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Numerical Simulation of Inclusion Capture by Argon
Bubbles in Bottom—Blowing Ladle

Li Zhiqi, Hao Zhibo, Li Shangping, Luo Heli
(Gaona Aero Material Co., Ltd., Beijing 100081, China)

Abstract: Ladle bottom-blowing argon refining is essential for removing non-metallic inclusions from molten steel and im-
proving steel cleanliness. However, in actual production, a size-selective issue still exists: inclusions larger than 150 pm
can be removed quite effectively, while a portion of fine particles smaller than 50 wm always remains. To investigate this
problem, 3D ladle model was built using the VOF-DPM coupled method and a size-grouped capture probability model was
implemented. By referring to bubble-particle interaction theory, a scaling law that links the effective attachment factor to
particle size was derived and incorporated into Fluent via UDFs. This allowed the capture behavior of six particle groups
(50 pm to 300 pm) to be judged differently. The simulation shows that both bubble capture and surface retention control
the removal efficiency, but their dominance varies significantly with particle size. For 50 wm particles, the bubble capture
rate is 39. 0% by theend of the simulation, and the surface capture rate is 44. 02%; if the time is extrapolated to 2 h, the
overall removal rate would reach 72.93%. For particles 2200 pwm, the removal is mainly attributed to surface retention af-
ter flotation, which accounts for over 60% of the removal, and the overall removal rate levels off within the 150 pm—200 pm
size range, reaching 82. 1% at 200 pm. It was also found that the inability to remain stably at the surface is the main rea-
son why fine particles are difficult to remove: 50 pwm particles can only stay at the surface for about 49. 3 s on average,
while particles 2150 pm can remain for over 578 s. These results clearly reveal the transition of capture mechanisms with
particle size, and they are considered to be of practical reference value for the precise adjustment of the bottom-blowing ar-
gon refining process.

Key Words: Bottom-blowing Argon; Ladle; Inclusion Removal; VOF-DPM Coupled Method; Particle Size-grouped Cap-
ture
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Fig. 2 Schematic diagram of four typical scenarios of bubble—particle capture: (a) collision stage, (b) attachment stage, (c) de-

tachment stage, (d) slag rupture stage
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Fig. 3 Schematic of ladle geometry, mesh generation and gas—liquid distribution: (a) cross—section, (b) 3D geometric model, (c)

tetrahedral mesh, (d) 3D gas—liquid distribution contour (ladle: dia. 630 mm X height 700 mm; nozzle offset: 157 mm, dia. 40 mm;

molten steel height: 680 mm; red: molten steel, blue: argon)
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Fig. 6 Flotation behavior and capture temporal characteristics of particles with different sizes: (a) evolution of mean Z-height with

time, (b) distribution of final continuous residence time near liquid surface (Z < 0.60 m), (c) capture frequency variation over

time, (d) capture probability density distribution over time
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Fig. 7 Capture event distribution along ladle height for particles with different sizes: (a)—(f) correspond to particles with different

diameters (50-300 pwm) ; blue dashed line: steel free surface at Z = 0. 68 m; red curves: double—Gaussian fitting
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Fig. 8 Maximum surface residence time distribution of particles with different sizes: (a)—(f) correspond to particles with different

diameters (50-300 wm) ; red curves represent intelligent smoothing/Gaussian fitting (auto—detection of single/double peaks )
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Fig. 10  First arrival time distribution of particles at liquid surface under different Z thresholds: (a)-(c) correspond to different Z

thresholds (Z = 0. 60 m, Z>0.65m, Z > 0. 67 m) ; red line represents median first arrival time
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Fig. 12 Evolution of bubble capture rate and surface capture rate over time: (a)—(bh) correspond to bubble capture rate and surface

capture rate (excluding bubble capture) , respectively; six curves correspond to particles of 50-300 wm; surface capture is defined as

the start time when a particle stays continuously for 30 s at Z = 0. 65 m (the denominator is the number of remaining particles after ex-

cluding bubble—captured particles )
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large—sample electrolysis, exhibiting irregular shapes; (¢) (d) typical SEM micrographs of the extracted inclusions, revealing com-

plex agglomerated structures
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