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Abstract: In order to study the behavior of molten blast furnace slag ligament breakup into droplets
by centrifugal granulation with a spinning cup, three-dimensional transient CFD model simulations
were performed in the present work to study the process of the slag deformation into ligaments upon
leaving the spinning cup, which eventually disintegrate into droplets. The formation of molten slag
ligaments at the edge of the spinning cup and their disintegration into droplets were numerically
revealed so that the behavior and mechanism of the slag ligament breakup into droplets could be
investigated. This work specifically examined the influence of cup spinning speed on the diameter
and length of the molten slag ligaments around the cup periphery and the diameter of the droplets
produced. The simulation results show that, for the same slag flowrate, with the increase in cup
spinning speed, the slag film thickness at the cup edge decreases, the number of molten slag ligaments
increases, and the diameter of the ligaments decreases, thus reducing the diameter of slag droplets.
Moreover, as the number of molten slag ligaments increases as a result of the increased cup spinning
speed, the flowrate of a single ligament decreases, so that the ligament disintegrates in a shorter radial
distance, that is, the length of the ligament is shortened. In addition, this work also investigated the
behavior and mechanism of a single molten slag ligament breakup into droplets. It was found that
the process of molten slag ligament breakup into droplets under the action of centrifugal force and
surface tension can also be approximately explained by the theory of the Rayleigh disintegration
mechanism.

Keywords: centrifugal granulation of molten slag; spinning cup; ligament disintegration mode; CFD
numerical simulation; Rayleigh disintegration mechanism

1. Introduction

One of the by-products of blast furnace ironmaking is blast furnace slag, which
is produced in large quantities and full of thermal energy. In recent years, more than
400 million tons of blast furnace slag has been produced annually throughout the world
and, because its discharge temperature ranges from 1450 to 1600 ◦C [1,2], it contains a
significant amount of high-quality thermal energy. Currently, the water quenching (wet
treatment) method is mostly used to treat the slag discharged from blast furnaces. The slag
has been handled in such a way that it has a high enough percentage of glass phases to be
used in the production of construction cement, but the majority of thermal energy contained
in the blast furnace slag is still left unrecovered [3,4]. In comparison with the wet treatment
procedure, the centrifugal granulation technology in dry slag granulation processes has the
advantages of conserving water, protecting the environment, and recovering slag heat. It is
anticipated that this type of technology will eventually replace the wet treatment process
to become the mainstream method of treating blast furnace slag. Therefore, a large number
of investigations have been carried out into the development of this technology.

Wu et al. [5] provides an extensive review on the research status of centrifugal-
granulation-assisted thermal energy recovery (CGATER), in which the future challenges

Minerals 2023, 13, 316. https://doi.org/10.3390/min13030316 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min13030316
https://doi.org/10.3390/min13030316
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min13030316
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13030316?type=check_update&version=2


Minerals 2023, 13, 316 2 of 15

towards the industrialization of CGATER have been scrutinized. Feng et al. [6] discussed
the mechanism, phenomenon, and influencing factors of the centrifugal granulation process.
To ensure the slag fluidity in dry granulation process, the temperature at which slag cooling
begins must be higher than 1400 ◦C. However, at high temperatures, heat transfer inside
the slag is rather sluggish and its cooling rate is very low, which has an adverse impact
on the amount of glass created. The most practical method for resolving this paradox is
thought to be to reduce the size of the slag particles produced by centrifugal granulation [7].
As a result, the process of liquid film breakup and droplet formation at the edge of the
spinning cup becomes very important.

