
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Song, Kezhou; Jokilaakso, Ari
Transport Phenomena in Copper Bath Smelting and Converting Processes–A Review of
Experimental and Modeling Studies

Published in:
Mineral Processing and Extractive Metallurgy Review

DOI:
10.1080/08827508.2020.1806835

Published: 02/01/2022

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY-NC-ND

Please cite the original version:
Song, K., & Jokilaakso, A. (2022). Transport Phenomena in Copper Bath Smelting and Converting Processes–A
Review of Experimental and Modeling Studies. Mineral Processing and Extractive Metallurgy Review, 43(1),
107-121. https://doi.org/10.1080/08827508.2020.1806835

https://doi.org/10.1080/08827508.2020.1806835
https://doi.org/10.1080/08827508.2020.1806835


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gmpr20

Mineral Processing and Extractive Metallurgy Review
An International Journal

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/gmpr20

Transport Phenomena in Copper Bath Smelting
and Converting Processes – A Review of
Experimental and Modeling Studies

Kezhou Song & Ari Jokilaakso

To cite this article: Kezhou Song & Ari Jokilaakso (2022) Transport Phenomena in Copper
Bath Smelting and Converting Processes – A Review of Experimental and Modeling
Studies, Mineral Processing and Extractive Metallurgy Review, 43:1, 107-121, DOI:
10.1080/08827508.2020.1806835

To link to this article:  https://doi.org/10.1080/08827508.2020.1806835

© 2020 The Author(s). Published with
license by Taylor & Francis Group, LLC.

Published online: 10 Sep 2020.

Submit your article to this journal Article views: 2167

View related articles View Crossmark data

Citing articles: 4 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=gmpr20
https://www.tandfonline.com/loi/gmpr20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08827508.2020.1806835
https://doi.org/10.1080/08827508.2020.1806835
https://www.tandfonline.com/action/authorSubmission?journalCode=gmpr20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gmpr20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/08827508.2020.1806835
https://www.tandfonline.com/doi/mlt/10.1080/08827508.2020.1806835
http://crossmark.crossref.org/dialog/?doi=10.1080/08827508.2020.1806835&domain=pdf&date_stamp=2020-09-10
http://crossmark.crossref.org/dialog/?doi=10.1080/08827508.2020.1806835&domain=pdf&date_stamp=2020-09-10
https://www.tandfonline.com/doi/citedby/10.1080/08827508.2020.1806835#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/08827508.2020.1806835#tabModule


Transport Phenomena in Copper Bath Smelting and Converting Processes – A Review 
of Experimental and Modeling Studies
Kezhou Song and Ari Jokilaakso

School of Chemical Engineering, Department of Chemical and Metallurgical Engineering, Aalto University, Espoo, Finland

ABSTRACT
Bath smelting and converting technologies for copper production have been improved, resulting in 
higher production efficiency and less polluting emissions. Reported studies on experimental and compu
tational modeling approaches are reviewed in this paper, focusing on adjustable variables and flow 
details, for a thorough understanding of the complex flow phenomena of the high-temperature reactors 
used. Results from water models and Computational Fluid Dynamics (CFD) simulations indicate that the 
transport phenomena in different reactors should be analyzed separately, as flow behavior exhibits 
significant differences in different gas injecting regimes and furnace structures. Mixing behavior and 
further optimization for most furnaces are presented in this review, showing a considerable degree of 
agreement between experiments and computational simulations. In general, a deeper nozzle or tuyere 
level with a higher gas flow rate are factors in the majority of copper bath smelting and converting cases. 
However, the dynamic parameters cannot be infinitely increased, but should be maintained within an 
appropriate range to provide relatively high mixing efficiency while preventing refractory corrosion due to 
splashing. Research on detailed flow phenomena including bubbles and surface waves is relatively scarce. 
It is suggested that the most efficient reaction areas for furnaces in jetting and bubbling regimes are 
totally different, due to the differences in bubble behavior. Concerning the bath surface, the behavior of 
transversal standing waves and longitudinal waves has been preliminarily revealed using water models, 
suggesting that standing waves tend to disappear in particular ranges of bath height and gas flow rate.
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Flow phenomena; water 
model; CFD; mixing 
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1. Introduction

In the past 50 years, the consumption of copper and copper 
alloys has gradually increased due to expanding demand from 
infrastructure construction, industrial equipment production, 
and electronic technologies, as a robust growth of the market in 
developing countries (International Copper Study Group 2019; 
Newcomb 1985). In 2018, production of refined copper 
reached a value 5 times that of its value in 1960, and the 
secondary-refined output accounted for nearly 20% of the 
total, showing a slowly increasing trend (International 
Copper Study Group 2019). Modern copper matte smelting 
includes flash smelting furnaces (FSF) and bath smelting fur
naces. Outotec flash smelting (FS) technologies have been 
widely adopted in copper production and account for 43% of 
the total copper smelting capacity (Wang et al. 2019). In FS 
processes, concentrate powder, flux, and enriched oxygen are 
mixed in a suspension stage and react very fast (Kojo, 
Jokilaakso and Hanniala 2000), giving significant advantages 
in industrial practice, leading to a large amount of research 
work (Guntoro et al. 2018; Kojo, Jokilaakso and Hanniala 2000; 
Mackey 1982; Matousek 1993; Stefanova, Genevski and 
Stefanov 2004; Wang et al. 2013b; Yazawa 1974; Yazawa and 
Azakami 1969). As a result, continuously optimized flash 
smelting technologies have become the main copper matte 
production method today (Moskalyk and Alfantazi 2003).

Copper production techniques have undergone a lot of 
development and new equipment and processes are still emer
ging, such as modern continuous copper smelting and con
verting processes (Habashi 1995; Mackey and Campos 2001), 
solvent extraction-electrowinning technology (SX-EW) 
(Bartos 2002; Prasad, Kenyen and Assar 1992), and bottom- 
blown smelting and converting furnaces (Coursol et al. 2002; 
Liu and Xia 2019). These emerging technologies operate with 
good performance in production efficiency, energy-saving, and 
environmental protection (Bartos 2002; Coursol et al. 2002; Liu 
and Xia 2019; Mackey and Campos 2001). Currently, refined 
copper mainly comes from pyrometallurgical processes, which 
include matte smelting, matte converting, pyro-refining, and 
electrolytic refining processes. The suspension smelting and 
converting reactions have been analyzed (Guntoro et al. 2018; 
Stefanova, Genevski and Stefanov 2004; Wang et al. 2013b), but 
bath reactions have not yet been revealed in detail.

Bath smelting technologies can be divided into top, side, 
and bottom-blown technologies. Methods of setting oxygen 
lances at the top of the furnace are commonly used in the 
Top Submerged Lance (TSL) furnace (Baldock et al. 1992; Li 
2009; Robilliard et al. 1994; Wood et al. 2011; Wood, Hoang 
and Hughes 2017) and the Mitsubishi furnace (Goto, Oshima 
and Hayashi 1998), but they are not the primary focus of this 
review. The side or bottom lances or tuyeres are all submerged 
beneath the surface of the melt. Side-blown furnaces typically 
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include Vanyukov (Vaisburd et al. 2002; Zhang et al. 2015), 
Teniente (Devia et al. 2019), and Noranda (Tarassoff 1984), 
whereas Shuikoushan (SKS) furnaces are bottom blown (Cui 
et al. 2010; Qu et al. 2012). Some of these bath smelting 
technologies are also successfully used in copper converting 
processes for which the Peirce–Smith (P-S) converter is still the 
most commonly used (Moskalyk and Alfantazi 2003; 
Southwick 2008).

The SKS technology, which emerged at the beginning of the 
21st century in Asia (Cui et al. 2010; Qu et al. 2012; Shao and 
Jiang 2019; Wang et al. 2017a, 2017bb, 2017cc), has attracted 
growing interest. The bottom-blown copper smelting, with 
a current 4% share of global production (Wang et al. 2019), 
presents some superior characteristics to those of the FS pro
cesses. Furthermore, they have also been popularized in the 
copper converting process in China and may have the potential 
to gradually replace P-S converters (Liu and Xia 2019). A series 
of research studies on bath smelting and converting processes, 
especially for the SKS furnace, have been reported (Guo et al. 
2016, 2015; Shao and Jiang 2019; Wang et al. 2017a, 2017b, 
2017c; Wang, Guo and Tian 2017d).

