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Abstract 

Tremendous progress has been made over the last several decades in improving the 

pyrometallurgical processing routes of nonferrous metals such as aluminum, copper, and lead. 

Advances in the numerical modeling of pyrometallurgical processes has aided in these 

improvements by providing a better understanding of the complex transport phenomena 

occurring in modern furnaces. However, there is a need for a comprehensive discussion of the 

numerical modeling of a primary and secondary nonferrous pyrometallurgical furnaces.  This 

review provides such a discussion by surveying recent attempts at capturing the physico-

chemical phenomena occurring within these furnaces--including gas-phase combustion, 

melting/smelting, and multiphase heat- and mass-transfer with the molten phases. Subsequently, 

this work identifies a complete set of approaches for simulating these types of furnaces and 

provides recommendations for applying high-resolution numerical tools towards full-furnace 

simulation. By identifying gaps in the current state-of-the-art, this review offers suggestions for 

future developments in commercial codebases, outlining the path to fulfilling the promise of 

CFD-enabled pyrometallurgy. 

Keywords: computational fluid dynamics, pyrometallurgical furnaces, nonferrous, transport 

phenomena 

*Corresponding Author 

Alexandra Anderson 

6505 Jewel Ave,  

Tampa, FL 33619 

Tel: 813-744-5061 

Email: Allie.Anderson@GopherResource.com 

Manuscript Click here to access/download;Manuscript;A. Anderson _ CFD
Review Paper_Manuscript.docx

Click here to view linked References
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://energy.gov/downloads/doe-public-access-plan
https://www.editorialmanager.com/jomj/download.aspx?id=486992&guid=0a78e65f-b507-47ea-b33f-8f27d3e51377&scheme=1
https://www.editorialmanager.com/jomj/download.aspx?id=486992&guid=0a78e65f-b507-47ea-b33f-8f27d3e51377&scheme=1
https://www.editorialmanager.com/jomj/viewRCResults.aspx?pdf=1&docID=14765&rev=1&fileID=486992&msid=8e2b540f-99b5-4839-b9df-0795ac209fac


 

2 

 

NOMENCLATURE 

 

CFD  Computational Fluid Dynamics  

DEM  Discrete Element Method 

EMP  Eulerian multiphase 

FCF   Flash converting furnaces 

FSF   Flash smelting furnace 

LMP  Lagrangian multiphase 

MCM  Multicomponent Mixture  

MPI  message-passing interface  

MSF  Multiphase Segregated Flow 

MUSIG  inhomogeneous multiple size groups 

NMI  nonferrous metal industry  

PBM  population balance method 

PSC  Peirce-Smith converters 

QSL   Queneau-Schuhmann-Lurgi 

TFM   Two-Fluid Model 

TSL  Top Submerged Lance  

VOF   Volume of Fluid  

RANS  Reynolds-Averaged Navier Stokes 
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1. INTRODUCTION 

Advances in the extraction and production of metals are critical, given their importance as 

key drivers of global industrial growth and the need to mitigate their significant annual carbon 

footprint. The most widely used metals in the world include iron, aluminum, manganese, copper, 

zinc, lead, and nickel, which together constitute 98% by mass of the annual industrial production 

globally [1,2].  Future need for metals is anticipated to increase, especially for the nonferrous 

metal industry (NMI).  Table 1 shows the global production of the major nonferrous metals in 

2019. Global demand forecasts up to the end of the century, relative to 2010, show that the 

largest growth for metal commodities is predicted for aluminum (470%), followed by copper 

(330%) and then zinc (130%).[3] Lead production is also expected to grow until 2050, at which 

point global demand is predicted to level off and begin to decrease. [1,3–5]  The production of 

these metals is often very energy intensive and results in the discharge of various greenhouse gas 

emissions, such as CO2.  In 2016, the NMI was estimated to have been responsible for the 

production 1.6 billion tons of CO2, which accounted for about 3% of total global CO2 

emissions.[6]  Clearly, the nonferrous metals are of growing importance to the industrialized 

economy, as are the impact of these metals on global carbon dioxide production.  

Table I. Global primary production of major nonferrous metals in 2019 (Mt).[2,3] 

Aluminum Copper Lead Zinc Nickel 

74.9 25 11.8 13.5 2.6 

Pyrometallurgical furnaces remain an integral part of the processing route for many non-

ferrous metals. The inner workings of the furnaces are complex in nature. While direct 

observation and process measurements can provide some degree of insight, they are often 

particularly challenging to gather in the high-temperature, corrosive environments inherent to 

metallurgical operations. These processes often involve media that undergo various phase 

changes and several different types of reactions—such as decomposition, reduction and 

oxidation—which are influenced not only by thermodynamics but also by the kinetic conditions 

created in the furnace operation. Even with advancements in direct measurement techniques, the 

multiphase heat and mass transport phenomena and complex chemical reactions involved make 

these furnaces difficult to deterministically control.  Furthermore, pyrometallurgical furnaces 

often generate toxic emissions such as sulfur dioxide (SO2), nitrous oxide (NOx), and carbon 

monoxide (CO) and collectively suffer from low efficiencies if not designed or operated 
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optimally. Current energy efficiencies in many non-ferrous furnaces can be as low as 30%. Over 

the past several decades, significant effort has gone into improving the energy efficiency of 

nonferrous metal production, particularly in the aluminum industry. Previous studies of the 

aluminum industry have shown that optimally designed reverberatory style furnaces can operate 

at improved efficiencies of 40% or greater[7,8], a promising result for the nonferrous metals 

industry to work toward. Given the challenges inherent in operating metallurgical furnaces—

including difficulty in measurement, complexity of transport phenomena and kinetic 

considerations, toxicity of byproducts, and relatively low energy efficiency—it is apparent that 

there is a need for improved understanding of these industrial processes. 

Some common methodologies for understanding and investigating nonferrous 

pyrometallurgical furnaces are empirical analysis, simulation of experiments based on similarity 

theory – using the Buckingham π theorem[9], thermodynamic and kinetic modeling, and 

numerical analysis.[10,11] Often, a combination of these techniques is used. Of these techniques, 

numerical modeling continues to be an increasingly valuable tool for achieving improvements in 

furnace design and operation alongside advances in experimental data acquisition and 

measurement techniques.[12] However, as discussed, the challenging environments in 

pyrometallurgical furnaces limit the scope of further furnace instrumentation. Advances in high-

resolution computational fluid dynamics (CFD) codes can help fill the gaps in understanding the 

complex thermophysical process in these furnaces, thereby realizing the goals of improved 

energy efficiency and consequent reductions in their carbon footprint. This paper provides a 

comprehensive review of the current state-of-the-art numerical modeling capabilities for 

pyrometallurgical furnaces used in both primary and secondary (recycling) production of 

nonferrous metals, focusing on aluminum, copper and lead, the three major nonferrous metals 

produced through pyrometallurgical means.  Though the processed materials are different for the 

production of these three metals, there are many similarities in the numerical modeling 

techniques used to simulate the types of transport phenomena and reactions that occur within 

aluminum, copper and lead furnaces. Hence, it is expedient to compare and review the 

techniques employed in the computational simulation of these nonferrous metals in a unified 

manner. 

It should be noted that numerical modeling in the iron and steelmaking industry is a 

highly active area in the open literature but is not considered in this review. As the focus is on 
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nonferrous pyrometallurgical processes, the reader is directed to multiple modeling review 

studies of ferrous metal production via blast furnace.[13–18] Additionally, this review has excluded 

reviews of computational techniques of zinc production; though this is a widely-used nonferrous 

metal, it is produced primarily by hydrometallurgical and electrometallurgical means[19] (with 

some exceptions [20,21]), the modeling of which does share as many similarities as the simulations 

of aluminum, copper, and lead production via pyrometallurgical furnaces. 

 

2. Developments in Numerical Simulation of Nonferrous Pyrometallurgical Furnaces  

Accurate prediction of the speciation and the thermal distribution in nonferrous 

pyrometallurgical furnaces requires the simulation of multicomponent, multiphase flows. This is 

a challenging computational task, and a detailed summary of the capabilities and limitations of 

current models and commercial packages would provide an important contribution to advancing 

the field. Prior review papers in the literature have typically focused only on aspects of the 

current simulation studies and future modeling challenges, often treating one particular type of 

furnace or pyrometallurgical process.[12,22–26]  A more comprehensive review spanning the three 

major nonferrous metals produced by pyrometallurgical means, as previously discussed, is 

presented in the following subsections.  

 

2.1. Aluminum 

2.1.1. Primary Production of Aluminum  

Primary production of aluminum is accomplished through the Bayer and Hall-Héroult 

processes, which are respectively hydrometallurgical and electrochemical in nature. These 

processes have distinctly different physics, chemistries, and transport phenomena from 

traditional pyrometallurgical furnaces and are thus not considered in this review. Note that 

numerical modeling of primary aluminum production, especially the Hall-Héroult cell, is a 

thriving area of research, with several recent studies focused on improving the energy efficiency 

and stability of these unit operations.[27–36] 

 

2.1.2. Secondary Production (Recycling) of Aluminum  

The recycling of scrap aluminum is accomplished using two types of bath-furnaces, 

reverberatory and rotary, described in the following sections, respectively. Melting is the main 
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phenomenon that occurs within these furnaces, although various oxidation and fluxing reactions 

may occur to a lesser extent. All aluminum scrap employed as feed material for secondary 

processing contains a thin aluminum oxide layer on the outer surface due to the rapid oxidation 

of aluminum in air. As the aluminum scrap melts, this oxide component floats above the liquid 

metal phase, creating a solid aluminum oxide layer called “dross.” Additional dross formation, 

which is highly dependent on the temperature and oxygen partial pressure within the furnace, is 

unfavorable because it results in metal loss and is very insulating, which limits heat transfer to 

the melt. It is common practice to add drossing fluxes to protect the metal feed material from 

further oxidation and to break up the oxide layer within the furnace. These flux additions create 

other transport phenomena considerations, such as dust generation and chemical reactions within 

secondary aluminum furnaces.[37]  

Secondary Aluminum Reverberatory Furnaces  

Reverberatory furnaces (depicted in Fig.1) can be used for remelting aluminum scrap 

with a wide range of compositions. These furnaces are rectangular refractory-lined chambers in 

which heat is typically supplied by burning fossil fuels above the molten bath. Heat is transferred 

to the bath by direct radiation and by convection from burner flames, as well as by reflected 

radiation from the furnace roof and side walls.[38]  The influence of various combustion 

parameters such as burner type, burner location, and fuel type, has been the major area of focus 

for numerical modeling studies.  Most of the literature on the numerical modeling of secondary 

aluminum furnaces employs Euler multi-component mixture (MCM) finite volume solvers with 

varying Reynolds-averaged Navier-Stokes (RANS) type turbulence models and turbulence-

chemistry interaction models for combustion.  The simulations do not typical include complex 

multiphase coupling between the products of combustion and the furnace burden (charge 

material inside of the furnace); heat transfer to the furnace burden is accounted for through 

various modeling considerations.   
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Fig. 1. Schematic of an aluminum reverberatory furnace identifying various transport phenomena 

and chemical processes inherent to the operation (adapted from [37]). 

