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Abstract: Centrifugal granulation technology using a spinning cup opens a potential way to recycle
steel slag that is currently difficult to reuse. The objective of this research was to study the flow
characteristics of a molten slag—metal mixture that was produced during smelting reduction in mol-
ten steel slag, passing over a spinning cup, so as to explore the feasibility of using centrifugal gran-
ulation technology to treat the steel slag. This was achieved by developing and implementing a
computational fluid dynamics (CFD) model that incorporated free-surface multiphase flow to pre-
dict the thickness of the liquid slag film at the edge of the spinning cup (slag film thickness for short),
which was an important parameter for estimating the size of the slag particles resulting from cen-
trifugal granulation of the molten slag-metal mixture. The influences of various relevant parame-
ters, including spinning cup diameter, slag feeding rate, cup spinning speed, etc., on the slag film
thickness were analyzed. Additionally, hot experiments on centrifugal granulation of a molten slag—
metal mixture were conducted to verify the results of the numerical simulations. The experimental
results indicated a progressive reduction in the Sauter mean diameter of the slag particles as the
metallic iron content in the slag increased. Specifically, when the iron content rose from 5% to 15%
at a cup spinning speed of 2500 RPM, the Sauter mean diameter decreased by 13.77%. The numerical
simulation results showed that the slag film thickness had a positive relationship to the slag feeding
rate but a negative relationship to the spinning cup diameter and the cup spinning speed. Further-
more, the ratio between the mean slag particle diameter and the slag film thickness decreased nearly
linearly with the increase in the metallic iron content in slag, with the average ratio being approxi-
mately 4.25, and this relationship was useful for estimating the slag particle size from the slag film
thickness. Therefore, the present research results can provide theoretical guidance for the industrial
application of spinning cup centrifugal granulation technology to effectively treat and recycle steel
slags.

Keywords: molten slag—metal mixture; spinning cup centrifugal granulation; liquid film thickness;
numerical simulation

1. Introduction

A molten slag-metal mixture refers to the molten slag containing metallic droplets
(prills) generated during the metal smelting process. Common examples of molten slag—
metal mixtures include steel slag, copper slag, lead—zinc slag, etc. Among them, steel slag
is the primary solid waste generated during the steelmaking process, accounting for 15%
to 20% of the total crude steel production. In addition, the temperature during the pro-
duction of steel slag can reach 1600 °C, thus containing a significant amount of high-qual-
ity sensible heat resources worthy of recovery [1,2]. The treatment and application of steel
slag have attracted widespread attention in recent years. Dry centrifugal granulation of
molten slag has gradually become a research hotspot among researchers worldwide due
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to its ability to address issues in conventional wet treatment processes and recover waste
heat from the slag, apart from other advantages. For this reason, a considerable amount
of published literature has explored the continuous flow and breakup processes of the free
surface liquid film on spinning discs or cups [3]. Rauscher et al. [4] employed theoretical
analysis to derive an approximation of the analytical solution for the radial velocity and
thickness of the liquid film. In the study by Liu et al. [5,6], glycerol-water solution was
used as the experimental medium to investigate the influence of spinning cup granulators
of varying depths on granulation characteristics. Mizuochi et al. [7] investigated the effects
of spinning cup structure, slag viscosity, and gas flow rate on the shape and size of gran-
ulated particles in their study on slag centrifugal granulation experiments. Sisoev et al. [8]
formulated a set of approximation evolution equations to characterize the changes in lig-
uid film thickness and volume flow rate in both the radial and azimuthal directions of the
disc. Tan et al. [9] investigated the granulation characteristics of slag in the mode of film
breakup. Burns et al. [10] successfully measured the liquid film thickness and radial flow
rate of the slag on a spinning disc at different locations along its radius by employing the
electrical resistance technique. Ghiasy [11] utilized an infrared thermal imaging camera to
investigate for the first time the temperature distribution and flow characteristics of a mol-
ten slag film on the spinning disc. Through the creation of a hybrid cooling system, Lv et
al. [12] undertook a thorough investigation of the heat transmission properties and motion
characteristics of slag particles. Researchers have also conducted a substantial number of
computational fluid dynamics (CFD) numerical simulation studies on the influence of
spinning discs and cups on the flow behavior of molten slag under centrifugal force. By
employing a numerical model, Purwanto et al. [13,14] examined the impact of spinning
speed on the slag granulation process. Pan et al. [15] utilized ANSYS CFX 11 software to
conduct a two-dimensional steady-state CFD simulation study on the flow and heat trans-
fer of molten slag and air on a spinning disc and predicted the thickness and temperature
of the slag film prior to its rupture. Chang et al. [16] developed and used physical and
mathematical models to investigate the granulation process of slag on discs with varying
face roughness. The flow pattern in centrifugal granulation of molten slag was elucidated
by Zhao et al. [17], who utilized a transient three-dimensional and two-phase numerical
model to simulate the granulation process of slag. Using the VOF multiphase flow model,
Wang et al. [18] numerically simulated the flow of a continuous free surface film on a
spinning disc and determined the slag film thickness distribution in the direction of the
disc radius. Pan et al. [19,20] performed numerical simulations using an established CFD
model to explore the effect of various parameters on the liquid film thickness at the edge
of the disc. By conducting a regression analysis to correlate the experimentally measured
mean slag particle diameter reported by Liu et al. [21] with the slag film thickness pre-
dicted through CFD model simulations, Zhang et al. [22] found that the mean diameter of
slag particles is approximately four times the slag film thickness at the cup’s edge. In order
to simulate the granulation behavior of slag flowing on a disc, Gao et al. [23,24] developed
a three-dimensional CFD model and examined the breakup process of slag ligaments as
well as the effect of disc structure on the granulation process. In recent research, Tan et al.
[25] simulated the slag granulation process under high flow rates using an improved CFD
model and systematically investigated the effect of operating parameters on the liquid
film fragmentation process, revealing the mechanism of the slag film disintegration. Peng
et al. [26] investigated the influence of eccentric inflow laws on liquid film flow diffusion,
liquid filament formation and fragmentation, and droplet size distribution during centrif-
ugal granulation. Liu et al. [27] explored the physical property changes in molten yellow
phosphorus slag in centrifugal pelletizing and the effects of various process parameters
on particle size, flight distance, and fiber mass fraction. Xu et al. [28] used a numerical
simulation method focusing on the flow characteristics of liquid blast furnace slag during
centrifugal granulation of liquid film on the surface of a spinning cup.

