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ABSTRACT: The so-called close-coupled gas atomization process involves melting a metal and using a high-
pressure gas jet positioned close to the melt stream to rapidly break it into fine, spherical powder particles. This
technique, adapted for blast furnace slag granulation using a circular seam nozzle, typically aims to produce solid slag
particles sized 30-140 pm, thereby allowing the utilization of slag as a resource. This study explores the atomization
dynamics of liquid blast furnace slag, focusing on the effects of atomization pressure. Primary atomization is simulated
using a combination of the Volume of Fluid (VOF) method and the Shear Stress Transport k-w turbulence model,
while secondary atomization is analyzed through the Discrete Phase Model (DPM). The results reveal that primary
atomization progresses in three stages: the slag column transforms into an umbrella-shaped liquid film, whose leading
edge fragments into particles while forming a cavity-like structure, which is eventually torn into ligaments. This primary
deformation is driven by the interplay of airflow velocity in the recirculation zone and the guide tube outlet pressure
(Fp). Increasing the atomization pressure amplifies airflow velocity, recirculation zone size, expansion and shock waves,
though the guide tube outlet pressure variations remain irregular. Notably, at 4.5 MPa, the primary deformation is most
pronounced. Secondary atomization yields finer slag particles as a result of more vigorous primary atomization. For
this pressure, the smallest average particle size and the highest yield of particles within the target range (30-140 um)
are achieved.
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1 Introduction

Blast furnace slag (BFS) is a byproduct of the iron production process, whose annual global emission
is about 325-390 million tons [I]. BEFS utilization rates differ in different countries, such that in some
countries, this rate exceeds 90%, and in some others, it is less than 60%, which is mainly used as cement
clinker [2]. Unused BES causes considerable environmental pollution and resource waste [3,4]. The chemical
composition of BFS mainly consists of SiO,, CaO, AL, O3, and MgO [5], which can form a glass phase when
BEFS is granulated into particles, and granulated slag can be used as a high-value-added material. Therefore,
granulation technology is of particular significance in the slag treatment field [6]. Granulation technology
includes two steps: first, liquid BES is broken up into some ligaments. Second, ligaments are broken up
into a large number of droplets, which exchange heat with a medium and solidify into solid particles [7].
Currently, water quenching, gas quenching, and centrifugal granulation methods are the most commonly
applied granulation techniques [8]. The slag particles generated by the above three methods are coarse with
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average diameters of 2-3, 0.5-3 and 0.2-3 mm, respectively, which limits the application of BFS [9-12]. All
these slag types have glass phase contents of above 95% [13].

Particles with diameters of smaller than 0.4 mm are called microbeads, which can be considered high-
performance silicate materials since they have the advantages of transparency, directional reflection, smooth
surface, satisfactory flowability, electrical insulation, adjustable refractive index, stable chemical properties,
high heat resistance, and high mechanical strength [14]. Glass microbeads with diameter range of 30-140 um
are extensively being applied. For example, glass microbeads with diameters of 40-60 pm could be employed
as reflective materials, those sized 60-80 um could be applied as filler materials, and those with size range of
100-140 um could be used as fire-resistant coatings [15].

The gas atomization method with a close-coupled nozzle is commonly used in powder metallurgy due to
its high atomization efficiency, low cost, narrow particle size distribution, and satisfactory sphericity [16,17].
In a closed atomization chamber, high-temperature melt is instantly broken up by high-speed gas jets,
resulting in the simultaneous production of liquid film, liquid ligaments, and particles with different physical
states. Atomization experiments can obtain solid particles and measure particle size, but it is difficult to
accurately observe melt deformation due to a complex atomization environment. Several researchers have
applied computational fluid dynamics (CFD) to simulate the atomization process and investigate atomization
theory. Wang et al. [18] studied the atomization model of a close-coupled ring-hole nozzle, which was used
to produce 316 L stainless steel powder. Liu et al. [19] performed a simulation to study close-coupled gas
atomization employed to produce Fe-based amorphous powder. Zeoli et al. [20] applied the volume of fluid
(VOF) method and discrete phase model (DPM) for the simulation of primary atomization and metal droplet
disintegration. Xiao et al. [21] simulated the primary atomization of a liquid jet using the coupled level set
VOF method and the broken-up process of a single droplet using a large eddy. Liu et al. [22] employed
shear stress transport turbulence (SST k-w) and VOF models to predict the flow behaviors of metallic melts
in delivery tubes. The related literature indicated that melt disintegration involved primary and secondary
atomization processes [19,23], where atomization pressure was the most important influencing factor [24,25].

