¢; Gy is the turbulent kinetic energy generated by the
mean velocity gradient; and Re denotes the additional strain rate term.

On the basis of stable gas-liquid flow field calculation, the multi-fluid VOF model
considering the Bagnold effect was adopted to simulate particle motion. The multi-fluid
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VOF model is a coupled model combining the VOF model and the Euler-Euler model. The
coupled model can identify stratified flow and mixed flow states in the computational
domain according to the local interface diffusion index within grid cells and realize the
simultaneous simulation of the gas-liquid continuous interface and the discrete phase
behavior of particles. Interphase interaction forces include both drag force F4 and lift force
Fj. The symmetric model and Gidaspow model were employed to solve the gas-liquid and
liquid-solid drag forces, respectively. For the lift force, the Bagnold lift formula was loaded
into the lift coefficient module via a user defined function (UDF) for calculation [19,20].

The slurry flow in a spiral concentrator is a shallow, free-surface, unpressurized rotat-
ing shear flow characterized by pronounced streamline curvature and moderate turbulence.
The RNG k-¢ turbulence model was selected based on the work of Doheim et al. [23] and our
previous CFD study on the secondary-circulation characteristics of spiral flows [24]. This
model has been applied to open-channel and rotating shear flows and provides satisfactory
numerical stability in VOF-based free-surface calculations. Moreover, because the present
study involves comparative simulations of multiple middle trough transverse inclination
angles, the RNG k-e¢ model provides a reasonable balance between computational cost and
the accuracy required for predicting macroscopic flow field characteristics.

For multiphase-flow modeling, the VOF model was first employed to capture the
macroscopic gas-liquid free surface. The method for predicting and optimizing mineral-
particle-separation indicators in spiral flow films was described in our Chinese patent
issued in 2023 [25]. Meng et al. [21] reported and validated a Eulerian multi-fluid VOF
framework incorporating the Bagnold effect for particle-flow modeling and separation
prediction in spiral concentrators. Accordingly, the VOF model, RNG k-¢ turbulence model,
and Eulerian multi-fluid VOF model incorporating the Bagnold effect were employed in
the present study to characterize the gas-liquid interface, macroscopic particle transport,
and separation-indicator variations in the ilmenite—chlorite slurry system under different
middle trough transverse inclination ang]les.

The present numerical framework is primarily intended for macroscopic flow field
evolution and separation-index prediction. Instantaneous turbulent structures and particle-
scale collision dynamics are therefore not explicitly resolved in the same manner as direct
numerical simulation (DNS) and discrete element method (DEM). Considering the feed
solid mass fraction of 25% and the need to compare multiple middle-section geometries, the
multi-fluid VOF model provides an appropriate balance between computational feasibility
and macroscopic separation prediction for this study.

The boundaries of the fluid computational domain mainly include inlet, outlet, upper
wall and bottom wall of the trough. The inlet was specified as the velocity inlet boundary,
and the outlet was set as the pressure outlet boundary. The trough bottom wall was
assigned a no-slip boundary condition, and the standard wall function was adopted for
near-wall treatment. The upper wall was defined as a free-slip boundary condition.

The computational time varied slightly depending on the trough geometry and op-
erating conditions. For a representative case, a typical run required approximately 25.5 h
to complete the full two-stage calculation. In the numerical calculation, the gas-liquid
two-phase flow field was first solved until a stable free-surface flow field was obtained.
In this stage, the relative residuals of all governing equations were controlled below 10~*
to ensure the accuracy of the solution. Subsequently, the stable gas-liquid flow field was
used as the initial condition for the gas-liquid-solid multiphase-flow simulation. Because
the convergence of the multiphase calculation was relatively lower, the residual tolerance
was set to below 1073, After the flow variables reached a stable state, the calculation was
continued for an additional 2 s, and the time-averaged results during this period were used
as the final simulation results.
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2.4. Feed Conditions