 

One such technique used to model heat transfer to the furnace burden employs a surface 

boundary condition at the interface in the computational domain that represents the gas-burden 

boundary, i.e. only the gas phase is considered in the computational model. These boundary 

conditions can be in the form of isothermal wall temperatures, constant surface heat flux and/or a 

specified surface convection coefficient and are discussed individually below.  The latent heat of 

melting and oxidization of aluminum is either ignored or accounted for through various user-

defined parameters which encode the properties of the specified boundary condition. Baukal et 

al.[39] discuss a CFD study that compared the performance of an existing operational furnace 

against a newly designed furnace with 50% more bath surface area. Two CFD models were built 

using ANSYS Fluent[40], one to evaluate the existing furnace and the other to evaluate the newly 

designed larger furnace. Only the combustion space was modeled in this study. To account for 

the heat transfer to the molten aluminum, an external heat transfer coefficient was specified as a 

boundary condition on the inferior surface of the computational domain, representing heat flux 

across the interface between the combustion gas space and the molten metal. The goal of this 

study was to better understand if the adoption of the new furnace would lead to increased 

productivity, as well as which burner angles and firing rates would provide maximal efficiency. 
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The authors concluded that the new furnace would increase production based on an increase in 

the simulated heat flux through the interface of the combustion gas space and the melt.  

Nieckele et al.[41–44] constructed several CFD models of a secondary aluminum 

reverberatory furnace using ANSYS Fluent, handling the treatment of heat transfer to the molten 

bath similarly to the previous study described.  The goal of this research was to examine the 

influence of various burner mixing configurations and fuel types on the overall furnace 

operation, such as refractory integrity, combustion efficiency, and product quality. Neither the 

furnace burden nor the melting and oxidization reactions were directly considered in these 

studies. Heat transfer to the aluminum melt was accounted for by setting an isothermal wall 

boundary condition on the bottom surface in the computational domain to a temperature of 1013 

K, the melting temperature of the aluminum alloy processed in the furnace. A dross layer at the 

gas-burden interface was also implemented in these studies as an additional source of resistance 

to heat transfer from the gas phase to the melt.  Solid phase thermophysical properties of 

aluminum and aluminum oxide were set for the dross and melt layers, respectively. In the 

simulations, the energy input from the combustion reactions was adjusted until the total heat 

transfer rate to the aluminum surface equaled a constant calculated value, which was based on 

the latent heat of aluminum and an operational production rate.  

While the previously discussed studies include only the combustion gas space within the 

computational domain, other studies in the literature have considered the interaction between the 

combustion gases and the furnace burden by including representative burden geometries within 

the computational domain. In these studies, the burden geometry is defined as either a dynamic 

liquid phase or static solid phase. Baukal et al.[39] reported a study that specified the molten 

aluminum bath as a recirculating liquid. The main propose of the study was to evaluate the use of 

three different burner types: air/fuel, air-oxygen/fuel, and oxygen/fuel. The model was designed 

to solve laminar and turbulent flow conditions for the gas and molten bath simultaneously; the 

combustion gases were solved under turbulent flow conditions while the flow of the recirculating 

liquid aluminum bath was considered laminar.  Both the gas and the liquid aluminum were 

defined as Eulerian phases.  The flow rates of gases to the burners, as well as inlet velocity and 

temperature of the molten aluminum, were all specified as boundary conditions. The model did 

not consider any melting or oxidation reactions in the furnace burden and treated the molten 

aluminum phase as a heat sink defined by the specified the material properties, the inlet 
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temperature, and the calculated temperature distribution above the melt. The CFD model showed 

the advantages and disadvantages of each burner type based on heat transfer to the liquid 

aluminum phase, refractory temperature profiles, and other furnace conditions that contribute to 

overheating and oxidation of the melt surface.  

Several studies[45–48] by a group of researchers reported the development of both steady-

state and transient CFD models of a secondary aluminum reverberatory furnace using static solid 

geometries to model the furnace burden. The numerical models were constructed in conjunction 

with various heating trials in a pilot-scale furnace where the temperature profiles of aluminum 

rod samples were measured as the furnace was heated. These trials were used to demonstrate 

CFD’s viability as a tool for modeling the heating of aluminum. These studies evaluated the 

dominant factors influencing heat transfer to the burden and investigated the impact of burner 

position and type on energy utilization. The authors stated that a major limitation in modeling 

this process was that ANSYS Fluent’s solidification model was incompatible with the selected 

(two-step) combustion model, meaning that the latent heat of melting would have to be 

accounted for by a user-defined function and that the metal geometry could not change as the 

melting process progressed. A steady-state model was set up to account for melting reactions by 

applying a user-defined heat sink equation within the solid metal region, and the transient model 

accounted for the melting reactions by adding a latent heat term to the heat transport equation in 

the form of a user-defined function. Two different solid metal geometries were considered in 

these models, one in which the metal was modeled as a solid pool spread at the bottom of the 

furnace floor and another in which the metal was arranged as a stack of solid ingots. Neither of 

these static arrangements captured the transient nature of the burden geometry in this 

reverberatory furnace: as a batch process, real burden geometries continually evolve, potentially 

leading to model inaccuracies as heat transfer to the melt can be impacted by the surface area of 

the bath. 

Kumar et al.[49,50] investigated the flame-burden interaction during the remelting of 

aluminum ingots using CFD and data generated from two experimental lab-scale reverberatory 

furnaces. One study[50] modeled an experimental furnace constructed by Canada’s University 

Research Center on Aluminum in cooperation with Alcan’s Arvida Research and Development 

Center and North American Manufacturing.[51] The CFD work was to investigate the convective 

and radiative heat fluxes produced by different burner types used in aluminum reverberatory 
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furnaces. Water-cooled plates were used on the base of the experimental furnace to represent the 

heat transferred to the burden in an operational furnace. In the CFD model, heat transfer to the 

water-cooled plates was accounted for by applying a heat-transfer coefficient to the wall 

boundary condition, similar to the first method discussed in this section. The validated model 

resolved the fluid flow, thermal distribution, and chemical composition within the furnace, which 

were used to evaluate the flame behavior and to quantify convective and radiative heat fluxes.  

The experimental furnace used for the second study[49] was designed and built by the U.S. 

Department of Energy’s Albany Research Center and Secat Inc. validation of CFD models 

involving new and emerging technologies related to the secondary aluminum industry, with the 

goal of better understanding flame dynamics in the presence of a static furnace burden.[7,52,53] 

The CFD model for this experimental furnace was constructed using ICOMFLO[54] and the 

furnace burden was represented using a static stack of solid ingots. The solid metal phase was set 

to 1009 K, the melting point of the specified aluminum alloy.  Physical melting was not 

considered.  

Studies performed by Wang et al.[55] and Qiu et al.[56] modeled aluminum reverberatory 

furnace with regenerative burners using ANSYS Fluent. Both studies treated the aluminum bath 

as a static conducting solid. A conjugate heat transfer model was used to simulate the heat flux 

from the combustion gases to the solid aluminum phase. The change in physical properties due to 

melting was accounted for by calculating an equivalent specific heat capacity, including a term 

representing for the latent heat due to the melting of aluminum. Neither study modeled the 

formation of the aluminum oxide dross layer on top of the molten bath.  However, both models 

included geometry for a static constant-thickness dross layer with defined thermal material 

properties.  This dross layer effectively added additional conductive and radiative resistances to 

heat transfer from the combustion gas space to the burden. The study by Qiu et al.[56] used a 

parametric study to evaluate the influence of multiple parameters on the overall melting process 

within an aluminum reverberatory furnace. The authors used the model to examine five 

parameters: the air preheating temperature, the natural gas flow rate, the burner height, the 

inclination angle of the burners, and the horizontal distance between the burners. One of the key 

conclusions of the optimization study was that the inclination angle of the burners was strongly 

correlated with the flame residence time, which impacted the uniformity of the temperature field. 
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Optimization of the model parameters was found to reduce the operational melting time by 

16.5% and to improve the energy consumption by 12.3%. 

Secondary Aluminum Rotary Furnaces  

Rotary furnaces (depicted in Fig. 2) are typically used to process highly oxidized 

aluminum scrap or dross.  Salt fluxes are often added to the charge material in these furnaces to 

provide a protective layer from further metal oxidization.  Rotary furnaces are cylindrical in 

shape and rotate slowly around their longitudinal axes.  Feed is introduced in one end and 

product can be discharged from either side of the furnace. Similar to the reverberatory furnaces, 

heat in rotary furnaces can be transferred to the charge by direct radiation and convection from 

the flame and/or reflected radiation from the furnace lining.[38] Rotary furnaces are very robust 

and can handle feed of variable size.  This is one reason they are used in metal recycling as the 

particle size of recycled feedstocks can vary widely.  

In recent years, several notable studies have used CFD to model secondary aluminum 

rotary furnaces.[57–61] The transient CFD model in these studies aimed to optimize aluminum 

scrap melting by reducing energy inputs, reducing metal loss, improving furnace operation, and 

decreasing environmental impacts. The model consisted of a combustion gas space on the top 

half of the furnace and a solid-liquid region of salt and aluminum metal on the bottom half. The 

furnace rotation of 1.33 rpm was modeled using a rotation coefficient. An Eulerian MCM was 

used to model the conservation equations in the solver ANSYS CFX 5.6.[62] Two turbulence 

models were tested for the simulation of gas-phase turbulence: the standard κ-ε model and the 

renormalization group κ-ε model. The turbulence-chemistry interaction for natural gas 

combustion was modeled using the eddy dissipation model. Radiation heat transfer was modeled 

using the discrete transfer method. The scrap-salt zone was taken to be a mixture of scrap and 

salt and was assumed to be a conducting solid or a stagnant fluid. Three different submodels 

were developed to model this process. First, the scrap melting process was modeled by a user-

developed melting submodel in which the rate of change of scrap size was calculated as a 

balance between latent heat phase change and convection heat transfer. Second, the properties of 

the multi-size scrap feed were handled via a simplified population balance method (PBM) 

ignoring coalescence and breakup, assuming a total of 25 particle size classes.  Finally, a 

submodel was used to model the aluminum scrap oxidation, using the enthalpy of oxidation as a 

heat source for the gas phase conservation equations.  
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Fig. 2. Schematic of an aluminum rotary furnace identifying various transport phenomena and 

chemical processes inherent to the operation (adapted from [58]). 

 

To better understand the sensitivity of the scrap model, a parametric study was carried 

out by varying the following parameters: scrap size and shape, scrap quality, natural gas firing 

strategy, preheating temperature of the scrap feed, and salt ratio in the feed. One of the findings 

from the analysis was that decreasing the overall burner firing rate resulted in higher energy 

efficiency as well as lower gas consumption, offset by increased processing time. The total 

processing time in the furnace was found to be insensitive to the salt-flux ratio, though the 

authors note that this may not be a fully accurate given the assumption of a well-mixed salt-scrap 

zone. Future model improvements proposed by the authors included incorporation of liquid 

flows in the salt-scrap zone, reaction kinetics, and the re-solidification processes.  