In the process of centrifugal granulation of molten slag, the liquid film can be disinte-
grated into droplets in three modes: (i) direct droplet formation, (ii) ligament formation
and breakup, and (iii) sheet formation and breakup [8]. Among them, the mode of lig-
ament formation and breakup has received the most attention owing to the production
of droplets with both a smaller average size and narrower size range [9]. Wu et al. [10]
investigated the impact of liquid viscosity on granulation using a mixture of water and
glycerol. Their findings demonstrate that a change in granulation mode is caused by an
increase in fluid viscosity, and that the droplet shape is more spherical in the ligament
breakup mode. Mizuochi et al. [11] explored the effects of spinning cup configuration, slag
viscosity, and gas flowrate on the shape and size of granulated particles by performing
high-temperature slag granulation experiments. They discovered that the long-end diame-
ter of slag particles was greatly affected by air flow and surface tension. Wegener et al. [12]
studied the ligament disintegration of molten slag in a natural state (without external
vibration) at a high temperature and quantitatively described the process of molten slag
breakup into droplets. In addition to experimental research, numerical simulation and
theoretical analysis methods were also used to study the process. Purwanto et al. [13]
established a numerical model of centrifugal granulation, which can be used to calculate the
thickness of slag film, the number of liquid ligaments at the edge of the spinning cup, and
the diameter of the produced droplets. Wang et al. [14,15] proposed a simple model to char-
acterize the ligament mode disintegration of liquid slag film and a ligament spacing model
for viscous liquids. According to their research results, the number of liquid ligaments
grew as the rotational speed increased, but reduced when viscosity and surface tension
increased. Liu et al. [2,9] used experimental data to develop a dimensionless correlation
that was applied to theoretically calculate droplet diameter based on the force balance at
the liquid ligament’s end. They found that the droplet size for the ligament formation and
disintegration mode depended on the diameter of the tip at the end of the ligament.

Apart from the numerical investigations, there have also been a number of experimen-
tal research works carried out on the technology of centrifugal granulation of molten slag.
Cheng et al. [16] performed high-temperature granulation experiments using different spin-
ning disks. Their experimental results showed that the granulation effect was influenced
by the slag flowrate, disk rotating speed, disk radius, disk material, and slag falling height.
Compared with the other studied parameters, the disk material had the biggest impact
on the granulation of the slag. Liu et al. [17] studied the solidification process of the slag
droplets. According to their findings, the ideal discharging slag temperature is 1600 ◦C.

In summary, from the reported research works in the past, investigations into the
specific relationships between liquid ligament and droplet formation and the mechanism
of liquid ligament breakup are less involved. Therefore, the aim of the present work is to
establish such relationships by establishing and implementing a three-dimensional CFD
model, combined with analysis using the classical theory of the Rayleigh disintegration
mechanism [18]. Moreover, in a previous work [19], a two-dimensional CFD model for
multiphase flow with a free surface was used to simulate the flow behavior of the liquid
blast furnace slag on spinning cups. The results show that the influence degree of the
investigated parameters on the thickness of the slag film increased in the order of the wall
height of the spinning cup, the inclination angle of the wall, the diameter and the rotation
speed of the spinning cup, and the flowrate of the slag. The slag film thickness calculated
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using this numerical model is used as the input condition for the three-dimensional CFD
model developed in the present work.

Furthermore, the present authors discovered that the classical theory of the Rayleigh
disintegration mechanism can be used to judge the droplet formation during centrifugal
granulation of molten slag. The essence of this theory is to explain the process of breakup
of a single liquid column (or ligament, as termed in the present work) into droplets solely
driven by surface tension force, which was first studied by Plateau and Rayleigh. Thus,
the phenomenon is also termed Plateau–Rayleigh instability. The basic principle of the
phenomenon is that a liquid ligament disintegrates into droplets to reduce its surface
energy. After the liquid ligament is elongated to a certain length, it will break into droplets
under the action of unstable surface waves caused by disturbances. Under the assumption
of inviscid liquids, Rayleigh derived a mathematical relation between the wave length of
the amplifying surface wave, which leads most rapidly to the disintegration of the ligament,
and the radius or the diameter of the ligament, as expressed by the following equation [18]:

λ = 4.508·(2rl) = 4.508dl (1)

where λ is the surface wave length, m; and rl and dl are the radius and the diameter of the
ligament, respectively, before disintegration, m. As disintegration of the ligament with one
wave length leads to the generation of one droplet, equating the volume of the ligament of
one wave length to that of a spherical droplet of diameter dp gives

π

4
d2

l λ =
π

6
d3

p (2)

The combination of Equations (1) and (2) yields

dp = 1.89dl (3)

where dp is the droplet diameter, m.
Equation (3) signifies that an inviscid liquid ligament solely driven by surface tension

breaks into droplets having a diameter nearly twice the ligament diameter, regardless of
the type of the liquid. Even for a viscous liquid ligament like molten blast furnace slag, the
authors of the present paper infer that, as long as the ligament becomes so thin that the
surface tension dominates the disintegration process, Equation (3) can be used to estimate
the size of the droplets from the ligament diameter just before the disintegration starts.
Therefore, Equation (3) is a mathematical representation of the Rayleigh disintegration
mechanism and is used in this work to analyze the mechanism of ligament mode breakup
of molten slag during centrifugal granulation of the slag using a spinning cup.