In the numerical simulation tests, ilmenite and chlorite were taken as the separation
objects. Their densities were set to 4623 kg/m? and 2626 kg/m?, respectively. Referring
to the feed particle size composition and computational workload of the industrial spiral
concentrator, ilmenite particles were assigned two average particle sizes of 112 pm and
56 um, corresponding to the narrow size fractions of —150 + 74 um and —74 + 38 pm.
This arrangement was adopted to explore the differences in motion characteristics and
separation performance of ilmenite particles with varying particle sizes. Because chlorite
is prone to sliming and generally exists in fine particle sizes during separation, chlorite
particles were set at two fine sizes of 56 um and 19 pm, which were calculated as the average
values of the corresponding size fractions, i.e., (74 + 38)/2 = 56 pm and 38/2 = 19 um. The
above ilmenite and chlorite particles formed different feedings, and numerical simulation
tests of separation in spiral troughs were carried out accordingly. Ilmenite and chlorite of
each particle size in the feed were proportioned at a mass ratio of 1:5.41. The TiO; grade of
the feed is 8.2%. The solid mass fraction of the feed and the pulp flow rate are set to 25%
and 0.72 m3/h (12 L/min), respectively.

3. Results and Discussion

3.1. Prediction of llmenite—Chlorite Separation with Adjustment of Middle-Section Transverse
Inclination Angle

3.1.1. Prediction of Separation Indicators for Ilmenite-Chlorite

The concentrate yield, grade of TiO,, recovery of TiO,, and separation efficiency are
important indicators for evaluating spiral separation performance, and the splitter position
directly affects the product division and separation indicators [20,24]. Under different
transverse inclination conditions, the splitter position in the trough of the third turn was
adjusted to obtain multiple concentrate products. The results are shown in Figure 3.

As shown in Figure 3, under different transverse inclination angles of the middle
trough, concentrate yield increases to varying degrees as the splitter moves outward. The
TiO, grade first increases and then gradually decreases as the splitter moves outward.
Under all conditions, a high-grade region is observed, and the concentrate grade is higher
at relatively lower inclination angles (3.5° and 5°). TiO, recovery increases significantly as
the splitter moves outward, and the magnitude of the increase is positively correlated with
the transverse inclination angle of the middle trough. The variation in separation efficiency
is similar to that of grade, but the peak distribution is more pronounced, indicating the ex-
istence of a maximum separation efficiency and its corresponding optimal splitter position.
To provide exact numerical values for the results shown in Figure 3, the key separation
indicators corresponding to the maximum TiO, grade of the concentrate and maximum
separation efficiency are summarized in Tables 2 and 3, respectively.

As shown in Table 2, increasing the transverse inclination angle of the middle trough
causes the maximum TiO, grade of the concentrate to decrease overall, and the correspond-
ing splitter position shifts inward from 120 mm to 85 mm. When the transverse inclination
increases from 3.5° to 5°, the maximum TiO, grade of the concentrate decreases slightly,
but concentrate yield, recovery of TiO,, and separation efficiency all improve, indicating
excellent overall performance at low inclination angles. When the transverse inclination
increases further beyond 5°, the TiO; grade decreases slightly, while concentrate yield,
recovery of TiO,, and separation efficiency decline markedly, especially when the angle
increases from 8° to 9.5°.
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Figure 3. Particle-separation indicators at the end of the third trough under different transverse
inclination angles of the middle trough: (a) concentrate yield; (b) grade of TiO;; (c) recovery rate of
TiO;,; (d) separation efficiency.

Table 2. Maximum grade of TiO, and corresponding splitter location and other indicators.