The temperature of smelting or converting processes can 
rise to over 1200°C due to the exothermic reactions so there is 
no way to monitor the internal flow phenomena. Therefore, 
most of the visualized transport phenomena presented by 
scientific research are derived from simulation approaches, 
mainly water modeling, and Computational Fluid Dynamics 
(CFD) (Akashi et al. 2020; Elfsberg and Matsushita 2011; 
Ersson et al. 2006; Svyatoslav and Takashi 2003; Tang et al. 
2017; Wang et al. 2017). X-ray radioscopic visualization is an 
observation method that uses a high-speed camera to capture 
the images of flow phenomena such as bubble motion in 
a liquid alloy at operating temperature (Akashi et al. 2020; 
Elfsberg and Matsushita 2011; Svyatoslav and Takashi 2003).

In water models, water and oil represent matte and slag 
because of the difference in their density and mutual immisci
bility. When air is blown into the water layer, mixing behavior, 
bubble plumes, and surface waves appear and can be easily 
captured by a high-speed camera. Some experiments are com
bined with the PIV (Particle Image Velocimetry) technique to 
measure the whole 2D plane in order to describe the details of 
the fluid flow (Ersson et al. 2006; Wang et al. 2017). In the 
meantime, with the rapid development of computing power in 
the last 30 years, CFD software has also demonstrated a strong 
capacity to describe an integrated flow field in metallurgical 
vessels (Tang et al. 2017) allowing simulation data to be expli
citly visualized, including phase distribution, velocity distribu
tion, and mixing behavior. Currently, water modeling and CFD 
simulation are the two dominant research approaches for the 
study of transport phenomena in copper smelting and convert
ing (Taskinen et al. 2019a, 2019b) for the optimization of 
industrial variables including nozzle or the tuyere number 
and angles, gas flow rate, and thicknesses of slag and matte 
layers, which have significant impacts on multiphase flow and 
mixing efficiency.

According to this literature review, a lot of both experimen
tal and modeling studies on the SKS furnace, Vanyukov fur
nace, and P-S converter have been reported. Only a little 
research on other bath smelting or converting technologies 

was reported before the mid to late 20th century when these 
technologies were in their development stage. Gas plumes or 
bubble swarms and surface waves in smelting or converting 
furnaces have been taken into consideration, because of their 
inevitable impacts on mixing efficiency and furnace lifespan. In 
some cases, a high gas flow rate causes strong surface waves 
with fierce slopping, which has been proven to accelerate lining 
wear (Brämming 2010; Brämming et al. 2011).

Sometimes a production technology is used in industry but 
no theoretical or scientific considerations have been published. 
For instance, the bottom-blown copper smelting furnace has 
been successfully used for around 10 years (Cui et al. 2010; Qu 
et al. 2012), but no supporting prior studies were found that 
predate the time of commencement. In general, the results from 
physical and computational modeling deserve a comprehensive 
review.

The purpose of this literature review is to reveal the current 
understanding of transport phenomena in copper bath smelt
ing and converting furnaces. The analysis of experimental and 
computational modeling results would contribute to further 
understanding the flow phenomena that significantly affect 
mixing efficiency and furnace life span. The results are grouped 
according to the geometrical similarities instead of, e.g., smelt
ing and converting processes. Therefore, this review could be 
used as a reference for optimizing the production efficiency of 
current copper smelting and converting furnaces and contri
bute to the design of new reactors. Furthermore, it aims to 
point out possible areas for future experimental and/or model
ing investigations.

2. Mixing in bath smelting and converting vessels

Generally, for furnaces with submerged tuyeres, such as bottom- 
blown and side-blown furnaces, the multifluid movements 
involved could be described as follows: in the initial blowing 
period, bubble swarms or gas plumes are generated when gas is 
injected through nozzles into the bath. These bubbles keep mov
ing upward and drive the melt flow with them, forming a rising jet 
zone. As these flows move to the surface of the melt, a fountain 
zone will be generated with splashes and liquid droplets if the gas 
flow rate is high enough. The return flow from the fountain zone 
goes back into the melt and causes waves on the surface that keep 
moving to the sidewall and finally calm down after impact against 
the refractories. An area without any movement of gas flow or 
melt is called a dead zone. It is clear that reducing the dead zone 
area is helpful for improving the mixing efficiency of the reactants. 
A typical example is shown in Figure 1, which shows the flow 
phenomena in a water model of a P-S converter reported by Zhao 
et al. (Zhao et al. 2018). In furnaces with oxygen lances above the 
melt level, such as the Mitsubishi furnace, the gas impacts the 
surface of the melt, making a cavity beneath the oxygen lance 
(Nordquist et al. 2006). During this process, waves are generated 
and spread in a radial pattern before gradually weakening.

Using experimental and computational modeling approaches, 
copper smelting and converting reactors are under further opti
mization to improve their operational efficiency and reduce the 
damage to furnace structures. For example, the flow phenomena 
in bath copper smelting and converting vessels can be significantly 
changed by the nozzle and tuyere arrangement and gas flow rate. 
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Therefore, studies concerning these parameters are reported in 
this section for bottom, side, and top-blown furnaces. Some 
results from steelmaking research that shows similarities with 
copper smelting and converting processes are also included.

2.1. Lance, nozzle, or tuyere arrangement

In multiple tuyere rows, the number, angle, and diameter of the 
tuyeres, and the distance in between them are the key para
meters for bottom-blown and side-blown copper smelting and 
converting furnaces. Similarly, the lance height, number of 
nozzles, and nozzle configuration significantly affect the mix
ing efficiency in top-blown copper smelting and converting 
furnaces. Optimizing these parameters to the utmost is a very 
complicated task. Physical modeling and computational simu
lation approaches have been further developed in recent years, 
giving rise to a more scientific and convenient way to discover 
the mixing behavior of different gas blowing or injecting 
arrangements with nozzles, lances, or tuyeres. Therefore, it 
may be possible to use these approaches to improve the bath 
smelting and converting processes for copper production, 
especially for emerging technologies.

2.1.1. Experimental studies
A water model study of a bottom-blown copper smelting 
furnace was carried out with PIV technology to investigate its 
flow field characteristics (Wang et al. 2017), which reported the 
velocity distribution of a molten pool with nozzles installed at 
different angles. The nozzle angle was defined as the angle 
between the vertical and the nozzle axis. When the nozzle 
was set at 0°, dead zones appeared at each side of the bubble 
plume and the high-velocity area was small. When the nozzle 
angle was increased, the high-velocity area was expanded sig
nificantly, and the circulation area on the opposite side of the 

nozzle also became stronger, making a larger dead zone in the 
center of the circulation. In addition, based on the results from 
the nozzle angles of 0°, 7°, 14°, and 22°, it was found that 
different nozzle angles cause very different flow patterns, but 
the low and high-velocity areas seem not to be affected. 
Another water model report from the same authors (Wang 
et al. 2013a) indicated that the gas holdup also changed with 
different nozzle angles. With an increase in the nozzle angle 
from 0° to 22°, there was less splashing in the bath and more 
bubbles appeared in the lower part of the bath.

Water modeling of a bottom-blown furnace for steelmaking 
processes has been reported (Chen et al. 2007; Lai, Xie and 
Zhong 2008) that shows some results of other nozzle arrange
ment parameters, such as the symmetry of the nozzle positions. 
Based on these experiments, an asymmetric and concentrated 
nozzle arrangement had a shorter mixing time than 
a symmetric arrangement. This conclusion might be valuable 
for future improvement of bottom-blown bath vessels for cop
per production.

The P-S converter has a similar operation mechanism, as it 
has submerged tuyeres in a horizontal cylindrical furnace. Zhao 
et al. (Zhao et al. 2018) used a water model with different tuyere 
angles and rotation directions to simulate the transport phenom
ena in the P-S converter. According to their results, the velocity 
distribution of the P-S converter is almost the same as that of the 
SKS furnace. However, owing to the side-blown pattern and gas 
injection regime which are totally different compared to the SKS 
furnace, experiments to optimize the operating parameters of 
P-S converter are still necessary. To describe the effect of the 
tuyere location, the tuyere angle was defined between the tuyere 
axis and the horizontal, and a positive angle corresponded to 
a clockwise rotation. A schematic diagram of this water model is 
shown in Figure 1 above. According to their observation, with an 
increase of tuyere angles from 0° to −15° (rotated counterclock
wise), the immersion depth of the tuyeres was lower. Waves and 
splashing were weaker, and the mixing and mass transfer effi
ciency were improved. The optimized angle range was deter
mined at less than 10° rotated clockwise based on results 
recorded with a high-speed camera.