In order to understand the mechanism of the centrifugal granulation process so
as to find a way to effectively control the slag particle size, through performing CFD
numerical simulations combined with theoretical analysis using the Rayleigh disintegration
mechanism mentioned above, the present research attempts to explore the intrinsic law
of molten blast furnace slag breakup into droplets by centrifugal granulation using a
spinning cup. Especially, the ligament disintegration mode of the slag breaking into droplets
is specifically investigated. Moreover, using the theory of the Rayleigh disintegration
mechanism, the present work also focuses on the breakup process of a single slag ligament,
when subjected to surface tension and centrifugal forces, so that the underlying intrinsic
law governing the disintegration process can be found. In the present work, the effect of
spinning cup speed on the slag ligament diameter, the ligament length before breakup into
droplets, and the droplet diameter are examined, so as to provide theoretical guidance for
controlling the slag particle size, improving the heat transfer efficiency, and finally scaling
up the centrifugal and dry slag granulation process for industrial applications.
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2. CFD Model Formulation
2.1. Model Assumptions and Computation Domain

The three-dimensional unsteady-state CFD model developed in this research for
simulating centrifugal granulation of molten slag using a spinning cup is based on the
following general assumptions:

(1) The slag film thickness is stable at the edge of the spinning cup and has a fixed
radial mass flowrate and uniform temperature;

(2) The cross section of the film at the edge of the spinning cup is defined as an inlet to
the computation domain;

(3) In the vicinity of the spinning cup, the air flow is influenced only by the spinning
cup and the slag motion;

(4) In order to keep the computation cost within a feasible limit without loss of
representativeness, the computation domain includes only a limited but sufficiently large
spatial region outside the sidewall of the spinning cup (i.e., the region where the slag film
deforms into liquid ligaments, which then break into droplets);

(5) For the sake of limiting the computation cost, the solid sidewall of the spinning
cup is neglected, thus the computation domain extends to the inner face of the sidewall,
which is taken as a rotating solid wall boundary;

(6) Heat transfer and solidification of the slag due to cooling are neglected, but the
formation of a thin layer of solid slag tip at the spinning cup edge is considered;

(7) The flow possesses rotational periodic symmetry about the axis of the spinning
cup.

In the present modeling work, the slag inlet conditions (including slag film thickness
and slag flowrate) were calculated using the two-dimensional (2D) CFD model previously
developed for simulating the spreading process of molten blast furnace slag on the inner
wall of the spinning cup [19]. Figure 1 schematically illustrates the computation domain of
the two-dimensional CFD model established previously and that of the three-dimensional
(3D) model developed presently, as well as how the former model simulation results (i.e.,
slag film thickness at the spinning cup edge) are introduced into the latter model.
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Figure 1. Two-dimensional schematic illustration of computation domains defined in 2D and 3D
CFD models.

Figure 2 gives a three-dimensional illustration of the computation domain together
with types of boundary conditions defined in the present three-dimensional CFD model for
simulating slag film breakup into droplets. In this model, all wall faces (e.g., the inner face
of the spinning cup sidewall and the upper and lower faces of the solidified slag tip) were
rotated along the θ direction by 10◦, where no-slip boundary conditions were imposed. The
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rest of the faces were set as pressure outlets, where air can enter or leave the computation
domain through these boundaries and slag droplets can leave the computation domain
through the boundary numbered as 3. The normal gradients of the variables were set to
0 at these pressure outlets. In the θ direction, the boundary planes of the computation
domain were set as rotational periodic conditions. The physical properties of the molten
blast furnace slag and air used in the present CFD model are given in Table 1.
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Figure 2. Three-dimensional illustration of the computation domain defined in the present CFD
model for simulating slag film breakup into droplets. 1, 2, 3, and 4: pressure outlets; 5: slag inlet; 6:
upper face of the solidified slag tip; 7: lower face of the solidified slag tip; 8: the solidified slag tip; 9:
inner face of the spinning cup sidewall; 10: angle between the spinning cup sidewall and horizontal
plane.

Table 1. Properties of liquid blast furnace slag and air used in the present CFD model [20,21].