To obtain fine particles, a close-coupled circular seam nozzle was introduced into granulation tech-
nology. This research conducted a numerical simulation to investigate BES atomization, measured particle
size distribution of granulated slag, and revealed the influence of atomization pressure on particle size
distribution. A close-coupled circular seam nozzle was introduced into granulate BFS, which opened up a
new path for BFS granulation and provided important technical support for BES utilization.

2 Materials and Methods
2.1 Atomization Parameters and Simulation Settings

The applied close-coupled circular seam nozzle is illustrated in Fig. 1a, and the longitudinal section of
the nozzle center is presented in Fig. 1b. Airflow jet angle o was 36°, circular seam width was 0.5 mm, guide
tube elongation was 3 mm, guide tube length was 40 mm, and guide tube diameter was 6.8 mm. Atomization
pressures were 2.5, 4.5, and 6.5 MPa. Air served as atomization gas to break up liquid slag, whose physical
parameters are summarized in Table 1, and the melt mass flow rate was 0.167 kg/s.
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Figure 1: Close-coupled circular seam nozzle: (a) Overall appearance and (b) localized enlargement of nozzle

Table 1: BFS and air parameter

Material Density (kg:m™) Viscosity (Pas) Thermal Specificheat  Temperature (K)
conductivity capacity
(W-m™-K™") (kJ-kg"-K™)
BEFS 2670 0.56 0.54 1.2 1823
Air 123 17.89 x 107 0.024 300

In this research, ANSYS ICEM CFD 2024 R1 software was employed for meshing and ANSYS Fluent
2024 RI1 was applied for simulation. Also, a 2D symmetrical model was adopted for calculations because
the flow field was symmetrical. VOF model coupled with SST k-w turbulence model was employed
for the simulation of primary atomization, pressure-velocity coupling adopted SIMPLE scheme, pressure
discretization was performed based on PRESTO, volume fraction discretization was conducted based on
compressive, and second-order upwind scheme was used to obtain density, momentum, volume fraction,
turbulent kinetic energy, specific dissipation rate, and energy. The length and width of the computational
domain were 300 and 120 mm, respectively, and the entire computational domain was divided by structured
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mesh. The mesh was densified at the airflow outlet and around the guide tube outlet to generate substantial
pressure and velocity gradients. The following six mesh numbers were adopted for the verification of mesh
independence at the atomization pressure of 6.5 MPa: 1 x 10°, 1.5 x 10°, 2 x 10°, 2.5 x 10°, 3 x 10°, and 3.5 x 10°.
Airflow velocity at the center point of the recirculation zone and the average diameter of particles calculated
for each mesh are summarized in Table 2. When the mesh number exceeded 2.5 x 10°, airflow velocity and
average diameter of particles remained almost unchanged. Therefore, mesh number was determined to be
2.5 % 10°.

Table 2: Mesh sensitivity analysis

Mesh quantity 1x10°0 15x10° 2x10° 2.5x10° 3x10° 3.5x10°

Airflow velocity at the center point 55.83 54.62 53.27 52.18 52.16 52.10
of recirculation zone
Average diameter of particles (um) 148 142 135 129 128.8 128.6

Fig. 2 shows boundary conditions and mesh division. Secondary atomization was simulated by DPM
and Kelvin-Helmholtz-Rayleigh-Taylor models. Nozzle exit airflow velocity reached supersonic speed due
to high atomization pressure. When the time step was greater than 1 x 107> s, the data were discrete during
the calculation and simulation could not be carried out. Therefore, 5 x 107°,1 x 107, and 5 x 1077 s were
adopted to determine the most suitable time step, and the sensitivity analysis of time step size is summarized
in Table 3. For 5 x 107® and 5 x 107 s, the change in average diameter was only 4.88%. Considering
computation speed and operating cost, the time step size was determined to be 5 x 107°.

Pressure outlet

Gas inlet (pressure inlet) Wall
"""'“w—..._%_
Waﬁ Pressure outlet
Wall-DPM
Slag inlet (Velocity inlet) I—'

Axis

Figure 2: Mesh division and boundary conditions

Table 3: Average diameter of particles for different time steps

Time step (s) 5x10° 1x10° 5x10°
Average diameter of particles (um) 129 126.3 122.7

To validate the accuracy of the developed method and the reliability of simulations, close-coupled gas
atomization experiments were performed at the atomization pressure of 6.5 MPa. Particle size distribution
was measured by a laser-diffraction particle-size analyzer (BT-9300S). Fig. 3 compares particle size distri-
butions obtained from experiments and simulations. The simulated particle size distributions agreed with
experimental results, which validated the accuracy and reliability of the simulations.
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Figure 3: Comparison of particle size distribution results obtained from experiments and simulations

2.2 Control Equations

Fluid control equations included mass conservation equation, momentum conservation equation, and
energy conservation equation.