2.1.3. Summary: Computational Modeling of Aluminum Furnaces 

Numerical modeling of the pyrometallurgical processing of aluminum has focused on 

reverberatory and rotary furnaces; a detailed summary and comparison of reviewed articles is 

presented in supplementary Table S-1.  A variety of techniques have been utilized in these 

computational studies; major distinctions include the scope of the modeling domain (i.e., 

focusing solely on the combustion gas space or including the burden geometry), the treatment of 

the gas-burden interface boundary condition, incorporation of different turbulence models and 

the inclusion of chemical reactions with the model.  Opportunities for future development in 
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aluminum furnace modeling include incorporating the interplay between melting phenomena 

with gas-phase combustion reactions, as well as the inclusion of reaction kinetics for dross 

formation and fluxing phenomena.  Inclusion of these considerations into the modeling 

framework will allow for better understanding of furnace melting efficiency and product quality.           

 

2.2. Copper 

2.2.1. Primary Production of Copper 

About 80% of mined copper production originates from Cu-Fe-S ores.  These sulfide ores 

are not easily dissolved in aqueous solutions and are therefore treated using the following 

processes for their extraction: concentration of the Cu-Fe-S and Cu-S particles by froth 

floatation; smelting of this concentrate to a molten Cu-Fe-S matte (achieving a typical matte 

composition of ~65% copper by means of flash smelting, residual copper remaining in the 

molten iron-silicate slag at a concentration of 1-2% copper); conversion of the molten matte to 

blister copper (~99% copper) by selective oxidizing iron and sulfur; and finally, 

electrorefinement to electrical grade copper (~99.99% copper).[63] Modern copper matte smelting 

technologies include flash smelting furnaces (FSFs) and bath smelting furnaces.  Flash smelting 

furnaces can be subdivided into Outokumpu furnace (accounting for ~50% of copper matte 

smelting market) and Inco furnaces.  Bath smelting technologies can be subdivided into top-

blown furnaces (e.g. top submerged lance (TSL) furnace), bottom-blown furnaces (e.g. SKS 

furnace) and side-blown/submerged tuyere smelting furnaces (e.g. Vanyukov, Noranda, and 

Teniente).[25,63] 

Primary Copper Flash Smelting Furnaces 

In an Outokumpu flash smelting furnace (depicted in Fig. 3.) a dry particulate feed is 

continuously fed into the reaction shaft through a concentrate burner. The oxygen-enriched 

preheated air reacts with the sulfide, producing an oxidation reaction.  The sulfide oxidation 

reaction is exothermic and produces the energy needed to melt the feed, resulting in an 

autogenous process.  Sulfide oxidation and feed melting results in the formation of molten matte 

and slag, which separate into layers in the settler. The less-dense slag protects the matte from 

oxidization, collects impurities (such as zinc, cobalt, and nickel) from the matte and thermally 

insulates the matte to minimize energy losses.[64] The overall copper yield in FSFs is determined 
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by the amount of copper that is successfully separated into the matte phase. Copper is lost when 

copper-rich matte droplets are entrained in the waste slag during settling. Additional copper 

losses can result from chemical dissolution of copper in the slag phase.[65] 

 

Fig. 3. Schematic of a copper flash smelting furnace identifying various transport phenomena 

and chemical processes inherent to the operation (adapted from[64]). 

 

 Early CFD modeling of copper flash smelting for Outokumpu furnaces was undertaken 

by Jokilaakso and co-workers[66] using the CHAM Phoenics package.[67]  The flow domain 

consisted of a cylindrical geometry representing the reaction shaft of an industrial FSF.  An 

Euler-Lagrangian model was used to simulate the multicomponent gas phase and feed 

concentrate particles, respectively. The solid feed consisted of chalcopyrite and inert silica 

particles over a range of discrete particle diameters. The exothermic oxidation reactions and their 

kinetics were coded as a separate module in the model. A shrinking core model was used to 

describe the changes in the composition and size of the particle as a function of particle 

temperature. The overall reaction scheme was divided into three phases, consisting of the 

thermal decomposition of the chalcopyrite particles, oxidation of the diffused sulfur inside a 

particle and in the gas phase, and oxidation of the decomposed sulfide by the gas-solid or gas-

liquid reactions. The effect of oxygen mass transfer from the gas phase through the surface film 

of the molten sulfide was incorporated in the model using a film penetration model. The 

predicted chemical kinetics of chalcopyrite combustion were validated by comparison with 

experimental measurements of chalcopyrite combustion in a laminar flow furnace; reasonable 
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agreement was obtained for particle temperatures, albeit with longer combustion times. 

Preliminary results indicated that the particle heat-up period and ignition were concentrated in a 

very small region of the reaction shaft; the authors noted that this phenomenon requires further 

investigation. Although the model used a stochastic method to account for the effect of gas phase 

turbulence on particle transport, it did not account for the effect of particles on the velocity of the 

gas phase. The submodels developed in this study resulted in the Outokumpu FLASH code. 

The FLASH code developed in the Phoenics package was later added to ANSYS Fluent 

as user-defined functions consisting of submodels describing the combustion of copper 

concentrate and radiation modeling in suspensions.[68] The combustion submodels calculated 

temperature-dependent changes in the composition of chalcopyrite, chalcocite, and copper matte 

particles as they were transported in the gas stream. The chemical reaction and kinetics scheme 

were similar to those employed in previous study[66] and accounted both for thermal 

decomposition and for oxidation of the solid feed to liquid matte and slag. The standard Fluent 

particle tracking model was modified to include particle-particle collisions using a fictitious 

colliding particle based on collision probabilities. Particle-wall collisions were also accounted for 

using sliding and adhesive impact models. Finally, additional submodels were used to calculate 

radiative properties including the absorption coefficient of the gas mixture and the absorption 

and scattering coefficients of the particles.  

In addition to modeling the combustion space, some researchers have attempted to 

describe the settling phenomena within flash smelting furnaces. A flash smelting settler model 

was used to study the settling of matte droplets in the slag layer via two methods: a Eulerian-

Eulerian approach coupled to a population balance method (CFD model) using ANSYS Fluent 

19.2, and a CFD-DEM (Discrete Element Method) model using the solvers ANSYS Fluent 19.2 

and Altair EDEM 2019.1.[64,65,69] In the first approach, the inhomogeneous multiple size groups 

(MUSIG) model was used to represent the different droplet size groups; each group was defined 

by a unique velocity field and droplet coalescence was accounted for using two models. In the 

second approach, the slag was modeled as a Eulerian phase and while the droplets of liquid matte 

were modeled as Lagrangian DEM particles; additional models were utilized to account for 

droplet coalescence. For the first approach using only a CFD model, a particle size distribution 

scheme was used to describe the distribution of droplet sizes at the inlet of the settler, with 

diameters between 50–500 μm. A full-size settler was simulated for the CFD model, and a 
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scaled-down settler was simulated for both the models. The authors concluded that large droplets 

settled quickly; in contrast, the smallest droplets had not yet settled by the time the simulation 

concluded and remained dispersed inside the slag, indicating to copper losses. Another major 

conclusion from these studies was that the surface of the slag was the most active site for droplet 

coalescence. A funneling effect was observed in both approaches: the droplets settled though the 

slag layer via a trail of coalesced droplets rather than settling uniformly across the entire reaction 

shaft region. The authors noted that a full-size industrial settler would require a more realistic 

coalescence model to fully capture the complex dynamics involved. 

Schmidt et al.[70] studied the copper losses due to mechanical entrainment in the slag layer 

in an industrial flash smelting furnace settler using CFD models developed in Siemens STAR-

CCM+.[71]  The 2D settler geometry consisted of a continuous feed of matte and slag; The 

transient model allowed for growth of the bath layer, which gradually displaced the gas phase 

over time, as the furnace filled with feed. The Eulerian-Eulerian multiphase model was used to 

study the settling of the dispersed matte droplets isothermally with the realizable k-ε model. The 

polydispersion of the matte droplets was considered using five groups of different sizes. An 

empirical coalescence model was employed for both coarse and fine droplets settling in a slag-

matte system. A parametric study was conducted to understand copper losses both with and 

without coalescence and with varying degrees of slag viscosity. Models that accounted for 

coalescence predicted significantly reduced copper losses for a given slag viscosity. The settling 

process was found to be highly dependent on the size of the matte droplets; predictions agreed 

broadly with microscopic analysis of slag samples obtained from an industrial furnace. The 

predicted copper losses both with and without coalescence were within the range of estimated 

copper losses from industrial data. The authors concluded that copper losses were strongly 

dependent on a wide range of physical parameters, especially the slag viscosity and temperature, 

as well as on the tapping frequency.  

The Outokumpu FSF was modeled in ANSYS Fluent 6.3 to study the effect of gas 

momentum on combustion and dispersion of concentrate feed particles.[72] The gaseous phase 

was modeled as a Eulerian phase with the standard k-ε turbulence model, whereas the 

concentrate feed particles (copper sulfide based) were modeled as a Lagrangian phase with input 

particle sizes fitted to a Rosin-Rammler distribution. The concentrate decomposition, sulfide 

oxidation, and slagging reactions were modeled using eight chemical reactions. Particle 
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trajectories were calculated to study the effect of the particle size distribution on smelting 

reaction rates. The size of the gas column and particle dispersion were found to be very sensitive 

to the momentum ratio (defined as the momentum of the distribution air over the momentum of 

process air), with the total air flow rate held constant. At high concentrate feed rates, delayed 

ignition was observed due to of inadequate heat transfer. The smelting characteristics were also 

observed to improve with a higher momentum ratio as the rate of combustion increased. The 

gaseous temperatures predicted by the computational model were validated with an error of 7% 

using operational data gathered from three sampling ports. The findings from the study were 

applied to the design of a copper smelter in China, which began operations in 2012 and reached 

design capacity the following year.  

The Olympic Dam copper flash smelter was modeled in ANSYS CFX 4.1 to evaluate its 

burner performance.[73,74] The feed concentrate—along with dust, flux and oxygen-enriched air—

enter the reaction shaft through a central burner, and additional heat is provided by three oil 

burners. An Euler-Lagrangian multiphase model was used to model the three phases: an Eulerian 

gas phase, a Lagrangian solid particulate phase, including the concentrate, dust, and flux fed to 

the furnace, and a Lagrangian liquid phase for the oil droplets from the auxiliary burners. The 

solid charge components were represented as composite particles with a nominal size of 20 μm 

and were represented by 1200 particle tracks. The concentrate combustion submodel accounted 

for the decomposition/smelting reactions and was divided into different reaction groups, all 

occurring at fixed temperatures in the gas space of the reaction shaft. Combustion of oil droplets 

(represented by 60 particle tracks) was modeled using Arrhenius rate kinetics incorporating the 

eddy breakup model for turbulence-chemistry interactions. The authors observed that the 

reaction rate was significantly affected by the concentrate particle size and concentrate feed rate 

as these parameters impacted the combustion region and residence time, respectively. Therefore, 

in the absence of operational particle size distributions, the simulation results are useful for 

obtaining qualitative trends. Opportunities for future model improvements identified by the 

authors include accounting for the furnace jacket heat losses, a better approach to modeling the 

bath surface heat transfer (instead of a constant-temperature boundary condition) and modeling 

the effect of high solid loading around the burner. The same facility was modeled in ANSYS 

CFX v14 using a similar modeling framework to that described previously. The Lagrangian 

copper concentrate particles were modeled with fixed sizes of 25 and 35 microns, and return dust 
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and flux were modeled with sizes of 194 and 169 microns, respectively.[75] A total of 12 

chemical reactions based on Arrhenius kinetics were defined to model the thermal decomposition 

and oxidation reactions of the copper concentrate. The kinetic scheme was tested against drop 

tube experiments simulating the combustion of chalcopyrite; the results showed reasonably good 

predictions of the sulfur removal from the particles. Additionally, plant data for varied operating 

conditions, consisting of multiple gas temperature measurements and oxygen concentrations at 

the furnace outlet, were used to validate the simulations. The CFD simulations broadly 

underpredicted the measured heat loss at various locations within the reaction shaft with a 

maximum error of 59%. The discrepancies between the CFD model and measurements were 

postulated to be due to refractory wall accretions, which were not accounted for in the CFD 

model. Reasonable predictions were obtained for the oxygen concentration at the furnace outlet. 