Material Density
(kg·m−3)

Dynamic Viscosity
(Pa·s)

Surface Tension
(N·m−1)

Liquid blast furnace slag 2590 0.5 0.478
Air (at 25 ◦C) 1.185 1.831 × 10−5 -

Figure 3 is a two-dimensional representation of the computation mesh generated using
the meshing tool of ANSYS Workbench platform [21] for the present three-dimensional
CFD model. This figure shows the grid divisions on the central vertical plane in the
radial direction of the computation domain. The three-dimensional computation mesh is
comprised of approximately 1.3 million grids. The region in which the slag ligaments and
droplets are formed employs a structured mesh with grid sizes ranging from 0.05 mm to
0.1 mm, whereas the rest of the regions use unstructured meshes with a maximum grid
size of 1 mm.
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2.2. Governing Equations and Computation Scheme

According to the aforementioned general assumptions, the flow behavior of slag and
air in question can be considered as three-dimensional unsteady-state two-phase turbulent
flows with free surfaces that can be governed by the partial differential equations described
in the volume of fluid (VOF) model [22] and SST k-ω turbulence model [23], which read as
follows:

(1) Continuity equation:
∂ρ

∂t
+∇·(ρu) = 0 (4)

(2) Momentum transport equations:

∂(ρu)
∂t +∇·(ρuu) =

−∇p +∇·[(µ + µt)
(
∇u +

(
∇u)T)]+ Fg + Fs

(5)

(3) SST turbulence equations:

∂(ρk)
∂t

+∇·(ρuk) = ∇·[(µ +
µt

σk3
)∇k] + Pk − β′ρkω (6)

∂(ρω)
∂t +∇·(ρuω) =

∇·[(µ +
µt

σω3
)∇ω] + (1− F1)2ρ

∇k∇ω

σω2ω
+ α3

ω

k
Pk − β3ρω2

(7)

(4) Volume fraction equations:

∂rα

∂t
+∇·(rαuα) = 0 (8)

Np

∑
α=1

rα = 1 (9)

where ρ is the density (kg·m−3); u is the velocity vector (m·s−1); p is the pressure (Pa); µ
is the dynamic viscosity (Pa·s); µt is the turbulent viscosity (Pa·s); Fg is the source term
due to gravity (N·m−3); Fs is the source term due to surface tension force (N·m−3), which
is calculated using the continuum surface force (CSF) method of Brackbill et al. [24]; k is
the turbulence kinetic energy (m2·s−2); ω is the turbulence eddy frequency (s−1); σk3 is the
Prandtl number for turbulence kinetic energy; σω2 is the Prandtl number for turbulence
eddy frequency in the transformed k-ε turbulence model; σω3 is the Prandtl number for
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turbulence eddy frequency; Pk is the turbulent kinetic energy generation rate (W·m−3); Np
is the number of fluid phases; F1 is the mixing function; α3, β′, and β3 are the turbulence
model constants; r is the volume fraction; and subscripts α and β are the fluid phase
identification indices.

The above-mentioned governing equations were numerically solved using ANSYS
CFX in this research. Based on the volume balance and integration of liquid volume fraction
along the droplets’ radius, the contour surface of the liquid volume fraction of 0.4 was
adopted in post-processing of the CFD simulation data to obtain the shape and size of the
droplets generated.

In the present work, the computation schemes are comprised of four operation cases
with different cup spinning speeds, as listed in Table 2. First, for each case, the previously
developed two-dimensional CFD model was implemented to predict the slag film thickness
at the cup edge [19]. Then, using the two-dimensional-model-predicted slag film thickness
as an inlet condition, the presently developed three-dimensional CFD model was executed
to simulate the breakup process of the slag film when leaving the cup edge driven by the
centrifugal force.

Table 2. Computation scheme for the present cases and literature case.

Simulation Case
Number

Cup Spinning Speed
(RPM)

Slag Film Thickness at the
Cup Edge (mm) Other Conditions

1
2
3
4

1500 0.2415 The slag flowrate is 3 kg min−1; the inner
height of the cup wall is 5 mm; the

inclination angle of the cup wall is 5◦; and
the diameter of the cup edge is 60 mm.

1625 0.2343
1750 0.2266
2000 0.2114

Literature case [25] 1000 0.3440

The slag flowrate is 6.667 kg min−1; the
inner height of the cup wall is 20 mm; the

inclination angle of the cup wall is 45◦; and
the diameter of the cup edge is 100 mm.