A horizontal cylindrical water model study with side and 
bottom blow was carried out by Jiang et al. to reveal the effect 
of the horizontal distance between oxygen tuyeres on mixing 
time (Jiang et al. 2019a). In this study, the mixing time in the 
bottom blow model agreed well with a previous research study 
(Shui et al. 2015), showing the reliability of the experimental 
data of these two studies. According to the observations of 
Jiang et al., the side blow arrangement showed better mixing 
efficiency across the whole range of horizontal distances 
between tuyeres. It was confirmed that the horizontal distance 
between tuyeres of both the side and bottom blow arrange
ments should be in a certain range, outside of which the mixing 
time would be significantly longer.

In top-blown copper smelting furnaces such as the TSL 
furnace, a single lance is installed from the top of the furnace, 
extending below the melt surface. A water model was used to 
reveal the multiphase mixing behavior in this submerged top- 
blown reactor (Zhao et al. 2016). Different lance diameters and 
lance submersion depths were investigated. At a certain gas 
flow volume, larger lance diameters caused a longer mixing 

Figure 1. A schematic diagram of flow fields in a water model of a P-S converter, 
adapted from the report of (Zhao et al. 2018).
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time, because when the inlet gas flow was unchanged, the outlet 
gas flow was weaker. To strengthen the interaction between gas 
and liquid, the authors suggested that a relatively small lance 
diameter might be a good choice, provided that the lance life 
span and manufacturing cost were acceptable. In the case of 
various lance submersion depths, it was found that deeper 
submersion would enhance the gas-liquid contact and mixing 
efficiency. Also, as lances in top-blown furnaces have a very 
short lifespan (Matusewicz, Reuter and Hughes 2010), a higher 
lance quality is required when a deeper position is chosen.

The Mitsubishi continuous smelting furnace is the only lance- 
based copper production technology using a non-submerged 
lance that successfully meets the requirements of the modern 
industry. However, no reports on its transport phenomena were 
found, and only some research studies from similar geometries in 
the steel industry have been reported. However, a water model of 
a vertical vessel based on a steelmaking top-blown case was 
reported by Nordquist et al. (Nordquist et al. 2006). As its blow 
arrangement is similar to the one used in the Mitsubishi furnace, 
the results could provide good ideas for the lance arrangement. 
A lance with a 1 cm diameter was used and nozzles with different 
exit diameters were attached to the lance according to the experi
mental requirements.

The effect of the nozzle diameter and lance height on the gas 
jet penetration depth in the melt was investigated. It was 
reported that the depth increased with a decreasing nozzle 
diameter and decreasing lance height. The effect of different 
nozzle diameters came from the change of gas jet impact force 
at the outlet of the nozzle, as the gas flow speed had to be 
adjusted using nozzles in different sizes. Concerning the effect 
of lance height, a greater penetration depth with decreasing 
lance height is easy to understand as it is evident that the gas 
flow exiting a nozzle at a high position would be weakened by 
the ambient atmosphere and then spread into the liquid with 
less penetration. Another research study that may interest 
Mitsubishi is a design of twisted nozzles (Yoshihiko and 
Yukari 2003). The twisted nozzles caused less spitting than 
normal nozzles when they were adjusted at a feasible angle 
from the results point of view. Such a design would be 
a reference for further control of the multiphase flow in 
Mitsubishi furnaces.

2.1.2. Modeling approaches
The effect of the tuyere arrangement on mixing behavior has 
been successfully simulated using CFD. Zhang et al. (Zhang 
et al. 2013) optimized the tuyere structure parameters of the 
SKS furnace based on CFD simulation results. A physical 
model was established with only one gas inlet at the furnace 
bottom. The Volume of Fluid (VOF) model was used to 
describe the flow phenomena of the multiphase flow and the 
Renormalization Group (RNG) k-Ɛ model was chosen to simu
late the turbulence characteristics. The results were generally 
consistent with the water model, with an average error of 
approximately 5%. The operational parameters should be com
prehensively considered and controlled within a suitable range 
in order to increase the gas holdup to expand the contact area 
between oxygen and melt, to improve the average flow speed of 
the melt to accelerate the chemical reactions, and to strengthen 
the turbulence energy to break up large bubbles. Optimized 

measures were finally determined as 0.06 m for the oxygen 
tuyere diameter, 17° for the tuyere angle, and 0.98 m for the 
horizontal distance between nozzles. The effectiveness rate of 
each tuyere parameter on the SKS melt pool in decreasing 
order is as follows: horizontal distance between nozzles, tuyere 
angle, and tuyere diameter.

In 2019, Shao et al. conducted the most recent CFD research 
on the SKS furnace, using the Euler-Euler approach to describe 
the gas-liquid flow and mixing behavior (Shao and Jiang 2019). 
For the SKS copper smelting furnace, nine tuyeres were located 
at the bottom and arranged in two rows. It was found that 
when all the tuyeres were set along the centerline, the gas 
holdup was higher, but the mixing efficiency was relatively 
low. If the two-row tuyeres were arranged at an angle exceed
ing 21°, the gas holdup would decrease because of the signifi
cantly shortened distance between the tuyeres and melt surface. 
Therefore, based on the simulation results, the tuyere angles for 
the two rows were recommended to be 7° and 14°. This tuyere 
angle optimization is slightly different from the previous work 
(Zhang et al. 2013), which could be attributed to the discre
pancy between the physical models. According to this latest 
research, the chemical reaction efficiency could also be further 
improved by increasing the number of tuyeres. By increasing 
the number of tuyeres from 9 to 13, the gas holdup rose to 
a higher level, due to better bubble dispersion. However, the 
number of tuyeres could not be increased infinitely. When 18 
tuyeres were used, the mixing efficiency began to decrease 
significantly, even though the gas holdup was kept steady. As 
a result, the optimal number of tuyeres was determined to 
be 13.

Some industrial data on the SKS furnace would help to 
compare modeling and practice. Currently, most of the bot
tom-blown copper smelting furnaces are located in China. As 
a technology optimized primarily by industrial experience 
rather than by experiments and simulation results, a series of 
methods have been suggested to improve production efficiency 
and furnace life span. The first commercially used bottom- 
blown smelting furnace has nine oxygen tuyeres at the bottom 
arranged in two rows. Five tuyeres are at a lower level at an 
angle of 7° and the other four tuyeres are at a higher level at an 
angle of 22° (Cui et al. 2010). This arrangement is not con
sidered the optimal choice to improve mixing efficiency 
because the merge of melt flows would incur further wear of 
the side refractory. This analysis accords with a previous water 
model study of the bottom blown steelmaking process, which 
showed that the shear stress would be increased by an asym
metric tuyere arrangement (Ballal and Ghosh 1981). Perhaps 
a combination of tuyere angles at 7° and 14° could be a better 
angle arrangement, according to recently published CFD 
results (Shao and Jiang 2019). Another company using bottom- 
blown technology built a furnace with only six tuyeres (Qu 
et al. 2012), arranged in a straight line at the furnace bottom in 
order to avoid the merge of melt flows. However, the diameter 
of the tuyeres had to be increased to be able to blow enough 
oxygen into the furnace, leading to the formation of Fe3O4, 
which congealed in an unexpected shape at the outlet of the 
nozzles.

CFD modeling has also been conducted to demonstrate the 
mixing behavior in the P-S converter. Almaraz et al. (Almaraz 
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et al. 2014) built two physical models, one for a single tuyere 
and the other for three tuyeres. Their report was intended to 
emphasize a detailed change in flow phenomena when the 
tuyere number was increased. The simulated mixing behavior 
in the three-tuyere bath was very similar to the results from 
another work on the Teniente furnace (Rosales 1999), which 
suggests that the flow phenomena in different side-blown fur
naces are to some extent universal. According to Almaraz et al., 
with an increase in the number of tuyeres, the mixing behavior 
in a simulated bath became extremely complicated. Results 
showed that the flow pattern within the multi-tuyere converter 
changed considerably in comparison with the single-tuyere 
system. According to the authors, recirculation zones and 
localized eddies were generated in a more chaotic flow region, 
limiting the formation of emerging reaction sites.