Steel slag is currently a large solid waste that is highly underutilized in the iron and
steel industry and can cause heavy metal contamination of soil and water when deposited
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for long periods of time. Using the method developed in this paper, it can be expected to
achieve efficient recycling and multistage, comprehensive utilization. It is of great signifi-
cance to promote energy conservation, emission reduction, and sustainable development
in the iron and steel metallurgy industry. At present, experimental and numerical simula-
tion studies reported in the literature mainly focus on the dry granulation of a single-
phase slag, such as blast furnace slag. There is relatively little research on centrifugal gran-
ulation of molten slag-metal mixtures, such as steel slag. Therefore, this study utilizes
CFD numerical simulation methods to investigate the spreading flow behavior of a molten
slag-metal mixture (simulating steel slag after smelting reduction treatment) on a spin-
ning cup inner face. This study examines the influence of key design and operating pa-
rameters on the liquid film thickness at the cup edge and its relationship with the size of
the slag particles after the granulation so as to provide new insights for exploring multi-
pathway utilization of steel slag in the future. In addition to the numerical simulation
study, the authors also carried out hot experiments on the centrifugal granulation of the
molten slag-metal mixture by using different-sized spinning cups. Some of the experi-
mental results (such as slag particle sizes) are used to validate the developed CFD model.

2. CFD Model Development

Figure 1 depicts a two-step steel slag treatment process developed by the present
authors, which combines top submerged lance (TSL) bath smelting (first step) with dry
and centrifugal granulation of molten slag-metal mixture with waste heat recovery (sec-
ond step). In this process, solid or molten steel slag and a reducing agent are first charged
into a TSL furnace, in which smelting reduction of the steel slag occurs, resulting in a
molten slag—metal mixture. In the second step, the molten slag—metal mixture is fed into
a centrifugal granulator that ultimately produces solid slag particles and solid metal par-
ticles, as well as hot air. While recovering valuable metal elements, the produced slag par-
ticles can be used for the production of high-value-added products such as cement, ce-
ramics, microcrystalline glass, etc. Additionally, the obtained hot air can be used for, for
instance, power generation and preheating or drying materials. Therefore, the technology
illustrated in Figure 1 provides a fresh perspective and a new pathway for efficient and
effective recycling and environmentally friendly treatment of steel slag and other metal-
lurgical solid wastes, resulting in zero solid waste emissions.
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Figure 1. Process flow diagram of a two-step process of steel slag treatment through a combination
of top-submerged lance bath smelting reduction with dry and centrifugal granulation of molten
slag-metal mixture with waste heat recovery. (Red and blue colours stand for molten slag-metal
mixture and gaseous phase, respectively.)
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Regarding the treatment of steel slag, the authors assume that the slag has already
undergone the smelting reduction process, yielding a molten slag—metal mixture that con-
tains metalliciron, and the slag composition is controlled to be close to that of blast furnace
slag. In this regard, the primary emphasis of the present work is on the second-step pro-
cess of centrifugal granulation of the molten slag-metal mixture, as depicted in the right-
hand-side part of Figure 1. The present work aims to find a suitable cup design and oper-
ating parameters that can facilitate the production of enough fine slag and metal particles
with uniform sizes.