Mass conservation equation was defined as [26]:
dp 0
-/ 4+ — ) =0 1
at axj (P MJ ) ( )

momentum conservation equation was [27]:

d(pui) | Opmi) _ dp 0 oui i _20m
=-5 -t s+ 539 Fs 2
o | ax ax o | oy, T ok T am )| @)
and energy conservation equation was stated as [28]:
0 0 0 oT
—(pCyT) + =— (pCpTuj) = — | (A + A¢) =— 3
a¢ (PCrT) + 5 (PCoTHI) = 5 [( ) ax,] ®

VOF model was able to capture liquid slag deformation, SST k-w model accurately captured free shear
flow in supersonic, and DPM was used to calculate granulation results.

VOF equation was defined as [29]:

d(pag)
- =0 4
ot " o (Pat) @)
1, in the liquid phase
ag =10<ay <1, intheliquid - gas interface (5)
0, in the gas phase

k-w SST model equation was expressed as [30]:
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and DPM equation was stated as [29]:
dy; g(pi-p)
TPy (u-p)+ 2L LR 8
= Fp (p-uj)+ ot (8)

In the above equations, x;, Xj, Xk are three directional vectors and u;, u; and u are velocities along x;,
% and xi directions, respectively; 6,»1- is Kronecker delta function, with the value of 0 because of i # j; F; is
surface tension term; Fp, is drag force, g is gravitational acceleration, with the value of 9.8 m/s; u represents
dynamic viscosity; y; represents turbulent viscosity; a, is liquid phase volume fraction; k is turbulent kinetic
energy, with the value of 1 m?/s%; w is specific dissipation rate, with the value of 1 s™!; G is turbulent energy
generation term; G,, is turbulent dissipation rate generation term; Cj;,, is limiting factor, with the value of
0.5; and pe is turbulent dissipation rate. Turbulent intensity was 5%, and turbulent viscosity ratio was 10.

To set up a flow model, the following assumptions were made:

(1)  Atomization gas was treated as a compressible ideal gas.
(2)  The mass flow rate of melt was unchanged during the whole simulation.
(3)  All walls were considered to be smooth, nonslip, and adiabatic.

3 Results and Discussion
3.1 Atomization Process

The gas flow field determines melt deformation and the entire atomization. The simulation was
performed with 3 mm guide tube elongation under 2.5 MPa atomization pressure. The airflow velocity cloud
and velocity vector are presented in Fig. 4a and b, respectively. As a result of the presence of guide tube and
pressure differential, gas jet formed a chain-like structure with alternating expansion and compression waves
and gas recirculation zones were generated at the inner sides of both gas jets. When the upward recirculated
gas approached guide tube bottom and contacted liquid slag, the downward flow of liquid slag was hindered,
gas was forced to change flow direction, gas direction was changed to radial direction from inside to outside,
liquid slag was dragged and squeezed by recirculated gas, and liquid slag could only continue to flow along
radial direction without resistance.

Under the action of recirculated gas, a liquid film was formed at the bottom of the liquid column. The
liquid film extended radially and its thickness was gradually decreased, as illustrated in Fig. 5a. The liquid film
extending to gas jet was broken up by high-speed airflow forming droplets. At the same time, the recirculated
gas continued to squeeze liquid slag at the lower part of the guide tube and caused the formation of an
umbrella-shaped structure, as presented in Fig. 5b. The liquid film front end was constantly broken up by
gas jets, and liquid slag continuously flowed downwards, which turned the umbrella-shaped structure into a
cavity-shaped one, as illustrated in Fig. 5c. The cavity was shrunk by downward flowing slag, the gas inside the
cavity ran away outward, the slag around the cavity was torn into liquid ligaments by escaped gas, and liquid
ligaments were broken up into droplets, as presented in Fig. 5d,e. Then, the bottom of the liquid flow formed
an umbrella-shaped structure again, as shown in Fig. 5f, which ultimately completed primary atomization.
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Figure 4: Diagrams of (a) velocity cloud and (b) velocity vector
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Figure 5: Molten slag deformation at different times