A CFD study of the P-S converter focusing on macroscopic 
mixing efficiency was reported by Zhao et al. (Zhao et al. 
2019a), including the effect of different tuyere parameters. In 
this study, the VOF model was used for multiphase simulation 
and the standard k-Ɛ model was used for turbulence. It was 
found that a decreased tuyere diameter would enlarge the 
circulating area due to the increased injection velocity. This 
conclusion presents the common situation where a greater 
penetration depth and mixing efficiency will occur when smal
ler tuyeres are used. Additionally, setting tuyeres at the lowest 
level is evidently detrimental in terms of exploiting the kinetic 
energy of gas injection. On the other hand, a relatively low 
tuyere position would supply a longer trajectory for gas moving 
upward, thus enhancing mixing efficiency (Zhao et al. 2019a). 
Results from this research are strongly consistent with the 
experimental results from their previous water modeling 
experiments (Zhao et al. 2018).

A two-phase, top-blown ISASMELT furnace was modeled 
using CFD simulation by Zhao et al. in 2019 (Zhao et al. 
2019b). Different submersion depths and lance diameters 
were analyzed in order to optimize the lance arrangement. 
The diameters were recommended to be less than 0.035 m, 
for the same reasons as for almost all submerged blowing 
situations, as the gas flow will always be weakened at the 
lance outlet when the diameter is increased with an unchanged 
gas volume. When the lance tip submersion depth was 
increased, the mixing time was significantly shortened because 
of the increased interactions between gas and liquid. Zhao et al. 
also investigated mixing behavior with a swirler installed in the 
oxygen lance near the outlet. It was found that the mixing time 
was dramatically shortened at a low submersion level, and 
maintained a similar value compared with the non-swirler 
when the submersion depth was increased. These results pre
sent an idea where a swirler installed in the lance might also be 
an option for submerged blown furnaces.

Some lance designs from the steelmaking process may be 
worth reviewing, such as the Top-Bottom-Side (TBS) converter 
with a combined top, bottom, and side blowing system (Zhou 
et al. 2015). From their CFD simulation results, the sidewall 
shear stress was found to increase due to the introduction of 
a side gas flow, which may cause further corrosion of the 
sidewall refractory. Furthermore, with the raising of the side
wall nozzle level, the interaction between the side flow and 
cavity flow became more intensive, resulting in a more drastic 

oscillation of the bath. This research shows that a combined 
oxygen blow arrangement could strengthen the mixing effi
ciency, but problems including refractory wear and bath oscil
lation may also occur because of the effect of the side gas blow.

He et al. conducted CFD modeling of a steelmaking top- 
blown converter, using the VOF model and the standard k-Ɛ 
model to describe the mixing behavior in the multiphase sys
tem (He et al. 2011). The model has a non-submerged lance 
installed with four outwardly inclined nozzles at a small angle. 
As a top-blown case with a non-submerged lance, this could 
contribute to the design of a Mitsubishi lance structure and 
arrangement. As in a top-blown water model (Nordquist et al. 
2006), a lower lance height is beneficial for lowering the pene
tration depth. It was also found that a lance at a lower position 
was able to have a positive influence on the velocity of melt 
flows in the top section of the bath, whereas gas from a lance at 
a higher position would optimize the homogeneous distribu
tion of the velocity in the radial direction. Similar discrepancies 
also appeared in similar research by Cao et al. (Cao et al. 2018). 
Such options regarding lance height may be common for both 
the top-blown copper smelting or converting process and the 
top-blown steelmaking process.

2.2. Gas flow rate

In industrial practice, the gas flow rate or gas injection pressure is 
an important parameter for the adjustment of production effi
ciency. High mixing efficiency in the bath always requires 
a relatively high gas flow rate. However, it cannot be increased 
infinitely, and should be kept within an appropriate range, because 
a very high gas flow rate causes intense splashing of the melt 
surface, thus damaging the sidewall refractories. On the other 
hand, a very low gas flow rate is not able to supply adequate kinetic 
energy to mix the reactants. Sometimes even a low gas flow rate 
can lead to lining wear in a bottom-blown furnace, because some 
of the gas bubbles at low velocity tend to accumulate in the nozzle 
area, resulting in an acceleration of corrosion reactions on the 
refractory surface (Yu et al. 2013). In this section, the effect of 
different gas flow rates on copper smelting and converting pro
cesses is described, which can help in finding ways to further 
optimize mixing behavior.

2.2.1. Experimental studies
In general, a higher gas flow rate brings stronger kinetic energy to 
the smelting or converting system, which accelerates the multi
phase flow and improves the mixing efficiency. Using potassium 
chloride as a tracer in a water model of bottom-blown copper 
smelting, Shui et al. proved that increasing the gas flow rate did 
indeed make a significant improvement in both the mixing effi
ciency and effective stirring range (Shui et al. 2015). A detailed 
description derives from the PIV measurements of the water 
model of a bottom-blown furnace carried out by Wang et al. 
(Wang et al. 2017). They found that increasing the gas flow rate 
could improve the mixing of a multiphase flow, enhance the 
circulation, and reduce the dead zone. When the gas flow rate 
increased to a certain value, the most homogeneous flow field 
would appear in the melt pool, where only a small narrow dead 
zone existed near the backflow zone next to each side of the 
furnace wall. They believe that the appearance of a small dead 
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zone and low-velocity area is inevitable, even at a relatively high 
gas flow rate, owing to the existence of a circulation zone and 
backflow collision. Moreover, the gas flow rate should not be 
increased infinitely, as it would also cause fierce splashing which 
always leads to the corrosion of sidewall refractories and a sharp 
decrease in the furnace life span.

In the P-S converter, oxygen is injected into the melt in 
a bubbling regime rather than a jetting regime, which means 
that the gas inside moves upward in a nearly vertical direction 
without further immersion and the gas velocity is regulated within 
a relatively low range. However, as reported by Zhao et al., an 
increasing gas flow rate increases the immersion depth and the 
volumes in the injection regions and in the strong loop, and also 
homogenizes the distribution of the gas-liquid phase and bubbles 
(Zhao et al. 2018). Undoubtedly, with an increased gas flow rate, 
spitting and splashing would be intensified, causing more damage 
to the sidewall. Additionally, another negative outcome was also 
confirmed: the gas outflow simultaneously increased, which indi
cated a decline in the gas utilization rate.

The mathematical characterization and water model verifica
tion of the gas jet penetration depth of the side blow pattern were 
reviewed and further studied by Kapusta (Kapusta 2017), focus
ing on a comparison between bubbling and jetting regimes. The 
occurrence of both gas flow regimes depends on the adjustment 
of the oxygen flow rate. The results showed that the high-speed 
gas flow in the jetting regime caused a longer penetration depth 
and gas trajectory than the conventional blow arrangement, such 
as in the Noranda and Teniente reactors, which might be 
a feasible method for improving the mixing efficiency (Kapusta 
2017). According to Kapusta, a real case that has been proven 
successful is the practice of the converting process at Glencore 
Nickel in Canada. This research shows the possibility that 
a smelting or converting furnace in a bubbling regime with 
conventional low gas injection and side tuyeres could be mod
ified to a furnace with a jetting regime, without the necessity to 
build a new furnace to replace the old one.

Results from water model experiments on the Argon–Oxygen 
Decarburization (AOD) converter in steelmaking could be exam
ined so as to understand the mixing phenomena in the side-blown 
copper smelting/converting furnace. Bjurström et al. investigated 
the effect of the gas flow rate and bath height on the plume 
penetration depth (Bjurström et al. 2006), which was defined as 
the horizontal distance from the gas inlet side at the level of the 
tuyere and the vertical distance from the level of the bath surface, 
respectively. A general point from their observations was that the 
gas flow rate was the key factor that predominantly influenced the 
penetration depths of the gas plume in both the tuyere area and 
the surface area. At a relatively high gas flow rate, the penetration 
depth became lower and the recirculation loop generated in the 
corner of the bath tended to move closer to the sidewall opposite 
the injection point. Ma et al. (Ma et al. 2016) empirically predicted 
the relation between the penetration depth (Hp) and relevant 
operating parameters of the side blow as: 

Hp=D ¼ 0:13Fr00:075

ffiffiffiffiffi
ρg

ρl

s

Re

 !0:43

; 1 < Fr0 < 30ð Þ: (1) 

This formula agreed well with experimental data from various 
research studies (Iguchi et al. 1993; Kulkarni and Joshi 2005; 

Ma et al. 2016). Based on equation (1), the Fr’ and ρg
0.5 ρl

−0.5Re 
are two important dimensionless numbers influencing the 
penetration depth, both of which are related to the gas flow 
rate.

