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Preface

The symposiumMaterials Processing Fundamentals is hosted at the Annual Meeting
of TheMinerals,Metals&Materials Society (TMS) as the flagship symposium of the
Process Technology and Modeling Committee. It is a unique opportunity for inter-
disciplinary presentations and discussions about, among others, processing, sensing,
modeling, multi-physics, computational fluid dynamics, and thermodynamics.

Thematerials covered include ferrous and non-ferrous elements, and the processes
range from mining unit operations to jointing and surface finishing of materials.
Acknowledging that modern processes involve multi-physics, the symposium and
its proceedings allow the reader to learn the methods and outcome of other fields’
modeling practices, often enabling the development of practical solutions to common
problems.Modeling of basic thermodynamic and physical properties plays a key role,
along with computational fluid dynamics and multi-phase transport and interface
modeling.

Contributions to the proceedings include applications such as steel processing,
modeling of steel and non-ferrous alloys treatments for properties control, multi-
physics, and computational fluid dynamics modeling for molten metal processes
and properties measurement. Extractive, recovery, and recycling process modeling
is also presented, completing a broad view of the field and practices of modeling in
materials processing.

The engagement of TMS and committee members to chair sessions and review
manuscripts makes this symposium and its proceedings possible. The editor and co-
editors acknowledge the invaluable support and contribution of these volunteers as
well as TMS staff members, in particular, Patricia Warren, Trudi Dunlap, and Matt
Baker.

Samuel Wagstaff
Alexandra Anderson

Adrian S. Sabau
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Modeling of Macro-scale Reaction
Effects in a Secondary Lead
Reverberatory Furnace

Nicholas J. Walla, Emily A. Higley, Armin K. Silaen, Alexandra Anderson,
Joseph Grogan, and Chenn Q. Zhou

Abstract A long-standing and effective way to recycle lead-acid battery materi-
als is through processing of lead compounds into lead product within a reverbera-
tory furnace. Exploration of process and design changes through unit modification
can be costly, time-consuming, and potentially harmful to operational efficiency.
Modeling of process behavior, including furnace heat transfer and material reduc-
tion/decomposition, can however be difficult. To this end, a method for reflecting
the production capabilities of a lead reverberatory furnace under various operational
conditions has been developed. Reactions of the lead compounds have been approx-
imated within a steady-state computational fluid dynamics simulation by adding or
removing heat from the domain depending on local thermal conditions. With this,
process and design changes can be explored in the simulated environment before
moving onto more-advanced stages of modeling or experimentation.

Keywords Reverberatory furnace · Lead recycling · Numerical modeling ·
Pyrometallurgy
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Introduction

Nearly 80% of lead produced within the United States comes from the recycling
of scrap lead [1], with nearly half of global lead production being secondary lead
produced from lead-acid battery recycling [2]. The dominant method for producing
secondary lead is via pyrometallurgical processes in reverberatory furnaces, with
78% of secondary lead produced in the United States using reverberatory furnaces
[3]. The growth of secondary lead production brings with it efforts to optimize the
process and minimize any environmental impacts. For overall lead production (both
primary and secondary), the smelting of secondary lead is a strong contributor to the
global warming impact of the lead industry [4], hence the importance of optimization
and energy reduction.

Research into reverberatory furnaces has been ongoing for decades using a vari-
ety of approaches. Experimental furnaces have been built to examine the specifics
of operational behavior, such as the modular furnace design of King et al. [5]. Their
modular furnace, in this case an aluminum reverberatory furnace, allowed for explo-
ration of thematerial heat absorption based on surface area, the effects of combustion
space volume changes, the impact of wall emissivity on overall heat flux, and various
furnace input and output relationships. Kumar et al. [6] built an experimental furnace
to explore the effect of flame impingement on the solid charged material, working
to identify the effective heat transfer through the charge material under different
furnace conditions. This effort was combined with a computational fluid dynamics
(CFD) simulation of the furnace to further explore design and operation conditions.

