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ABSTRACT

A model of temperature distribution, carbon and gas concentrations, and powder and melt pool
thickness evolution has been developed for the top-surface powder layers in the continuous-casting process.
Mold powder is added to the continuous caster to provide thermal and chemical insulation (prevent
re-oxidation of steel), to supply liquid flux into the gap to provide lubrication, and to control horizontal
heat transfer across the air gap between the copper mold and re-solidified flux, and to absorb and remove
inclusions from molten steel. Therefore, maintaining sufficient powder and liquid flux layer thicknesses is
important to achieve these functions. Understanding the powder melting behavior is key to maintaining a
stable and adequate liquid pool thickness. Free carbon in the mold powder controls the melting rate and
its concentration evolution is influenced by heat, mass transfer, and gas transport through the porous
powder bed. The powder/slag region is modeled with a 1-D, fixed-grid, transient, advection-diffusion
finite-volume model, and includes phase change and melting, powder densification, carbon burning, gas
evolution, gas transport, and exhaust phenomena. The steady-state model has been verified with an
analytical solution, and with a model with a commercial package. The transient heat transfer model has
been validated with plant measurements in operating commercial slab casters, and applied to study the
effect of powder properties/casting conditions, and automated vs. manual feeding. The multiphysics model
including the effects of heat and mass transfer, sintering, combustion, and gas transport has been validated
with lab sintering measurements. Finally, the multiphysics model has been applied to the continuous
caster. The carbon in the mold powder is advected due to powder shrinkage, and liquid flux consumption,
which results in carbon enrichment in the sinter layer near the bottom of the powder, which is more than
in the lab experiment. This novel multiphysics model of top-surface powder behavior is a valuable tool in
understanding the phenomena governing temperature, powder/slag thickness, and powder melting rate in
the continuous casting process.

Keywords: Heat Transfer, Mass Transfer, Sintering, Powder Melting, Carbon combustion, Gas

Transport, Finite volume, Multiphysics model, Continuous casting, Mold powders
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CHAPTER 1
INTRODUCTION

Steel is one of the most recycled and widely used materials in today's world. While ingot casting
produces a small fraction of steel products in special-alloy steel plants, almost 96 % of the world's steel [1]

is produced by the continuous casting process (Figure 1.1).

Figure 1.1 Continuous Casting process schematic [2]

1.1 Continuous Casting Process

Continuous casting involves the solidi cation of molten steel into slabs, billets, or blooms which later
get rolled, and nished into nal products. Molten steel ows from the ladle through a tundish into a mold
through a submerged entry nozzle (SEN). The ow bifurcates through the ports toward the narrow face
mold walls. Depending on many factors, such as the port angle, nozzle clogging, etc., the ow can either be
symmetric, or asymmetric, which can a ect the heat transfer and inclusion removal from steel. The

continuous slab-casting mold ( 1m in length) in Figure 1.1 consists of four copper plates with



water-cooling channels, which remove heat from the molten steel to solidify it along the mold walls. This
horizontal heat transfer through the mold, solidifying steel shell, and air gap has an important e ect on

steel surface quality after it is cast. In a slab caster, the mold consists of two wide faces (WF) and two
narrow faces (NF). The mold oscillates (at a frequency of 1-5 Hz) vertically to prevent sticking of the steel
shell to the mold walls. There are drive rolls to pull the shell downward at a casting speed, which balances
with the incoming liquid steel so that the process runs in steady state. The shell thickness keeps increasing,

and by the time it reaches near mold exit, it is about 30 mm thick and can support the remaining liquid.

1.2 Research Motivation and Background

The top half of the copper mold (which is a closeup of the region containing the blue rectangle in
Figure 1.1) is illustrated in Figure 1.2. Note Figure 1.1 is showing the edge view of two wide face molds in
a view looking at the narrow faces, while Figure 1.2 is showing the front view where the mold is one of the

narrow faces.

Figure 1.2 Schematic of phenomena with current model domain (red dotted rectangle) [3]

In continuous casting of steel, mold powder is added to the top surface of the molten steel in the mold

to provide thermal insulation to prevent heat loss from the molten steel, which could result in signi cant



drops in liquid metal temperature, and in extreme cases can lead to meniscus freezing. Mold powder is also
essential to prevent reoxidation by providing chemical insulation [4{7], as molten steel might come in

contact with oxygen from the ambient, and re-oxidize to form detrimental particles which can jeopardize
steel quality.

Mold powder melts to form liquid slag which can absorb inclusions such as alumina from molten steel,
and improve the nal steel quality. Additionally, the liquid slag lubricates the gap between the solidifying
steel shell and oscillating water-cooled copper mold, thereby preventing friction, controlling heat transfer
across the gap, and helping in the removal of impurities in the steel. Due to any reason, if any of the above
functions cannot occur properly, then this can lead to serious quality problems, such as caused by mold
powder entrapment (depending on uid ow and surface tension, etc.), insu cient liquid ux feeding into
the gap, thereby increasing friction. This can also lead to various surface defects, and in severe cases,
breakouts [8] in the plant, which cause the casting to stop temporarily to restore standard casting
conditions.

While heat transfer across the interfacial gap is important to steel surface quality, vertical heat transfer
through the top surface of the mold powder is needed to provide thermal insulation, and stable melting so
that the top surface does not freeze (one of the main purposes of controlling vertical heat transfer).
Meniscus freezing can cause re-oxidation leading to detrimental oxide inclusions in the nal product.

Mold powders are essential to prevent oxidation and meniscus freezing and to avoid contamination,
such as caused by carbon from the sintered layer coming into contact with ultra-low carbon molten steel.
The melting rate should be controlled to provide su cient liquid ux ow into the gap for proper
lubrication, while not being excessive, and also to prevent the carbon-rich sintered layer from coming in
contact with the molten steel. It is important to maintain a stable liquid slag layer that is thick enough to
completely cover the molten steel, and to provide continuous feeding into the interfacial gap. However, the
liquid slag layer should not be allowed to become too thick. An excessive melting rate can lead to increased
slag entrainment, and the level uctuations create slag "bears" or "ropes"”, which are very large solidi ed
slag rims, that hinder slag in Itration into the gap, leading to surface defects (small slag rims always form
and are very helpful if not too big).

Mold powders usually consist of a mixture of oxides mainly silica, alumina, calcium oxide, sodium
oxide, and magnesium oxide with varying amounts of titania, zirconia, borium oxide, and lithium oxide.
The powder contains three phases, namely the oxide mixture, air and carbonaceous content in form of
isolated carbon as graphite, coke, lampblack or tied up as carbonate compounds. During the powder
heating, various phenomena occur like moisture evaporation, decomposition of carbonates (500 C),

combustion of unburnt carbon ( 500 900 C), sintering of mineral particles, and nally melting to form a



liquid slag pool above 900C (Figure 1.2). The melting and reaction rates depend on the carbon content,
porosity, density, size distribution of the powder particles, powder particle shape, thermal properties, and
other controlling factors like the thickness of the powder layer and powder addition process, etc[9]. The
free carbon in the mold powder helps regulate the slag melting rate, which is important for mold
lubrication, and the formation of solid ux which controls heat transfer across the gap.

Figure 1.3 (a) and (b) show the transient sintering and melting process as powder particles move from
top to bottom of the layer. The mold powder can be either granulated powder or ordinary ne powder. The
granulated powders investigated in this study are manufactured such that the powder is heated with air to
make the contents explode, creating hollow shells of the various oxides that comprise the powder, giving it
very low density and high porosity ( 70%). The particulate spheres (roughly spherical) are packed such
that the external porosity is similar to body-centered cubic (32%), and the internal porosity is 50-60%, so
the e ective porosity of the hollow spheres (formed when the internal contents explode) becomes 70-80%.
The size of non-granulated powder/slag particles in ordinary ne powder can range from 5-150, while that

of the granulated powder/slag particles vary from 80-800u. The size of graphite particles is 451.[10].

Figure 1.3 (a) Schematic of porous / hollow granulated powder/slag particles sintering and gradually
melting (b) Micrographs of the powder sintering and melting process [11] (Powder heats up and minerals
sinter. Gradually, the moisture evaporates, and carbonates decompose (500 C). Free carbon in the mold
powder combusts ( 500 900 C), and eventually, the sintered powder melts to form a liquid slag pool
above 900C



In order to control the melting rate, both types of powder are mixed with a prescribed amount of
carbon, either integrated into the powder, or as separate carbon particles, called \free carbon". The top
layer of the powder in the mold consists of the loose particles, as added from either an automated powder
feeder or by pouring manually from a bag. These particles gradually undergo sintering and densi cation to
produce a dense, C-enriched sinter layer towards the bottom and liquid slag. The sintered layer gradually
accumulates carbon which has not burned away. The liquid slag gradually percolates down to form a
molten slag/layer beneath the sintered layer, that oats above the molten steel. Towards the meniscus
region, liquid slag is consumed into the gap between the solidifying steel shell and the copper mold wall
during the oscillation cycles. The consumption rate depends on the oscillation practice, and conditions in
the interfacial gap. This consumption greatly a ects the thickness of the liquid slag layer, which acts as a
reservoir for the consumption. Liquid slag consumed in this way acts to lubricate the gap between shell
and mold, prevent friction, and regulate heat transfer in the gap. Please note that the words, 'liquid ux’'
and 'molten slag' are used interchangeably in this thesis, and refer to the molten powder.