The results from the CFD modeling provided key insights that were used to design a new 

disperser to ensure a more uniform inlet feed concentration. Operational data of the new 

disperser demonstrated considerable improvement in oxygen efficiency by nearly 10 percent, 

with consequent improvement in combustion performance.

Primary Copper Submerged Lance Smelting Furnaces  

The submerged lance smelting (SLS) furnace (depicted in Fig. 4) is a bottom-blown 

smelting technology with many desirable features, including the ability to achieve high oxygen 

enrichment, good feed adaptability, short processing times, ability to achieve high SO2 

concentration in the off-gas (important for the production of sulfuric acid in downstream acid 

plant) and autothermal operation. The process begins with the injection of charge material 

through the feed chutes.  The charge material decomposes in the upper part of the reaction zone 

and is subsequently melted to form the liquid copper matte. The bottom-blown lances oxidize 

iron and copper sulfides, generating heat, leading to the formation of slag. The slag and copper 

matte are discharged from the left and right ends of the furnace while SO2 bearing offgas exits 

from the upper gas outlet.[76] 

G. Tang et al. [76,77] simulated the flow characteristics inside an industrial-scale SLS 

furnace using an Eulerian-Eulerian coupled multi-fluid volume of fluid (VOF) model in ANSYS 

Fluent 17.1. The modeled furnace was a cylindrical vessel with 23 oxygen lances on the bottom 

and three feed chutes at the top of the furnace above the reaction zone. The oxygen lances were 
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Savard-Lee-type shrouded injectors with a gear-like tip design and were placed in two rows 

offset 7 degrees and 22 degrees from the center point of the cylindrical vessel.  Two different 

models were constructed as part of this research: a non-reacting and a reacting, Eulerian-Eulerian 

coupled VOF models.  Both the reacting and non-reacting flow simulations employed a 

realizable k-ε turbulence model, phase slip using the symmetric drag law, and mixing using the 

species transport equation for model validation.  For the reacting flow simulation, the feed 

material decomposition was ignored. The heterogeneous gas-liquid reactions and liquid-liquid 

reactions were modeled in the following manner: the mass transfer rate of oxygen to the interface 

was determined analytically, after which homogenous reactions were assumed and were modeled 

using the eddy dissipation model.[77] A scaled-down experimental prototype with a single lance 

was constructed using water to simulate the liquid matte.  Reasonable agreement was obtained 

between the nonreacting CFD simulations and the tracer concentrations obtained at four 

locations in the experimental prototype, thereby validating the mixing characteristics of the 

computational simulation. A sensitivity study of the gas flow rate was conducted with four 

different gas velocities in the lance; it was shown that the residence time of dissolved oxygen 

decreased significantly with increased gas velocities up to 335 m/s. The amount of liquid 

splashing (determined by the mass fraction of matte above the mean gas-liquid interface) was 

also investigated as a function of gas velocity in the lances. It was found that significant 

splashing occurred once the gas velocity exceeded 224 m/s. Higher temperatures were observed 

in the gas region in the reacting flow model compared to the nonreacting simulations; the highest 

temperature in the reaction zone was observed to be around 1550 K. 
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Fig. 4. Bottom-blown submerged lance smelting furnace schematic identifying various transport 

phenomena and chemical processes inherent to the operation (adapted from [78]). 

 

Li et al.[79] studied the gas-liquid mixing dynamics in a numerical simulation of an 

industrial horizontal bottom-blown rotary copper smelting furnace, using the VOF model using 

the standard k-ε turbulence model. The numerical model was validated with a scaled 

experimental water model. Bubble motion and their interaction with the liquid- gas interface 

were captured by a high-speed camera and qualitatively compared with snapshots from the 

transient simulation. It was observed that excess oxygen injected from the 30 lances does not 

participate in oxidation reactions in the molten bath if injected beyond a critical limit; this excess 

oxygen instead escapes the system alongside the flue gases. The authors also concluded that 

optimizing the distribution and number of oxygen lances in the axial direction would minimize 

the oscillation of the molten bath by the gas jets.  

Zhang et al.[80] investigated the flow field numerically in an industrial-scale Vanyukov 

furnace using VOF with the k-ε model in ANSYS Fluent; thermal decomposition and melting of 

the feed material were ignored.  The study focused on multiphase interactions between the gas, 

slag, and liquid metal layers. The authors observed that differences in the physical properties of 

slag, air and metal caused variations in flow patterns.  At typical flow rates, the majority of the 

injected air did not penetrate the slag layer, indicating the need to further optimize the air speed 

and tuyere configuration. Significant deformation of the slag layer was observed when the 

furnace was stirred using enriched air at high flow velocities due to the higher slag velocities and 

higher slag/exhaust duct wave frequencies. 

Primary Copper Top Submerged Lancing Furnace  

There has been an increasing focus on understanding the hydrodynamics of Top 

Submerged Lancing (TSL) furnaces for use non-ferrous metal production, especially in the 

copper industry (depicted in Fig. 5).  Investigations into this technology have employed both 

experimental techniques as well as numerical modeling simulations.[81–85] Obiso et al.[82,83] 

studied the flow dynamics of gas injection in a TSL via a scaled-down, approximately two-

dimensional system using both experimental measurements and numerical modeling. The 

experimental setup consisted eutectic metal alloy (gallium-indium-tin) bath at room temperature 

into which argon gas was injected at a specified flow rate.  These experiments analyzed the 

multiphase flow structure in the system using a combination of x-ray radiography and high-speed 
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imaging techniques. The multiphase system was simulated in ANSYS Fluent 17.2 using VOF 

and the realizable k-ε model to model turbulence. The CFD predictions of the time-averaged 

distributions of void fraction, bubble frequency, and bubble size distribution were in good 

agreement with experimental measurements for different lance configurations. The CFD model 

captured finer details, such as asymmetries in time-averaged void fraction measurements for 

deeper lance configurations. A linear increase in bubble frequency was obtained as the lance 

immersion depth increased, in contrast with prior studies. The authors postulated that this trend 

in bubble frequency could arise because of differences in the surrogate fluid and experimental 

geometry relative to prior studies. The CFD model also captured detailed local phenomena such 

as bubble break-up in the rising plume. The authors noted that experimental testing systems that 

incorporated fluids and geometries designed for improving scaling are required to further the 

understanding of the TSL furnace. 

 

 

Fig. 5. Schematic of a copper TSL furnace identifying various transport phenomena and 

chemical processes inherent to the operation (adapted from [86]). 
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Zhao et al.[85] studied the mixing dynamics of an industrial copper TSL smelting furnace 

(ISASMELT) in a gas-matte-slag system using a VOF model and the realizable k-ε turbulence 

model. The numerical model was validated using cold-flow experimental tests in a scaled-down 

plexiglass furnace model using an air-water-oil system. The simulated predictions of transient 

bubble motion and bubble-slag-matte interaction agreed qualitatively experimental data.  The 

flow distribution in the industrial furnace model was divided into five zones: injection, splashing, 

strong-loop, weak-loop, and sedimentation. A sensitivity analysis was performed by varying 

lance diameters and lance immersion depths. The authors observed that optimal lance diameters 

and lance immersion depths promoted greater mixing of the constituents while also reducing 

splashing of the slag layer out of the bath, thereby minimizing scouring of the lance tip by the 

molten slag. The optimized configuration was found to significantly improve smelting 

efficiency, the concentrate feeding rate and lance service life when tested against the old design 

in industrial trials. 

Primary Copper Peirce-Smith Converters and Flash Converting Furnace 

Peirce-Smith Converters (PSC) (depicted in Fig. 6) have been in operation for over a 

hundred years and are found in most copper-converting smelters. Their advantageous features 

include simplicity of operation and their ability to melt cold recirculating material at the smelter; 

their principal disadvantage is the batch-nature of their operation, requiring skill to operate. PSCs 

are used in the primary production of copper, nickel, and platinum metals to remove iron and 

sulfur from the molten matte phase through oxidation reactions. The process involves purging 

subsonic air/oxygen-enriched air into molten matte in a cylindrical horizontal reactor through a 

bank of lateral tuyeres; the converting process is semi-continuous and autothermal.  Mixing is 

critical in the PSCs, as it promotes chemical reactions, removes the products from reaction sites, 

and minimizes inhomogeneities in temperature and composition.[87] The continuous flash 

converting furnace (FCF) is an alternative technology to PSC with cost and environmental 

advantages; the high-grade matte produced in an FSF is granulated by high-pressure water jets 

and oxidized and smelted in an FCF to produce blister copper.[26] 

ANSYS Fluent 14.0 was utilized to investigate sonic injection methods in an industrial 

Lonmin PSC with the goal of improving the jetting efficiency of low-pressure air.[88]  Flows in 

the sonic tuyeres were simulated separately and flow conditions at the tuyere outlets were 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

23 

 

exported as inlet conditions for the furnace simulation. Simulations were conducted at the 

midpoint of the blowing process, accounting for 85% of the batch processing time. The 

multiphase interactions between the air, matte and slag phases were captured using a VOF model 

while turbulence was described using the realizable k-ε model. The simulations predicted that 

sonic injection would produce four times deeper plume penetration into the bath than could be 

achieved with subsonic injection. The authors also observed that sonic injection achieved better 

mixing in the converter, potentially leading to decreased refractory erosion. Plant trials with 

sonic injection showed greatly improved oxygen efficiency.  Further studies[87,89] described 

numerical simulations using ANSYS Fluent 13.0 that employed modeling parameters similar to 

those discussed previously[88];  experimental validation was conducted using a 1:5 scale 

industrial PSC.  The experimental apparatus used water and kerosene as surrogate fluids for 

matte and slag, respectively; measurements were taken to evaluate the mixing time, mass transfer 

rate, and dispersed phase hold-up. By analyzing the mixing dynamics using numerical 

simulations, the authors concluded that the bath height and slag ratio should be monitored with 

respect to the gas blowing rates in order to maintain a consistent mixing. The authors found a 

critical slag thickness above which increasing the air flow rate impacted the mixing time 

negatively due to gas channeling though the bulk liquid (leading to a reduced residence time) and 

secondary recirculation in the simulated slag. Combined blowing configurations were also 

studied; it was observed these configurations increased turbulence in the bath thereby leading to 

improved process efficiency. 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

24 

 

Fig. 6. Schematic of copper PSC identifying various transport phenomena and chemical 

processes inherent to the operation (adapted from [90]). 