According to the results from Zhao et al., the effect of the 
gas flow rate is basically the same for a submerged blow from 
the top or from the side (Zhao et al. 2016). A higher oxygen 
rate would also intensify the splashing and waves on the melt 
surface. For TSL furnaces, both oxygen flow rate and lance 
depth should be regulated in an appropriate range to avoid 
unexpected refractory wear. The mixing time Tmix could be 
expressed as Equation (2): 

Tmix ¼ 0:06H0:85D0:75h�0:65Q�2Q � 0:0125m3 � s�1

Tmix ¼ 2140H0:85D0:75h�0:65Q0:4Q > 0:0125m3 � s�1

�

(2) 

Ersson et al. (Ersson et al. 2006) conducted experiments using 
PIV technology to determine the effect of the gas flow rate on 
the recirculation loop in the water model of a combined top 
and bottom-blown vertical reactor. It was confirmed that the 
top blow was able to create a small recirculation loop beneath 
the water surface. With an increase in the gas flow rate, this 
loop moved downward regardless of whether there was a top or 
bottom blow arrangement. When the gas flow rate was further 
increased, the recirculation area became difficult to distinguish.

2.2.2. Modeling approaches
The effect of the gas flow rate on the mixing phenomena in 
a bottom-blown copper smelting furnace was reported by Shao 
et al., using CFD modeling results (Shao and Jiang 2019). The 
physical modeling was arranged with 13 tuyeres on the bottom 
with nine and four tuyeres in rows A and B, respectively. The 
angles between the vertical and the tuyeres were 1° for row 
A and 7° for row B. The visualized simulation results showed 
that, with an increase in gas flow rate, the gas volume fraction 
in two bubble plume zones gradually increased and the height 
of the standing wave also rose. When the gas flow rate exceeded 
18.8 m3·h−1, the two bubble plumes tended to overlap and 
combined into a single large stream. The total gas volume in 
the bath would increase at a relatively slower speed because of 
the tendency of bubble plumes to overlap.

As already discussed in this review, an increasing gas flow 
rate may cause an intense flow and splashing in the 
P-S converter. However, it seems that the mixing efficiency 
shows a different trend. Chibwe et al. systematically conducted 
a series of three-phase CFD simulations on the P-S converter 
using the VOF model and the realizable k-Ɛ model (Chibwe 
2011; Chibwe et al. 2013). It was found that the mixing effi
ciency coefficient increased with an increasing gas flow rate in 
a certain range, then tended to decline even at a higher gas flow 
rate (Chibwe 2011). According to the CFD results (Chibwe 
2011), this phenomenon could be attributed to a channeling 
process, during which injected gas went straight to the surface 
of the melt without the possibility of recirculation and mixing. 
In addition to the decreased mixing efficiency due to channel
ing, the dispersion between slag and matte was also found to be 
affected by different gas flow rates (Barron et al. 2010; Chibwe 
et al. 2013). Based on the simulation results, with an increased 
gas flow rate the dispersion of matte in slag would increase, 
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whereas the dispersion of slag in matte would decrease. The 
mechanism of this phenomenon requires further investigation.

Mostly, the method of gas injection operating in 
P-S converters is the bubbling regime, which can also be 
transformed into the jetting regime at a relatively high gas 
flow rate, if necessary. In practice, a plant trial has been carried 
out to examine the feasibility of the jetting regime in the 
P-S converter (Brimacombe, Meredith and Lee 1984). It was 
proved that the tuyeres were able to accommodate a high- 
pressure gas blow, indicating that the P-S converter does have 
the potential to operate with the jetting regime, which may 
significantly improve the mixing efficiency. To estimate the 
boundary between the bubbling and jetting regimes, Barron 
et al. conducted a series of specific CFD modeling studies on 
the transition between the regimes at different gas flow rates in 
the P-S converter (Barron and Hernandez 2016; Barron et al. 
2010). A simulated multiphase flow was investigated at gas flow 
rates of 5 m·s−1, 50 m·s−1, and 100 m·s−1. An injection air jet 
flow rate of 5 m·s−1 led to the bubbling regime and slight 
stirring in the bath. When the airflow rate was increased to 
50 m·s−1, the bubbling regime persisted even though significant 
stirring and intense splashing occurred. These phenomena 
seemed to take place as a transition between the bubbling and 
jetting regimes. At an airflow rate of 100 m·s−1, the jetting 
regime replaced the bubbling regime and the splashing became 
fierce. To quantify this transition, the Kutateladze number, 
which is defined as 

Ku ¼
U ffiffiffiffiffiρg
p

σg ρl � ρg

� �� �0:25 ; (3) 

was introduced as a quantified reference to estimate the airflow 
regime in the P-S reactor (Barron et al. 2010; Sundar and Tan 
1999). The Ku was then calculated based on numerical simula
tion results at an injection velocity of 5 m·s−1, 50 m·s−1, and 
100 m·s−1, showing that the transition of the bubbling regime 
to the jetting regime would take place when the Ku exceeded 
3.4832 (corresponding to a gas flow rate of 50 m·s−1).

The effect of gas flow rate on a side-blown copper smelting 
furnace has also been investigated. Zhang et al. reported CFD 
simulation results of a multiphase flow in the Vanyukov furnace 
(Zhang et al. 2015). The VOF and the standard k-Ɛ models were 
used to describe the multiphase flow and turbulence, respectively. 
The phase distribution, velocity distribution, and the relation 
between the gas flow rate and the slag velocity were determined. 
With the increase in gas flow rate from 70 m·s−1 to 160 m·s−1, the 
velocity of the slag above the tuyeres improved significantly. 
Furthermore, it was found that along the line from the tuyeres 
to the furnace centerline, the slag velocity first improved to 
a peak value and then decreased. This peak velocity area tended 
to move toward the furnace centerline when the gas flow rate 
became higher. As the higher gas flow rate was able to intensify 
the slag movement and slag/exhaust duct interface waves, the 
authors deduced that it is possible to enhance desulfurization by 
increasing the gas flow rates. Due to the demand for refractory 
protection, the gas flow rate should be within a controlled range. 
To further increase mixing efficiency, Valencia et al. conducted 
CFD modeling on a Teniente converter, indicating that extra 

tuyeres could be installed at the bottom, which would increase 
the integral gas flow rate and would not break the stability of the 
whole bath (Valencia, Rosales-Vera and Orellana 2013).

In the ISASMELT furnace, according to the CFD modeling 
work of Zhao et al., the mixing time generally decreases with an 
increasing gas flow rate (Zhao et al. 2019b). A noteworthy 
point is that, in this case, as the gas flow rate increased to 
a certain range, mixing would become relatively slow. This 
could be attributed to the intensified splashing which, in 
turn, limits the applicability of a high gas flow rate. Hence, 
there is an optimal range of gas flow rate as regards the mixing 
time. In general, if the slowing of the mixing process is indeed 
a result of the fierce splashing, it is reasonable to assume that 
a similar situation may also exist inside or bottom-blown 
copper smelting and converting furnaces. To test this assump
tion, further modeling work is required. However, researchers 
are currently mainly concentrating on eliminating splashing to 
reduce refractory wear when the gas flow rate is increased.

2.3 Slag and matte layer characteristics

Mixing efficiency is affected by bath height, slag layer thickness, 
and slag characteristics such as kinematic viscosity. Currently, 
the effect of slag and matte layer characteristics is mostly being 
considered in the water model research on bottom-blown 
furnaces and CFD studies of the P-S converter. The experi
mental and simulated results of these research studies are 
discussed in this section.