Middle-Section Maximum TiO,

Splitter Position for Concentrate Recovery of Separation
Transverse Grade of the . R . . .
o the Maximum Grade Yield TiO; Efficiency
Inclination Angle Concentrate o o o
o /(mm) /(%) /(%) /(%)
B) /(%)
3.5° 38.61 120 16.05 75.89 70.83
5° 37.15 115 17.95 82.00 75.75
6.5° 36.74 100 13.85 67.24 62.36
8° 36.96 100 15.43 67.87 62.40
9.5° 36.72 85 8.93 40.48 37.29

As shown in Table 3, the maximum separation efficiency is more favorable in the range
of 3.5-6.5°. Within this range, the optimal splitter position gradually moves inward from
140 mm to around 125 mm as the transverse inclination increases, with a corresponding
decrease in the TiO, grade of concentrate and little change in concentrate yield and recovery
of TiO;. When the transverse inclination increases further beyond 6.5°, the maximum
separation efficiency and recovery of TiO, decrease to some extent, while concentrate yield
and grade fluctuate, further indicating that a larger transverse inclination of the middle
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trough is unfavorable for separation of ilmenite and chlorite on the trough surface of the
spiral concentrator.

Table 3. Maximum separation efficiency and corresponding splitter location and other indicators.

Middle-Section

Maximum Splitter Position for

. . Concentrate Grade of Separation
Transverse Separation the Maximum . . . .
o . . . . Yield TiO, Efficiency
Inclination Angle Efficiency Separation Efficiency N N o
o /(%) /(%) /(%)
(B) /(%) /(mm)
3.5° 89.60 140 22.38 35.77 98.09
5° 89.74 135 23.58 34.30 99.46
6.5° 89.22 125 22.58 33.17 98.97
8° 85.99 120 25.47 32.24 97.73
9.5° 87.29 115 2271 34.43 96.57

As indicated by Tables 2 and 3, a lower transverse inclination angle of the middle
trough is more beneficial for improving the separation indicators of ilmenite and chlorite.
When the objective is to maximize the TiO, grade of the concentrate, the optimal inclina-
tions are 3.5° and 5°, with splitter positions of 120 mm and 115 mm, respectively. This
configuration achieves a high enrichment ratio while maintaining the other indicators.
When the objective is to maximize separation efficiency, the optimal inclinations are 3.5°,
5°, and 6.5°, with splitter positions in the range of 140-125 mm. Under these conditions,
both high concentrate quality and relatively stable yield and recovery can be maintained
simultaneously. Therefore, the suitable ranges of middle-section transverse inclination and
splitter position should be selected according to the specific separation objective.

3.1.2. Comparison of Separation Efficiency for Ilmenite—Chlorite
Particle-Size Combinations

To further examine the effect of feed particle size on the separation result and the
regulating role of the middle-section transverse inclination angle, ilmenite and chlorite
particles of different sizes were combined in pairs as feedstock. The simulated data were
extracted to obtain the separation-efficiency curves for the four feed systems under each
transverse inclination angle, as shown in Figure 4.

As shown in Figure 4, the separation efficiency of ilmenite—chlorite feed systems
with different particle-size combinations differs significantly under different transverse
inclination angles of the middle trough. Overall, the maximum separation efficiency
achieved with a coarse-grained ilmenite feed system is higher than that achieved with a
fine-grained ilmenite system. Furthermore, when the ilmenite size is fixed, the maximum
separation efficiency is higher when the feed contains 19 pm chlorite. The comparative
data are summarized in Table 4.

Table 4. Change in maximum separation efficiency resulting from changes in feed particle size.

Middle-Section

Change in Maximum Separation Efficiency/(%)

Transverse Inclination [lmenite: [Imenite: Tlmenite: 112 um Tmenite: 56 um
Angle (B) 112756 pm 11256 pm Chlorite: 199—56 um  Chlorite: 19—56 um
Chlorite: 19 um Chlorite: 56 um ) )
3.5° —4.14 —9.71 —3.19 —8.81
5° —2.16 —6.52 —4.64 —8.89
6.5° —-1.17 —6.48 —5.84 —10.90
8° —4.01 —10.43 —8.25 —14.38
9.5° —6.09 —9.28 —9.44 —12.51
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Figure 4. Variation in particle-separation efficiency with the transverse inclination angle of middle
trough for different particle size combinations: (a) 112 um ilmenite + 19 um chlorite; (b) 112 um
ilmenite + 56 um chlorite; (c) 56 um ilmenite + 19 um chlorite; (d) 56 um ilmenite + 56 um chlorite.