 

Zhao et al.[91] conducted numerical modeling of an experimental PSC that utilized gas-

oil-water surrogate fluids in ANSYS Fluent.  The VOF and the standard k-ε turbulence model 

were used in the simulations.  Their goal was to characterize the flow patterns and to understand 

the impacts of various process parameters. The simulated flow field was in qualitative agreement 

with snapshots of the experimental apparatus obtained different flow times. Parametric studies of 

the gas flow rate, nozzle height, and nozzle diameter were conducted using the numerical model. 

Although higher gas flow rates increased the circular velocity in the bath, more slag was found to 

be dispersed in the matte phase and the wall shear stress increased, indicating greater surface 

wear. The authors recommended that the process parameters of the gas flow rate, nozzle height, 

and nozzle diameter be optimized to balance gas flow circulation and wall shear stress. 

A review of numerical and physical modeling of the fluid dynamics of PSCs and of FCFs 

was undertaken by Taskinen et al.[26] The authors reviewed studies in which the transport 

phenomena in FCFs was based on FSFs; models for chemical reactions, kinetics, and particle 

fragmentation unique to FCFs were developed primarily using the experimental findings. The 

authors reviewed the Outotec FLASH code, originally developed for the Outotec FSF (as 

discussed previously) and was adapted for modeling FCFs within ANSYS Fluent code as a set of 

user-defined functions. The authors also discussed the merits of a combined FSF–FCF 

production facility in comparison with PSC only facilities, especially in terms of environmental 

sustainability. Song and Jokilaaskso[25] undertook a comprehensive review of experiments and 

simulations of transport phenomena in copper bath-smelting and converting furnaces. In 

particular, they examined the effects of nozzle arrangement, gas flow rate, slag and matte layer 

characteristics, bubbling motion, and surface waves, in both experimental studies and 

computational models. One key finding from the reviewed works was that mixing efficiencies 

could be optimized by an appropriate choice of gas flow rate and bath height. Some of the areas 

identified as potential for future research studies included: the effects of the slag characteristics 

on the mixing phenomena in bottom-blown submerged lance furnaces; a greater focus on 

understanding the transport phenomena in various furnaces, such as those based on the Noranda 

and Mitsubishi technology; and more modeling studies to understand bath-surface behavior in 
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pyrometallurgical furnaces, which have hitherto been explored predominantly through 

experimental setups using surrogate fluids such as water. 

  

2.2.2. Secondary Production (Recycling) of Copper  

Given the dwindling supplies of primary copper resources, production of reclaimed 

copper has gained in importance; it currently accounts for a significant fraction of overall copper 

production in the US (~38% of US copper supply is from secondary sources[2]) and other 

developed countries.[92]  The recycling route for copper waste material can vary widely.  Low 

grade copper scrap (~20 wt% Cu) is often directly smelted in a blast furnace and subsequently 

transferred to a converter for further refining.  High grade scrap (above 40 wt% Cu by weight) is 

typically melted in a reverberatory or a rotary anode furnace; some impurity removal can take in 

these furnaces by means of oxidation using an acidic slag.[19] 

Secondary Copper Reverberatory Furnace 

The combustion process in a reverberatory furnace for reclaimed copper was investigated 

using computational modeling in ANSYS Fluent by Yan et al.[92] Only the gas space of the 

furnace was simulated, including a burner located at one end wall and chimney stack on the 

opposite wall for flue-gases outlet.  The burner geometry included an inner channel for a coal-

gas mixture and an outer channel for air.  The simulation was constructed using an Eulerian 

multicomponent model, the k-ε turbulence model, and the species transport model.  The base 

configuration of the configuration demonstrated a shortened flame region that overheated the 

roof rather than transferring heat primarily to the copper burden that was located at the bottom of 

the furnace. The simulation results showed good agreement with the temperature measurements 

taken at three locations, including the flue gas outlet. A validated numerical model was used to 

optimize the burner configuration (angle and position within the furnace).  The optimized 

configuration produced lower peak temperatures and enhanced the convective heat transfer to the 

copper surface. This configuration was tested operationally and demonstrated both a decrease in 

coal and charcoal consumption as well as reduced emission levels.  

Secondary Copper Rotary Anode Furnace 

The combustion characteristics of an oxygen-fuel burner in a copper anode furnace were 

studied numerically using ANSYS Fluent 18.1.[93] This simulation employed an Eulerian 
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multicomponent model, a modified standard k-ε turbulence model, an eddy dissipation concept 

with a refined 4-step global mechanism combustion model, a discrete ordinate model with the 

weighted sum-of-gray-gases radiation model, and a fixed wall surface temperature of 453 K. 

This numerical model was validated using experimental measurements in another reference 

geometry. Parametric studies were conducted to evaluate the dependence of flame length and 

temperature distributions on fuel and oxidizer velocities and on oxidizer temperature.  

 

2.2.3. Summary: Computational Modeling of Copper Furnaces 

Numerical modeling studies of copper pyrometallurgical furnace have focused on three 

main areas: burner performance (concentrate and natural gas for primary and secondary copper 

production, respectively), mixing dynamics and phase settling behavior; a detailed summary and 

comparison of reviewed articles is presented in supplementary Table S-2.  Various modeling 

approaches were utilized depending on the specific goals of the simulations.  As with aluminum 

modeling studies, several copper furnace modeling efforts, especially those of bath-smelting 

furnaces, also employed lab-scale, experimental furnaces for simulation validation.  Several 

prospects for model improvement were identified by the authors of these studies, including the 

development of more realistic coalescence models for the copper matte phase and simulations 

involving a more accurate representation of molten bath surface behavior.  The transfer of the 

liquid phase droplets to the molten melt pool has also yet be modeled for copper furnaces.  

Model improvements in these areas will allow for better insights on optimized copper furnace 

design and operation based on the key parameters discusses, including matte settling as well as 

and the mixing and melting behavior of furnace charge material.  

 

2.3.  Lead     

2.3.1. Primary Production of Lead 

Lead metal remains an essential and growing commodity for modern society despite its 

toxic nature. Production of lead metal from primary sources can be accomplished through either 

indirect or direct smelting techniques. Indirect smelting occurs via two or more unit operations, 

whereas direct smelting employs a single pyrometallurgical furnace in which several different 

types of chemical reactions occur.[90] The traditional indirect processing route is performed in 

two steps: roasting of lead sulfide concentrate to produce a lead silicate, followed by reduction of 
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the lead silicate with carbon in a blast furnace.[19] Direct processing of lead typically takes place 

in flash smelting furnaces. The modern Kivcet, Queneau-Schuhmann-Lurgi (QSL) furnace, and 

Outokumpu furnaces are all used for the direct smelting of lead concentrates.  

Primary Lead Kivcet Furnace 

There are very few computational studies of primary lead furnaces in the literature. Two 

recent studies focused on modeling the Kivcet furnace (depicted in Fig. 7), a type of flash 

smelting furnace used to directly smelt lead-zinc sulfide concentrates. This furnace consists of 

three reaction zones: the shaft, the coke checker, and an electric furnace. Lead concentrate and 

coke particles are injected in the top of the shaft along with high-purity oxygen. Rapid oxidation 

of the concentrate particles occurs within this zone as the concentrate and unburnt coke particles 

fall to the base of the shaft. At the base of the shaft, the coke particles float on the surface a slag 

layer to form the coke checker; chemical reactions in this area of the furnace lead to the 

reduction of lead oxide in the melt. The molten burden from the reaction shaft flows under a 

submerged partition wall into the electric furnace zone, where sufficient heat and residence time 

are available to allow for complete metal and slag separation.[90]  Modeling of the phenomena 

within the reaction shaft have formed the primary focus in studies in the literature to date.  
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(b) 

Fig. 7. Schematic of (a) a complete Kivcet furnace and (b) a detailed view of reaction shaft of 

the Kivcet furnace with pertinent transport phenomena and chemical processes  

(adapted from [90]). 

Li et al.[94] examined the influence of oxygen distribution within the burners in the Kivcet 

furnace’s reaction shaft. The model was constructed using an Eulerian-Lagrangian coupling to 

model the gas and particle transport, respectively; gas-phase chemical reactions were described 

using the eddy dissipation model. Decomposition and oxidization reactions were assumed to 

occur entirely within the reaction shaft, while reduction of lead oxide and zinc oxide were 

formulated as wall surface reactions at the interface between the coke checker and combustion 

gas space within the reaction shaft. The simulation determined an optimal distribution of oxygen 

within the burners which produced improved particle mixing and chemical reactions while 

dusting rates were kept at an acceptably low level. 

Another study[95] examined the effect of the number of burners within the furnace 

reaction shaft. The simulation included gas (Eulerian) and solid particles (Lagrangian) and was 

constructed using a discrete phase model (DPM) for particle tracking. As in Li et al.[94], all of the 
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major decomposition, oxidization, and reduction reactions were considered. The simulation 

showed significant improvements in air recirculation and gas flow stability within the reaction 

shaft when the four burners were replaced with one larger burner.  This resulted in better gas-

particle mixing and oxygen utilization.   

 

2.3.2. Secondary Production (Recycling) of Lead 

Secondary lead production typically involves the recycling of spent lead-acid batteries. 

Although the details of the lead-acid battery recycling process can vary from one plant to the 

next, the general sequence of the unit processes remains consistent. The batteries are first drained 

of acid and the outer (plastic) casing is removed manually or by crushing. A series of physical 

and chemical separation techniques are then performed to produce a lead concentrate. The lead-

bearing material is subsequently smelted with coke and other fluxes in a single furnace or in a 

combination of rotary, reverberatory, or blast furnaces. Smelting is followed by refining steps in 

which undesirable impurities are removed from the lead by selective oxidation.[19,96] 

Secondary Lead Reverberatory Furnace 

Like primary lead production, there are very few numerical studies of secondary lead 

furnaces in the literature. A recent numerical study of a secondary lead reverberatory furnace 

(depicted in Fig. 8) modeled the combustion gas space above the slag line.[97,98] Only the gas 

phase was considered in the model; the smelting and melting reactions were accounted for by 

applying a constant volumetric heat sink at the interface used to simulate the gas-slag boundary. 

The models chosen in ANSYSFluent 17.0 for the gas-phase included a standard k-ω turbulence 

model and a non-premixed combustion model employing a probability density function look-up 

table to model the chemical reactions. The model was used to study the influence of burner 

alignment and burden geometry on refractory wear, using furnace wall shear stress and furnace 

wall temperature as proxies.  The study demonstrated that increased feed accumulation in the 

front half of the furnace resulted in higher wall temperatures and wall shear stress on the 

refractory.          
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Fig. 8. Reverberatory furnace for recovery of secondary lead showing various transport 

phenomena and chemical processes inherent to the operation (adapted from [98]). 