The carbon in the powder has an important e ect on the sintering and melting behavior [12{20].
Carbon controls the melting rate (adding carbon to the mold powder decreases the powder melting rate
[21]), but the mechanism is not understood. Improving understanding of powder melting mechanisms by
testing hypotheses is one of the objectives of the current research. The carbon also undergoes combustion
[12{14] through several chemical reactions leading to the formation of carbon dioxide and carbon
monoxide. These reactions are controlled by both chemical kinetics and di usion [13, 22{29] due to the
transport of oxygen into the powder, and the transport of combustion products upwards and out of the
powder top surface. The combustion is controlled by chemical reaction at low temperatures (300 to 400

C), and by mass transfer inside the powder and gas at high temperatures (600 to 80QC) [13]. A region of
mixed control is described to be present between these temperatures [13].

To date, the combustion and gas transport models have only been applied and compared with the lab
sintering experiment, where detailed measurements are available. However, no model or experiment of
carbon combustion exists for a commercial caster. It is di cult to conduct lab experiments to measure the
combustion kinetics of mold powders in the presence of a liquid ux layer. It is also arduous to replicate all
the plant conditions in a lab experiment or extrapolate the experimental results directly to the plant
scenario. Few controlled quantitative lab experiments [12, 30, 31] exist in the literature that can be used as
benchmark experiments. Plant experiments are also very di cult [32], and expensive to conduct, with
often separate trials requiring special conditions that can result in rejecting the steel slab due to not
meeting the product speci cations. Therefore, computational models are a useful tool to investigate the

process, to understand the mechanisms, and their relative importance. Hence, developing the model to



match the lab measurements available is a necessary step toward implementing the combustion behavior

for a real caster simulation.
1.3 Research Objectives and Outline

This research aims to gain a fundamental understanding of mold powder behavior and develop a
multi-phase, multi-physics computational model of the continuous casting mold powders considering heat
and mass transfer, powder densi cation and shrinkage, carbon combustion and advection, gas di usion,
advection, and exhaust.

A summary of the speci ¢ research objectives are presented below:

Develop a steady state model to calculate the temperature eld through the mold slag layers, and

verify it with an analytical solution, and an Ansys Fluent model

Develop a transient thermal model (heat, and mass transfer module) to predict thermal behavior in
mold powder/slag layers and verify it with a previous steady-state in-house code, and with an Ansys

Fluent model

Develop a Multiphysics model using the transient thermal model, which includes the following

features:

Rate kinetics of the sintering process for the powder/sinter layer, causing void fraction decrease

and density increase with temperature and time

A multi-species, 4-equation combustion model (4-eCM) with chemical reaction rates, gas

di usion, transport, and exhaust to predict resulting carbon and gas distributions

Validate model with lab experiments of powder sintering (temperature, carbon and exhaust gas

distribution)

Apply the model to a commercial continuous caster (including liquid ux layer, and slag consumption
into the gap) and validate with available plant measurements (temperature, powder/slag layer

thicknesses)

First, a steady-state heat transfer model is developed which is veri ed with Ansys Fluent, and an
analytical solution derived by the author. Following this, a transient heat and mass transfer model is
developed, and the calculated powder surface temperatures and powder/slag levels are validated with plant
measurements [32, 33] conducted in previous work by CCC researchers (Adnan Akhtar, Matt Zappulla)

and CCC sponsor (Joydeep Sengupta) at Dofasco. Then, the sintering and densi cation physics is



implemented into the model to account for the contraction of pore spaces resulting in powder compaction,
and shrinkage, which enhances the heat conduction through the powder/slag layers.

In the current study, granulated mold powders, and carbon in the form of graphite are investigated. The
pore spaces are initially lled up with air which later gets mixed with the reacting gases. The model results
for temperature and carbon distribution, powder shrinkage, and gaseous exhaust are validated with the lab
sintering measurements available in the literature [12]. Then, the multi-reaction complete combustion
model with the transport, and sintering physics is implemented to predict the temperature, powder/slag
levels, pore fraction, carbon and gas distribution in a real continuous caster. To our best knowledge, no
comprehensive computational model/experiment exists in literature to predict the heat transfer, mass

transfer, gas reactions, exhaust gas composition, and combustion of mold powders in an actual caster.
1.4 Dissertation Outline

This dissertation is divided into 8 chapters.

Chapter 2 contains a literature review of computational models of top surface powder and slag layer
behavior, and previous experiments to predict/measure the temperature distribution, density variation,
carbon combustion, gas transport, and powder melting rate in those layers. This review aims to gain a
comprehensive understanding of advances in mold powder studies whether in the form of lab experiments,
or empirical/computational models probing to study one or multiple aspects of mold powder behavior
during heating, phase transition, melting, and carbon burning.

Chapter 3 introduces the steady-state heat transfer model and veri es it with analytical solution and
ANSYS Fluent for constant powder/slag properties, and with Fluent for temperature-dependent properties.
Chapter 4 introduces the transient heat and mass transfer model, along with the interface balance
model which calculates the location of phase boundaries changing due to powder addition, liquid ux

consumption, and powder melting. The transient model is veri ed with ANSYS Fluent.

Chapter 5 introduces the multiphysics model with the sintering and combustion behavior of mold
powders. It describes the sintering kinetics of granulated mold powders and model validation with lab
measurements. The density-temperature relationship is studied taking into account the e ect of time, and
sintering rate constants. It also explains the carbon combustion physics and gas transport through the
powder bed, and validation with lab measurements. The combustion model in this chapter builds on the
heat transfer, and mass transfer model described in Chapter 4, and uses the thermal pro le to predict the
densi cation, carbon and gas distribution through the powder layer, and the gaseous exhaust from the top

of the powder layer.



Chapter 6 contains the transient thermal model application to the commercial steel continuous casting
process. First, the heat and mass transfer model is used to predict the powder top surface temperature and
the powder/liquid ux levels. The model predictions are validated with plant measurements in commercial
operations, including speci cally, the thick-slab caster at Dofasco and the thick-slab caster at Tata Steel.
The model is found to capture the physics well and predict the temperature and powder levels for both
scenarios which agree with plant measurements.

Parametric studies are conducted to understand the e ect of parameters such as powder packing, slag
consumption, and carbon burning (a preliminary study that accounts for carbon burning through an
e ective speci ¢ heat of the mold powder). Following the parametric studies, various powder-feeding
mechanisms prevalent in the plant like manual powder feeding (through an intermittent powder addition by
a plant operator), and automated feeding (through a robot, or well-designed control system) are explored.

Chapter 7 presents the multiphysics model application to continuous caster. It considers the sintering
physics, and carbon combustion, di usion, and gas transport behavior to predict the density pro le, and
carbon and gas distribution. The model properties with the sintering phenomena are more complex than
the piece-wise linear properties used in the rst study of the continuous caster. So, the model needs to be
re-validated with the plant measurements. Among the measurement cases available, the best case with an
ultra-low carbon steel slag is used to re-validate the surface temperature and powder/slag levels in a
commercial caster.

Chapter 8 summarizes the research conclusions and future work for the model. The future work section
describes the new physics that is relevant to studying the mold powder behavior and can be explored in a
future version of the model.

Appendix A presents the nomenclature for the various symbols, and variables mentioned in the
dissertation document.

Appendix B mentions the copyright permissions for the external gures included in this work.



CHAPTER 2
LITERATURE REVIEW

This chapter reviews the previous work done by researchers on the modeling of continuous casting mold
powders focusing on these areas: Heat transfer and uid ow, powder consumption, sintering, combustion,

gas transport, powder melting, and additional multi-physics.
2.1 Heat Transfer, and Fluid Flow

Several studies exist in the literature to study horizontal heat transfer across the gap between the
solidifying steel and the copper continuous casting mold. However, only a few models are available in the
literature that studied the vertical heat transfer through the powder/slag layers on the top surface above
the molten steel in the mold. McDavid et al.[34] developed a 3-D, steady-state, nite element-based model
using the commercial code, FIDAP to study the combined e ect of heat transfer, and uid ow inside the
top-surface ux layers in steel continuous casting. Akhtar et. al. [32, 33] conducted measurements of
powder levels, and powder surface temperatures using nail dipping tests in the plant. Akhtar also
developed a 2-D, computational model in ANSYS Fluent to calculate the temperature distribution through
the nail in a nail-dipping experiment, and compared them with the measurements. Nakano et. al. [35] also
developed a nite di erence-based model to predict the temperature distribution through the powder
considering the powder consumption in the form of liquid ux removal rate from the domain bottom.

A study of radiation heat transfer through mold uxes[36] found that the absorption and extinction
coe cients do not have any appreciable change with temperature below 773K. A gray gas assumption was
utilized in the model to calculate the radiation heat ux. The radiative conductivity was found to be larger
for low carbon and ultra low carbon steel as compared to medium carbon steel. This was attributed to
di erent solidi cation patterns and higher melting rates rather than to the optical properties of slags with
lower carbon content.