Table 4 clearly shows the differences in separation performance caused by variations
in feed particle size, and the unfavorable effects of fine ilmenite and coarse chlorite appear
to be additive.

As shown in Figure 4a,b, increasing the transverse inclination angle of the middle
trough keeps the maximum separation efficiency of the coarse-ilmenite and fine-chlorite
feed system between 95.24% and 96.03%, with the optimal splitter position shifting slightly
inward. In contrast, the maximum separation efficiency of the coarse-ilmenite and coarse-
chlorite system shows a decreasing trend. As shown in Figure 4c,d, the maximum sepa-
ration efficiency of the fine-ilmenite and fine-chlorite system first increases slightly with
increasing transverse inclination and then decreases, while the splitter position changes
little. The maximum separation efficiency of the fine-ilmenite and coarse-chlorite system
remains relatively high within the range of 3.5-6.5°and then decreases significantly.

The above analysis indicates that the coarse-ilmenite and fine-chlorite feed systems
give the best separation performance and are relatively insensitive to changes in the middle-
section transverse inclination angle. When the ilmenite size decreases or the chlorite size
increases, the separation indicators decline and become much more strongly regulated by
the middle-section transverse inclination angle, with an appropriate adjustment range of
3.5-6.5°. Therefore, the particle sizes of ilmenite and chlorite are clearly matched to the
geometric parameters of the middle trough of the trough. Moreover, when feeding broad

particle size, the mass fractions of fine ilmenite and coarse chlorite should be monitored
and controlled to achieve stable improvement in separation performance.
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3.2. Variation in Hydrodynamic Parameters of Slurry Flow with Adjustment of Middle-Section
Transverse Inclination Angle

3.2.1. Depth Distribution of the Slurry Film and Longitudinal Difference

The depth of the slurry film determines the available separation space for mineral
particles and affects the velocity distribution within the flow film [18,19]. Therefore, the
flow film depths of ilmenite and chlorite slurries under different middle-section transverse
inclination angles were extracted. The 1.5th turn and the third turn sections were selected
to represent the separation process and the separation results, respectively, in order to
examine the longitudinal differences in the depth distribution of the flow film. The results
are shown in Figure 5.
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Figure 5. Film distribution of slurry on the trough surface under different transverse inclination
angles of the middle trough: (a) the 1.5th turn; (b) the 3rd turn.

B=9.5°
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From both subfigures in Figure 5, the depth of the slurry flow film on the trough
surface exhibits a pronounced radial distribution: the film thickness gradually increases
with outward radial position. The maximum depth always concentrates at the outer edge,
while the inner edge to middle radial region is dominated by a thin-film state, which is the
core region for particle separation. Furthermore, the depth of the flow film in the inner
edge and middle regions exhibits continuous fluctuations along the trough surface and
differs from the near-bottom-wall film morphology of clear water.

As shown in Figure 5a and the local magnified view, in the trough surface of the
1.5th turn, the depth of the flow film in the middle thin-film region increases noticeably
with increasing transverse inclination. At higher angles (8° and 9.5°), a clear bulge forms,
whereas the deepest outer-edge film shows a dynamic response of first decreasing and
then increasing. As shown in Figure 5b, when the slurry advances longitudinally to the
end of the 3rd turn, the deepest outer-edge film becomes thicker compared to that at the
1.5th turn, while the middle flow film becomes thinner. This generally aligns with the
hydrodynamic characteristics of longitudinal acceleration and contraction of the flow area.
When the transverse inclination of the middle trough increases from 6.5° to 8° and 9.5°, the
depth of the flow film at the deepest position decreases, and the middle flow film fluctuates
strongly, especially at 9.5°. The depth distribution of the flow film in the middle region is
clearly correlated with the separation indicators discussed above. Therefore, the suitable
range of middle-section transverse inclination is identified as 3.5-6.5°, which is consistent
with the range that yields favorable separation performance. This supports the validity of
the numerical simulation and parameter characterization.