2.1. Definition of Computational Domain

The flow process of a molten slag—metal mixture inside a spinning cup is schemati-
cally depicted in Figure 2, showing the formation of a liquid film and the flow direction
of the liquid on a cross-section of the cup. The inner radius of the cup, denoted as R in
Figure 2, is where slag is poured into the center of the cup at a consistent velocity. To
efficiently utilize computational resources and take into account the characteristics of the
rotational symmetry flow behavior of the molten slag-metal mixture on the inner face of
the spinning cup, a periodic and axisymmetric two-dimensional CFD model is developed
and used to simulate the flow and spread of slag on the inner face of the spinning cup.
Figure 3 shows the internal structure of the spinning cup simulated in this study. The two-
dimensional computation domain (the area enclosed by dashed lines on the right-hand
side of the figure) and relevant boundary types (marked by arrows on the left-hand side
of the figure) are defined in Figure 3. The width of the computation domain extends from
the central axis of the spinning cup to the cup edge, whose inner radius is denoted by the
symbol R, and the height extends a certain distance above the cup. The entire computation
domain includes only half of the inner face of the cup and a limited portion of the region
above the cup, in which slag and air co-exist. In this study, the inlet diameter of the slag
is constant at 2 mm, the height of the cup sidewall is 5 mm, and the inclination angle of
the cup sidewall is 90°. In addition, in order to investigate the influence of the cup size as
a design parameter, the inner diameter of the spinning cup is set to 30, 35, 40, 45, and 50
mm, respectively.

Inlet of molten slag-metal mixture

) z
Spinning Cup :l: IA(‘J.R

Figure 2. Schematic illustration of the cross-section shows the flow process of liquid in a spinning
cup.
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Figure 3. Schematic illustration of the computational domain defined in the two-dimensional CFD
model.

2.2. Model Assumptions

The flow and spreading process of liquid on the inner face of the spinning cup is
regarded as a typical free surface flow [15]. In the present study, this flow process involves
a gas phase (air), a slag phase, and a metal phase that is dispersed in the slag phase, and
there are significant free surfaces and interfaces among these phases. In order to carry out
numerical simulations on such a complex multiphase flow phenomenon, the following
basic assumptions are made:

1.  The mass flow rate of the molten slag-metal mixture at the inlet remains constant;

2. Molten slag and metallic iron are well mixed at the inlet;

3. The flow is isothermal, incompressible, and in a steady state;

4.  In the vicinity of the spinning cup, the airflow is influenced only by the spinning cup
and the liquid motion;

5. In order to limit the computation amount without losing accuracy, the computation
domain is confined to covering appropriate portions of the pouring liquid stream and
the air above the spinning cup;

6. The center axis of the spinning cup precisely coincides with that of the cylindrical
pouring stream of the molten slag—metal mixture.

2.3. Computation Grids, Boundary Conditions, and Material Properties

Figure 4 is a schematic representation of the grid division in the computational do-
main of the two-dimensional CFD model developed in this investigation. As seen, the
computation grids (shown on the right-hand side of Figure 4) consist of non-uniform
quadrilateral cells with sizes ranging from 0.1 mm to 0.3 mm. To ensure an accurate rep-
resentation of the liquid film thickness, the grids are refined for the region where the mol-
ten slag—metal mixture spreads and forms a liquid film, and thus, the grid size is reduced
to be below 0.1 mm (ranging from 0.03 mm to 0.1 mm). The computation grids are gener-
ated by using the Workbench utility of the ANSYS software [29].



Processes 2024, 12, 372

6 of 19

‘ Inlet of molten slag-metal mixture

A i

E I-] G

p  Computation domain

N BR e i - - -
Spinning cup
sidewall \\

inner face

Spinning centerline

Figure 4. Schematic diagram of computation grid division of the computational domain (right-hand
side) and relevant boundary condition types (left-hand side) for the two-dimensional CFD model.

The boundary condition parameters (indicated in the left-hand side of Figure 4) for
the two-dimensional CFD model are detailed in Table 1. Moreover, the physical properties
of the flow medium adopted in this numerical simulation study are given in Table 2
[30,31]. In addition, interfacial tensions between air and liquid blast furnace slag, between
air and liquid metallic iron, and between liquid blast furnace slag and liquid metallic iron
are set to 0.5 N'm™, 1.7 N-m™, and 1.3 N-m™, respectively [31].

Table 1. Boundary conditions for a two-dimensional CFD model.