2.3.1 Experimental studies
The effect of the bath height on the mixing efficiency of an SKS 
furnace has been investigated by Wang et al. by conducting PIV 
measurements on a horizontal bottom-blown water model 
(Wang et al. 2017). It was confirmed that an increased bath 
height would contribute to decreasing the dead zone, increasing 
the mean velocity, and contributing to the reduction of splash
ing and instability. Therefore, basically the effect of increasing 
the bath height would be positive in terms of mixing efficiency. 
According to another water model study from Shui et al. (Shui 
et al. 2015), the increase in bath height also helped to reduce the 
mixing time and increase the mixing efficiency within the 
effective stirring range. At a certain bath height, only a slight 
variation in mixing time was detected between the surface, 
middle, and bottom of the bath. However, when the bath height 
increased, the mixing time decreased rapidly within a limited 
range, and then tended to decrease at a slower rate if the bath 
height kept rising. Based on the analysis of the experimental 
results, they suggested that, in certain conditions, the mixing 
time Tmix in a bottom-blown water bath could be expressed as 
a function of gas flow rate Q and bath height H: 

Tmix ¼ 0:0608Q�0:39H�1:08 (4) 

A similar relation between Tmix, gas velocity and bath height 
was also reported in steelmaking ladle modeling studies, and 
the results are shown in Table 1.

In Table 1, the exponent number of Q or Ɛ for horizontal 
bottom-blown vessels is −0.39 and H is −1.08, while for vertical 
bottom-blown vessels the exponent number of Q or Ɛ is in the 
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range of −0.47 to −0.217 and H is −1 for all. This indicates that 
the effect of the gas flow rate on mixing time in horizontal 
bottom-blown vessels, such as SKS furnaces, is on 
a corresponding level with that of vertical bottom-blown ves
sels, whereas the effect of bath height is more significant in 
horizontal than in vertical vessels.

Transport phenomena are also strongly associated with the 
characteristics of the slag layer. To simulate the effect of slag in 
a bottom-blown vessel, Shui et al. conducted water model 
experiments using oil to simulate the slag (Shui et al. 2018a). 
The effect of the oil layer thickness and viscosity on the mixing 
time was investigated. When the thickness of oil was less than the 
critical value, a change in oil thickness seemed to be unrelated to 
the mixing time. However, when the oil thickness increased over 
this range, the mixing time increased significantly. An increase 
in the gas flow rate might be feasible to shorten the mixing time 
in the case of a thicker slag layer. It was found that the thickness 
of the slag would change the sensitivity of mixing time toward 
different gas flow rates. The decreasing rate of mixing time in 
a thicker oil system was significantly larger than that in a thinner 
oil or oil-free system. This indicated that an increase in the gas 
flow rate may be more effective when the slag phase becomes 
thicker, and contradictory to intuition and other results, the 
thicker slag layer appeared to promote mixing efficiency when 
the gas flow was increased.

Slag viscosity is also an important property as it always 
affects the smelting or converting process chemically or physi
cally. According to one research study (Shui et al. 2018a), the 
higher kinematic viscosity of oil causes a longer mixing time. 
However, in comparison with the impact of a change in oil 
thickness, the oil viscosity corresponding to slag viscosity had 
relatively less influence on mixing time. This to some extent 
coincides with the Tmix expression from Iguchi et al. given in 
Table 1, as the absolute value of the exponent constant for 
kinematic viscosity is around half as much as that for bath 
height.

Bath height is considered as a variable in the top-blown 
water model research of Zhao et al. (Zhao et al. 2016); mixing 
time expressed as a function of bath height as shown in section 
2.2.1. From their observations, an increase in bath height 
would prolong the mixing time in top-blown vessels, which is 
different from what occurs in bottom-blown vessels. It is evi
dent that the whole volume of liquid will be increased when the 
bath height rises, and tracers such as KCl, commonly used for 
measuring the mixing time, will need more time to spread.

2.3.2 Modeling approaches
Chibwe (Chibwe 2011) conducted a CFD simulation of the 
P-S converter using the VOF model and the realizable k-Ɛ 
model to describe multiphase turbulence behavior. In the 
model, the mixing time increased with increasing simulated 
slag thickness, and the expression of mixing time Tmix was 

Tmix ¼ 30722Q1:35S�0:08: (5) 

Another CFD research study (VOF and realizable k-Ɛ) from 
Chibwe et al. (Chibwe et al. 2015) gives a detailed description 
of the effect of slag thickness on the mixing phenomena in the 
P-S converter. The simulation results are in good agreement 
with their water model experiment (Chibwe et al. 2015); in the 
water modeling with different slag thicknesses, the mixing time 
showed the reverse tendency. Specifically, if the slag was 
thicker than a certain value, which could be a critical point, 
an increasing gas flow rate would extend the mixing time, 
whereas if the slag thickness was lower, i.e., below that critical 
value, the mixing time would show a decreasing trend with an 
increasing gas flow rate. The authors explained this discre
pancy visually using numerical simulation results. With 
a relatively thinner layer, the slag was almost all pushed to 
the opposite side of the tuyere line, with only the matte phase 
remaining in the gas plume zone. The density of matte is higher 
than that of slag, which means that the pressure on the rising 
bubbles is increased and the bubble retention time is pro
longed. Therefore, when the slag thickness is in this thinner 
range, a higher gas flow rate contributes to improving the 
mixing efficiency. When the slag layer was thickened beyond 
this range, the effect of interaction and dispersion was stronger 
and localized recirculation became more significant. This led to 
energy dissipation and resulted in the extended mixing time.

3. Gas plumes, bubble swarms, and surface waves in 
bath smelting and converting

3.1. Phenomena of gas plumes and bubble swarms

Kulkarni et al. reported a comprehensive review of bubble 
formation and bubble rise velocity in gas-liquid systems 
(Kulkarni and Joshi 2005) with a detailed description of their 
observation methodology, associated variables, mechanisms, 
and mathematical expressions. However, the bubble behavior 
in different vessels may be different. In this section, the model
ing results of gas plumes and bubble swarm characteristics in 
copper smelting and converting furnaces or similar reactors are 
presented. Currently, research on bubble behavior in copper 
smelting and converting processes conducted with physical 
model experiments and computational simulation mostly 
focus on bottom-blown vessels.

3.1.1. Experimental studies
Oxygen-enriched air is blown into SKS furnaces in the jetting 
regime, but not in the bubbling regime, which is adopted in 
most side-blown copper smelting or converting furnaces. For 
the jetting regime, air blown into the bath is separated into 
small bubbles with a large specific surface area, which further 
increases the interaction between gas and liquid. Furthermore, 
small bubbles also help to weaken the spitting which could 

Table 1. A comparison of Tmix expressions in horizontal and vertical bottom-blown 
vessels with a single nozzlea.

Horizontal vessel Tmix = CQ−0.39 H−1.08 (Shui et al. 2015)

Vertical vessel Tmix = CƐ−0.33D1.36 H−1 (Asai et al. 1983)
Vertical vessel Tmix = CƐ−0.33D1.66 H−1 (Mazumdar and Guthrie 

1986)
Vertical vessel Tmix = CQ−0.47D1.97 H−1v°.47 (Iguchi, Nakamura and 

Tsujino 1998)
Vertical vessel Tmix = CQ−0.217D1.49 H−1v°.37[(ρl 

- ρg)/ρl]
−0.243

(Yamashita et al. 2003)

aTo make a visual comparison, the formulas of Tmix in Table 1 have been 
simplified. C is a constant number that can be changed in different conditions 
and units, Ɛ is the mixing power density that is proportional to the gas flow rate 
Q, v is the kinematic viscosity of liquid, and ρl and ρg are the density of liquid 
and gas, respectively.
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cause damage to the sidewall lining. Therefore, to increase 
mixing efficiency and reduce refractory erosion, the bubble 
diameters need to be controlled within a small range. Wang 
et al. conducted water model research on the bubble diameter 
in a bottom-blown vessel, using a high-speed camera to record 
bubble images continuously (Wang et al. 2016). Based on the 
experimental data, the relation between the bubble diameter 
dB, nozzle diameter D, angle between nozzle and horizontal 
plane θ, and gas velocity U was empirically developed and 
expressed as follows: 

dB ¼ 0:41666D0:29374θ�0:46572U�0:16725: (6) 

In this equation, the absolute value of the exponent number of 
θ is the largest, which means that the nozzle angle is the most 
powerful factor affecting the bubble diameter. To decrease the 
bubble diameter, a smaller nozzle diameter, larger nozzle angle, 
and higher gas flow rate are proposed. However, apart from the 
conclusions from the experiments, the authors also expressed 
concern about the reliability of their water model results when 
compared with real smelting processes for the following rea
sons: first, the oil and water density and surface tension are 
different from those of slag and matte, and, second, bubbles 
moving upward might undergo a temperature increase, which 
would probably cause significant discrepancies in the bubble 
motion between water models and industrial furnaces.