 

2.3.3. Summary: Computational Modeling of Lead Furnaces  

The lead pyrometallurgical furnaces modeled in the literature include the Kivcet furnace 

used in primary lead production and the reverberatory furnace used in secondary lead 

production; a detailed summary and comparison of reviewed articles is presented in 

supplementary Table S-3. These studies primarily focused on the influence of burner 

configuration on furnace operation. Like the aluminum and copper modeling studies reviewed, 

simulations of full-furnace physics have not been achieved for lead furnaces. Notably, the 

melting of the burden and transfer of resulting liquid metal droplets to a continuous molten melt 

pool was not modeled in studies of either the lead Kivcet or the reverberatory furnace.  

Increasing the complexity of lead furnace models by incorporating the interplay between the 

burden or melt pool with gas phase will allow for better optimization of furnace efficiency as a 

function of various design parameters, such as burner setpoints and/or coking rates. 

 

2.4.  Summary: Computation Modeling of Nonferrous Pyrometallurgical Furnaces     

Computational modeling of nonferrous pyrometallurgical furnaces continues to advance.   

Remarkable progress in the simulation of gaseous and liquid fuel combustion, turbulent fluid 

flow, chemistry-turbulence coupling (largely based on the eddy dissipation model) and gas-phase 

radiation (such as the discrete ordinate method) have allowed for more accurate computational 

predictions of furnace phenomena.  Considerable strides have also been achieved in formulating 

the heterogeneous particle-fluid reactions for the smelting of various metallurgical feed 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

31 

 

materials, namely, of primary copper and primary lead concentrates in flash smelters.  However, 

there continues to be a need for greater model complexity to simulate the full breadth of physical 

phenomena within these furnaces.   

The most significant bottleneck to producing high-fidelity models of the furnace transport 

phenomena in the three industries reviewed is the simulation of heterogeneous particle-fluid 

reactions in conjunction with accurate resolution of melt pool physics. The modeling 

simplifications employed in many of the studies in this review do not allow for the full physics 

within these furnaces to be captured; this can lead to inaccuracies due to the improper handling 

of heterogeneous phase changes and chemical reactions. As an example, the transfer of liquid 

melt droplets to a continuous melt pool phase has not yet been simulated in copper or lead flash 

smelting. Also, while the settling of matte droplets at matte-slag interface has been simulated 

separately from the gas-sloid reactions in the reaction shaft, no model to date has incorporated 

both phenomena is a single simulation. Similarly, the melting phenomena in secondary 

aluminum and lead furnaces have not yet been resolved in conjunction with gas-phase 

combustion reactions. Consequently, a variety of approximations have been employed to account 

for the transfer of energy from the combustion gas space to the condensed burden, but these 

approximations lack the sophistication of the melting flow physics implemented in the VOF 

submodel.  

In many cases, because current numerical methods are incapable of fully resolving the 

multiphase interactions occurring within pyrometallurgical furnaces, these simulations are unable 

to truly optimize overall furnace thermal efficiency or minimize emissions as a function of 

operating parameters. This means that the current state-of-the-art techniques in numerical 

modeling cannot accurately answer the questions of most interest to industrial operators of 

pyrometallurgical furnaces. Further development of computational models that can adequately 

capture the complete physical phenomena within furnaces will be critical to realize the promise 

of CFD-assisted furnace optimization. As a step towards achieving this goal, the next section 

discusses the techniques for employing commercially available numerical codes to simulate the 

phenomena present in nonferrous pyrometallurgical furnaces. 

 

3. Capabilities and Limitations of Current Numerical Models 
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Commercial finite-volume CFD codes Simcenter STAR-CCM+ and ANSYS Fluent are 

used as standards to evaluate the state-of-the-art in the modeling of thermochemical processes 

present in nonferrous pyrometallurgical furnaces. Both software packages have an established 

legacy of validated applicability to external and internal multiphase flows, homogenous and 

heterogenous reactions, turbulence-chemistry interactions, and robust mesh-generation 

algorithms to spatially discretize complex physical domains. Other commercial solvers 

commonly used in the pyrometallurgical industry (reference supplementary Table S-1, S-2 and 

S-3) share similar capabilities as STAR-CCM+ and Fluent. Unless otherwise stated, all equations 

described in this section are the analytical formulations discussed in the theory and user guide for 

Simcenter STAR-CCM+.[99]  The reader is directed to the theory guide for further details on 

model formulations. 

Table II shows a comparison of the various multiphase, multiphysics coupling schemes 

available in commercial codes.  “Gas Phase” refers to the mixture of all gaseous reactants and 

products; “Burden” refers to the mixture of furnace feed material; and “Melt Pool” refers to the 

volume of liquid/molten material (metal, matte, slag, etc.), typically characterized by non-

Newtonian rheology.  These materials are numerically treated as a combination of multi-

component mixtures and singular phases formulated in either Eulerian and/or Lagrangian 

frameworks.  The Eulerian approach uses a fixed reference frame and develops conservation 

equations for all of the phases passing into a control volume.  The Lagrangian approach uses a 

moving point of reference in which the motion of individual particles (solid, liquid, gas) are 

tracked.  As described in the previous sections, the typical simulation arrangement employed in 

the literature to model nonferrous pyrometallurgical furnaces is an Eulerian treatment of the gas 

space in the furnace freeboard and a Lagrangian treatment of the feed material.  This 

arrangement has been successfully used for the partial simulation of several types of nonferrous 

metallurgical furnaces, but full-furnace simulations have not yet been completed using this 

approach.  Metallurgical furnaces often involve many different types of transport phenomena, 

each of which can typically be simulated independently using the submodels available in 

commercial codes: the challenge lies in in integrating these submodels in order to simulate the 

operation of a complete furnace. Multiphysics models are generally developed in order to 

simulate specific problems and are only applicable over a limited range of parameters.  

Therefore, certain pairs of multiphysics models used to simulate the diverse phenomena within a 
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furnace (such as gas phase combustion, heterogeneous gas-solid reactions, melting-solidification, 

and molecular-scale diffusion of gases through the gas-liquid interface) may be incompatible due 

to their underlying range of applicability and numerical framework, i.e. commercially available 

codes have not typically been constructed for the purpose of modeling metallurgical furnaces.  

The capabilities and limitations of the model schemes shown in Table II are individually 

elaborated below.   

Table II. Compatible combinations of multiphysics models in commercial CFD codes. 

Model 

Scheme 

Phases Thermochemical phenomena 

Gas Phase Burden  
(Liquid or Solid) 

Melt Pool 
Gas-Phase 

Reactions 

Gas-Burden 

Reactions 
Melting 

1 E{1} E{2} E{3} Y Y N 

2 E{1}:VOF{1} E{1}:VOF{2} 
E{1}:VOF{3}     

(m-s) 
Y Y Y 

3 E{1}:VOF{1} L{1} E{1}:VOF{2} Y N Y 

4 E{1}:VOF{1} L{1} DEM E{1}:VOF{2} Y N N 

5 E{1}:VOF{1} 
E{2}:Fluid 

Film 
E{1}:VOF{2} Y Y N 

6 E{1}:Mixture L{1} L{2} Y Y N 

7 E{1}:Mixture L{1} DEM E{1}: Mixture Y Y Y 

E{i}= Eulerian phase, i ; L{i} = Lagrangian phase, i; m-s = melting-solidification;  

E{i}:VOF{j} = VOF phase, j, in E{i}; L{i}DEM = Lagrangian DEM phase; E{i}:Mixture = Eulerian mixture phase 

 

 

(1) This scheme is an extension of the classic Two-Fluid Model: each phase is treated as a distinct 

Eulerian phase and transport equations (momentum, mass, and heat) are solved for each 

phase within a common pressure field.  Phases are linked by their volume fraction in the 

simulated domain. Conservation equations for each phase, i, are given in (1) – (8). 

 

Species and Phase conservation:  

∂

∂t
(∭ ρYkdV

V

) +  ∯[ρYk(𝐯 + 𝐌𝐤)] ∙ dA

𝐴

= ∯ [ρYk (Jk +
μt

σt
∇Yk)] ∙ dA

𝐴

+   ∭ SYk
dV

V

 
(1) 
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Vi = ∭ αidV

V

, with ∑ αi = 1

n

i=1

 

Continuity: 

for i ≠ j, 

∂

∂t
∭ ρiαidV

V

+ ∯ ρiαi𝐯i ∙ dA

A

=  ∭ ∑(mij − mji)dV

V

+  ∭ Si
αdV

V

 

(2) 

where for phase ‘i’, Yi denotes the mass fraction of species ‘k', V denotes the total volume, α 

denotes the volume fraction, ρ denotes the density, v denotes the velocity vector, mij is the 

non-zero rate of mass transfer between phases i and j, and S is a user-added source term. 

Momentum: 

∂

∂t
∭ ρiαi𝐯i dV

V

+ ∯ ρiαi(𝐯i × 𝐯i) ∙ dA

A

=  − ∭ αi∇p dV

V

 

+ ∭ ρiαi𝐠 dV

V

+ ∯[αi(Ti + Ti
t)] ∙ dA 

A

+  ∭ 𝐌i dV

V

+  ∭(𝐅int)i dV

V

+ ∭ 𝐒i
αdV

V

+ ∭ ∑(mij𝐯j − mji𝐯i)dV

n

i=1V

 

(3) 

where p is the pressure, g denotes the gravity vector, Mi is the rate of momentum transfer 

from phase i, Sα is a source term for phase momentum, T denotes molecular-scale stresses, Tt 

denotes stresses from turbulent flow, and Fint denotes interphase and interparticle forces.  The 

rates of momentum transfer between the phases must sum to a zero. 

 

Energy: 

for i ≠ j,    

∂

∂t
∭ ρiαi𝐄i dV

V

+ ∯ ρiαiHi𝐯i ∙ dA

A

=  ∯ αikeffi
∇Ti ∙ dA

A

 

∯ 𝐓i ∙ 𝐯i dA

A

+ ∭ 𝐟i ∙ 𝐯i dV

V

+ ∭ ∑ Qij dV

i,jV

+  ∭ ∑  Q(𝐢𝐣)dV
(ij)V

+ ∭ Su,i dV

V

+  ∭ ∑(mij − mji)hi(Tij)dV

i,jV

 

(4) 
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where, for phase i, H denotes the total enthalpy, E denotes the total energy, f is the body 

force vector, Qij is the rate of heat transfer from phase i to phase j, Q(ij) is the rate of heat 

transfer from phase i to the interface of phase pair i-j, hi(Tij) is the enthalpy of phase i 

calculated at the interface temperature, Tij, keff is the effective thermal conductivity, µt is the 

eddy viscosity, and σt is the turbulent Prandtl number. T is the tensor of viscous stresses.  keff, 

E, H and h are further defined as:  

 
keff,i

=  ki +  
μt,iCp,i

σt,i
 (5) 

 Ei =  Hi − 
p

ρi
 (6) 

 
Hi =  hi +  

|𝐯i|
2

2
 (7)  

 
hi(Ti) =  hi

ref + ∫ Cp,i

Ti

Ti
ref

(T′)dT′ (8) 

In the absence of phase changes, each pair of phases must satisfy a net-zero transfer of 

energy, i.e., Qij =  −Qji. In the presence of phase changes, phenomena occur between the 

phase and the phase-pair interface.  Thus, the heat transfer from phases i and j to the i-j 

interface (Qi
(ij)

 and Qj
(ij)

) must consider with the change in enthalpy required for phase 

formation/consumption, i.e., Qi
(ij)

+ Qj
(ij)

+ (mij − mji)∆hij = 0 , ∆hij =  hj(Tij) − hi(Tij). 