Boundary Boundary Name Boundary Type Condition
ABC Spmnmg cup bottom wall Wall Non-slip spinning wall
inner face
CD Spinning Culf:)ailedewall et Wall Non-slip spinning wall
DE Side boundary Opening Fixed pressure (=0 Pa)
EF Top boundary Opening Fixed pressure (=0 Pa)
FG Liquid inlet Inlet Fixed mass flowrate
AG Center axis Rotational s?lmmetncal Zero flux
axis
Table 2. Physical properties of materials [29,30,32].
Material Density (kg-m-) Viscosity (Pa-s)
Liquid blast furnace slag 2590 0.5
Air 1.185 1.831 x 10
Steel 7200 0.0065

2.4. Governing Equations

Based on the aforementioned basic assumptions, the flow behavior of the molten
slag-metal mixture on and above the spinning cup can be characterized as a steady-state
turbulent multiphase flow with free surfaces. Therefore, in this study, the method of vol-
ume of fluid (VOF) [33] and the SST k—w turbulence model [34] are used to simulate the
flow behavior of the multiphase liquid on the spinning cup inner face so as to track the
phase interfaces. They can be described by the following system of partial differential
equations:

1. Continuity Equation:
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V-(pu) =0 (1)
2. Momentum Equation:
V- [(puw)] = =Vp + V- [(u+ p) (Vu+ (Vu)")] + F, + F, )
3. SST turbulence equations:
V(puk) =V- [(u + U'u—t) Vk] + P, — B'pkw 3)
k3
VkV
V- (puw) =V- [(u + ﬁ) Vw] +(1—-F)2p @ +a; ng — B3pw? 4)
w3 Ow2W k
4. Volume fraction equation:
Np
=1 (5)
a=1
Np
Z V-(r,u)=0 (6)
a=1
In Equations (1)—(4) p and y are defined as:
Np
p= Z(rapa) @)
a=1
Np
H= Z(Taﬂa) ©)
a=1

where p is the density (kg'm=); u is the velocity vector (m-s™); p is the pressure (Pa); u is
the dynamic viscosity (Pa-s); u is the turbulent viscosity (Pa-s); F is the source term due
to gravity (N-m); Fs is the source term due to surface tension force (N-m=), which is ob-
tained by using the continuous surface force (CSF) method reported by Brackbill et al.
[35]; k is the turbulence kinetic energy (m?-s?); o is the Prandtl number for turbulence
kinetic energy; wis the turbulence eddy frequency (s™); ow is the Prandtl number for tur-
bulence eddy frequency in the transformed k-w turbulence model; 0w is the Prandtl num-
ber for turbulence eddy frequency; Pk is the turbulent kinetic energy generation rate
(W-m3); Nj is the total number of fluid phases; F1 is the mixing function; o5, " and [ are
the turbulence model constants; r is the volume fraction; and, subscripts &zand f are the
fluid phase identification indices.

2.5. Solution Method and Computation Scheme

In order to simulate the molten slag-metal mixture and air multiphase flow field in
the computation domain defined in Figure 3, the governing Equations (1)—(8) are numer-
ically solved using the CFD simulation software package ANSYS CFX. Based on the dis-
tribution of the liquid film thickness on the inner face of the spinning cup in a radial di-
rection, it can be predicted based on the phase interface distribution characterized by the
liquid slag volume fraction isotherm at the value of 0.5. Then, through post-processing of
the calculation results, the liquid slag film thickness at the edge of the spinning cup is
obtained by measuring the vertical distance between the spinning cup edge and the 0.5
isotherm of the liquid slag volume fraction.

Table 3 gives the numerical computation scheme used in this study, by which the
influences of operating parameters (liquid feeding rate, cup spinning speed, and metallic
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iron content in slag) and design parameters (spinning cup diameter) on the flow behavior
and especially the liquid film thickness at the cup edge can be examined.

Table 3. Numerical computation scheme for two-dimensional CFD model simulations.

Simulation Case Liquid Feeding ~Cup Spinning Spinning Cup Metalli.c Iron
Number Rate Speed Diameter (mm) Content in Slag
(kg-min1) (RPM) (%)
1 05 2000 30 10
2 0.5 2250 30 10
3 0.5 2500 30 10
4 0.5 2750 30 10
5 05 3000 30 10
6 1 2500 30 10
7 2750 30 10
8 1 3000 30 10
9 15 2500 30 10
10 15 2750 30 10
11 15 3000 30 10
12 2 2500 30 10
13 2 2750 30 10
14 2 3000 30 10
15 0.5 2500 35 10
16 05 2500 40 10
17 0.5 2500 45 10
18 0.5 2500 50 10
19 05 2500 30 5
20 1 2500 30 5
21 15 2500 30 5
22 0.5 2500 30 15
23 1 2500 30 15
24 L5 2500 30 15

3. Results and Discussion
3.1. High-Temperature Experiments on Centrifugal Granulation of Molten Slag—Metal Mixtures
3.1.1. Experimental Condition