The plume eye in a bath is another phenomenon that raises 
concern. With a relatively thin slag layer, lower density slag is 
usually pushed away by the gas plumes and bubble swarms 
moving upward, and the higher density matte is exposed. The 
area of matte or deeper layer exposure is referred to as the 
plume eye. The size of the plume eye should be optimized, 
because, on the one hand, a large plume eye can reduce the 
copper remaining in the slag, but, on the other hand, it also 
leads to the acceleration of lining corrosion. A water model 
experiment on the plume eye in a single nozzle water model of 
an SKS furnace was carried out by Jiang et al., who presented 
the changes in the plume eye size in different conditions (Jiang 
et al. 2019b). They confirmed that the area of the plume eye 
expanded with an increasing gas flow rate and thinning of the 
lower layer, whereas it shrank with a thickening upper layer. To 
predict the characteristics of a plume eye specifically, a model 
was created and is described as: 

Aes
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� �2

1 �
2Hug

U2
p

" #2

(7) 

Up ¼ 16Q0:33Hl
0:25Re

�0:58 (8) 

Re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 arccos R� HuþHlð Þ

R

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2R Hu þ Hlð Þ � Hu þ Hlð Þ
2

q

R � Hu þ Hlð Þð Þ

π

v
u
u
u
u
u
t

(9) 

from which the predicted value generally agreed with the 
experimental results and can probably be used to predict the 
size of the plume eye in bottom-blown furnaces.

Akashi et al. (Akashi et al. 2020) observed the bubble beha
vior in a TSL top-blown furnace using an X-Ray radioscopic 
visualization method. Compared with water modeling pro
cesses, this observation approach can provide information on 
bubbles that is closer to the real situation, because of the liquid 
alloy used as a substitute for water. It was found that with an 
increasing gas flow rate, the mean equivalent bubble diameter 
increased, and when the gas holdup increased, the interactions 
between bubbles became more frequent, creating a growing 
number of small bubbles as a result of the bubble breakup and 
gas entrainment. A higher gas flow rate and lower lance sub
mersion depth produced the largest number of bubbles of 
various sizes, which would significantly promote the reaction 
efficiency. These results show great similarity with a top-blown 
water model (Zhao et al. 2016) and, furthermore, present 
a more specific illustration of bubble behavior.

3.1.2. Modeling approaches
Zhang et al. (Zhang et al. 2016) conducted a CFD simulation 
of a simplified bottom-blown physical model of an SKS 
furnace in a Chinese company. The simulation results 
(VOF and RNG k-Ɛ) showed improved performance of 
a complicated multiphase flow, such as swirls appearing in 
the SKS furnace bath, and they were well in line with the 
water model verification experiments. According to the water 
model photographs and visualized CFD results, bubbles 
underwent two stages before their ultimate formation. In 
the first stage, a bubble with an increasing diameter 
appeared, attached to a tuyere outlet. During the second 
stage, the bubble grew further, and consequently buoyancy 
increased, and the bubble started to move upward. The con
nection between the bubble and the tuyere outlet was not cut, 
due to the necking formation between them. As air or oxy
gen-enriched air was blown continuously, the bubble size 
became larger and the necking was also prolonged until the 
bubble detached from the tuyere. In the lower section of the 
bath, bubbles moved at a relatively low speed with less 
possibility for interacting with each other. In the upper sec
tion, as the pressure from the upper layer lessened, the rising 
velocity of the bubbles increased. This contributed to the 
aggregation and breaking of the bubbles in the bath. The 
broken bubbles dispersed into the surrounding liquid and 
stayed for a longer time, increasing the gas holdup from 10% 
to 39% in the SKS water model. Therefore, based on the 
behavior of bubbles in the lower and upper sections of the 
bath, the region of higher reaction efficiency is highly likely 
to be in the upper bath area.

In the case of gas injection in the bubbling regime, the 
research on P-S converter modeling is an example of describ
ing the motion of bubbles (Vaarno et al. 1998). The tuyere 
angle of the P-S converter is between that of the side-blown and 
bottom-blown furnaces. However, because of the bubbling 
regime, the P-S converter shows more similarity with side- 
blown furnaces such as Teniente and Vanyukov reactors, in 
terms of bubbles. According to the photographs from the water 
model experiments, air injected from a tuyere move upward, 
adjacent to the sidewall after leaving the outlet, generating 
individual bubbles that then break up into bubble swarms. 
The results of computational simulation showed a similar 
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phase and velocity distribution to the water model, although it 
also revealed some differences.

In the P-S converter, the simulated distribution of the bub
ble swarm void fraction is sharper than that of the water model. 
The calculation results indicated that the gas fraction in the 
core of the bubble swarm is too high to be a simple bubble 
dispersion, and is more of a frothing or foaming process. A low 
proportion of matte in the core of the bubble swarm may cause 
a high local matte oxidation rate, and re-reduction of the 
oxidized matte in the recirculation zone. Therefore, the authors 
(Vaarno et al. 1998) believe that the bubble formation stage is 
probably the best time for oxidation, and the majority of matte 
oxidation takes place near the tuyeres where the oxygen initi
ally meets the matte. The optimal reaction zone in the 
P-S converter or other side-blown reactors operating in the 
bubbling regime seems completely opposite to that of SKS 
furnaces.

3.2. Surface waves

Making the bath surface behavior controllable will contribute 
to reducing slopping with less impairment of mixing efficiency. 
The occurrences of transversal and longitudinal standing 
waves have been investigated for the optimization of copper 
smelting and converting reactors (Liow and Gray 1990; Rosales 
et al. 2003; Shui et al. 2016, 2018b). So far, almost all research 
data on the behavior of waves come from water model experi
ments. To make the experimental conditions closer to indus
trial practice in the copper making, it is worth exploring 
computational simulation.

Kootz and Gille (Shui et al. 2016) categorized different 
transversal standing waves as the first asymmetric standing 
wave, the first symmetric standing wave, and the second asym
metric standing wave, based on their observation of the model 
of a P-S converter. Schematic diagrams for the 1st asymmetric, 
1st symmetric, and 2nd asymmetric standing wave are shown in 
Figure 2.

3.2.1. Experimental studies
According to the study of Shui et al. (Shui et al. 2016), three 
types of waves were found in a bottom-blown water model 
vessel without the 2nd asymmetric wave, i.e., ripples only, the 
1st asymmetric wave, and the 1st symmetric standing wave. 
These waves developed at different gas flow rates and nozzle 
angles. The ripples appeared with a low gas flow rate, as the gas 

plume rose almost vertically with comparatively little impact 
on the bath surface. At a lance angle of 7°, 15°, or 20°, since the 
gas flow rate exceeded the critical value the gas plume started to 
rotate, forcing the bath to swing following its rotation, thereby 
inducing the 1st asymmetric standing wave. When the lance 
angle was increased to 25° and the gas flow rate was adjusted to 
a high value, the rotation made the bath swing in a different 
manner. With the contribution of the gas plume, the 1st sym
metric standing wave appeared.