3.2 Effects of Atomization Pressure on Airflow Velocity

Guide tube elongation remained unchanged. Atomization pressures were set at 2.5, 4.5, and 6.5 MPa.
When atomization pressure was 2.5 MPa, airflow velocity inside the atomization chamber was low, the
generated expansion wave was small, and the recirculation zone was narrow and short and took on the shape
of an inverted cone, as illustrated in Fig. 6a. The generated expansion wave and recirculation zone were
gradually increased with the increase of atomization pressure, as presented in Fig. 6b,c. When atomization
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pressure was increased to 6.5 MPa, airflow velocity was the greatest, the generated expansion waves were
the strongest, and recirculation zone areas were the largest, as shown in Fig. 6¢. The maximum airflow
velocity change took place from 700 to 742 m/s. The average airflow velocity in the recirculation zone
changed from 11.7 to 23.1 m/s. The length of the recirculation zone was increased from 15 to 25.7 mm, and
its width was increased from 15.4 to 20.7 mm. Airflow velocity plays a key role in primary atomization. The
aerodynamic force overcame surface tension, inertia force, and viscosity force, ultimately achieving liquid
slag deformation. High airflow velocity had high disturbance kinetic energy. Disturbance kinetic energy
overcame the work performed by liquid internal forces, causing liquid instability and generating surface
waves. Also, the liquid film broke up into ligaments, and the ligaments broke up into droplets at wave valley.

Velocity (m/s)
7.000+02

6.30e+02
5.600+02
4.900+02 \
4.200+02 o b M T
3.50e+02 :

2.800+02
2.100+02
1.400+02
7.00e+01
0.000+00

4

Velocity (m/s)
7.29e+02

6.56e+02
5.84e+02
5.11e+02
4.38e+02
3.65¢+02
2.92e+02
2.19¢+02
1.460+02

7.29e+01 S ) P
0.00e+00 R : 5 ,:'7. 1A P
(b) 4.5MPa

Figure 6: (Continued)
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Figure 6: Velocity clouds and vector diagrams under different atomization pressures

3.3 Effects of Atomization Pressure on Guide Tube Outlet Pressure (Fp)

The pressure field is of significant importance because it affects liquid slag deformation. Fig. 7 illustrates
pressure clouds under different atomization pressures. Under atomization pressures of 2.5and 6.5 MPa, guide
tube outlet pressures were negative with the values of —0.015 and —0.027 MPa, respectively, as presented
in Fig. 7a,c. However, when atomization pressure was 4.5 MPa, guide tube outlet pressure was positive with
the value was 0.0097 MPa, as shown in Fig. 7b.
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Figure 7: Pressure clouds under different atomization pressures

Fig. 8 illustrates slag shapes under different atomization pressures at 0.018 s. An umbrella-shaped
structure was especially evident at the atomization pressure of 4.5 MPa, as shown in Fig. 8b, and was the least
apparent at the atomization pressure of 6.5 MPa, as presented in Fig. 8c. Also, the umbrella-shaped structure
at the atomization pressure of 2.5 MPa is shown in Fig. 8a. The umbrella-shaped structure was less noticeable
under larger negative pressures in this situation. The bottom of liquid slag was mainly affected by the four
forces of gravity (Fy), pressure (F,), buoyancy (F¢), and drag (Fp). F; was constant because the melt mass
flow rate was constant. Fp could also be considered as constant because liquid velocity was extremely slow
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compared to high-speed airflow. Fig. 8b,c shows the forces on the bottom of the liquid slag. When guide tube
outlet pressure was positive, the relationship of the four forces was F, + F¢ > F; + Fp where the upward force
at the liquid core was greater than downward force, causing the melt to be pushed upward and ultimately
forming an umbrella-shaped structure. When guide tube outlet pressure was negative, the relationship was
Fr < Fg + Fp + F, where the downward force was greater than the upward force, which sucked out more liquid
slag. This increased the mass flow rate of the extracted slag and enhanced deformation resistance; therefore,
it was difficult to form an umbrella-shaped structure. Hence, primary deformation was influenced by the
combined effect of airflow velocity and guide tube outlet pressure. Atomization pressure of 4.5 MPa was the
optimum value for primary atomization. If positive pressure was extremely high, a return spray phenomenon
occurred inside the guide pipe and liquid slag could not flow out or granulated by the gas.

(a) 2.5MPa (b) 4.5MPa (c) 6.5MPa

Figure 8: Slag shapes under different atomization pressures at 0.018 s

3.4 Effects of Atomization Pressure on Secondary Atomization

Fig. 9 presents the diameter and velocity of particles at the same time under constant mass flow rate and
different atomization pressures. Large particles were distributed on both sides of the axis, and small particles
were distributed in the gas jet inside. Although airflow velocity was slow on both axis sides, it was fast in
the gas jet inside. The airflow velocity is faster, disturbance kinetic energy is greater, the breakup capacity
is stronger, and the particle size is smaller. Particle velocity distribution was opposite to particle diameter
distribution and was consistent with airflow velocity distribution.