High-temperature experiments on centrifugal granulation of molten slag-metal mix-
tures using a spinning cup were carried out in this work on an experimental set-up sche-
matically shown in Figure 5. A high-frequency induction furnace (not shown in Figure 5)
was used to heat blast furnace slag mixed with different proportions of metallic iron pow-
ders to 1600-1750 °C, leaving it in a liquid state to form a molten slag-metal mixture. The
melt mixture was then poured into a graphite crucible heated by another high-frequency
induction furnace, which was used as a holding tundish. An opening hole at the bottom
center of the tundish allowed the molten slag-metal mixture to flow into the spinning cup
underneath, which broke the liquid into droplets. The droplets were then cooled to be-
come solid particles by blowing in cold air. Directly below the tundish was the granulation
chamber, in which a motor-driven spinning cup was installed to achieve centrifugal gran-
ulation of the molten slag—metal mixture. In addition, the sidewall of the granulation
chamber was water-cooled to avoid the melt droplets adhering to the sidewall during their
in-flight to hit the wall. The cooled and solidified slag and metal particles were finally
collected in a particle collector bin below the granulation chamber.
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Molten slag-metal mixture Induction furance
Spinning cup Graphite crucible (tundish)
Cold air
/Hot air

‘Water-cooled wall
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Figure 5. Schematic diagram of high-temperature experimental set-up for centrifugal granulation
of molten slag—metal mixture using a spinning cup.

The composition of the slag used for high-temperature experiments was similar to
that of ironmaking slag, whose main composition reads: 43.45 wt.%CaO, 34.35 wt.%SiO,
13.02 wt.%Al20s, 5.83 wt.%MgO, and 0.15 wt.%MnO.

3.1.2. Experimental Results

Figure 6 shows the particle size distribution of slag particles in terms of mass fraction
and accumulative mass fraction obtained from the high-temperature centrifugal granula-
tion experiments. It can be seen from this figure that when the liquid feeding rate is 0.5
kg-min™ and the cup spinning speed is 2500 RPM, the measured diameter of the slag par-
ticles mainly falls in the range between 0.27 mm and 2.8 mm, and nearly 98% of slag par-
ticles have a diameter smaller than 0.88 mm. These slag particles are fine enough for effi-
cient heat exchange with air and also possess enough high glass content (>90%) for use in
making cement. Also, from the relationship between the Sauter mean diameter (SMD) of
the experimentally granulated slag particles and the metallic iron content in the slag, as
can be seen from the figure, the SMD decreases gradually with the increase in the metallic
iron content. For the liquid feeding rate of 0.5 kg-min™! and the cup spinning speed of 2500
RPM, when the metal iron content increases from 5% to 15%, the SMD of the slag particles
decreases by 13.77%, indicating that the participation of the metal in the slag promoted
the breakup of the slag to a certain extent.
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Figure 6. Slag particle size distribution in terms of mass fraction and accumulative mass fraction
measured from high-temperature experiments on centrifugal granulation of molten slag-metal mix-
tures using a spinning cup.

3.2. Spreading Flow Behavior of Molten Slag—Metal Mixture Inside a Spinning Cup
3.2.1. Behavior of Molten Slag Flow on Spinning Cup Inner Face

Figure 7 illustrates the numerical simulation results of the CFD model for the spread-
ing flow behavior of liquid slag on the inner face of the spinning cup. Figure 7a depicts
the slag volume fraction contour plot, in which the red color area represents the slag re-
gion, and the blue color area stands for the air region; the border between the red and blue
areas indicates where the molten slag-free surface is located. Figure 7b shows the velocity
vector plot, in which the curve referring to the slag volume fraction isotherm is equal to
0.5, which represents the profile of the free surface. Therefore, in this study, the liquid film
thickness is defined as the vertical distance from the edge of the spinning cup to this curve,
i.e,, the surface corresponding to a slag phase volume fraction of 0.5, as shown in the local
enlargement in Figure 7a. From the simulation results, it can be seen that, under the influ-
ence of gravity, the slag enters the spinning cup along the centerline of the spinning cup
at a specific speed until it reaches the bottom of the spinning cup. Under the combined
effect of frictional resistance and centrifugal force, the flow speed of slag is gradually close
to the spinning speed of the spinning cup and spreads on the inner face of the spinning
cup to form a liquid film. The thickness of the liquid film in the direction of the radius of
the spinning cup gradually becomes thinner, and until the slag reaches the sidewall of the
spinning cup, the slag begins to climb up along the sidewall. In this process, due to the
influence of gravity and the friction of the sidewall, the slag will slightly accumulate, re-
sulting in the thickening of the liquid film on the wall face. At the same time, under the
action of centrifugal force, the liquid film gradually thins out in the vertical direction on
the inner face of the sidewall, and under the action of inertial force, the liquid film flies
away from the spinning cup after reaching its upper mouth edge. From the velocity field
of the slag and air, it can be seen that the larger velocities are mainly concentrated in the
melt injection region, the inside of the liquid film, and the neighboring air region.
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Figure 7. Behavior of molten slag flow on the inner face of the spinning cup simulated by the two-
dimensional CFD model: (a) volume fraction contour plot, (b) velocity vector field (liquid feeding
rate = 0.5 kg'min', cup spinning speed = 2500 RPM, cup sidewall height = 5 mm, and metallic iron
content in slag = 10%).