In general, the 1st asymmetric standing wave has a much 
higher amplitude than both the 1st standing symmetric wave 
and ripples. The amplitude, therefore, increased with 
a decreasing lance angle, as the 1st asymmetric standing wave 
tended to appear at a lower angle range (Shui et al. 2016). 
Nevertheless, it was also found that the amplitude increased 
with a higher bath height and gas flow rate. Since a higher 
amplitude is reflected in a strengthened flow motion in the 
bath, these results would be in accordance with the research on 
the factors that influence mixing time, described in section 
2.3.1. The frequency of the 1st asymmetric standing wave was 
found to be related to the bath height alone, namely, it slightly 
increased with the bath height. Experimental results of the 1st 

asymmetric standing wave frequency in the bottom-blown 
vessel from Shui et al. agreed well with a standing wave fre
quency evaluation (Rosales et al. 2003) expressed as 

α ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nπ

4 η 1 � ηð Þð Þ
1
2

s

tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nπ
2

η
1 � η

� �1
2

s

(10) 

which was established from research on the Teniente converter.
To reveal the conditions for the existence of the 1st asym

metric standing wave, two sub-boundaries were proposed 
(Shui et al. 2016) that can be expressed as follows:

Sub-boundary 1: H=R ¼ 0:036Fr0�0:1α0:084, modified 
Froude number: 

Fr0 ¼
Q2

mL
gR5 ; (11) 

Sub-boundary 2: H=R ¼ 0:63We0:44α�0:39, Weber number: 

We ¼
ρlQ

2
mL

σR3 (12) 

Unlike transversal standing waves, a longitudinal wave con
tinuously impacts the side refractory and is strongly associated 
with slag tapping and the matte droplets entrapped in the slag 

Figure 2. Schematic diagram for the 1st asymmetric standing wave, 1st symmetric standing wave, and 2nd asymmetric wave, which may occur in water models of the 
P-S converter and the SKS furnace, adapted from the report of Kootz and Gille in 1948, referred to in (Shui et al. 2016).
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layer. The amplitude and frequency of longitudinal waves in 
the bottom-blown water model were also investigated by Shui 
et al. (Shui et al. 2018b). The phenomena at the bath surface 
with different water and oil levels were observed and recorded. 
When the gas flow rate was in the range corresponding to that 
commonly used in industrial practice, the amplitude of the 
longitudinal wave increased with a higher water level and 
remained comparably steady with a change in oil level. It was 
also observed that the amplitude was higher at the tapping end 
compared with the center. The frequency was not affected by 
the water level, oil level, or oil viscosity. When the bath height 
and gas flow rate were improved to the critical condition, the 
1st asymmetric standing wave occurred, for which the fre
quency can be predicted using Equation (10).

Liow and Gray conducted water model experiments to 
investigate the formation of standing waves in the 
P-S converter (Liow and Gray 1990). The 1st asymmetric and 
the 1st symmetric standing wave, the 2nd asymmetric standing 
wave, and the longitudinal standing wave were found to be 
present during the gas-blowing process. It was confirmed that 
the occurrence of these waves was determined by the bath 
height and gas flow rate. Furthermore, in certain conditions, 
when these two parameters were adjusted to a certain range, 
splashing was weakened and the standing waves tended to 
disappear, suggesting that the gas flow rate in the 
P-S converter could be optimized within this special range to 
improve mixing efficiency, simultaneously limiting the effect of 
splashing on the side wall lining.

A theoretical prediction of the period of the standing wave 
was carried out using the linear wave theory (Liow and Gray 
1990). The predicted value basically agreed with experimental 
observations in a wide range of bath heights. After an analysis 
of wave frequency, it is recommended that a steeper sidewall be 
used to increase the standing wave frequency, from which the 
resonance caused by gas injection would be reduced and slop
ping could be weakened.

4. Summary and conclusions

The published reports concerning transport phenomena in 
copper bath smelting and converting furnaces were reviewed 
in this work. The effect of the nozzle arrangement, gas flow 
rate, bath layer characteristics, and details including bubble 
motion and surface waves were systematically discussed. 
A summary of the research papers cited in this review is 
shown in Table 2.

The effect of nozzle and tuyere arrangements on mixing 
efficiency has been widely investigated. For the SKS furnace, 
in general, an asymmetric and concentrated arrangement has 
been confirmed to be positive for reducing the mixing time. 
The current number of tuyeres and their inclination angle 
are limiting and the mixing time and gas holdup cannot be 
optimized. Therefore, a combination of tuyere inclination 
angles of 7 and 14 degrees with a total of 13 tuyeres (which 
is more than previously used) is recommended. For the 
P-S converter, as a relatively small tuyere angle would supply 
a longer trajectory for bubbles, the optimized angle range 
that would weaken splashing and improve mixing efficiency 
is suggested to be less than 10°, rotated clockwise. For top- 

blown furnaces, a smaller lance or nozzle diameter and 
deeper lance tip position strengthen the mixing process, 
but the life span of the lance has to be taken into 
consideration.

Increasing the gas flow rate generally contributes to the 
mixing efficiency in bath smelting and converting systems. 
Research on the P-S converter indicated that it is possible to 
transform a bubbling regime into a jetting regime by increas
ing the gas flow rate to achieve a greater penetration depth 
and longer jet gas trajectory. However, an infinitely high gas 
flow rate is not reasonable. According to water model 
research on SKS furnaces, a relatively high gas flow rate was 
found to be unable to eliminate the dead zone, which suggests 
that a higher flow rate is not always effective and sometimes 
results in low efficiency. Reports from studies of side- and 
top-blown furnaces also indicated that the gas flow rate 
should be kept within a certain range. A novel method to 
further increase the gas flow rate was proposed in a CFD 
study of the Teniente converter, showing that extra tuyeres 
installed at the bottom of the furnace would increase the 
integral gas flow rate and without compromising the stability 
of the bath.

The characteristics of the slag and matte layer were found to 
be related to mixing efficiency. A greater bath height improved 
the mixing efficiency of bottom-blown furnaces, but impaired 
that of top-blown furnaces. As for the effect of slag thickness, 
research on the P-S converter indicated that the mixing time 
would not continue increasing or decreasing with a change in 
slag thickness, but that a critical value existed. On either side of 
this critical point, the mixing time showed different trends with 
an increasing gas flow rate.

To increase the mixing efficiency and reduce the corrosion 
of the sidelining, the bubble diameter should be small. Based 
on the observations of the bubble behavior in the SKS furnace 
and the P-S converter, the region of higher reaction efficiency is 
probably located in the upper bath area for reactors in the 
jetting regime. In contrast, for reactors in the bubbling regime, 
the formation of bubbles occurring at the tuyere outlet was 
considered as the best stage for oxidation.

In the research on both bottom blown and side blown 
vessels, the frequency of the 1st asymmetric standing wave, 
which is of higher amplitude, was found to be solely related 
to the bath height. In the P-S converter, when the bath height 
and gas flow rate were in a certain range, the standing wave 
tended to disappear with weaker splashing. This indicated that 
a special condition range may exist in bath smelting and con
verting reactors in which the mixing efficiency has the potential 
to increase with further adjustments to the gas flow rate and 
bath height.

As a conclusion, the following factors and parameters seem 
to warrant further research:

● In the reported CFD modeling work on the SKS furnace, 
the effect of slag characteristics on mixing phenomena 
was ignored. Therefore, an investigation of high- 
temperature slag characteristics for SKS technology 
should be conducted first.

● Simulation work on the transport phenomena of 
Noranda and Mitsubishi technology is not of sufficient 
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interest to the industry, and no relevant reports were 
found.

● Due to the different physical properties between water 
and a high-temperature melt, the water model results of 
surface waves are not accurate enough to describe the 
wave behavior in the matte-slag system. CFD modeling 
work to describe the surface waves in copper making bath 
reactors is required.

Nomenclature

Hp [m]: Penetration depth
D [m]: Diameter of nozzle/tuyere/lance
Fr’: Modified Froude number
Re: Reynold’s number
ρg [kg·m3]: Density of gas
ρl [kg·m3]: Density of liquid
Tmix [s]: Mixing time, evaluated by the diffusion time of tracers 

which usually indirectly measured by the change of 
electric resistance

H [m]: Bath height
h [m]: Lance submersion depth
Q [m3·s−1]: Volumetric gas flow rate
Ku: Kutateladze number
U [m·s−1]: Gas flow rate
σ [N·m−1]: Liquid surface tension
g [m·s−1]: Acceleration due to gravity
Ss [m]: Simulated slag thickness
dB [mm]: Bubble diameter
θ [°]: Angle between nozzle/tuyere and horizontal plane
Aes [m2]: The area of plume eye
Hl [m]: Lower layer thickness
Hu [m]: Upper layer thickness
Up [m·s−1]: Rising plume velocity
Re [m]: Equivalent radius
R [m]: Vessel inner radius
α: Dimensionless wave frequency
n: The node of a specific wave (n=1 for 1st asymmetric 

standing wave)
η: The inner aspect ratio of model vessel
QmL [mL·s−1]: Gas volumetric flow rate
θp [radian]: The blowing angle between plume and vertical line
We: Weber number
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