3. Results and Discussion
3.1. CFD Model Validity

In order to validate the three-dimensional CFD model developed in the present work,
an experimental case reported by Liu et al. [25] was first simulated using the present model
under the operation conditions described in Table 2. In this case, the measured diameters
of the slag particles produced by centrifugal granulation of molten blast furnace slag with a
spinning cup are available for comparison to the CFD model predictions. Figure 4 displays
a time point at which the liquid slag film breaks into droplets and a comparison between
the droplet diameters predicted by the CFD model and those experimentally measured
for different cup spinning speeds. As seen from Figure 4a, the CFD model simulation
generally reveals the slag granulation phenomenon observed in the experiment [25]. After
leaving the spinning cup, the liquid slag film first deforms into curved ligaments that, at a
specific distance away from the edge of the spinning cup, break into slag droplets, which
eventually become solid particles after cooling down to room temperature. Owing to the
action of inertial and surface tension forces, the necking phenomenon occurs at the end of
the ligament, which eventually breaks to form large droplets (defined as primary breakup
in this study), and then the remaining ligament between the large droplets breaks into a
number of smaller droplets (defined as secondary breakup in this study). This process is
similar to the annular spinning jet breakup process [26].
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Figure 4. Comparison of CFD simulation results with experimental measurements reported in the
literature. (a) CFD model simulated breakup process of molten slag with a spinning cup. (b) Compar-
ison of slag droplet diameter predicted by CFD model and those measured in experiment [25].

According to Figure 4b, under the same operation conditions given in Table 2, the
average droplet diameter predicted by the present CFD model is generally close to those
measured for the cup spinning speed in the range between 1000 RPM and 1500 RPM, and
both follow the same trend with the variation of the cup spinning speed. Therefore, it can
be considered that the three-dimensional CFD model established in the present work is
generally valid for simulating the molten slag breakup process in ligament disintegration
mode during centrifugal granulation with a spinning cup.

3.2. Breakup of Molten Slag Ligament in the Spinning Cup Centrifugal Granulation Process

Figure 5 depicts the CFD model simulated process of the breakup of a molten slag lig-
ament into droplets, which is selected from the simulation result on centrifugal granulation
of molten slag with a spinning disc at a time point of 0.072 s. The measurement position of
the ligament diameter (dl) is marked in the figure as well. The operation conditions for this
simulation case are a slag flowrate of 3 kg min−1 and cup spinning speed of 1750 RPM. It
can be seen from this figure that the CFD model reveals that, while leaving the spinning
cup, the liquid slag film breaks into droplets in ligament disintegration mode, driven by the
centrifugal force. Focusing on one of the ligaments formed around the cup circumference,
as shown by the enlargement of the ligament in Figure 5, the ligament is continuously
stretched thinner when centrifugal force dominates over the surface tension force. When
the centrifugal force tends to weaken owing to viscous friction inside the ligament itself and
the resistance of the surrounding air, the surface force becomes dominant, driving the liquid
slag to flow to the tip of the ligament. By then, the diameter of some sections of the ligament
is periodically reduced by the impact of surface disturbance waves, creating a sequence of
“necks”. Finally, as the ligament is stretched to its maximum length to become sufficiently
thin and the surface disturbance waves amplify to a certain extent, the surface tension force
eventually leads to the breakup of ligament necks, forming a string of droplets.
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Figure 5. Breakup process of a single molten slag ligament. 1: Enlargement of one ligament;
2: Measurement position of ligament diameter (dl); 3: Neck region of ligament.

3.3. Effect of Cup Spinning Speed on the Granulation Process

In the entire process of centrifugal granulation of molten slag using a spinning cup,
one of the most important and easily adjustable operating parameters is the cup spinning
speed. Numerous research works have demonstrated that increasing the cup spinning
speed is helpful for obtaining smaller-sized slag droplets. To study how the spinning speed
affects the diameter of the slag ligament and the diameter of the droplets, as well as the
correlation between the ligament diameter and the droplet diameter, CFD simulations
were carried out with the cup spinning speed set at 1500 RPM, 1625 RPM, 1750 RPM, and
2000 RPM for the same slag flowrate of 3 kg min−1 (c.f., Table 2). Figure 6 illustrates the
simulation results showing the breakup process of molten slag driven by a spinning cup
operated under the above-mentioned conditions. It can be seen from local enlargements of
this figure that the CFD simulation results do reveal that the slag is granulated in ligament
disintegration mode for all cup spinning speeds and, as the cup spinning speed rises, the
number of liquid ligaments around the cup periphery increases, and the ligament diameter
and droplet diameter all decrease.