 Advantages: (i) For a given flow regime (laminar or turbulent flow), custom sets of models 

may be activated to resolve the dynamics of each phase. Interactions between pairs of phases 

can be resolved using models for forces due to drag, lift, and surface tension, at appropriate 

interaction length-scales. Interphase reaction models can be used to model heterogeneous 

chemical reactions. (ii) Particle size distributions can be specified for the burden material. 

Solids in the burden are linked by their mass fractions in the mixture. Mass-weighted 

properties can be specified and contribute to the overall dynamics of the charge material. (iii) 

For chemical reactions between Eulerian phases where only a single reactant from each 

phase participates in the chemical reaction, an equivalent combined reaction order of 0.5, 1 

or 2 can be achieved using relevant Arrhenius kinetic data.  

Limitations: (i) This formulation is based on a continuous-dispersed approach to phase pairs; 

thus, the interface between the phase pairs is not explicitly calculated because individual 
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equations are solved for each phase. This requires an intermediate regime between phase 

pairs where the volume fraction of each phase is blended using a volume-weighting function 

to prevent either a sharp change in volume fraction or the absence of a phase at the interface 

between other phases (a well-known source of instability in numerical solutions).  This 

limitation applies to modeling particles or liquids which initially form as droplets and may be 

locally dispersed by ambient continuous phases prior to coalescence and formation of 

flowing free surfaces.  (ii) The melting-solidification model is developed in detail within the 

VOF framework in ANSYS Fluent and Siemens STAR-CCM+; in this model, the volume 

fraction of the solid phase itself is not explicitly calculated, but is determined relative the 

liquid phase.  Thus, it is not possible to simulate the solid as a distinct Eulerian phase due to 

the pseudo-viscosity assumption required for solid phases in Eulerian formulations. This 

restricts the resolution of the dispersed phase as it transitions into a stratified phase, as is 

commonly observed over time in continuous, large-scale metallurgical furnace operations. 

(iii) Arrhenius kinetics may not be used to model chemical reactions involving more than one 

reactant from a given Eulerian phase. Examples of these types of reactions would include the 

release of sulfur dioxide from the reduction of sulfides, the reduction of metal oxides in the 

presence of carbon, and the oxidation of various metal species; all of these reactions are 

important contributors to flue gas profiles and to the overall thermal balance in metallurgical 

furnaces. In such cases, a user-defined molar flux must be provided to simulate the effective 

reaction rates in lieu of Arrhenius parameters. By not providing accurate kinetic data, the 

dependence of reaction rate on temperature is not considered, potentially leading to 

significant inaccuracies. 

Conclusion: This approach is recommended for multiphase mixtures dominated by effects 

from a single gas or liquid phase, in which the other phases may be treated as dispersed 

phases and the effects of two-way coupling are insignificant. 

(2) In the Eulerian Volume of Fluid (VOF) approach, all phases belong to a single mixture. A 

single transport equation (momentum, mass, and energy) is solved for the mixture, where the 

contributions from phases are linked by their volume fractions. This approach focuses on 

resolving the interface between immiscible phases using the High-Resolution Interface 

Capturing algorithm, which utilizes the Heaviside function to determine the scalar value of 

the phase fields. This provides a sharp resolution of the interface as seen between immiscible 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

37 

 

phases like air and water.  In comparison to model scheme (1), the transport equations for 

this scheme are given in (9) – (12) with interfacial heat flux denoted by q".  

Phase mass conservation: 

∂

∂t
∭ αidV

𝑉

+  ∯ αi𝐯 ∙ dA

𝐴

=  ∭(Sαi
−

αi

ρi

Dρi

Dt
 )dV

𝑉

− ∭
1

ρi
𝛁. (αiρi𝐯d,i) dV

𝑉

 
(9) 

Continuity: 

∂

∂t
(∭ ρdV

𝑉

) +  ∯ ρ𝐯 ∙ dA

𝐴

=   ∭ SdV

𝑉

 
(10) 

Momentum: 

∂

∂t
(∭ ρ𝐯 dV

V

) +  ∯ ρ(𝐯 × 𝐯) ∙ dA

𝐴

=  

∭ ρ𝐠 dV

V

−  ∯ p𝐈 ∙ dA

𝐴

+  ∯ T ∙ dA

𝐴

+ ∭ fb dV

V

−  ∑ ∯ αiρi𝐯d,i × 𝐯d,i ∙ dA

𝐴i

 

(11) 

Energy: 

∂

∂t
(∭ ρE dV

V

) +  ∯ [ρH𝐯 + p + ∑ ρiαiHi𝐯𝐝,𝐢
𝐢

] ∙ dA 

𝐴

=  

∭ SE dV

V

−  ∯ q" ∙ dA 

𝐴

+ ∯ T ∙ 𝐯dA

𝐴

+ ∭ 𝐟b ∙ 𝐯 dV

V

 

(12) 

Advantages: (i) Solid, liquid and gas species can be represented by individual VOF phases. 

For immiscible phases, this drastically reduces computational time by reducing the number 

of equations to be solved as compared to model scheme (1). (ii) Combustion models can be 

activated for the gas phase to simulate turbulence-chemistry interactions (iii) pure metals or 

alloys within the computational domain can be set as individual VOF phases to accurately 

simulate melting-solidification by modeling the mushy zone and flow-stop and applying 

experimentally-determined melting curves for solid-liquid pairs (iv) interphase models can 

simulate forces at the phase pair interface from drag, lift, impingement, and other effects; 

chemical reactions between phases can be employed to simulate gas-solid, solid-liquid and 

liquid-gas reactions, as applicable. 
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Limitations: (i) This approach is not recommended for miscible or weakly-miscible phases.  

Few processes in nonferrous metallurgy involve interactions between species which are truly 

immiscible. The presence of moisture in the burden and the formation of molten material can 

trap gases formed from gas-solid reactions within the burden, potentially leading to the 

possibility of gas dissolution. These phenomena must be considered for full-furnace 

simulations. (ii) This scheme assumes that solids in the charge do not contribute significantly 

to overall dynamics in the furnace as individual particles, but only as a whole; this is not 

necessarily true throughout the entire furnace in many cases. While the furnace charge 

material can accumulate in a burden with a prescribed operating height in steady-state 

operation, finer material can entrain with the gas phase atop the burden when freeboard gas 

velocities are high, contributing to the dust profile of the furnace.[100] Furthermore, heat from 

combustion is transferred to the burden, but conduction directs heat to the bottom of the 

furnace. This phenomenon is accompanied by a lateral non-uniformity in particle heat-up in 

the burden due to the relative orientation of heat sources, resulting in different phenomena 

occurring throughout the burden, e.g., decomposition of some solids in a low temperature 

region and melting in a high temperature region. Chemical and physical mass transfer of 

species create local disruptions in the particulate behavior of burden material, which can lead 

to significant deviations in simulated predictions from true material behavior. (iii) Particles in 

the charge only rarely retain a specific shape on entry into the furnace; upstream drying and 

conveying operations cause breakup, agglomeration, and dispersion of particle sizes and 

shapes, processes which continue in the furnace. These effects cannot be captured by an 

Eulerian VOF treatment of solid charge. 

Conclusion: This approach is recommended only for truly immiscible phases where sharp 

distinction between phases is observed. This model scheme predicts the effect of combustion 

on melting with high accuracy but would not capture material behavior at particulate scales if 

gas diffusion and solid decomposition within the burden are investigated. 

(3) This modeling scheme is an extension of (2) with the modification that the particulate 

mixture of furnace feed compounds is modeled by a single Lagrangian phase. Transport 

equations for momentum of the particulate phase is given in (13) – (15). 
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mp

dvp

dt
= Fs + Fb (13) 

 Fs = Fd + Fp + Fvm (14) 

 Fb = Fg + Fmrf + Fu + Fc + FCo (15) 

where mpis the mass of a particle, mṗ is the rate of mass transfer to a particle, Fs is the sum 

of surface forces, Fb is the sum of body forces, Fd is the drag force, Fp is the pressure 

gradient force, Fvm is the virtual mass force, Fg is the force of gravity, Fmrf is the sum of 

forces in a non-inertial reference frame, FCo is the Coulomb force, and Fu is a user-defined 

body force, and Fc is the sum of normal and tangential contact forces on a particle (DEM 

model). Each of these forces are calculated by submodels available in CFD codes. A variety 

of particle sizes can be resolved over industry-scale flows involving millions of particles 

using the Lagrangian formulation. The effect of two-way coupling in conservation of 

momentum, heat and mass with the continuous phase is given by the particle equations of 

mass and energy conservation shown in (16) – (17). 

 
mṗ =

dmp

dt
 (16) 

 
mpCp

dTp

dt
=  Qt + Qrad + Qs (17) 

where Qt, Qrad, and Qs are the rates of heat transfer from the continuous phase to the particle, 

by convection, radiation and by other sources (such as particle reactions), respectively. 

Advantages: (i) This modeling scheme provides a greater resolution of forces and interactions 

at a particulate scale, which can improve the accuracy of predictions at specific times when 

particle dynamics are significantly driven by those of the continuous phase. This is beneficial 

when modeling processes where the particles neither melt nor sublimate secondary to thermal 

effects. (ii) Particles may be injected using a variety of size distribution functions. (iii) Fluid 

phases may also be simulated as a Lagrangian phase; this is recommended for high-

resolution predictions of droplet dynamics, i.e., breakup, coalescence, and atomization of 

droplets.  

Limitations: (i) Due to the Lagrangian formulation of the burden material, each particle must 

be tracked and solved for in “sub-steps” of each Eulerian time-step. The continuity of the 
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Eulerian phase(s) is not observed in the Lagrangian phase; this trade-off achieves high spatial 

resolution of particle dynamics at high computational cost. (ii) This approach is not suitable 

for particles that undergo rigid body motion and avoid significant deformation. For such 

materials, the effect of collisions between particles must be captured, an inherently 

impossible task in the Lagrangian formulation. (iii) Mass transfer between distinct 

Lagrangian phases is not possible unlike the Eulerian phases which may interact to transfer 

momentum, mass, and heat. Therefore, solids in the burden cannot be represented by 

individual Lagrangian phases if they participate in chemical reactions.   

Conclusion: This approach is feasible for the simulation of the free surface between fluid 

phases and the particulate behavior of the solid phase; it is not recommended for the 

simulation of pyrometallurgical processes in which gas-solid reactions and subsequent 

melting are significant. 