When atomization pressure was 2.5 MPa, particle number was the smallest and atomization efficiency
was the lowest, as presented in Fig. 9a. When atomization pressure was 6.5 MPa, particle number was
substantially increased compared with that at 2.5 MPa, but the number of large particles was significantly
increased, especially on both axis sides, as illustrated in Fig. 9c. When the atomization pressure was 4.5 MPa,
particle number was the maximum, the number of small particles was the highest, and the atomization effect
was the best, as presented in Fig. 9b.
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Figure 9: Diameter and velocity of particle cloud pictures

The variations of average diameter and 30-140 pum yield under different atomization pressures are
illustrated in Fig. 10 and particle size distribution is presented in Fig. 11. At guide tube elongation of 3 mm
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and an atomization pressure of 4.5 MPa, the average diameter was the smallest and 30-140 um yield was
the highest. At the atomization pressure of 2.5 MPa, particle size was mainly distributed within 100-300 um,
the average diameter was greater than 200 pm, and 30-140 um yield was 17.5%. At the atomization pressure
of 4.5 MPa, particle size was mainly distributed within 30-140 um, the average diameter was only 62 um,
and 30-140 pm yield was 71.7%. At the atomization pressure of 6.5 MPa, particle size distribution ranged
from 30 to 340 um, the average diameter was 129 pm, and 30-140 pum yield was 47.5%. The particle size at 6.5
MPa was much larger than that at 4.5 MPa. Also, it was found that primary atomization at an atomization
pressure of 6.5 MPa was weaker than that at 4.5 MPa. Therefore, primary atomization played a decisive role
in secondary atomization. The best atomization effect was obtained with guide tube elongation of 3 mm and
an atomization pressure of 4.5 MPa.

300 80
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Figure 10: Average diameter and 30-140 um yield under different atomization pressures
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Figure 11: Particle size distribution under different atomization pressures
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4 Conclusions

The close-coupled circular seam nozzle was applied in BFS granulation technology to obtain 30-140
um slag particles and improve the utilization of BFS. This research studied atomization and the effects of
atomization pressure on primary atomization and particle size. The following conclusions were drawn from
this research:

(1)  The gas flow field formed a recirculation zone at the bottom of the guide tube. Liquid slag was squeezed
into an umbrella-shaped structure by the recirculated gas. The liquid film extending to the gas jet was
broken up into droplets by high-speed airflow. The upper liquid slag continuously flowed downward
and turned the umbrella-shaped structure into a cavity-shaped structure. Internal escaped gas tore
the liquid around the cavity into liquid ligaments, which continued to break up into particles. Airflow
velocity, recirculation zone size, and expansion waves were substantially increased with the increase of
atomization pressure.

(2) Variation of guide tube outlet pressure was irregular. When atomization pressure was 4.5 MPa,
guide tube outlet pressure was positive, and the umbrella-shaped structure was especially noticeable.
At atomization pressure of 6.5 MPa, guide tube outlet pressure was negative, and the umbrella-
shaped structure was less noticeable. The results proved that primary deformation was affected by the
combined effect of airflow velocity and guide tube outlet pressure. At atomization pressure of 6.5 MPa,
although airflow velocity was the fastest, the primary deformation was not substantial due to negative
pressure. Primary deformation was the most apparent at 4.5 MPa.

(3) Primary atomization was better and the obtained slag particles were smaller. At a primary atomization
pressure of 4.5 MPa, the average diameter was the smallest, and 30-140 pm yield was the highest. This
indicated that primary atomization played a decisive role in secondary atomization.

(4) Close-coupled circular seam nozzle was applied to BFS granulation technology. When guide tube
elongation was 3 mm and atomization pressure was 4.5 MPa, the average diameter was only 62 um and
30-140 pm yield was 71.7%. This result could meet the particle size requirement for high-value-added
utilization of BES. Optical properties such as transparency, refractive index, directional reflection, and
mechanical strength of the obtained slag particles were not evaluated in this research. In the future,
these properties of slag particles will be further investigated, and BFS high-value-added applications,
such as reflective materials, filler materials and fire-resistant coatings, will be explored.
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Nomenclature

p Density

P Pressure

t Time

T Temperature

C,  Specific heat capacity at constant pressure

A Thermal conductivity

At Turbulent thermal conductivity
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