(1) Effect of cup spinning speed on molten slag ligament diameter
Figure 7 shows the effect of the cup spinning speed on molten slag film thickness at

the cup edge and the diameter of the molten slag ligament. As seen from this figure, as
the cup spinning speed increases, both the slag film thickness and the diameter of the slag
ligaments decrease. This is because, when the cup spinning speed rises, the centrifugal
force increases, leading to a thinner slag film at the cup edge, which accordingly produces
thinner slag ligaments.

(2) Effect of cup spinning speed on molten slag droplet diameter
An essential consideration of the granulation effect is the size of the slag droplets (or

solidified slag particles after cooling). Figure 8 shows the influence of the cup spinning
speed on the average diameter of the slag droplets. It can be seen from this figure that
the average droplet size reduces monotonically as the cup spinning speed increases. This
is because, when the cup spinning speed increases, the slag film thickness decreases,
producing thinner ligaments that eventually break into smaller droplets. Nevertheless,
when the cup spinning speed is high enough (e.g., >1750 RPM), its effect on the droplet
size becomes limited. This variation characteristic is consistent with that of the ligament
diameter at high cup spinning speeds. Figure 7 indicates that, when the cup spinning
speed increases from 1500 RPM to 1750 RPM, the average droplet diameter decreases from
0.6 mm to 0.448 mm (or by about 25%); however, a further increase in the cup spinning
from 1750 RPM to 2000 RPM only results in a decrease in the droplet diameter from
0.448 mm to 0.414 mm (or by about 7.5%). Therefore, the present CFD simulation results
demonstrate that the ligament diameter and droplet diameter all exhibit the same variation
characteristics with the variation in the cup spinning speed.
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Figure 6. CFD simulation results on centrifugal granulation of molten slag at a flowrate of
3 kg min−1 and different cup spinning speeds. (a) Cup spinning speed = 1500 RPM; (b) Cup spinning
speed = 1625 RPM; (c) Cup spinning speed = 1750 RPM; (d) Cup spinning speed = 2000 RPM.
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Figure 8. Effect of cup spinning speed on the average diameter of slag droplets.

(3) Effect of cup spinning speed on radial length of slag ligament
As seen from Figure 6, under the influence of the centrifugal force, the molten slag

ligaments are curved, such that it is hard to accurately determine the ligament length.
Instead, in order to examine the effect of the cup spinning speed on the ligament length,
a radial distance between the spinning cup edge and the position at which the ligament
starts to break into droplets (i.e., the end of the ligament) is defined in the present work, as
shown in Figure 9. This radial distance is proportional to the ligament length, so it reflects
the ligament length, and thus is termed the ligament radial length. Figure 10 depicts how
the ligament radial length is influenced by the cup spinning speed. As the cup spinning
speed increases, the ligament radial length decreases. This is because a higher cup spinning
speed leads to a decreased slag film thickness at the cup edge, producing thinner ligaments,
an increased slag flow velocity in each ligament, a larger frequency of “neck” appearance
on the ligament, and thus an earlier start of breakup of the ligament at a shorter radial
distance, all of which result in a shorter ligament length.



Minerals 2023, 13, 316 12 of 15Minerals 2023, 13, x FOR PEER REVIEW 12 of 16 
 

 

 

Figure 9. Definition of the radial distance between the spinning cup edge and end of molten slag 

ligament to the start of breakup. 

1450 1550 1650 1750 1850 1950 2050
8

10

12

14

16

18

20

L
ig

am
en

t 
ra

d
ia

l 
le

n
g

th
 (

m
m

)

Cup spinning speed (RPM)

 

Figure 10. Effect of cup spinning speed on ligament radial length. 

3.4. Mechanism of Molten Slag Ligament Breakup in the Spinning Cup Centrifugal Granulation 

Process 

As an example, a molten slag ligament formed by a spinning cup with a cup spinning 

speed of 1750 RPM is selected from the CFD simulation results (Figure 6c) to compare its 

breakup process to the breakup process of a water ligament under gravity previously sim-

ulated by a CFD model [27]. The comparison result is shown in Figure 11. It can be seen 

from this figure that the breakup process of a molten slag ligament in centrifugal granu-

lation using a spinning cup looks very similar to that of a water ligament under gravity. 