3.2.2. Behavior of Liquid Metal Flow on Spinning Cup Inner Face

The outcomes of the CFD model numerical simulation shown in Figure 8 demon-
strate the flow characteristics of liquid metallic iron motion in molten slag on the spinning
cup’s inner face. Figure 8a depicts the slag and metal volume fraction contours, where the
metal phase is marked by the black color, the slag phase is denoted by the red color, and
the air phase is represented by the blue color. Figure 8b illustrates the model-predicted
velocity vector field, in which the liquid metal fraction contours are included as well. It
can be seen from Figure 8a that the liquid metal, together with the slag, enters the spinning
cup along the centerline of the cup at a specific velocity under the effect of gravity. Since
the metal and the slag are immiscible with each other in a molten state, they form a kind
of layered or wrapped pattern driven by their interfacial tension. After the liquid metal
reaches the bottom center of the spinning cup, some liquid metal accumulates there due
to the influence of gravity and friction on the inner wall of the cup. Under the combined
effect of frictional resistance and centrifugal force, the flow velocity of the metal gradually
approaches the spinning speed of the cup. In the horizontal direction along the radius of
the spinning cup, the slag spreads to form a nearly stable layer of film, in which liquid
metal accumulates due to the immiscible feature of the two substances. Under the effect
of interfacial tension, the metal is unevenly dispersed inside the liquid slag film layer.
Until the metal reaches the sidewall of the spinning cup, it starts, along with the liquid
slag, to climb up the cup wall under the effect of centrifugal force. At this time, due to the
influence of gravity and density, the metal flows relatively slower than the slag, resulting
in its accumulation around the bottom corner of the spinning cup. Finally, under the ac-
tion of inertial force, after reaching the edge of the upper mouth of the spinning cup, both
the slag and the metal flew away from the cup.
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Figure 8. Plot of slag and metal volume fraction contours showing flow behavior of metal on the
inner surface of spinning cup simulated by CFD model: (a) volume fraction contour plot, (b) velocity
vector field (liquid feeding rate = 0.5 kg-min, cup spinning speed = 3000 RPM, cup sidewall height
=5 mm, and metallic iron content in slag = 10%).

3.3. Effect of Design and Operating Parameters on Liquid Film Thickness at the Edge of
Spinning Cup
3.3.1. Effect of Spinning Cup Size on Liquid Film Thickness

Figure 9 illustrates a cross-sectional view of the volume fraction and velocity vector
fields in different-sized spinning cups (with different radius R) predicted by the CFD
model, using the same color legends for identifying the phases as those used in Figures 7
and 8. Also, in this figure, the free surface profiles are indicated by dashed lines in the
velocity vector field on the left-hand side. The borders between red and blue color regions
on the right-hand side, from which the liquid film thickness is determined by measuring
the vertical distance between the cup edge and the borderline, and the liquid film thick-
ness values are labeled in the local enlargements of different spinning cups in the figure.
Figure 10 illustrates the variation in the model-predicted liquid film thickness with the
change in the diameter of the spinning cup. This figure shows a nearly linear relationship
between the cup diameter and the liquid film thickness, but they are inversely propor-
tional. For instance, the liquid film thickness decreased by 19.26% (from 0.135 mm to 0.109
mm) when the spinning cup diameter increased from 30 mm to 50 mm. As the diameter
of the spinning cup increases, its internal surface area also increases, which means that
the area covered by the liquid film formed by the slag on the spinning cup also increases.
In addition, the linear velocity at the edge of the spinning cup is proportional to the radius
of the cup, and as the diameter of the spinning cup increases, so does the linear velocity
at the edge of the cup. Since the flow of slag is usually constant, as the flow is distributed
over a larger surface area, the amount of slag per unit area decreases, resulting in a thinner
liquid film thickness. When the liquid breaks up in ligament disintegration mode, driven
by centrifugal force, a thinner liquid film forms thinner liquid ligaments, which eventually
break up into finer droplets and consequently produce smaller particles. Owing to having
significantly large specific surface areas for heat transfer, the slag particles with small sizes
will possess sufficiently high vitreous content after rapid cooling, which is conducive to
the later utilization of the slag.
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Figure 9. CFD model predicted velocity vector fields (left) and phase volume fraction contours
(right) of molten slag-metal mixture flow inside the spinning cup with different radius (R): (a) R =
15 mm, (b) R =17.5 mm, (c) R =20 mm, (d) R = 22.5 mm, (e) R = 25 mm (liquid feeding rate = 0.5
kg-min™, cup spinning speed = 2500 RPM, cup sidewall height = 5 mm, and metallic iron content in
slag = 10%).
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Figure 10. Effect of spinning cup diameter on liquid film thickness (slag feeding rate = 0.5 kg-min~!,
cup spinning speed = 2500 RPM, cup sidewall height = 5 mm, metallic iron content in slag = 10%).