Numerical modeling of pyrometallurgical furnaces is an attractive alternative
to experimentation. Constructing and operating experimental furnaces can be pro-
hibitively expensive or outright impossible in some instances. Experimentation on
production furnaces risks damage, lost time, and negative impacts on unit productiv-
ity. Using numerical approaches such as CFD to model the multiphase reacting flow
conditions offers the opportunity explore design and process decisions without risk
and at drastically-lower costs.

Golchert et al. [7] created a CFD analysis of a secondary aluminum reverbera-
tory furnace. The model focuses on the combustion gas space to simulate the fuel
combustion, heat transfer, and pollutants/gas flow. Exploration of burner configu-
ration using this model shows improvement to heat transfer when the burners were
angled slightly downwards to counter the natural lift of the flame. Also focusing on
the combustion gas space, Anderson et al. [8] performed simulations of a secondary
lead reverberatory furnace to examine the potential impacts of the burden shape on
potential productivity and refractory wear due to flame impingement, thus providing
insight into charging behavior and burner positioning.

Numerical exploration of melting and smelting presents inherent difficulties for
pyrometallurgical furnaces. Simplifications are often made to ensure numerical sta-
bility or to reduce complexity for the sake of computational resources or compute
time. Buchholz and Rodseth [9] implemented an artificial heat sink on the aluminum
product within the simulation of an aluminum reverberatory furnace. This allowed
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for the approximation of the absorption of the heat of fusion that occurs in the actual
process while allowing for both a steady-state process and a static domain (i.e. no
material phase change from the melting product).

This work takes a similar approach to model a secondary lead reverberatory
furnace. However, the methodology has been adapted for additional considera-
tions needed to approximate the heat transfer of several melting/smelting reactions.
Extending off the previous work of this author [10], mechanisms are implemented
for the release of off-gases that occur during furnace operation.With these behaviors,
a model of the furnace is created that allows for exploration of design decisions and
their impact on productivity while still modeling only the combustion gas space.

Methodology

The simulation model is created in ANSYS Fluent 2022R1 as a 3D, multiphase,
steady-state simulation. Turbulence behavior is captured using the SST k-omega
RANS turbulence model. The burners are directly modeled, with combustion occur-
ring via the finite-rate/eddy-dissipation concept. Radiative heat transfer is considered
using the P1 radiation model. In addition to its use in combustion, the species trans-
port model is used for the off-gassing portion of the pseudo-reaction modeling. As
mentioned above, no melting model is considered in this study and only the com-
bustion gas space is included. Combustion of the natural gas fuel was modeled as
a two-step reaction, with burner inputs taken from furnace operational conditions
corresponding to the temperature and flue gas data used for model tuning.

Currently, not all the information needed to directly model the melting/smelting
reactions of the charged material is known. Thus, the primary focus of this work is
on the application of a “pseudo-reaction” condition that approximates a few macro-
scale behaviors that occur during these reactions. Specifically, the model seeks to
replicate the significant temperature changes and off-gas generation that occur.

Domain

With the simulation isolated to the combustion gas space alone, the numerical model
consists of mass flow inlets within the burners and a single pressure outlet at the
flue duct. The lead and slag tap holes are excluded from this study. A diagram of
the furnace domain in this study is shown in Fig. 1. The furnace front contains the
burners, the pile of charged burden material, and a small amount of slag/bath surface.
The rear of the furnace has the slag/bath surface and the flue. All sides excluding the
openings and bottom surfaces are composed of refractory bricks. These bricks are
modeled as flat surfaces with thicknesses and convective heat losses defined within
the simulation.
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Fig. 1 Side view of furnace CFD domain
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Fig. 2 Top-down view of domain lower surfaces and thermocouple locations

The bottom surface comprises three areas: the burden, the front bath, and the rear
bath. The transition from front bath to rear bath occurs at roughly halfway down the
length of the furnace. The diagram in Fig. 2 shows the extent of these regions. The
burden pile is the portion of charged material that is not submerged within the bath,
the shape of which is replicated from measurements of side slope angles, heights of
the “spine” along the central axis, and distance from the side walls at several points.
Also seen in the diagram are the locations of the three thermocouples used for tuning
the behavior the model.