The above analysis indicates that, when the transverse inclination angle is 3.5° and
5°, the thin-film region on the trough surface forms a hydrodynamic environment with
moderate thickness and stable distribution, which not only ensures adequate settling and
enrichment of ilmenite particles but also effectively suppresses chlorite contamination of
the concentrate zone. Meanwhile, the hydrodynamic environment in the deep-water region
is favorable for chlorite to move toward the outer edge while avoiding excessive turbu-
lence that would interfere with separation. This achieves a good match between the flow
field distribution and the particle-separation behavior and provides stable hydrodynamic
conditions for efficient ilmenite separation.

3.2.2. Spatial Distribution and Evolution of Secondary Circulation

Under the ilmenite—chlorite feed system, this study investigated the effect of different
middle-section transverse inclination angles on the spatial distribution of the secondary
circulation and revealed its spatial distribution characteristics along the longitudinal travel,
as shown in Figure 6.

As can be seen from the overall configuration of the secondary circulation in Figure 6,
after evolving through 1.5 turns, the fluid has formed a basic secondary circulation struc-
ture in which the upper layer flows outward and the lower layer flows inward. Further
analysis of the enlarged view of the secondary circulation in the middle region (95-140 mm)
reveals that the spatial distribution and continuity of the inner and outer circulations differ
markedly at different transverse inclination angles of the middle trough. Specifically, within
the range of 3.5-6.5°, the inner circulation is continuously distributed in the middle and
inner edge at 5° or is partially discontinuous at 3.5° and 6.5°, whereas the outer circulation
maintains good continuity in both the middle and outer-edge regions. Within the range of
8-9.5°, the outer circulation in the middle and outer-edge regions is interrupted over a large
area, which may hinder the transport of low-density particles, and the inner-circulation
area is clearly reduced. Overall, when the transverse inclination angle of the middle trough
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is set to 5°, the secondary-circulation pattern across the spiral concentrator is the most
stable and continuous, followed by angles of 5° and 6.5°.

- Inward flow

—_—

Outward flow

—

B=3.5°

’(‘ inner —><— middle —><— outer Aﬂ

Figure 6. Spatial distribution of secondary circulation on the trough surface under different transverse

inclination angles of the middle trough (the 1.5th turns).

3.2.3. Evolution of the Radial Flux of Secondary Circulation

The variation in the radial flux of the secondary circulation with longitudinal travel
can characterize the radial migration behavior of the fluid and its stability. The radial flux of
the secondary circulation at different radial positions under adjustment of middle-section
transverse inclination is shown in Figure 7.

As shown in Figure 7, the radial flux of the secondary circulation evolves in a similar
pattern with increasing longitudinal travel. It reaches a peak in the initial stage and then
decreases and stabilizes within a specific range. The main difference is that the magnitude
and fluctuation of radial flux increase as the radial position moves outward. The peak
radial flux in the initial stage and the average radial flux in the stable stage at each radial
position are listed in Tables 5 and 6.

Table 5. Peak radial flux (outside parentheses) in initial stage and average radial flux (inside paren-
theses) in stable stage (2.5-3 turns) of inner circulation/ (1072 L/min).