It is well known that, in the latter case, the mechanism of a water ligament breakup into 

droplets closely follows the law of the Rayleigh disintegration mechanism. Therefore, it 

may be inferred that the mechanism of breakup of a molten slag ligament into droplets 

driven by the centrifugal force should also approximately obey the Rayleigh disintegra-

tion mechanism. Both breakup processes exhibit the development of disturbance waves 

on the surface of the ligaments and the propagation and amplification of the waves cause 

a series of “necking” in the ligaments that eventually leads to the disintegration of the 

ligaments at the “necks”, forming a string of droplets. 

Figure 9. Definition of the radial distance between the spinning cup edge and end of molten slag
ligament to the start of breakup.

Minerals 2023, 13, x FOR PEER REVIEW 12 of 16 
 

 

 

Figure 9. Definition of the radial distance between the spinning cup edge and end of molten slag 

ligament to the start of breakup. 

1450 1550 1650 1750 1850 1950 2050
8

10

12

14

16

18

20

L
ig

am
en

t 
ra

d
ia

l 
le

n
g

th
 (

m
m

)

Cup spinning speed (RPM)

 

Figure 10. Effect of cup spinning speed on ligament radial length. 

3.4. Mechanism of Molten Slag Ligament Breakup in the Spinning Cup Centrifugal Granulation 

Process 

As an example, a molten slag ligament formed by a spinning cup with a cup spinning 

speed of 1750 RPM is selected from the CFD simulation results (Figure 6c) to compare its 

breakup process to the breakup process of a water ligament under gravity previously sim-

ulated by a CFD model [27]. The comparison result is shown in Figure 11. It can be seen 

from this figure that the breakup process of a molten slag ligament in centrifugal granu-

lation using a spinning cup looks very similar to that of a water ligament under gravity. 

It is well known that, in the latter case, the mechanism of a water ligament breakup into 

droplets closely follows the law of the Rayleigh disintegration mechanism. Therefore, it 

may be inferred that the mechanism of breakup of a molten slag ligament into droplets 

driven by the centrifugal force should also approximately obey the Rayleigh disintegra-

tion mechanism. Both breakup processes exhibit the development of disturbance waves 

on the surface of the ligaments and the propagation and amplification of the waves cause 

a series of “necking” in the ligaments that eventually leads to the disintegration of the 

ligaments at the “necks”, forming a string of droplets. 

Figure 10. Effect of cup spinning speed on ligament radial length.

3.4. Mechanism of Molten Slag Ligament Breakup in the Spinning Cup Centrifugal
Granulation Process

As an example, a molten slag ligament formed by a spinning cup with a cup spinning
speed of 1750 RPM is selected from the CFD simulation results (Figure 6c) to compare
its breakup process to the breakup process of a water ligament under gravity previously
simulated by a CFD model [27]. The comparison result is shown in Figure 11. It can be
seen from this figure that the breakup process of a molten slag ligament in centrifugal
granulation using a spinning cup looks very similar to that of a water ligament under
gravity. It is well known that, in the latter case, the mechanism of a water ligament breakup
into droplets closely follows the law of the Rayleigh disintegration mechanism. Therefore,
it may be inferred that the mechanism of breakup of a molten slag ligament into droplets
driven by the centrifugal force should also approximately obey the Rayleigh disintegration
mechanism. Both breakup processes exhibit the development of disturbance waves on the
surface of the ligaments and the propagation and amplification of the waves cause a series
of “necking” in the ligaments that eventually leads to the disintegration of the ligaments at
the “necks”, forming a string of droplets.
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Figure 11. Comparison of the CFD model predicted breakup process of a molten slag ligament
under centrifugal force and that of a water ligament under gravity. (a) Molten slag ligament breakup;
(b) Water ligament breakup.

To further demonstrate the similarity between the process of molten slag ligament
breakup driven by centrifugal force and that of water ligament breakup under gravity,
as well as the theory of the Rayleigh disintegration mechanism, the slag ligament and
droplet diameters predicted using the present CFD model, as well as the water and liquid
paraffin ligament and droplet diameters measured from low-temperature physical model
experiments [27], are summarized in Table 3. This table also includes the ratios between
droplet diameter and ligament diameter to compare to the theoretical ratio derived from
the Rayleigh disintegration mechanism (i.e., Equation (3)).