(4) The DEM model is a subset of the Lagrangian family of models and is intended for 

applications where particle-particle and particle-wall collisions contribute to overall particle 

dynamics. In some nonferrous pyrometallurgical furnaces, the inflow of charge material 

occurs from an elevation above the furnace floor, leading to rolling effects that are impeded 

by resistive forces (dependent on elementary properties such as the Young’s Modulus and 

Poisson Ratio of the respective materials). Accurate inputs can lead to physically consistent 

predictions of particulate behavior under the influence of the forces exerted by the 

continuous phase (drag, lift, shear, etc.).  

Advantages: The DEM model is used extensively in the pharmaceutical industry, in drying 

applications[101,102], and in seeded particulate flows where the volume fraction of particles is 

relatively low but inter-particle dynamics are of significant. Within the DEM model, 

submodels for rolling resistance, artificial viscosity, particle-particle collisions, and particle-

wall collisions can help resolved the significance of injection effects in pyrometallurgical 

applications. Heat transfer to and from the particles and within the particulate phase can be 

simulated using two-way coupling with the Eulerian phase. The accurate description of 

particle geometry provides high-resolution estimates of heat transfer to particles. Further heat 

transfer, qij from particle j to particle i during collisions is given by (18) – (19) where rc is the 

radius of the contact area between particles, k is the effective thermal conductivity, ct and cn 
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are the fractional values of tangential and normal components (Ft, Fn ) of work done by the 

particle through friction and damping, respectively.  

 
qij = 4rck(Tj − Ti) (18) 

 qr = ctFt𝐯t +  cnFn𝐯n (19) 

Limitations: As with model scheme (3), the incompatibility of the Lagrangian framework 

with Eulerian VOF phases in mass-transfer applications precludes this combination of models 

from simultaneously simulating all of the effects of interest. For instance, the momentum of 

two distinct ionic solids such as a metal sulfide and a metal oxide in the feed and any heat 

transfer between them may be modeled within the furnace as distinct Lagrangian phases, but 

no chemical transformations such as redox reactions involving the solids may be modeled 

when the fluid phases are represented by the VOF model. 

Conclusions: This approach is recommended for simulating particulate loading, heat-up and 

dispersion during start-up and shut-down scenarios in the furnace, without the consideration 

of mass transfer effects. The resolution of fluid interfaces and particle dynamics is suggested 

to be superior to model schemes (1) and (2) which rely on Eulerian properties, and model 

scheme (3) where the rigid body formulation is not considered when simulating the trajectory 

of individual particles. 

(5) Similar to model scheme (2), the gas and melt pool are considered Eulerian VOF phases, but 

the burden is designated as an Eulerian “fluid film” phase. The fluid film can model a liquid, 

gas, solid-liquid-gas mixture, or multicomponent liquid mixture as a single phase. This 

model is suitable for film-dominant applications in which a film forms because of surface 

tension and motion is restricted to laminar flow, or if a film breaks into discrete droplets 

because of shear effects from ambient turbulence. 

Advantages: The fluid film model is fully compatible with VOF phases. It can effectively 

model decomposition in a solid-liquid-gas mixture using the heat of combustion from the 

ambient gaseous VOF phase by means of interphase interactions. The gaseous products from 

thermal decomposition of the burden can also be transferred to the gaseous VOF phase by 

interphase interactions.  
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Limitations: The solids formed by thermal decomposition within the fluid film phase are part 

of a mixture and can only interact with liquid mixtures in the VOF phase. Further, such 

interphase mass transfer would transfer all solid components from the fluid film to the 

mixture of liquids within the VOF phase in a nonphysical manner. This transfer is not 

accurate for pyrometallurgical processes, as different burden components can melt at 

temperatures separated by hundreds of degrees, forming free surfaces at multiple locations.  

Conclusions:  This approach is not recommended for representing phenomena in typical 

industrial-scale furnaces but would be suitable for simulating representative batch-scale or 

laboratory-scale furnaces. In smaller reactors such as these, turbulent flows and continuous-

dispersed phase interactions are mitigated so that it is reasonable to make fluid-film 

approximations. 

(6) In this modeling scheme, the gas phase is described by an Eulerian mixture, while the burden 

and melt pool are described by separate Lagrangian phases. This combination of models 

allows for mass transfer between the burden and the gas during smelting. The burden phase 

contains all of the solid materials and the molten phase contains only the liquid components. 

Advantages: (i) An accurate particle field can be calculated using the Lagrangian formulation 

since the trajectories of the solid materials can be tracked over time while incorporating the 

effects of one-way and two-way coupling between the continuous gas phase and relatively 

dispersed particle phase. Drag, interphasic heat transfer, and erosion may also be studied 

using this formulation. (ii) The droplet behavior of the melt pool can also be resolved even 

before stratified flow develops by using submodels for breakup, coalescence and atomization 

as applicable. 

Limitations: (i) As discussed before, a standalone Lagrangian formulation of particles cannot 

provide accurate predictions of collisions; a DEM model must be enabled to resolve these 

effects. DEM models are computationally expensive for particle counts greater than 500,000 

as is typical for industrial-scale furnace simulations. (ii) The transfer of particles from one 

Lagrangian phase to the other (due to phase changes or other mechanisms) is only possible 

for single-component phases, such as the melting of pure metals. Furthermore, the transfer of 

particles between phases can only depend on a single parameter, such as the melting point. In 

the case of melting, the latent heat of fusion must be accounted for in the heat of formation of 
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each phase. However, in this formulation the transformations from solid to liquid or vice 

versa is an instantaneous process without a melt front.  This could potentially lead to 

inaccurate predictions of liquid metal accumulation or of the timing of flow onset on the 

floor of the furnace. Further inaccuracies could arise when predicting the location of hot 

spots, the phenomenon of boiling, or capturing the Leidenfrost effect. 

Conclusion: This approach is not recommended for simulations of pyrometallurgical furnaces 

where melting of solids to form a liquid metal and/or liquid slag phases is an important 

feature that must be accurately resolved in order to understand the formation of the melt pool 

within the furnace. This approach cannot accurately capture the diffusion of gases resulting 

from thermal decomposition when those gases must subsequently bubble through the liquid 

metal and slag layers. This approach is suitable for simple melting operations where a single 

material transitions to the liquid phase without significant transport of gases from the burden 

to the flue gas stream. 

(7) Particle dynamics can be accurately resolved by representing all of the participating fluids 

within a single Eulerian mixture. While the mixture consists primarily of gases produced by 

combustion and smelting, the incorporation of liquid species to the gaseous mixture can 

reduce computational cost by eliminating the need for an additional Eulerian phase. The 

Eulerian mixture of gases is represented by a volume-weighted density average, and by mass-

weighted averages for dynamic viscosity and specific heat. Thermal conductivity is 

calculated from the Lewis number of the mixture. This approach is recommended when a 

Lagrangian particle phase cannot undergo mass transfer with the continuous 

Eulerian/Lagrangian liquid phase.  

Advantages: (i) DEM models capture particulate collisions with an tolerable increase in 

computational cost since all of the solid materials are contained within a single, multi-

component particle field. (ii) The melt pool can be treated as a component of the continuous 

gas phase with customized equation of state, decreasing computational complexity. This 

approach can also capture the formation of liquid metal species while concurrently the 

resolving feed addition, burden formation, and thermochemical transformations between gas 

and solid components of the system. 
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Limitations: (i) All of the liquid species are collocated within the space occupied by the 

Eulerian mixture so it is essential that all of the fluid species are represented appropriately. 

This requires accurate thermophysical properties of all fluid species. Additionally, the model 

must incorporate the dependence of these properties on temperature.  This adds 

computational expense when compared to the simpler equation of state required for gaseous 

species. Finally, the properties of liquid species as a function of pressure and temperature 

must also be incorporated into the model. This is challenging since there is little publicly 

available data that describes the properties of liquid metals within furnaces. (ii) The effects of 

drag, lift and viscous shear between liquid and gaseous species can be significant when free 

surfaces are formed. However, these interphase effects cannot be resolved if all species 

belong to the same Eulerian mixture. Consequently, any further effects arising from surface 

tension (such as the formation of thin films) cannot be predicted. This creates uncertainty 

when extracting volumetric data for liquid species from of the single mixed Eulerian phase.  

Conclusions: This approach is recommended when a holistic thermal representation of the 

liquid metal phase is required while considering all major furnace transport phenomena.[103] 

Multiple different metals may be added as solid particles to the Lagrangian DEM phase, 

while their liquid counterparts can be incorporated in the Eulerian mixture so long as the 

density of the Eulerian mixture can be reasonably approximated to be constant. This allows 

each fluid species to be represented by a suitable equation of state while using mass- and 

volume-weighted averages to represent the mixture. This approach is not recommended for 

modeling the formation of large-scale free surfaces or for predicting the volumetric content 

of gases diffusing from the burden through liquid metal and slag layers into the flue gas 

stream. This formulation could, however, be used resolve free surface resolution in a 

decoupled manner by using time-dependent thermal effects as source terms. 

4. CONCLUSIONS 

This work has reviewed the current state-of-the art in CFD modeling techniques for 

pyrometallurgical furnaces, encompassing the primary and secondary production of three of the 

world’s major nonferrous metals: aluminum, copper, and lead. Computer simulations are 

powerful drivers for the improvement of industrial process by enabling energy savings while 

concomitantly reducing emissions. With the continuous improvement of the modeling 
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capabilities of CFD tools, including design for parallelization and support for GPUs, there is a 

growing awareness that computational models can empower the optimization of industrial 

processes by informing operational parameters such as burner alignment to increase process 

efficiency and to reduce refractory wear. Physics-informed machine learning methods trained on 

high-resolution codes are in their nascent stages and show promise of enabling even faster 

process optimization. In the coming years, pyrometallurgical furnace systems will require 

increased energy resilience; this resilience can be achieved by upgrading and retrofitting furnaces 

to operate with diverse energy sources (including micro-grid connections and coupling to hybrid 

energy sources for low-load furnace operations), enabling drastic reductions in CO2 emissions. 

The key thermochemical phenomena occurring in pyrometallurgical furnaces include: 

oxygen-fuel combustion; intermingling of multicomponent feed materials (especially in 

secondary recovery furnaces); thermal decomposition of feed components; phase changes; and 

the formation of interfaces and free surfaces. In the past two decades, there has been excellent 

progress in tackling some of the challenges inherent in resolving these complex physico-

chemical phenomena and incremental progress in addressing others. Numerous studies in the 

literature have simulated gas-phase turbulence, gas-phase combustion employing detailed 

chemical kinetics and turbulence-chemistry closure models, gas-phase radiative heat transfer, 

particle dynamics with Lagrangian/DEM submodels, and heterogeneous particle-gas phase 

reactions through various simplifications and approximations. In the future, commercial CFD 

solvers must provide: improved multiphase compatibility, especially for transferring components 

from Lagrangian to Eulerian phases; support for heterogeneous reaction kinetics across 

appropriate multiphase models; and Lagrangian particle-based melting models. As demonstrated 

in this review, these capabilities will be essential for the production of industrially-relevant 

computational models; it is only through further development of these techniques that the 

promise of CFD-assisted pyrometallurgy can be achieved. 
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