Middle-Section Transverse Radial Position/(mm)
Inclination Angle (B) 62.5 90 117.5 145 172.5
3.5° 37.75(0.15)  11.65(0.58)  20.86 (0.38)  45.17(1.24)  24.49 (9.94)
5° 31.98 (0.14) 9.81 (0.63) 2656 (0.89)  39.61(2.86)  20.69 (12.11)
6.5° 3453 (0.10) 1294 (1.54)  35.02(1.67) 4348 (5.83)  20.26 (7.75)
8° 4708 (0.17) 1607 (0.71)  46.71(1.73)  55.19(4.93)  30.95 (14.94)
9.5° 49.82(0.14)  18.10(1.31)  60.65(2.02)  57.41(557)  32.01(9.48)
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Figure 7. Evolution of radial flux of secondary circulation with longitudinal travel under different

transverse inclination angles of the middle trough: (a—e) inward flow; (f-j) outward flow.
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Table 6. Peak radial flux (outside parentheses) in initial stage and average radial flux (inside paren-

theses) in stable stage (2.5-3 turns) of outer circulation/ (1072 L/min).

Middle-Section Transverse

Radial Position/(mm)

Inclination Angle (B) 62.5 90 117.5 145 172.5
3.5° 26.72 (0.13) 139.09 (0.56) 284.31 (1.08) 481.33 (3.10) 677.25 (10.85)
5° 31.20 (0.15) 157.54 (0.63) 322.29 (1.80) 480.49 (4.72) 633.72 (8.78)
6.5° 32.58 (0.15) 162.85 (2.32) 350.50 (2.87) 495.56 (6.64) 604.58 (14.50)
8° 29.50 (0.11) 168.27 (0.61) 366.00 (2.80) 486.72 (9.25) 591.61 (7.67)
9.5° 29.28 (0.10) 179.50 (0.86) 385.69 (5.35) 468.75 (2.32) 537.95 (19.70)

As shown in Table 5, when the transverse inclination angle of the middle-section
trough increases from 3.5° t0 9.5°, the peak radial flux of the inner circulation at r = 62.5 mm,
90 mm, and 145 mm first decreases and then increases, reaching a minimum value at 5°.
At r=117.5 mm, the peak value increases monotonically as the inclination increases. At
the outer edge (r = 172.5 mm), the peak value decreases slightly at low angles and then
rises markedly at medium and high angles. Overall, at medium and low inclination
angles (3.5-6.5°), the peak radial flux of the inner circulation in the inner-edge and middle
regions is lower than that at high inclination angles (8-9.5°). In the stable stage, the
average radial flux of the inner circulation at each radial position generally increases
in a fluctuating pattern with increasing inclination, indicating that a higher transverse
inclination strengthens the radial transport of the inner circulation in the stable stage.

As shown in Table 6, at ¥ = 90 mm and 117.5 mm, the peak radial flux of the outer circu-
lation increases monotonically as the middle-section transverse inclination angle increases,
demonstrating a clear positive correlation. In contrast, at the outer edge (r = 172.5 mm), the
peak decreases monotonically as the inclination increases, from 677.25 x 10~2 L/min to
537.95 x 1072 L/min, showing a clear negative correlation with the transverse inclination
angle. Atr =62.5 mm and 145 mm, the peak radial flux of the outer circulation exhibits a
fluctuating pattern, first increasing and then decreasing as the inclination angle increases.
Furthermore, the average radial flux of the outer circulation in the stable stage at the middle
region (117.5 mm) increases significantly at a high inclination angle (9.5°).

The variation trends of hydrodynamic parameters indicate that the middle-section
transverse inclination angle exerts a significant zonal regulatory effect on the radial flux of
the inner and outer circulations in different regions. At low inclination angles (3.5-5°), the
peak radial flux of the inner circulation in the inner-edge and middle regions is relatively
low, while the outer-edge region maintains a moderate flow field intensity. This distribution
facilitates the stable enrichment of high-density ilmenite in the inner-edge and middle
regions while effectively carrying low-density chlorite to the outer edge and reducing
entrainment, thereby providing an ideal flow field environment for efficient mineral sepa-
ration. Nevertheless, when the transverse inclination exceeds 6.5°, the radial flux of both
the inner and outer circulations in the middle region together with the turbulence in the
stable stage becomes stronger, which disrupts the original balanced flow field, interferes
with ilmenite enrichment, and increases the risk of chlorite being carried inward, ultimately
reducing separation stability and separation indicators.