3.3.2. Effect of Cup Spinning Speed on Liquid Film Thickness

Figure 11 shows the relationship between the CFD model’s predicted liquid film
thickness at the spinning cup’s edge and the spinning speed of the cup. The figure demon-
strates, as expected, a negative correlation between the two parameters. For instance, for
a spinning cup with a diameter of 30 mm, when the cup spinning speed is increased from
2000 RPM to 3000 RPM, the liquid film thickness decreases from 0.147 mm to 0.131 mm, a
reduction of about 10.88%. As the cup's spinning speed increases, the centrifugal force on
the slag also increases, which causes the slag to spread rapidly over the surface of the
spinning cup to form a thin liquid film. At the same time, the higher the cup's spinning
speed, the faster the radial velocity of the slag on the surface of the spinning cup, resulting
in a thin film of liquid before it leaves the spinning cup, which facilitates the granulation
into droplets with smaller diameters. Nevertheless, an increase in cup spinning speed will
lead to an increase in the power consumption of the motor driving system. If the liquid
film thickness is too thin, the resultant liquid ligaments may be too small in diameter and
are unable to break up into droplets in a timely manner, leading to a larger probability of
forming slag wool instead of particles upon cooling. Therefore, it is necessary to control
the spinning cup speed in an appropriate range in the centrifugal granulation process.
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Figure 11. Effect of cup spinning speed on liquid film thickness (liquid feeding rate = 0.5 kg-min-!,
cup sidewall height = 5 mm, metallic iron content in slag = 10%).

3.3.3. Effect of Liquid Feeding Rate on Liquid Film Thickness

According to the CFD model simulation results, Figure 12 shows the relationship be-
tween the liquid film thickness at the spinning cup’s edge and the liquid feeding rate. This
figure indicates that as the liquid feeding rate increases, the liquid film thickness increases
nearly linearly. For instance, for every 1 kg-min increase in the slag feeding rate, the lig-
uid film thickness increases by about 28.15%. As the liquid feeding rate increases, more
volume of slag passes over the surface of the spinning cup per unit of time. Since the spin-
ning cup speed and diameter of the cup remain constant, the effect of centrifugal force is
relatively constant, so more slag will form a thicker liquid film on the inner surface of the
spinning cup.
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Figure 12. Effect of liquid feeding rate on liquid film thickness (cup spinning speed = 2500 RPM, cup
sidewall height = 5 mm, metallic iron content in slag = 10%).

3.3.4. Effect of Metal Content in Slag on Liquid Film Thickness and Slag Particle Size
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As shown in Figure 13, assuming that the liquid feeding rate and the cup spinning
speed remain constant, a variation in the metallic iron content in slag almost has no influ-
ence on the liquid film thickness at the spinning cup’s edge. Changes in the metal content
of slag mainly affect the physical properties of the slag. However, these changes in phys-
ical properties have little effect on the formation and thickness of the liquid film during
centrifugal granulation in a spinning cup. Meanwhile, the liquid film thickness is mainly
determined by the centrifugal force and the liquid feeding rate, which are kept constant
under this condition. Nevertheless, since the liquid film thickness at the cup edge affects
the slag particle size, the effect of liquid film thickness on the granulation effect of the
molten slag-metal mixture needs to be further investigated. A quantitative relationship
between the liquid film thickness at the edge of the spinning cup predicted by the CFD
model and the arithmetic mean diameter of the slag particles measured by high-tempera-
ture centrifugal experiments is established based on experimental and simulation results,
as given in Table 4. The data in this table indicate that, as the liquid film thickness in-
creases, so does the diameter of the slag particles. The average ratio between the mean
slag particle diameter and the liquid film thickness decreases with an increase in metallic
iron content in the slag. For instance, in the metallic iron content range of 5-15%, this ratio
is around 4.25 (+0.3), which is close to the value of 4.0 reported on centrifugal granulation
of pure molten blast furnace slag [21]. In addition, the data in Table 4 further indicate that,
as the metallic iron content in slag increases, the ratio between the mean slag particle di-
ameter and the liquid film thickness decreases nearly linearly. As a result, if the desired
granulation effect is required, this relationship may be utilized to forecast appropriate lig-
uid film thickness and establish the relevant control parameters (e.g., liquid feeding rate,
spinning cup size, and cup spinning speed) for achieving such liquid film thickness.
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Figure 13. Effect of metallic iron content in slag on liquid film thickness.
Table 4. Ratios between experimental slag particle mean diameter and CFD model predicted liquid

film thickness for different metallic iron content in slag (liquid feeding rate = 0.5 kg-min™, cup spin-
ning speed = 2500 RPM, spinning cup diameter = 30 mm).