Bin Zhao conducted 2-D numerical simulations to quantify the e ect of coupled heat transfer, and uid
ow on heat transfer in a thin molten ux layer above molten steel using commercial code, ANSYS Fluent
[37]. The e ect of natural convection in the ux layer, along with bottom shear velocity, and e ect of
temperature dependent viscosity was studied. The contours of density gradient in the convection cells
constructed from the temperature gradient are matched with the fringes from the experimental
interferograms (Figure 2.1). Natural convection was found to be suppressed for thin ux layers, when the

transverse ow of molten steel below the surface is su cient, which usually occurs in commercial casters, so



the Nusselt number was found to increase linearly with bottom shear velocity.

Figure 2.1 Comparison of computed and measured ow patterns in a thin molten slag layer with natural
convection cells showing (top) Horizontal density gradient contours from 2-D computational simulation
(Case 1A) [37]; (bottom) Interferograms from the experiment showing fringes from temperature-dependent
density [38]

The variation of the heat transfer, represented through a Nusselt number (Nu) with the molten steel
velocity is shown in Figure 2.2. This parameter (Nu) represents an increase in thermal conductivity of the
molten slag layer due to enhanced convection due to mixing because of uid ow (mixing augmented
conduction). It is observed that Nusselt number increases near linearly with bottom shear velocity. A
higher Nusselt number, and hence higher molten slag thermal conductivity is observed for slag (b) which
has a smaller viscosity than slag (a). This occurs because the end e ects get extended with higher ow
circulation in the ux layer. The extent to which Nu increases depends on the ux viscosity. The results
for slags (b) and (c) match, even though the properties are di erent, because the dimensionless numbers,
Rayleigh number(Ra) and Prandtl (Pr), match, which depend on slag properties (density, molecular

viscosity, and thermal di usivity), showing that those parameters control the Nusselt number (Nu).

Figure 2.2 Variation of Nusselt number due to convection heat transfer through the molten slag with
molten steel velocity beneath the slag layer for two di erent slags [37]
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2.2 Powder consumption

Previous researchers have conducted studies to evaluate the e ect of the physical and chemical
properties of mold slags, and casting conditions on powder consumption. An empirical criterion developed
by Wolf [39] gives an optimum molten slag viscosity for having the least amount of mold friction at a
particular casting speed. He also evaluated a target molten ux consumption rate[40] so that the caster
can operate in a stable manner without leading to breakouts. Several other empirical equations exist in the
literature which estimate the mold powder consumption based on mold oscillation, and mold ux
crystallization temperature[41, 42].

The powder consumption model used in this dissertation is a semi-empirical model based on extensive
plant trials conducted on continuously cast ultra-low carbon steel slabs [43]. Flux is consumed into the gap
between the solidifying steel and the mold walls via 3 components: a slow-moving re-solidi ed or
crystallized layer against the mold wall, a liquid layer, and by ux trapped in the oscillation marks. Flux
consumed due to lubrication is estimated by subtracting the ux contained in the oscillation marks (OM)
from the total measured consumption. So, the ux consumed due to lubrication of the interfacial gap
between the mold wall, and solidifying steel strand is the major consumption source at higher casting
speed, while the slag that ows into the gap and gets trapped in the oscillation marks is the dominant mass
sink for slag at lower casting speeds. If the liquid ux lubrication layer is too thin, this can result in higher
friction, and the formation of transverse cracks, and when it is non-uniform around the strand perimeter, it

can lead to stress concentration and longitudinal cracks and breakouts.
2.3 Sintering

Granulated powders have a high porosity ( 70%) at room temperature. As the powder heats up, the
particles become more closely packed, and the total porosity decreases. The total porosity is the sum of
internal pores inside each hollow particle, and external pores (which de ne the packing factor) in between
the particles. So, the particle density increases with both higher temperatures and longer times. Sintering
refers to the complicated phenomena of partial melting, sticking together of the particles, and densi cation.
Sintering rate kinetics has been studied by several researchers [12, 44{46].

In the 1960s and 1970s, the fundamental physics of sintering was developed. Thummler et. al
performed a detailed literature review of the sintering process explaining the various transport mechanisms
during the sintering process as pore spaces decrease, and neck formation occurs resulting in the cohesion of

powder particles [44]. He proposed the exponential Arrhenius relation as governing the sintering process.

ks = [koexp = ]" (2.1)
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where: n: exponent, Q: activation energy, ks: rate constant of sintering, T: Temperature,

The sintering rate depends greatly on the form of the carbon, (free carbon - graphite chunks, vs nes vs
combined chemically as carbon compounds) and the form of the powder ( nes vs granulated)[11]. An
isothermal sintering study of uranium oxide in an optical dilatometer exists in literature [45]. The uranium
oxide compacts sintered had constant non-stoichiometry and the oxygen partial pressure was measured by
a stabilized zirconia solid electrolyte cell. The sintering kinetics was studied, and an empirical densi cation
rate equation was developed which was valid for a temperature range of 1000-1550C. The temperature
e ect on sintering agreed with previous literature. They t their measurements to the following rate
equation:

Vo Vi
Vs Vth

= gkt (2.2)

where, Vp: volume at unsintered conditions, Vi, : volume at theoretical fully sintered conditions, Vs:
volume at sintered condition, n: exponent, Q: activation energy, ks: rate constant de ned in the previous
equation

In another work [46], the uniformity in mold ux composition of spray granulated uxes, and its e ect
on properties during heating was studied through experimental techniques like TG-DSC, XRD, SEM-EDS,
and sintering measurements. It was found that during the granulation process, Na and C enrichment took
place on the powder particle surface due to di erent outward di usion of the various raw materials used
during sintering.

Since then, the above method has been applied to di erent materials, and compounds similar to mold
powders such as Calcium Carbonate©@aCOs) [47{52]. A well-known classical model in literature, the
german-Munir model [53] calculates the surface area decrease during early, and intermediate stages of

sintering. In work by Maya et. al [50], the e ect of surface di usion, and grain boundary di usion were

studied in a mathematical model of CO, catalyzed CaO sintering.
2.4 Combustion and Gas Transport

The carbon in the casting powder undergoes combustion through several reactions[12, 13, 54] leading to
the formation of carbon dioxide and carbon monoxide. These reactions are controlled by both chemical
kinetics and di usion due to the transport of oxygen into the powder and the transport of combustion
products out of the powder layers.

Isothermal lab experiments have been carried out in the literature to investigate the carbon combustion
of mold powders [13]. In the work by Schwerdtferger et. al., large samples were combusted with oxygen by

keeping them at a constant temperature. Di erent regimes were found governing the kinetics of carbon
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combustion. The chemical reaction involving the oxidation of carbon to form carbon dioxide has a
dominant e ect at low temperatures (300-400 C), while at higher temperatures (600-800 C), the mass
transfer within the powder layers, and in gaseous space above the powder is important for carbon
combustion in the powder[13]. A region of mixed control is described to be present in between these
temperatures[13]. The top powder zone being at low temperatures does not favor the combustion reactions
to occur. In the real casting process, temperature gradients exist within the powder which need to be taken
into account, and it is important to understand the combustion behavior in mold powders[12].

Another lab-scale study in the literature by Supradist et. al. investigated the carbon combustion
behavior under a temperature gradient, by heating as-received powder along with added graphite for two
hours[12]. At the end of the experiment, the density and carbon distribution through the powder layers are
measured after cooling the powder to room temperature. A strong variation of carbon distribution was
found with the original carbon content remaining intact at the powder top, a minimum carbon content in
the powder interior close to halfway through the powder column, and another minimum residual carbon
towards the powder bottom. The density measurements showed a clear trend of the powder packing being
stronger at higher temperatures. However, up to 400 C, there was no change in density even though
the powder temperature was above the ambient temperature. The density pro le for the powder including
graphite was reported to be lower than the mold powder received from the plant. As a result of sintering,
and densi cation, the resulting powder thickness was found to be shorter than the initial level. Along with
measuring the powder height, the o -gas released at the powder top surface was also monitored. A

computational model was developed to simulate the lab measurements [12].
2.5 Powder Melting

A heat transfer model developed by Delhalle et. al. [55] explores the temperature distribution through
the powder/slag layers. The calculated temperature isotherms are shown in Figure 2.3. The molten slag
layer thickness increases with a lower powder melting temperature and higher thermal conductivity[56, 57].
As long as the surface temperature is below 800C, the molten ux level doesn't change with powder
thickness. If operators at the plant exercise caution to avoid the "red spots" by adding powder
intermittently, then the amount of powder added, or the addition frequency is not expected to a ect the

important process parameters [55].
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Figure 2.3 Temperature isotherms [55]

At a given powder melting temperature, the molten ux layer thickness decreases with higher ux
consumption velocity. But higher casting speed can also enhance the convection in the molten pool, and
melt more powder, resulting in a compensatory e ect[55]. Powder melting rate depends on the melting
temperature, and ux consumption rate, and cannot be classi ed as an inherent powder property, but
rather a result of process conditions[55]. It is the residual of the powder addition rate, and molten ux
consumption rate, and can vary during the casting process, as temperature, sintering behavior, and carbon
combustion evolves.