The numerical grid consists of roughly six million polyhedral cells. The cell zone
for the combustion spacewithin the furnace is divided into four zones: the overall area
combustion gas space of the furnace and a zone for each of the three lower surfaces
made by isolating the first three cells neighboring those respective surfaces. These
isolated cell zones are used for applying the pseudo-reaction source terms within the
simulation, allowing each zone to be treated separately (a necessary consideration
due to differences in their behavior).

Heat Transfer Subroutine

The pseudo-reactionmethodology consists of using user-defined subroutines tomod-
ify the behavior of a base simulation such that the impacts of smelting and melting
reactions are included without the direct modeling of said reactions. For the study
of the reverberatory furnace, the two primary factors missed by not modeling the
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Table 1 Charge material reactions and pseudo-reaction coefficients

i Reaction Ai (kJK) Bi (kJ) Tref (K)

1 PbCO3 → PbO(s) + CO2 (g) −0.084 39.01 588

2 PbSO4 + 2C → PbS + 2CO2 (g) −0.111 21.25 923

3 Pb(OH)2 → PbO + H2O (g) 0.035 55.51 373

4 2 PbO + PbS → 3 Pb + SO2 (g) −0.294 237.7 1073

5 2 PbO + C → 2 Pb + CO2 (g) −0.156 43.94 873

reactions directly are the exo- and endo-thermic temperature changes caused by the
reactions and the off-gases produced by said reactions. The approximation of energy
changes within the model was explored by the authors in their previous work [10],
wherein surface conditions on the burden and bath were adjusted such that temper-
atures within the simulation matched measurements taken from furnace operations.

In short, the approach uses artificial heat sinks defined within the simulation using
user-defined functions (UDFs) as energy source terms. Each zone has separately-
defined heat sinks based on the expected physical behavior of the zone. For the
burden, the enthalpy changes and reaction temperatures for each of the five reactions
(seen in Table1) are used to determine the strength of these heat sinks. These are
used to generate an approximate linear rate of enthalpy changes across a range
of temperatures. Within the UDF, the cell’s temperature is compared against each
reaction temperature, adding to the sum total of enthalpy change expected within
that cell for each matching condition. The equation of this is shown in Eqs. 1, where
αsink is a constant that is used to globally tune this behavior.

The rear bath does not have any reactions, thus its condition is a much-simpler
linear behavior based on the difference between the cell temperature and the lead
liquidus temperature (and also with a scaling factor ksink for adjustment) as seen in
Eq. 2. The front bath uses a blend of these two conditions to reflect the submerged
pile to the sides and front, with the front or rear behavior “fading” in based on cell
position, as seen in Eqs. 3 and 4.

qαsink (T ) = −αsink ·
5∑

i=1

Ai (T − Tref i ) + Bi (1)

qk(Tadj) = −ksink · (T − Tliq) (2)

qαsink,front = qαsink (T ) · max

[(
−

(
x̄ − x̄max

x̄max

)3

+ 1

)
, 0

]
(3)

qksink,front = qksink (T ) · max

[(
−

(
x̄max − x̄

x̄max

)3

+ 1

)
, 0

]
(4)
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With the above behavior, the simulation of the reverberatory furnace can be given
different burner inputs and result in different temperature profiles on the lower surface
due to cells no longer meeting the requirements to “react”. However, upon analyzing
the resulting heat balance of the model, an issue was noticed. The relative amount
of heat leaving the furnace via the flue gas was far lower than expected. Further
analysis showed that the amount of mass leaving the flue was far less than what was
measured. While the pseudo-reaction heat condition could alter temperatures, it was
not generating the significant gaseous byproducts of the reactions.

