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Shuo Zhanga,b, Jianhua Liua*, Yang Hea, Chunhao Zhoua, Baohui Yuana, Alexander Mcleanb
a National Engineering Research Center for Advanced Rolling and Intelligent Manufacturing, University of Science and Technology Beijing, Beijing 10083, China
b Department of Materials Science and Engineering, University of Toronto, Toronto M5S3E4, Canada

[bookmark: _Hlk92909348]Abstract: The objective for bubble refining is to control the production of plentiful, tiny and dispersed bubbles. For this, the rapid downward stream in the down-leg snorkel of an RH vessel can separate the injected gas into fine bubbles. In this work, the formation behavior of bubbles generated by argon injection through the down-leg is investigated by combining physical simulation experiments and multiphase flow simulations. 
Keywords: Inclusion; Argon bubbles; RH refining; Down-leg snorkel
1. Introduction10.5p bold
10.5pp

[bookmark: _Hlk98748107][bookmark: _Hlk98749249][bookmark: _Hlk95994009]Residual inclusions in steel normally deteriorate the performance of steel products. This leads to considerable efforts to remove inclusions. Bubble refining, as a flotation method, is one of the notable practices to improve the cleanliness of liquid steel. The bubbles in the liquid steel adhere to the inclusions and transport them to the slag. Zhang and Taniguchi【1】 clarified that there is an evident improvement in inclusion removal with reducing bubble size and now this view on the subject is well known. Hence the aim of bubble refining is to produce plentiful, tiny and dispersed bubbles in liquid steel. 
[bookmark: _Hlk103630641]2. Methodology
2.1. Physical modelling of bubble formation10.5p bold

[bookmark: _Hlk103617160][bookmark: _Hlk103620172]To investigate the formation behavior of argon bubbles within the down-leg snorkel of an RH vessel, a physical model was constructed, as shown in Figure 1. 
[image: ]
Figure 1 - Experimental setup for the physical modelling of bubble formation.
[bookmark: _Hlk89882122]2.2. Physical modelling of RH refining
In order to develop a clearer understanding of bubble formation in liquid steel systems, physical modelling was carried out considering the geometry of a 150-ton RH facility with a scale of 1:3. The round down-leg snorkel was replaced with a square snorkel to facilitate the observation of bubble formation behavior. Also, paraffin was coated on the inner wall of the square snorkel. 10.5p bold

Table 1 - Geometrical dimensions for the RH modelling system.9p

	Parameters
	Value (mm)

	Ladle top diameter
	1053

	Ladle bottom diameter
	954

	Lifting air injection ports diameter
	2.5


4. Results and discussion
4.1. Morphologies and sizes of bubbles in the local-scale physical modelling
Figure 5 shows the typical morphologies of bubble formation in the local-scale physical modelling. It is evident that separated fine bubbles are observed to occur under most of the experimental conditions, and the presence of a gas curtain due to bubble coalescence is occasionally detected. The bubble formation mode, morphologies and sizes are a function of several parameters viz. orifice diameter, gas volume flow rate and water velocity. 
4.2. Bubble formation behavior with a nonwetting orifice
The results are presented in two sections. The first section focuses on the bubble formation at relatively large gas volume flow rates. The second section deals with the extremely low gas volume flow rate. 
4.2.1. Bubble formation behavior at relatively high gas volume flow rates
[bookmark: _Hlk96018169]It is important to investigate the effect of the wettability on the bubble formation as the large bubbles are often formed with the non-wettable orifice. 
[bookmark: _Hlk95895881]4.2.2. Bubble formation behavior at extremely low gas volume flow rate
[bookmark: _Hlk96018211]According to the results of the local-scale experiments, at extremely low gas volume flow rate of 20 ml/min and relatively large water velocity more than 0.7 m/s, the curtain can be cut off by the downward flow, which is called here "shear fracture". 
6. Conclusions
[bookmark: _Hlk92904782](1) Bubble formation behavior is strongly affected by the wettability of the orifice/port. 
(2) In the down-leg snorkel, the dissipation rate of energy is too low to split the gas by “turbulent break-up”. 10.5p bold
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