During sintering, mold powder particles sinter to form a dense cohesive mass, and the liquid droplets
gradually lter down to contribute to the liquid slag pool beneath the powder layers. It is important to
maintain su cient molten ux thickness to provide adequate feeding of liquid slag to be consumed to serve
as lubrication of the gap between the solidifying strand and copper mold to avoid the sticking of the strand
which can lead to breakouts. It is known that carbon decreases the melting rate[14, 31, 58{62] of powder
by separating the powder particles and slowing down the rate of sintering. Several models in
literature[11, 21, 54] predict the molten ux thickness for di erent C contents (See Figure 2.4). The caster
was not run for the other case[11], as too small slag depth might result in insu cient lubrication, leading to
breakouts. It is seen that higher carbon contents result in a thinner liquid ux layer[11]. The Nakano

model matches the measured plant values for 1% C and 2% carbon cases.
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Figure 2.4 Predicted and measured molten ux thickness for di erent carbon contents [11]

Another study by Bin Xie et. al [21] observed the e ect of di erent types of carbonaceous materials on
the powder melting rate. Carbon has been found to a ect both the powder sintering and melting rates
[11, 21]. It was found that the higher the carbon content, and the dispersivity of the carbon, the lower the

powder melting rate (Figure 2.5). Carbon black was found to have a more pronounced e ect on the powder

fusing rate than graphite.

Figure 2.5 E ect of di erent types of carbon on powder melting rate [21]
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In very recent work by Chen et. al [30, 54], it has been found that upon increasing the powder

thickness, the powder melting rate has been observed to follow an 'M-curve'.
2.6 High-speed thin slab casting

A lot of work has been done to study mold powder performance for high-speed casting [61, 63{67]. For
high-speed casting (with speeds up to 6 m/min), adequate powder melting is essential to provide necessary
lubrication between the strand, and the mold, and for proper control of heat transfer across the gap. In
comparison to standard slab casting, lower slag viscosity, higher solidi cation temperature, and basicity are

characteristics of mold powders for thin slab casting.
2.7 Additional Phenomena

The e ect of the structure of silicate slags on the thermal expansion, viscosity, electrical, and thermal
conductivity has been studied by Mills [68]. The depolymerization of the melt is the most important factor
in in uencing most of the physical properties of the slag, including its thermal conductivity and especially
its viscosity.

Matsushita et. al [69] measured the density of mold ux slags using sessile drop and Electrostatic
Levitation method. In addition to the powder composition and properties, mold ux performance [70] is
primarily a ected by several factors (i) casting conditions (casting speed, oscillation frequency, stroke, etc.)
(ii) steel grade and the dimensions of the mold (iii) uctuations in mold level (iv) turbulent ow of molten
metal which can result in slag and particle entrapment. For a given set of casting conditions, mold
dimensions, and steel grade, three properties were reported[70] to ensure optimal lubrication and heat
transfer, which are (i) viscosity (ii) break temperature, and (iii) degree of crystallinity in the slag. These
properties a ect uid ow, crystallization also a ects thermal conditions.

Carbon pick-up by molten steel is a major concern for ultra-low carbon (3-6 ppm [71]), and low carbon
steel due to high carbon content in the powder/slag[72] (especially in the sinter layer), or due to molten
steel coming in contact with the powder during level uctuations or insu cient liquid slag levels.

Increasing liquid ux level thickness makes it di cult to control due to higher slag over ow into the gap.
Studies on steel decarburization are essential to minimize the detrimental e ects of carbon on steel
contamination. LeFebvre et. al [71] conducted experiments in which they replaced free carbon witlsiC
and Si3zN4 and observed their powder melting characteristics, liquid ux depth, powder consumption, and
refractory wear of the SEN nozzle, and metal-slag interaction. Test product with 06% free carbon and
0:35% of SigN4 showed similar powder behavior, with a 5 ppm reduction in carbon uptake, and no extra

increased uptake of Si and N.
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Another study[73] investigates the e ect of basicity index on the alumina absorption of molten powder.
The work reports that A1,03 content in the liquid ux formed due to powder melting increases with the
time after casting begins according to theA1,03 absorption capacity of the powder, but after some time,
reaches a constant value that matches the alumina absorption capacity of the powder[73]. The oxide
absorption rate of the molten powder is found to be proportional to the basicity index of the powder. The

molten ux viscosity is also reported to increase with increasingA1,03 content (Figure 2.6).

Figure 2.6 Correlation between alumina absorption of molten powder and basicity [73]

There are several environmental concerns about using mold powders containing calcium uoride, as the
uorine gas released into the atmosphere can be detrimental to the safety of plant workers, cause corrosion
of plant equipment, and leach from land Il areas into the groundwater. Several attempts have been made
to produce uorine-free mold powders [74, 75]. Industrial trials[76] showed that using uorine-free uxes
led to a reduction in SEN erosion rates, and prominent decreases iR ! in the cooling water in the scaling

pit, without any decrease in surface quality, and mold behavior.
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CHAPTER 3
OVERVIEW OF MODELS AND STEADY-STATE MODEL

The multiphysics model has been built in several steps. First, a steady state model in-house code was
developed in MATLAB to solve the energy balance through the powder/slag layers using the fsolve
simultaneous equation solver in Matlab [77]. This was followed by the development of a transient heat and
mass transfer model with interface movement. Next, the sintering kinetics was implemented into the
transient thermal model to account for the shrinkage of pore spaces in the powder. Then nally, the carbon

and gas transport model was implemented to result in the advanced multiphysics model.
3.1 Steady State Heat Transfer

This section contains the details of the steady-state model and its veri cation with analytical solution
and Ansys Fluent. A schematic of the slag layers showing the general model domain, along with an optical
micrograph of the powder, and the model grid are shown in Figure 3.1. Several di erent uxes occur in the
process, namely, (a) heat ux (predominantly in the upward direction) (b) powder/slag mass ux (in the

downward direction), and (c) gaseous species ux (predominantly in the upward direction).

Figure 3.1 Closeup of powder/slag layers showing (a) Optical micrograph of mold powder structure [78] (b)
Model domain (c) Corresponding grid of computational cells.

The 1-D vertical domain (Figure 3.1) represents the layers of liquid ux, powder/sinter, and some air
(gravity is negative z-direction-towards the molten steel in the domain). The gure shows the di erent
phases in the mold powder/slag, namely, (loose) powder, (dense) sinter, and molten ux layers. The

molten ux layer is present only in a commercial caster, and not in lab experiments on powder sintering.
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Heat and mass ow are considered in the vertical direction z, where z=0 represents the molten
ux-liquid steel interface. The powder/slag region (Figure 3.1) is modeled from the top of the molten steel
interface with the liquid slag to the top of the powder layer and some of the air above (which takes away
heat to the environment, and supplies oxygen). The di erent phase transition temperatures are shown in
the gure. Air is present at the top of the domain, which gets replaced with cold powder during powder
additions.

The top of the top cell in the computational domain (as well as other cells in the region above the loose
powder) is comprised of air and is set to an ambient temperature of 300K (domain top boundary). The
bottom of the bottom cell at z = 0 in the domain represents the interface between the top surface of the
molten steel and the bottom of the liquid slag layer (domain bottom boundary). This bottom boundary is
xed at the local temperature of the molten steel. The number and size of the cells in the domain are xed.
Cell indices increase from the domain bottom as we move up toward the powder top surface.

Heat supplied from the molten steel is conducted upwards through these various layers. Heat is also
advected downwards due to the powder shrinkage and liquid ux removal from the bottom (liquid slag
layer) due to consumption. Heat leaves the powder top surface (powder-air interface) due to convection
and radiation. Thermal properties, including thermal conductivity, speci ¢ heat, and density, are
temperature, and phase-dependent, and increase towards the bottom of the domain (as we move from the
powder towards the molten ux).

It takes into account the heat conduction from the hot molten steel upwards through the powder/slag
layers, and heat advection due to liquid ux consumption from the powder surface downward towards the

powder/slag bottom. The governing equation for steady-state energy balance is as follows:

@T, @T @k@T, _
Cchons;f @Z"‘ k@"‘ @ @ —O (31)

. density, ¢,: speci ¢ heat, veons; © UX consumption velocity, T: Temperature, k: thermal

conductivity, z: vertical direction

Figure 3.2 Steady state model- Thermal uxes
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In Figure 3.2, an internal cell along with its neighbors are shown. The nodes are lined up such that the
bottommost node at the liquid ux- molten steel interface is indexed as 1, and the top most powder node
(corresponding to the powder-air interface) is indexed as N. as shown, heat conduction occurs from node
i-1 to i and i to i+1 based on the thermal gradient, and the thermal advection occurs in the opposite
direction due to powder movement as it is pulled downwards in the vertical z direction (in this picture
from top to bottom) due to ux consumption velocity, and powder shrinkage velocity.

In the steady-state model, only the e ect of ux consumption on downward advection velocity in the
powder was considered. Powder shrinkage was ignored in this simple model while calculating the
steady-state temperature distribution through the powder/slag layers. This e ect is later included in the
multiphysics model by implementing the sintering kinetics. The ux balances are solved using a non-linear
equation solver, fsolve in MATLAB. The bottom node is at the melting temperature of molten steel
(1823) and an e ective heat transfer takes place at the powder top surface due to convection, and
radiation (correlation for heat convection, and radiation are described in transient model boundary
condition section 4.2.1 in Chapter 4).