Off-Gas Subroutine

To overcome this limitation, a new feature was implemented into the pseudo-reaction
code. Taking a similar approach as the heat-changing subroutine, off-gas generation
subroutine would use the temperature data of marked cells (this time only above the
burden pile) to determine if material needs to be generated. For each cell, the cell
temperature is compared to the reaction temperatures of the reactions in Table1. If
the required condition is met, an amount of the resulting gas would be marked for
generation. There were only three species to consider for this: CO2 from reactions 1,
2, and 5, H2O from reaction 3, and SO2 from reaction 4. The SO2 species is unique
in that it will only generate within the domain due to the burden reactions, as the
other two are also byproducts of the burner combustion.

As with the temperature data tuning via comparison with thermocouples, flue
gas measurements allowed for tuning of the off-gas condition. However, while the
temperature condition required only two tuning coefficients (α and k), the species
condition required four: βc for CO2, βh for H2O, βs for SO2, and γ for the amount of
mass generated. The β values are used to adjust the amount of species “generated”
within the marked cells, as without the consideration of material consumption or
reaction rates there is no way to quantify the relative differences in reactant quantity.
With these β terms, each of the three separate off-gas species can be individually
adjusted as needed.

In ANSYS Fluent, defining a source term for a species forces a species fraction
but does not generate mass to match. Therefore, after determining how much of
each species is generated within a particular cell, a DEFINE_ADJUST subroutine
is executed to calculate a total amount of mass to be generated within the cell. This
value is multiplied by the γ constant to scale the mass generation up or down as
needed to match the known flue gas flow rate. A diagram of the UDF logic is shown
in Fig. 3.
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Fig. 3 UDF procedure for
energy and off-gas behaviors

Results

As mentioned earlier, the pseudo-reaction behavior is tuned relative to data gathered
from operation of the reverberatory furnace. The energy-adjustment subroutine is
tuned such that temperature measurements within the simulation match measured
values from three thermocouples (two near the burden pile and one within the flue).
The previous efforts using only the energy-adjusting behavior [10] required tuning
of the α and k terms to match the thermocouples. The relationship between the
temperatures within the model and those parameters (mostly α) was nearly linear.

However, upon adding the off-gas generation behavior, differences were noted
in both the temperature profiles of the system and the simulation’s response to the
tuning coefficients. The two systems (energy and off-gas) are inherently linked; a
change in temperature results in an altered distribution/concentration of off-gasses
which in turn affect the thermal properties of the combustion gas thus affecting the
movement of heat within the domain. This leads to a more-difficult balancing act
between the coefficients and the target values.

Figure4 shows contours of temperature (normalized relative to global minimum
andmaximumvalues) on the lower surfaces of the furnace.Colder regions can be seen
in the back of the burden pile and in the front of the pile that is only indirectly exposed
to the heat from the burners. The spine of the burden pile is also at a slightly-lower
temperature. The highest temperatures can be seen on the sides of the pile directly
where the flames of the side burners impinge upon the burden material.

Plotting the strength of the pseudo-reaction’s energy removal, an interesting pat-
tern appears. Due to the nature of the enthalpy-based coefficients for each reaction,
the regions with the highest temperatures do not correspond to the areas with the
strongest degree of heat removal. As seen in Fig. 5, two “rings” of high energy
removal exist near the peripheries of the burner impingement zones. With the excep-
tion of the third reaction (which remains endothermic), the reactions transition from
endothermic behavior to exothermic behavior at various temperatures. At a temper-
ature of approximately 1600K a transition point is reached where the endothermic
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Fig. 4 Locally-scaled contours of normalized temperatures on lower surfaces

Fig. 5 Contours of pseudo-reaction energy source term on lower surfaces

and exothermic behaviors of all five reactions cancel each other out. This leads to a
natural balancing effect in some regions of the burden pile.

As the SO2 in the system is only sourced from the pseudo-reaction source term,
contours of SO2 concentration along the center plane of the domain provide some
insight into the behavior approximated reactions. Figure6 shows the off-gassing
of the SO2 from the burden surface, with the gas flow of the furnace driving the
emissions towards the flue. The rear of the burden pile produces very little SO2,
likely due to the lower temperatures as the reaction which produces the SO2 has the
highest reaction temperature of the five reactions in the model.