In can be seen from Table 3 that the average ratio of slag droplet diameter to its
ligament diameter is 1.84, while the ratios for water and liquid paraffin ligaments’ breakup
measured from the physical model experiments are 1.90 and 1.86, respectively, all of
which are very close to the theoretical ratio of 1.89 given by the Rayleigh disintegration
mechanism. The similarity in the mode of ligament breakup into droplets among different
types of liquids lies in the fact that, when the liquid ligament is stretched to a certain
small diameter, the unstable surface tension force breaks the liquid ligament. This process
is mainly governed by the Rayleigh disintegration mechanism and thus approximately
follows Equation (3) quantitatively. The reason why smaller droplets can be produced
at higher cup spinning speeds is actually because of the production of thinner ligaments.
Then, by approximately following the Rayleigh disintegration mechanism, the ligament
breaks into nearly identical sized droplets, which is irrelevant to the type of liquid according
to Equation (3). As centrifugal atomization of liquids using spinning cups and disks can
produce ligaments with nearly identical diameters around the periphery of the cup or disk,
the great advantage of this granulation technology in producing more uniform droplets
and granules than the other atomization technologies (e.g., gas blasting and spraying) can
now be explained using the theory of the Rayleigh disintegration mechanism. Therefore,
the above analysis demonstrates that the Rayleigh disintegration mechanism can be used
to approximately describe the mechanisms of ligament mode breakup in both centrifugal
granulation of molten slag with a spinning cup and water and liquid paraffin breakup
under gravity. Therefore, we can use the theory of Rayleigh disintegration mechanism to
guide the design and operation of centrifugal granulation of molten slag using a spinning
cup for industrial applications.



Minerals 2023, 13, 316 14 of 15

Table 3. Droplet diameter and ligament diameter as well as their ratio for different liquid ligaments’
breakup.

Study Method/
Liquid Ligament

Ligament Diameter
dl (mm)

Droplet Diameter
dp (mm) dp/dl

0.22 0.41 1.85
CFD/Molten slag 0.25 0.45 1.80

0.28 0.53 1.89
0.33 0.60 1.82

Average 1.84

0.45 1.13 2.51
0.60 1.25 2.08
0.85 1.60 1.88

Experiment/Liquid
paraffin [27] 1.00 1.73 1.73

1.25 2.05 1.64
1.45 2.25 1.55

Average 1.90

1.00 1.70 1.70
Experiment/Water [27] 1.00 1.90 1.90

1.00 1.98 1.98

Average 1.86

Rayleigh disintegration
mechanism

(Equation (3)) [18]
- - 1.89

4. Conclusions

In the present work, a three-dimensional unsteady-state CFD model of centrifugal
granulation of molten blast furnace slag using a spinning cup was developed and imple-
mented to simulate molten slag breakup into droplets in ligament disintegration mode. The
simulation results are compared to the breakup processes of a water ligament and a liquid
paraffin ligament under gravity as well as the theoretical law of the Rayleigh disintegration
mechanism. The following conclusions can be drawn from this work:

(1) For the same flowrate of molten slag, an increase in the cup spinning speed reduces
the slag film thickness at the cup edge, increases the number of ligaments, decreases the
ligament diameter and length, and subsequently decreases the diameter of the slag droplets.

(2) The main reason for using higher cup spinning speeds to produce smaller droplets
is the generation of thinner ligaments that break into droplets whose diameter is intrinsically
related to the ligament diameter through the law of the Rayleigh disintegration mechanism.

(3) A qualitative comparison in the breakup process of molten slag ligament driven by
centrifugal force and that of a water ligament under gravity indicates that the two processes
in ligament disintegration mode have similar characteristics, and both approximately
follow the law of the Rayleigh disintegration mechanism.

(4) Quantitative comparisons in the ratios between droplet diameter and ligament
diameter for centrifugal granulation of molten slag (1.84) and for breakup of water and liq-
uid paraffin ligaments under gravity (1.86 and 1.90, respectively), as well as the theoretical
ratio (1.89) derived from the Rayleigh disintegration mechanism, further demonstrate that
the breakup processes all approximately follow the Rayleigh disintegration mechanism.
Therefore, the law of the Rayleigh disintegration mechanism can be applied to guide the
design and operation of centrifugal granulation of molten slag using a spinning cup.
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