A owchart of the solution methodology of the steady-state model is shown in Figure 3.3. The uxes
are calculated based on the property models, and an initial guess for the temperature eld, and the solver
iterates to minimize the residuals based on a set tolerance (allowable error of 18) and outputs a

temperature distribution after convergence.

Figure 3.3 Steady state model owchart
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The steady-state model is run for a High Strength Low Alloy (HSLA) Steel slag case with input
parameters given in Table 3.1. First, a grid independence study is conducted to determine an optimal cell
size that can be used to get a reasonable solution. The case solves the 1D, Steady-state, conduction heat
transfer with advection (implemented through a downward powder/slag velocity) and convective heat
transfer at the top surface. Constant thermal properties for Thermal conductivity (k), and Total heat

transfer coe cient ( hyy ), density ( ), Speci ¢ heat (c,) are used in order to facilitate model veri cation.

Table 3.1 Model Parameters

Properties and Boundary conditions HSLA slag
Total powder/ slag thickness, wig 55 mm
Casting speed,v, 1.4 m/min
Convection coe cient (top surface), hio 2.1 W=m?K
Ambient Temperature (domain top), Tamp 300K

Steel temperature (bottom boundary xed temp), Tmeltsteel 1823K
Density, 260k=m?
Empirical constant, ke 17.8
Advection (consumption) velocity, Vcons 0.0243mm=s
Thermal conductivity, k 1.5W=m K
Speci ¢ heat, ¢, 2982J=kg K
Powder softening temperature, Tss 130K

Sinter mid region temperature, Tsinter:mid 135K

Slag melting temperature, Tmeltslag 140K

Slag consumption has an important e ect on the resulting heat and mass transfer through the
powder/slag. The advection/ ux consumption velocity is calculated using an empirical model by Shin et.
al.[43], and using the ux properties and casting conditions from Akhtar et. al [32] given in Table 3.1. The

equations for the calculation of consumption velocity,veons are given below [43]:
s
2 )0:556

Gom =2:5 10 2 g k24310389 1:49( B (3.2)
Qub = 0:507e5%% (3.3)

t, = ficos o ;lfs ) (3.4)

teyole = 1=f (3.5)

tp = teyce  th (3.6)

Got = Gub *+ Jom (3.7)

hen = G (3.8)

21



Got, = Got f (3.9

On = Got, 2(thsyand Wostana ) 0:001 (3.10)

Om
slag th strand Wstrand

1000 (3.11)

Veons =

where: gow : oscillation mark consumption per cycle [g/m cycle],qu : lubrication consumption per
cycle [g/m cycle], ke: empirical constant that varies with the powder, t,: negative trip time [s], vs: casting
speed [mm/s], : surface tension di erence between liquid slag and steel [N/m], : density di erence
between liquid slag and molten steelkg=m?], t,: positive strip time [s], f : oscillation frequency [cycles/s],

s: oscillation stroke [mm], tcycle : total period of an oscillation cycle [s], o : total consumption per cycle
[g/m cycle], got,: total ux consumption per unit length [g/ms], on: ux consumption per unit time

[kg/s], Veons: consumption velocity [mm/s], Wggang : Width of strand [m], thgpang : thickness of strand [m],
Carea ©  UX CcONsumption per unit area [kg=nr].

Figure 3.4 shows classic convergence where the di erence between the 550 cells and 1600 cells solutions
based on the maximum di erence between the temperature drops is 0.25% which is about & error. A
similar study was carried out for Fluent, and the maximum di erence between the MATLAB and Fluent
solutions for 550 cells to 1600 cells is 0.36%. Based on these results, 0.1mm is found to be an acceptable
cell size for both e ciency and accuracy and is used for subsequent runs (0.1 mm = 550 nodes for a total

powder/slag thickness of 55mm).

Figure 3.4 Grid independence study for the steady state model of temperature distribution through HSLA
slag with constant properties
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The steady-state model needs to be veri ed before the transient model can be developed to accurately
predict the thermal pro le through the powder/slag layers. An analytical solution is developed for
steady-state heat transfer with liquid ux advection, and constant powder properties, and then the
steady-state model is veri ed with both the analytical solution and an ANSYS Fluent model for constant
properties and also veri ed with an ANSYS Fluent model for temperature-dependent properties.

The mesh used for ANSYS Fluent run is shown in Figure 3.5, and the thermal properties used in the
run are shown in Figure 3.6 (a) and (b). The mesh was made by Adnan Akhtar [32], and includes a nail in
the domain for investigating the use of nail oxide colors, which depend on nail temperatures, as a tool to
measure the slag depth. In this work, only results on the far left boundary are compared so that the e ect

of the nail is negligible.

Figure 3.5 Fluent Mesh [32]
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Figure 3.6 (a) HSLA steel slag properties for temperature-dependent case simulation [32] (b) Heat transfer
coe cient

To verify the accuracy of the steady-state model, it was compared with results from a classic analytical
solution. The analytical solution based on balancing is presented below:
Rate of Conduction heat transfer unit (W=m?3) = Rate of Advection heat transfer per unit volume

(W=m?) as follows:

@T_ @T
C pVeons;t @Z: ki@% (3.12)
T=ce 5+ (3.13)
Boundary conditions are:
T = Theitsieel  (Molten steel-slag interface at z=0 ) (3.14)
Conduction heat ux reaching the top surface = Convection heat ux leaving the top surface
@T

k'gy™ Mot (Ts Tams) (powder top surface at 2=zq:) (3.15)

Solving for the integration constants using the boundary conditions:
C1 = R h:votit(Tamb Tmeltsteel ) v (3.16)

hiot (€ K 1) CpVeons;f €

hiot (T. Thelt:
C = Tmelt;steel tot( amb melt;steel ) (3.17)

€ pVeonsif Wtot

1) CpVeons;f € K

€ pVeonsif  Wtot
k

heot (€
where: : density [kg=m®], ¢,: specic heat [J=kg K], Veonss : liquid ux consumption velocity [ m=g],

T: Temperature [K], z: grid location [m], k: Thermal conductivity [ W=m K], ¢;; cy: integration
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constants [K ], hy : heat transfer coe cent at powder top surface [W=m?K ], Tamp: Ambient Temperature

[K1, Tmeitsteer : mMolten steel temperature K], wio : total powder/slag thickness [m]

Figure 3.7 Steady state Model veri cation with Analytical solution and Fluent

The model shows a good match with both the analytical solution, and Fluent w.r.t. to the temperature

pro le (Figure 3.7), and heat uxes at the powder/slag top and bottom surface (Table 3.2 below).

Table 3.2 Model veri cation with ANSYS Fluent

Heat Flux MATLAB Fluent
Top surface: Convection, Geony -1,382W=n? -1,382W=m?
Steel-Molten Flux interface: Conduction, geong  -156,338W=m? -156,319W=m?

The powder top surface convective heat ux was found to be 138kW=m? (heat loss) for both the
MATLAB and ANSYS Fluent models. The case was simulated in ANSYS Fluent to verify the accuracy of
the steady-state model. Based on the heat ux calculated at the steel-molten ux interface with the
current property model, an e ective heat transfer coe cient of hy, = 103 W=m?K was applied as the top
surface boundary condition of molten steel CFD simulations without having to simulate the slag layer. The
model was found to be reasonably accurate and make reliable predictions of temperature distribution. This

veri ed the steady-state model, and the model was used to validate the transient model.
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CHAPTER 4
TRANSIENT THERMAL MODEL

4.1 Transient Heat Transfer model

A one-dimensional (1-D), nite-di erence-based xed-grid, transient heat transfer model has been
developed in MATLAB, to compute the heat and mass transfer during transients in the process. The
model domain represents a typical local region of the powder layer surface. For initial simulations, it is
considered to represent an average powder/slag thickness to which an air layer is added, to handle the rises
and drops in the powder level due to the combined actions of powder addition, powder shrinkage, and

liquid ux consumption.

Figure 4.1 Closeup of powder/slag layers showing (a) Optical micrograph of mold powder structure [78] (b)
Model domain (c) Corresponding grid of computational cells.

Liquid ux consumption can be quanti ed in several di erent ways. These di erent measures are
equivalent and each of them determines the rate of powder usage, based on the strand dimensions, casting
speed, mold oscillation frequency, and local density. Higher casting speeds result in greater powder
consumption. The most common method is to average consumption over time, or the mold surface area,
such as downward velocity through the various powder layers (mm/s), as shown in (Figure 4.1),
consumption averaged over the external surface area (length and width directions) of the surface of the
moving solidifying steel shell as it is withdrawn downwards at the casting speedKg=m?). Other methods
include measuring the addition rate of powder to the top surface according to the bags added per hour
(kg/hr.), or, consumption of the liquid slag into the interfacial gap per oscillation cycle (g/m-cycle). In this

work, consumption is quanti ed by the downward velocity through the various powder layers (mm/s), as
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shown in Figure 4.1.