The resulting composition of the flue gas after tuning the coefficients was within
desired ranges for both the concentration of the target species as well as for the
overall mass flow rate. Table 2 shows the resulting error in the model results relative
to the measured data from furnace operations. The highest error seen is for the
oxygen content of the flue versus the simulation. One aspect of the reactions that is
not currently considered is the consumption of oxygen by the coke in Reaction 5.
In operational measurements, flue gas volume of oxygen was found to be between
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Fig. 6 Side view center plane contours of normalized SO2 concentration

Table 2 Flue gas composition and flow rate error relative to operations

H2O CO2 O2 SO2 ˙mflue

Error % 9% 7% 69%+ 3% 5%

Table 3 Heat balance error relative to operations

Case Reactions (%) Walls (%) Cooling (%) Flue (%) Total (%)

No Off-Gas +65 −70 −57 −45 +7

Off-Gas <1 −33 −54 −9 +7

Table 4 Thermocouple temperature error relative to operations

Case TCA (%) TCB (%) TCF (%)

No off-gas 1 2 1

Off-gas 0 2 11

0–4% (averaged to 2% for this analysis) while the simulation shows roughly 5% of
flue output being oxygen.

Looking at the resulting heat removal within the furnace, Table 3 shows the impact
of the off-gas inclusion in the pseudo-reaction model. It is estimated that 30–40%
of the heat from the combustion sources is consumed by the melting and smelting
processes. Comparing the previous pseudo-reaction simulation (without off-gassing)
to a heat balance of the operating furnace, reactions and super-heating of the bath
went from an over-prediction of roughly 65% (62% of combustion input) to nearly
matching the estimation. The accuracy of heat removal via the walls also improved,
though the error in heat removed via cooling elements remained unchanged. The
heat removal via flue gasses is still slightly under-predicted but is much improved
over the simulation without off-gas consideration.

One noticeable impact of the off-gas inclusion was an increased sensitivity to the
adjustment of the αsink value for the burden and bath energy removal. Previously,
the αsink term was found to have an almost-linear impact on the temperatures at the
front and rear of the furnace. However, the addition of the off-gas species resulted
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in much greater changes at the front area of the furnace (at the two burden-adjacent
thermocouples) versus the rear (flue thermocouple) region, with flue temperatures
remaining close to the target value but front values plummeting at higher values of
αsink.

While the energy loss-only study used an αsink of 70 to obtain a temperature
match to the thermocouple data, the off-gas study required a lowering of the value
to 40. Even then, Table 4 shows errors in temperature measurements increased from
between 1–2% error up to as much as 11% error, with flue temperatures being much
higher. This behavior is currently being investigated by the authors, but may be due
to the “doubling-up” of heat removal via the source term and generation of new
mass in the cell, wherein added mass alters the impact of the energy source term as
applied by ANSYS Fluent as well as the increased heat capacity of the species-laden
gas convecting more heat away from the burden region.

Interestingly, the error for overall heat losses within the furnace remained the
same between the two simulations, indicating that the heat previously removed by
the energy subroutine is now being transported by the generated species to exit at
the flue.

Conclusions

In this work, a numerical subroutine was developed and applied to the steady-state
simulation of a secondary lead reverberatory furnace. Aiming to replicate the macro-
behaviors of the melting and smelting reactions from the conversion of the charge
materials into liquid lead, a pseudo-reaction was used to alter the heat balance within
the furnace as well as generate off-gasses that would occur during the process. The
current model has been adjusted to match the measured behaviors of the operational
furnace, with further work underway to validate and explore the model. Once vali-
dated, the simplifications made within this model will allow for faster modeling of
furnace conditions, including exploration of furnace design and burner set points.
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Effect of Wearing Impellers
on Multiphase Flow and Desulfurization
During KR Mechanical Stirring Process