3.3. Force Characteristics of Mineral Particles with Adjustment of Middle-Section Transverse
Inclination Angle

Given the key role of the spiral concentrator flow distribution and the flow field
characteristics in the initial stage, two representative radial positions were selected at the
inner edge (r = 62.5 mm) and the middle region (r = 117.5 mm) of the trough surface at the
end of the 0.25th turn. Previous studies have incorporated the Bagnold effect into Eulerian
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multi-fluid VOF simulations to describe particle suspension, stratification, and migration
behavior in the slurry flow within spirals [20,21]. Under different middle-section transverse
inclination angles, the Bagnold force acting on ilmenite and chlorite particles was extracted
and calculated. The distribution of the ratio | F,/Fg | between the Bagnold force and the
effective gravity along the relative depth of water was then examined, and the effect of
the force characteristics on axial particle stratification and suspension was analyzed. The
results are shown in Figure 8.

As can be seen from the subfigures in Figure 8, as the relative water depth decreases,
the dominant force acting on the particles shifts gradually from effective gravity to the
Bagnold force. At the same relative water depth, the ratios | F,,/Fg | of the four types of
particles are ranked in descending order as follows: 19 um chlorite > 56 um chlorite > 56 um
ilmenite > 112 pm ilmenite. This indicates that the Bagnold force acting on mineral particles
is negatively correlated with both particle size and density and that particles with lower
density and smaller size experience a more pronounced lift from the Bagnold force. In
particular, for the fine-grained chlorite in the inner-edge flow field, the ratio of Bagnold
force to effective gravity is significantly greater than 1, which promotes suspension in the
upper layer of the film and transport by the outer circulation to the outside of the trough.
Thereby, this explains why separation efficiency is higher when the feed size of chlorite is
19 um.

In addition, the relative water depth at which particles in the middle region reach
balance between Bagnold force and effective gravity (|1 F,/Fg| = 1) is lower than that in the
inner-edge region, indicating that the spatial gradient of Bagnold force acting on particles
in the middle region is higher and has a greater influence on the separation process. As
the transverse inclination angle of the middle trough increases, the balance positions of
the axial forces acting on all four types of particles in the adjusted region shift downward,
but the conditions for the extreme values of forces are different. Specifically, for coarse
and fine ilmenite in the middle region, the ratio of Bagnold force to effective gravity at
the bottom of the trough is lower under the two smaller inclination angles of 3.5° and 5°
(coarse: 3.60 and 3.66; fine: 6.96 and 7.07) than that under the other three inclination angles.
This enables particles to remain in the lower flow film and be transported inward by the
inner circulation to the inner edge, thereby improving ilmenite enrichment. The ilmenite in
the inner-edge region shows similar force magnitudes under different inclination angles,
indicating that the separation process there is not affected by the transverse inclination
angle of the middle trough. However, for both coarse and fine chlorite, the ratio of Bagnold
force to effective gravity is higher under the three low-inclination angles of 3.5-6.5° (coarse:
19.99, 19.83, and 20.08; fine: 58.91, 58.46, and 59.19) than that under the other two angles,
which is favorable for suspension into the upper outer circulation. This strengthens the
outward transport tendency and reduces mixing with the ilmenite that has already been
selectively enriched at the inner edge.