The macroscopic interfaces or phase boundaries between the air and powder/sinter layers and between
the powder/sinter and liquid ux layers, evolve with time according to heat ow and mass transfer between
the cells in the domain. The phase of each cell can change with time due to the mass transfer associated
with shrinkage of the powder column, powder addition at the top surface, and advection of powder down

through the domain, according to the consumption.
4.2 Thermal submodel description

Heat transfer in the powder, sintering layer, and molten slag that comprise the system is modeled with
the transient heat conduction equation, given in Eq. 4.1. The rst term on the LHS represents the change
in heat content due to transient behavior. Heat is conducted through the powder layers according to the
last 2 terms in Eq 4.1, which are supplied from the molten steel (the last two terms in equation 4.1 are for
conduction of heat through the powder layers from the molten steel below the domain to the top surface
which is exposed to ambient air). Heat is advected due to the powder movement in the downward direction
due to shrinkage (third term), and, also advected due to liquid ux removal from the bottom (second
term). Heat loss occurs from the powder top surface (powder-air interface) due to convection, and
radiation, given in the boundary condition (next) section. The change in temperature of the powder layer
with time is given by the transient term, the rst term in Eq. 4.1. Temperature-dependent property
functions including thermal conductivity, speci c heat, and density have higher values as we move from the
top toward the liquid ux region at the bottom. The phase change due to heat transfer is handled through
an enhanced e ective speci c heat pro le (function of temperature) over the phase-change temperature
region, which takes into account the latent heat released due to melting in the powder/slag layer. There is
a steep jump in the speci ¢ heat during this phase transition. The energy released in the gas reactions is

relatively negligible and therefore is ignored.

QT @T @T @k@T,
Cp@t: C pVeons;f @Z+ C pVshrink;p @Z @% @2 (4.1)

This equation is solved using explicit, central di erence scheme for the time and spatial numerical

discretization:

-I—ir+1 — Tir+ tr+:|_ (V1+V2)Ti+1r Ti 1I’+ (Tir)Ti+1r 2Tir + T 1" tf+1+ tr+1 @R+1(Ti+1 r2 T 1r
z

2 2z 72 c, @T )’
4.2)

where: r: previous time step,r + 1. current time step, i: node number, Vshinkp : powder shrinkage

velocity, Veons:t © UX consumption velocity, Vi: Veonst "1, V! Vshrink:p r+1 T: Temperature, t: time step
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size, z: grid spacing, : thermal diusivity, : density, c,: specic heat, k: thermal conductivity,

adjusted properties after mass balance
4.3 Interface conditions

The Air-Powder interface (at the top surface between the air above the caster and the powder/sinter
material layer) moves through the cells in the xed grid based on the mass balance due to powder addition,
shrinkage due to densi cation, and liquid ux consumption. After an immediate powder addition, an air
cell can get designated as a powder cell (depending on the amount of powder added), while if there is
enough shrinkage, or slag consumption (based on the velocities, and the time step size) in that time step
such that the interface jumps 1 cell (it might even cross a cell over a few time-steps) down, then previously
powder cell gets considered as an air cell now. For all air cells in the domain, an ambient temperature of
30K is assigned. All the thermal properties of the air cells also get updated to the air property values.
Since, the phase of each cell can change with time based on the process transients, at every time step, the
topmost cell containing powder is determined, and the Air-Powder interface boundary condition is applied

to the moving interface.

@T
k@zz hot (Th' Tamb) 4.3)
Kai W + th
Mot = Neonv + Nrad s heonv = NU%; Prag = (Tlfll T;lmb); Le= strand 2 strand (4.4)
c

Nu =0:14Ra%*;Ra=2 10° 3 10 (turbulentflow )

= 0.54Ra%%;Ra=10°> 2 10’ (laminarflow )(4.5)

3
Ra = g (4.6)

a a

where, N : top-most node (powder surface),Tamp : Ambient temperature (300K), hyy : Total heat
transfer coe cient ( W=m?K), heony : Convective heat transfer coe cient (W=m?K), h,q : E ective
radiative heat transfer coe cient ( W=m?K ), Nu: Nusselt number, ky : air conductivity [ W=m K], L:
characteristic length [m], Wsyang : Strand width [m], thsyang : Strand thickness [m], Ra: Rayleigh number,

a. Air density, 4: Air viscosity, 4,: Air thermal di usivity, g: acceleration due to gravity, : thermal

expansion coe cient, T: temperature di erence between surface and ambient.

In this process, the air ow above the mold is fully turbulent, with a typical Ra number of 1 :65 10°.
Thus, the turbulent ow condition is used to calculate the Nusselt number in equation 4.5.

The Powder-Liquid interface, at the bottom of the sinter layer and top of the molten ux layer, is given

no special treatment. Thus, the cell containing this interface is subjected to conduction and advection
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uxes the same as all the internal cells. This greatly enhances the gas mixing in the region above the

powder after exhaust gas evolution, as discussed in the next chapter.
4.4 Bottom boundary condition

Continuous caster case

T1 = Thmeltsteel (182FK);z2=0 4.7)
Lab sintering experiment case
@1 _ h. =90 2Ky =
k@z - h]_(T]_ Tfurnace ), h]_ - 29, OOQ/V—m K, zZ = O (4.8)

4.5 Mass Transfer submodel description

Mass transfer occurs vertically between the cells due to powder addition at the top surface (manual
addition at special times, or continuous addition through an automatic feeder), combined with liquid ux
consumption from the bottom (continuous), and powder shrinkage due to sintering and densi cation.
Consequently, the total powder level, and the amount of powder/slag, carbon, and gaseous moles in all the
cells change with time. In the model, after getting the initial temperature distribution (could be from
results of a steady-state model, or could simulate from the start of the process after the powder is rst
added to the molten steel), mass balance takes place, following which the interface calculation takes place.
The model is step-wise coupled, such that interface calculation (at the beginning of the time step), powder
mass balance, interface calculation (as mass transfer is expected to move the interfaces around based on
powder addition, liquid ux consumption, and powder shrinkage), energy balance, carbon, and gas
calculations (to be discussed in the next chapter) occur within the same time step one after other, and
since it is an explicit model and uses a small time step (10 °s), all equations can be considered to be
solved in a near-simultaneous manner.

@n
@t

mp: mass of powder/slag in cell,t: time, maqq,: rate of powder addition (occurring at the top surface),

= Madd p Mcons Madv p (4-9)

Meons, : rate of liquid ux consumption (in the molten slag layer at the domain bottom), Maqy,: rate of
powder advection due to shrinkage due to powder sintering and densi cation.

Powder addition may be continuous (a constant non-zero powder addition rate), or intermittent (high
powder addition rate at special times). The amount of powder added, or consumed as liquid ux translates
to an e ective change in the powder/slag height which is predicted by the interface balance model. (please
note: Liquid ux and Liquid Slag essentially refer to the molten powder, and are interchangeably used in

the thesis)
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4.6 Interface balance submodel description

4.6.1 Phase boundaries after Energy balance

The Powder-Liquid ux interface, between the bottom of the sinter layer and the top of the liquid slag
layer, is calculated based on the xed transition temperature ( 1400K) after the energy balance by linear
interpolation between the nodal locations and temperatures. The Air-Powder interface remains at the same
location after mass balance in the same time step during the energy balance (since the powder top surface
might get hotter, but will not undergo any phase transition as its temperatures are too low due to being
exposed to the ambient). The domain top (the interface between the ambient surroundings and the air
layer) and the domain bottom (the interface between the liquid ux and the molten steel) remain xed

throughout the simulation.

r+1 —

Wrinal; 1 =0 (4.10)
r+l _ Zabove;sf Zpelow;sf T T 411
Wtinal: 2 = Zbelow;sf + ( melt;slag below;sf ) ( . )

Tabove;sf Tbelow;sf

r+1 — r+1
Wfinal; 3~ Winter, 3 (4.12)
r+1 —

Wrinal; 4 = Zdomain;top (4.13)

inter : after mass balance within the time step ,final : after energy balance within the time step ,r + 1:
current time step [#], Wrina: 1: Molten steel - Liquid ux interface (domain bottom- xed) [ m], Winai: 2:
Liquid ux - Powder/Sinter interface [ m], Wsina: 3: Powder/Sinter- Air interface [ m], Weinai: 4: Air-

Ambient interface (domain top- xed) [ m], Zpelow:st : Node/cell index below the phase boundary
(powder/sinter- liquid ux) [ m], Zapovest : NOde/cell index above the phase boundary (powder/sinter- liquid
ux) [ m], Teelow:st : Temperature of the cell below the phase boundary (powder/sinter- liquid ux
interface) [K], Tavovest : Temperature of the cell above the phase boundary (powder/sinter- liquid ux
interface) [K], Tmeislag - Powder melting temperature (to form liquid ux) [ K], Zdomaintop : domain top
boundary (sum of cell heights in the powder/slag layer, and air layer)

Even though a cell can contain multiple phases (Air, Powder, or Liquid), each cell is designated as a
particular phase at a speci ¢ time based on the location of the phase boundary in the cell, and the node. If
the interface passes through the cell center or is above it, then the cell is designated to have the phase
below the interface. And, if the interface is below the cell center, then the phase above the boundary is
assigned to the cell. This methodology is also applied to the phase boundary calculation for the mass

balance discussed in the next section.
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4.6.2 Phase boundaries after Mass balance

Next, the Liquid ux-sinter interface is dropped based on the instantaneous consumption velocity
Veons:t » and the time step size. The powder-air interface may increase by the powder addition amount/level
known from the plant measurements/settings (if the current time corresponds to the powder addition time
for intermittent powder addition case). Additionally, this interface drops due to two more reasons: a) Since
the liquid ux layer at the bottom drops, this level drop also causes the powder/sinter interface to drop b)
Due to heat transfer and sintering in the previous time step, powder particles become closely packed, and
undergo densi cation. This powder compaction is another cause of a drop in powder levels. The total
powder shrinkage is calculated by summing up all the instantaneous shrinkage (due to powder shrinkage
velocity, Vshink;p ) experienced by all the cells based on their local temperatures and sintering times. The
domain top (Air layer-ambient) and bottom (Liquid Flux-Molten steel interface) as well as the interfaces
between all cells remain xed throughout the simulation for this xed-grid methodology. This explains the

powder mass balance.