Metallic Iron Content in Slag (%) Slag Particle Diameter to Liquid Film Thickness Ra-

tio

5 4.57

10 4.24

15 3.94
Average 4.25

3.4. Model Validation
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The two-dimensional CFD model developed in this work for simulating the flow and
spreading behavior of molten slag-metal mixture in a spinning cup was built based on
the two-dimensional CFD model previously established and experimentally verified for
simulating a single slag phase (blast furnace slag) [16]. Therefore, the present CFD model
would basically replicate the validity of the previous single-slag phase CFD model. Fur-
thermore, as mentioned in the preceding section, the average ratio (4.25) between the
arithmetic mean diameter of slag particles and the liquid film thickness for centrifugal
granulation of molten slag—metal mixture is close to the value of 4.0 reported in the liter-
ature for the single slag phase [21]. In addition, the authors also conducted a comparison
between the simulation outcomes of this research and a theoretical model (Equation (9))
reported in the literature regarding the flow of a liquid film over a spinning disc [19],
which reads

0.336,0.275

where } is the liquid film thickness at the edge of the spinning cup (mm); G is the liquid
feeding rate (kg':min™); x4 is the liquid dynamic viscosity (Pa-s); R is the radius of the disc
or inner radius of the spinning cup (mm); (2 is the spinning speed (RPM); and p is the
liquid density (kg-m3).

The comparison results are illustrated in Figure 14. As seen from this figure, the sim-
ulation results obtained in the present work well approach, both in value and in trend,
those calculated using Equation (9). A little larger discrepancy at a low liquid feeding rate
(<1 kg-min™) is likely caused by the shape difference between the cup and the disc. For the
same diameter and under the same operating conditions, a spinning cup has a larger wet-
ting area of the liquid film and thus produces a thinner film than a disc of the same diam-
eter does, and this tendency becomes more obvious for low liquid feeding rates.
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Figure 14. Comparison of the liquid film thickness predicted in this work with that calculated using
Equation (9) (spinning cup diameter = 30 mm, cup sidewall height = 5 mm, metallic iron content in
slag =10%).

4. Conclusions

The present study developed and used a two-dimensional steady-state CFD numer-
ical model to simulate the flow and spreading behavior of a molten slag-metal mixture
containing metallic iron (e.g., molten steel slag) during centrifugal granulation with a
spinning cup. The thickness of the liquid film at the spinning cup’s edge, which directly
affects the particle size after granulation, was predicted for different design and operating
parameters. To validate the results of the numerical simulations, high-temperature
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experiments on centrifugal granulation of a molten slag-metal mixture using a spinning
cup were also performed as part of this study. Using the method in the paper can be ex-
pected to solve the problem of bulk solid waste treatment, such as steel slag, which is of
great significance in promoting the resource utilization of solid waste, protecting the en-
vironment, and promoting sustainable development. The following conclusions can be
drawn from the present work:

1. The molten slag-metal mixture exhibits an immiscible state between the slag and the
liquid metal on the inner face of the spinning cup, forming layering or wrapping pat-
terns. Due to the action of interfacial tension, the metallic iron is unevenly dispersed
inside the liquid slag film layer.

2. The results of the high-temperature centrifugal granulation experiments indicate that
an increase in cup spinning speed increases the proportion of smaller-sized slag par-
ticles. For a constant liquid feeding rate and cup spinning speed, an increase in me-
tallic iron content in slag increases the Sauter mean diameter of the slag particles. For
the cup spinning speed of 2500 RPM, when the metallic iron content in slag increases
from 5% to 15%, the Sauter mean diameter of the slag particles decreases by 13.77%.

3. The liquid film thickness at the spinning cup edge increases with the increase in lig-
uid feeding rate but decreases with the increase in cup spinning speed. For the spin-
ning cup with a diameter of 30 mm, the liquid film thickness decreases by 10.88%
when the cup spinning speed is increased from 2000 RPM to 3000 RPM. For every 1
kg-min™ increase in the liquid feeding rate, the liquid film thickness increases by
about 28.15%. When the spinning cup diameter is increased from 30 mm to 50 mm,
the liquid film thickness can be reduced by 19.26%.

4.  The diameter of slag particles correlates positively with the increase in the liquid film
thickness at the spinning cup edge. The ratio between the arithmetic mean diameter
of slag particles and the liquid film thickness decreases nearly linearly with the in-
crease in the metallic iron content in slag, and, on average, the mean diameter of the
slag particles is approximately 4.25 times the liquid film thickness at the spinning cup
edge. Therefore, this ratio can be utilized for estimating the slag particle size based
on the liquid film thickness at the spinning cup edge predicted using the two-dimen-
sional CFD model developed in this work.
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