Overall, the middle-section transverse inclination angle has a pronounced effect on
the Bagnold force acting on the particles, and the suitable inclination range for the axial
separation process of mineral particles in this study can be optimized to 3.5-6.5°. Within
this range, the Bagnold-force distributions of the middle-region ilmenite particles and
the inner-edge chlorite particles are both well matched, allowing clear and stable axial
stratification and thus yielding superior separation indicators. Therefore, using the ratio
of Bagnold force to effective gravity as an indicator of particle-separation tendency is
highly reliable.
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Figure 8. Radial distribution characteristics of the ratio | F,/Fg | along the relative water depth under
different transverse inclination angles of the middle trough: (a) f = 3.5°, ¥ = 62.5 mm; (b) 8 =5°,
r=625mm; (c) B =6.5°r=625mm; (d) p =8° r=625mm; (e) p =9.5° r =62.5mm; (f) p=3.5°
r=117.5mm; (g) B =5°,r=117.5mm; (h) B =6.5°, r =117.5 mm; (i) § = 8°, r = 117.5 mm; (j) p = 9.5°,
r =117.5 mm. The red dashed line indicates |Fy,/Fgl =1, where the Bagnold force equals the
effective gravity.

4. Conclusions

1.  Adjusting the geometry of the middle trough of the spiral concentrator exerts a
significant effect on the separation performance of feedings containing multi-sized
ilmenite and chlorite. When a relatively small transverse inclination angle of 3.5-6.5° is
adopted for the middle trough, excellent TiO; enrichment performance and separation
efficiency can be achieved. The suitable range for the splitter position should be
reasonably selected according to the specific separation objective.

2. The feed particle sizes of ilmenite and chlorite exert a remarkable effect on the sep-
aration performance in spirals and have an obvious matching relationship with the
geometry of the middle trough. The separation performance of the feedings consisting
of coarse-grained ilmenite (112 um) or fine chlorite (19 pm) is optimal, with the maxi-
mum separation efficiency at approximately 95%. Separation indicators decline when
fine-grained ilmenite (56 pm) and coarse chlorite (56 pm) are involved; nevertheless,
adjusting the transverse inclination angle to the scope of 3.5-6.5° can sustain favorable
separation performance for all feedings.

3. When the section transverse inclination angle of the middle trough ranges from 3.5°
to 6.5° (with 5° being the optimum), the film depth in the middle region is moderate.
The continuity and stability of the inner and outer circulations over the entire trough
surface reach the optimum. Meanwhile, the peak radial flux of the inner circulation
at the inner and middle regions remains low, facilitating the construction of an ideal
flow field for separation. Once the transverse inclination angle exceeds 6.5°, violent
fluctuations occur in the flow film in the middle region, and the outward circulation
suffers extensive disruption, exerting an adverse effect on particles separation.

4. The mineral particles axial separation process in spirals can be reliably characterized
by the ratio of Bagnold force to effective gravity (1 F,/Fg ). It is negatively correlated
with particle density and size, and its spatial variation in the middle region is greater.
When the transverse inclination angle is varying in the scope of 3.5-6.5°, ilmenite
particles in the middle region can remain in the lower layer and be transported inward
by the inner circulation for enrichment, and chlorite particles in the inner region can

https://doi.org/10.3390/separations13070208


https://doi.org/10.3390/separations13070208

Separations 2026, 13, 208 18 of 19

be suspended in the upper layer and be transported outward by outward circulation,
so as to ensure effective axial stratification of mineral particles.

5. The transverse inclination angle of the middle trough exerts a significant regulatory
effect on the separation indicators of spirals. This effect is physically associated with
the coupled evolution of flow film morphology, secondary circulation, radial flux,
and particle force distribution, which collectively governs the settling and enrichment
of ilmenite particles as well as the suspension and outward migration of chlorite
particles. The variations in the flow field and particle force characteristics share the
same underlying causes, thereby supporting the reliability of the numerical results
and the suitability of the selected parameters for characterizing the separation process.

6. At present, due to the limitations of the research period and the difficulty in manu-
facturing the prototype, no physical verification has been conducted for this study.
Future work will focus on fabricating representative test prototypes and conducting
physical verification experiments to further improve the reliability and accuracy of
the numerical predictions.
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