Winter, 1 =0 (4.14)

Winer: 2 = Whhar, 2 mC?HSfACdt (4.15)

Wirntelr; 3= WfriJr;;I; 3 W htshrinkage (4.16)
Wirntelr: 4 = Zdomain;top (4.17)

inter : after mass balance within the time step,final : after energy balance within the time step,r + 1:
current time step [#], Winer: 1: Molten steel - Liquid ux interface (domain bottom- xed) [ m], Winter: 2:
Liquid ux - Powder/Sinter interface [ m], Winer. 3: Powder/Sinter- Air interface [ m], Winer: 4: Air- Ambient
interface (domain top- xed) [ M], Mcons, : liquid ux consumption rate [ kg=9, dt: time step size §], ::
liquid slag density [kg=m?®], A.: Strand cross-section arearfi?], htsnrinkage : total powder shrinkage [m],

Zdomainitop - domain top boundary (sum of cell heights in the powder/slag layer, and air layer)
4.7 Solution Methodology

A owchart of the advanced transient model is presented in Figure 4.2. The red and green boxes
contain a transient, heat transfer submodel, and mass transfer submodel of the powder/ ux layers that
were explained in the previous sections. In the current chapter, we will be focusing on the thermal
behavior of mold powders taking into account the e ect of mass transfer, and phase transition due to

melting, and verify the model with ANSYS Fluent. In the next chapter, we will explain the sintering
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physics included in the multi-physics model and validate the model with lab sintering experiments [12].

Also, we will discuss the carbon and gas calculation capabilities of the model.

Figure 4.2 Transient Model Flow Chart

As shown in the owchart, a time step size model is used to calculate a suitable time step size for
marching the solution based on the stability criteria required for an explicit model. A slag consumption
model is used to estimate the ux consumption into the gap between the solidifying steel and oscillating
water-cooled copper mold. Property subroutines are used to estimate the powder properties such as
thermal conductivity, density, speci ¢ heat, pore fraction as a function of temperature, location along the
vertical direction, and time. The Energy balance module of the program calculates the temperature
distribution through the powder/slag layers based on the governing equations, and boundary conditions.
The Mass balance module takes into account the mass transfer between cells due to the powder addition,
powder shrinkage, and liquid ux consumption, and considers the downward advection of powder as it
heats up and densi es, or loses mass due to molten powder owing into the gap to provide lubrication.

The model is rst applied to predict the thermal pro le and powder/slag levels in a continuous caster in
a test problem to compare with a Fluent simulation for model veri cation. Sintering kinetics e ects on
shrinkage are not considered in this caster run. The surface temperatures and powder levels are also
validated with plant measurements at Dofasco [32]. Next, the multiphysics model is applied including the
sintering kinetics to predict the temperature distribution, powder shrinkage due to densi cation, and pore
fraction for the lab measurements [12] without the liquid ux layer. The powder shrinkage is validated, and

the temperature pro le is veri ed with existing models in literature [12]. The multi-physics model is also
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applied including the combustion and gas transport behavior (to be discussed in the next chapter). Finally,
the complete model of the caster is simulated and compared with plant measurements at both Dofasco and

Tata Steel for transient conditions involving intermittent powder addition.
4.8 \Veri cation with Fluent model

To verify the simple transient thermal submodel, transient heating of powder in a steel continuous caster
was simulated with two di erent computational models. Conditions were chosen to match a particular trial
with HSLA steel in the Dofasco plant.[32] First, a simulation was conducted using the commercial code,
Fluent, with the axisymmetric domain shown in Figure 4.3 (a)[32]. Temperature-dependent thermal
properties are shown in Figure 4.3(b)[32]. A constant powder/slag density of 26(Kg=m® was used owing to
the inability of Fluent to easily handle the e ect of shrinkage due to sintering. Other parameters are given
in Table 4.1, including a liquid ux consumption rate of 60.1 kg/hr. Starting with a steady-state solution
for 40 mm of cold powder, 10 mm of cold powder was added to the top surface, and thicknesses were

assumed to remain constant while calculating transient evolution of the thermal pro le.

Figure 4.3 (a) Fluent Mesh [32](b) HSLA steel slag properties[32]
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Figure 4.4 (a) Model veri cation (a) MATLAB in-house code (b) Fluent model [32]
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Table 4.1 Casting conditions for the trial considered for model veri cation.

Casting conditions/Parameters Value
Casting speed 1.4m=min
Axial advection velocity 2.43*10 5m/s
Molten Steel temperature 1823K

Liquid ux- Sinter phase transition temperature 1400 K
Sinter- Powder phase transition temperature 1300K
Strand width 1207 mm
Strand thickness 220mm

Slag density 2600kg=m?®
Heat transfer coe cient 3.3 W=m?K

In this veri cation problem, a Fluent simulation was done to calculate the powder temperature
distribution, and our current MATLAB-based model was run for similar conditions to compare the thermal
pro les at di erent times. A constant powder/slag density of 2600 kg=m® was used throughout the
simulation (both MATLAB and Fluent). A time-step size of 0.0023s was used in the simulation. The heat
transfer coe cient was low due to the continuous powder addition assumption which results in a
high-temperature di erence between the powder surface and the ambient). The powder surface
temperature for the 40mm slag layer from the pyrometer reading at the plant was found to be 705 K.

Identical properties and conditions were used in both the in-house model and in Fluent. The thermal
evolution of temperature during powder heating is shown in Figure 4.4. When cold powder is instantly
added, the temperature drops in the powder interior, and gradually the new powder added to the top
begins to heat up. The temperature evolution occurs slowly, as even after one hour, the temperature is still
changing. The average time between powder additions in the plant is 3.5 minutes. And in the model after
3.5 minutes, the surface temperature was found to rise only to 90C. The powder surface is thought to
never reach steady-state condition, as powder additions keep happening from time to time.

The transient model results match with Fluent, as shown by comparing Figure 4.4 (a) with Figure 4.4
(b). Both of them exhibit a similar thermal evolution history. This veri es our model after which we

proceed to validate our full model (except for liquid slag and consumption) with the sintering experiment.
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CHAPTER 5
MULTIPHYSICS MODEL

After developing the simple transient model and applying it to predict the thermal behavior of
continuous casting mold powders, the transient model is further expanded to include powder sintering
physics, multi-species combustion reactions, exhaust gas balance, gas di usion through the porous bed to
predict the carbon, and gas distribution through the powder/sinter layer. This model uses the same
domain shown in Figure 4.1, and tracks all three uxes: heat ux, powder mass ux, and gaseous species
ux. The gas behavior is not only coupled with the combustion physics but is also important in a ecting
the heat transfer through the powder layers by providing insulation. Therefore, it is imperative to study
the carbon burning and gas evolution in mold powders. First, powder sintering behavior will be
implemented into the multiphysics model. This will be followed by implementing the chemical reactions
and gas transport through the mold powders. This multiphysics model will then be applied to the lab
experiment of Supradist et. al. [12] where measurements are available for model validation, and then

applied to the continuous caster (Chapter 7).
5.1 Sintering submodel

Granulated powders have a high porosity at room temperature. As the powder heats up, the particles
become more closely packed (See Figure 5.1 and Figure 5.2), and the total porosity decreases. The total
porosity is the sum of internal pores inside each hollow particle, and external pores in between the
particles. So, the instantaneous apparent powder particle density, app, increases with both higher

temperatures and longer times, t. Sintering rate kinetics are given by [12, 44, 45]:

0
( app app) 05 — Kstn (5_1)
S app app

The porosity of the powder/slag can be calculated using the powder density, and fully sintered
theoretical density. The equation for powder pore fraction is as follows:

Pore fraction,
g=1 £ (5.2)

The symbols and their units are de ned in the Appendix, Table A.2.
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Figure 5.1 (a) Pore sintering and melting schematic, pores (white spaces) decrease as sintering occurs (b)
Micrograph of the sintering process [11] (reproduced from Chapter 1)

Figure 5.2 Closeup of powder/slag layers showing Optical micrographs at di erent magni cation (a) 500x
(b) 200x (c) 100x of mold powder structure [78]
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The e ective thermal conductivity relation of the powder/sinter layer is assumed to follow the relation

by Russel[79].