Wei Chen, Yanyu Zhao, and Lifeng Zhang

Abstract It is of great significance to study the variation of the multiphase flow
during the entire service process of an impeller to improve the dispersion of the desul-
furizer and the desulfurization efficiency during the KR desulfurization process. In
the current study, the key dimensions of an actual KR impeller during the service
process were quantitatively measured first. Then, a three-dimensional model coupled
with the k-ε turbulence model, VOF multiphase flow model, DPM model, UDS
model, and unreacted core desulfurization model was established to predict the
multiphase flow and desulfurization during the KR mechanical stirring process with
different wearing impellers. The results show that with the increase of the wear
degree of the impeller, the stirring effect was gradually weakened, resulting in a
gradual weakening of the desulfurization efficiency. The desulfurization end sulfur
content was 58.2 ppm after the impeller employed 220 heats, which was more than
4 times higher than the 13.0 ppm with a new impeller.

Keywords Wearing impellers · Multiphase flow · Desulfurization · KR process

Introduction

The KR mechanical stirring method has obvious advantages in the desulfurization
effect and desulfurization cycle due to its superior kinetic conditions and is widely
used in the hot metal pretreatment desulfurization process [1, 2]. Many researches
about the fluid flow and desulfurization during the KR process have been published.
Ji [3] used the Euler-granular model to study the mixing of the desulfurizer and
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high-sulfur hot metal under the variable-velocity stirring method. The effect of the
impeller geometry on the fluid flow and particle volume fraction was investigated
[4]. Li [5] developed a coupled k-ε model and VOFmodel to get insight into the flow
pattern and interface behavior taking place during the KR desulfurization process.
It shows that the interface profile and vortex depth strongly depend on the impeller
dimension. Wang [6] established a transient-coupled three-dimensional numerical
model to study the two-phase flow, heat transfer, desulfurizer motion, and desulfur-
ization behavior during the KR hot metal treatment. He [7] studied the distribution
and motion behavior of desulfurizers in a 170 t hot metal ladle with KR mechanical
stirring using the Eulerian–Lagrangian approach. Nakaoka [8] investigated the fluid
flow and particle transport accompanied by turbulent agglomeration using numer-
ical simulation. It can be seen that most of the research was concerned with the fluid
flow, vortex distribution, and particle dispersion. In addition, most of the published
studies on the hot metal desulfurization were theoretical analyses and experimental
observations applicable to special conditions [9, 10]. However, the desulfurization
model with a wider scope needed to further couple the numerical simulation of the
fluid flow and the desulfurization kinetic model, but this part of the research was still
relatively few. The effect of the wear degree of the impeller on the flow field and
desulfurization also needed further study [11].

In the current study, a three-dimensional model coupled with the k-ε turbulence
model, VOF multiphase flow model, DPM model, UDS model, and unreacted core
desulfurization model was established to investigate the effect of the impeller wear
degree on the multiphase flow and desulfurization in a 250 t KR hot metal ladle.

Mathematical Model

A three-dimensional model based on a 250 t KR hot metal ladle was established, as
shown in Fig. 1. The range of rotation speed and immersion depth of the impeller
in the actual production process was 90–110 rpm and 1500–1700 mm, respectively.
The upper and lower diameter of the hot metal ladle after removing the refractory
part was 4066 mm and 3738 mm. The total number of grids of the current mold was
about 0.5 million. Other specific model parameters and boundary conditions can be
found in the previous study [12].

The upper and lower rotation diameter of the initial unused impeller in Fig. 1 were
1400 mm and 1300 mm, respectively. The height and width were 950 and 480 mm.
As the stirring time increased, the employed impeller was gradually eroded by the
hot metal and slag. In addition, the desulfurization slag also adhered to the impeller.
Figure 2 shows the morphology of the same impeller with the initial state (left), after
employed 120 heats (middle), and after employed 220 heats (right). The service life
of the impeller was about 270 heats, and the results in Fig. 2 show that the impeller
was severely eroded after employed 220 heats. Therefore, the above impellers were
modeled and their effects on the flow field and desulfurization were investigated.