1 1=3 1=3
Kett = ( 4+ 2 = ) * (5.3)
) Ksolid @ 5_3)ksolid + S_skgas

In the above equation,t: sintering time, Apparent density at t =0, gpp =620 kg=m®, app:
Instantaneous density, s = 2700 kg=m® (solid powder density), n = 0.5, Sintering rate constant,

Ks(T < 400C) =0, K(600 C)=0:036,K (800 C) =0:045,K (1000 C) = 0:361, ket : € ective
powder thermal conductivity, Ksoiig : solid powder thermal conductivity, kqas: gas thermal conductivity, g:
powder pore fraction.

The sintering model used in this work from literature has the physical aw that the sintering always
increases with increasing time even during cooling, which may not be realistic. This should be improved in
the future by using a better correlation from the literature. For the most part, the powder is heating up, so
we can expect the e ect of this error to be small. Note that the measured data is t with a
continuously-increasing set of line segments, to avoid an illogical reversal in sintering and density.

The current sintering model can be improved by augmenting it with a microstructure-scale particle
melting model in which: radial heat conduction within a generic shaped powder patrticle, its evolving
surface area, evolving porosity/density, and conduction across the gaps and contact areas are all considered

to track the degree of sintering for the macro-scale model.

Figure 5.3 Powder sintered density - current model and measurements from literature[12]
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As porosity decreases, density increases (Figure 5.3), and thermal conductivity increases, the total
powder shrinkage is estimated to quantify the extent of densi cation. This is a step-wise linear
approximate t of the density measurement from the lab experiment[12]. The tting has been done based
on the measured value of sintering rate constants, and then the rate constant equations as a function of
temperature are input into the sintering model to calculate the powder/slag density. The powder shrinkage
velocity (Vsnrink;p ) iS modeled in the same way as the ux consumption velocity ¢cons; ), Which shifts mass
downwards from the powder in each cell to the cell below.

To measure density, Supradist[12] placed the powder in an alumina crucible and heated it in an
induction furnace for two hours at temperatures ranging from 200 to 1000 C [12]. Later the samples were
cooled, weighed, coated with wax (to prevent water penetration), and immersed in water (for samples
heated above 600C) to measure their volume using Archimedes' principle, and hence their density[12].

After describing the sintering model, the carbon combustion, and gas transport physics is introduced to
predict the carbon and gas distribution due to the temperature, and density distribution through the

powder layers.
5.2 Combustion and Gas Transport Model description

The heat transfer is modeled in the entire domain, while sintering behavior, gas transport, and
combustion phenomena are modeled only in the powder layers. Carbon is assumed to be present in the
form of free carbon, and no carbonate decomposition is considered in the current model because carbonate
decomposition is slow and can be neglected. A constant system pressure of 1 atm is considered in the
entire domain. This important assumption is reasonable because the powder layer is thin, and has low
density, high porosity, and consequently likely very high permeability. Thus, any pressure build-up is
expected to be small, so can be neglected in the model.

In addition to simulating the e ect of chemical reactions, and di usion, the current powder model is
further improved to include the e ect of shrinkage velocity and evaluate the resulting temperature, carbon,
and gas distribution due to downward mass transfer because of powder shrinkage during sintering.

Due to the powder shrinkage during sintering, oxides and carbon present in the powder along with the
gases contained in the cell get moved to the cells below. This results in carbon accumulation near the
bottom of the sinter layer. This is because the carbon-rich material has too low density to penetrate
through the liquid slag layer, which in turn oats on top of the molten steel. While applying the model to
a continuous caster, the liquid ux consumption into the gap also has an additional e ect on the advection

of carbon, gas, and oxides in addition to the e ect of powder shrinkage.
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Combustion in the mold powder at a given time, t, during a simulation depends on the remaining
carbon content, temperature, and gas content at the given location in the powder layers. Various
phenomena need to be considered to accurately predict the carbon and gas distribution through the mold
powders, including the chemical reaction kinetics, gas di usion and transport through the pores, and gas
exhaust from the top surface to the ambient. These in turn depend on the temperature, density (and,
porosity, and phase compositions) calculated by the thermal and sintering models described in Chapter 4,
and the previous section respectively. Depending on the temperature and pore distribution through
powder, the combustion physics in certain regions of the powder can be reaction-controlled, or
di usion-controlled. The temperature and properties calculated by the heat and mass transfer model along
with the sintering model results are input to this carbon and gas balance model. Gas di usion also
depends on two factors: (i)Kinetic e ect- due to the thermal e ects and (ii)Tortuosity e ect- due to pore
size, distribution, and powder particle size distribution. As the powder heats up, the carbon and gas

distributions evolve to reach near-equilibrium at long times.

5.2.1 Combustion Gas reactions

A multi-species, 4-equation combustion model [12] (4-eCM) has been used to calculate the chemical
reaction rates, and obtain the resulting carbon and gas distributions. The rates of combustion reactions
(mol=cm®min ) were taken from available literature [12, 13, 80, 81].

The gas reactions occurring in the powder during combustion in mold powders are presented below:

1. Carbon dioxide formation at low temperature

Carbon combusts in the presence of oxygen to form carbon dioxide at low temperatures in the powder

interior (heterogeneous reaction)
C+ Oy= COy; (ra) (5.4)

The rst reaction, r; is based on experimental work on carbon combustion of mold powders in air

[12, 13].

_®Rc 9c Xco,
1= e () keuplxo,  E%0) (5.5)

The equilibrium and rate constants as a function of temperature are given by:

2
logK (1) = 0950+O:088 (5.6)
logko, = @h 9:58 (5.7)

where: r;: Reaction rate [mol=cm3powder=min], g2: Initial carbon volume fraction (0.0141) for the lab

experiment, gc: Carbon volume fraction at time t, ¢: Density of carbon (22g=cn?) (considered to be

40



constant during the heating process),Mc: Molecular mass of carbon (12011g=mol), : exponent (1.87 at
400 C)-assumed to be constant during the reactionsko,: Rate constant for the reaction fatm min 1], p:
partial pressure, xo,: Oxygen mole fraction [#], Xxco,: Carbon dioxide mole fraction [#], K :

Equilibrium constant, T: Temperature [K]

2. Carbon monoxide formation at high temperature- Boudouard reaction
Carbon combusts in the presence of carbon dioxide at high temperatures (close to the powder bottom)
to form carbon monoxide (heterogeneous reaction). This reaction is endothermic, which is another reason

why it requires a high powder temperature to occur (also it is thermodynamically stable).
C+C0O,=2CO (ra2) (5.8)

The rate constants of this reaction are based on work on charcoal combustion by Turkdogan, [12, 81].

pxZo )

_ g(o: c (% klp(XCOz Ko (5 9)
Mc 027 1+ kopxco + KspXco,

r2

The equilibrium and rate constants as a function of temperature are given by:

logK(p) = 9000+9:219 (5.10)

logk, = 113_200+ 9:68 (5.11)

logk, = 5850 597 (5.12)

ks =0 (5.13)

r,: Reaction rate [mol=cm®powder=min], : exponent (1 at 400 C)-assumed to be constant during the

reactions, ki, ko, k3: Rate constants for the reaction,ky: [atm *min 1], ko, k3: [atm 1], Xco: Carbon

monoxide mole fraction [#], K : Equilibrium constant [atm]

3. Carbon monoxide oxidation to form carbon dioxide- rst half reaction
A small amount of carbon monoxide reacts with molecular oxygen to form carbon dioxide and atomic

oxygen (homogeneous reaction)

CO+ 0,=CO,+ O (r3) (5.14)

The rate constants of this reaction are based on work on charcoal combustion by Warnatz, [12, 80].

X X
r3 = 6oggCékco;o N (XCO X0, CKO(; o ) (515)

The equilibrium and rate constants as a function of temperature are given by:
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@ 1:215 (5.16)

10450
T

|0gK(3)

logkco.o , +12:40 (5.17)

rs: Reaction rate [mol=cm®powder=min], kco:0 ,: Rate constant for the reaction cm®mol s 1], xo:
Atomic oxygen mole fraction[#], K s): Equilibrium constant gy: gas fraction cy: gas concentration

[mol=cm?q]

4. Carbon monoxide oxidation to form carbon dioxide- second half reaction
A small amount of carbon monoxide reacts with atomic oxygen to form carbon dioxide in the presence

of a metal ion catalyst (homogeneous reaction)
CO+0+M*=CO,+M" (M) (5.18)

The rate constants of this reaction are based on work on charcoal combustion by Warnatz, [12, 80].

X
r4 = 6005C3Xpy keoso (XcoXo KC(O;) (5.19)
4

The equilibrium and rate constants as a function of temperature are given by:

27940

|OgK(4) = T 7:916 (520)
logkco.o = _?_90+13:85 (5.21)

r4: Reaction rate [mol=cm3powder=min], Kco.o : Rate constant for the reaction
[cm®mol 2atm '=s 1], xo: Atomic oxygen mole fraction, K (4 : Equilibrium constant [atm *]
The last two reactions (oxidation of carbon monoxide to form carbon dioxide) involving atomic oxygen,

add up to give the resulting equation:

2CO+ 0, =2CO; (5.22)

For a lab sintering experiment, where the temperatures are low, the reaction ratest s, and r4 might not
be signi cant. But the primary objective behind developing this multi-physics model is to apply it to the
continuous caster and predict the carbon distribution through the mold powder layers. Compared to the
lab experiment, the temperatures through the powder/slag layers in a commercial caster are much higher
(just below the melting point of the powder), and the rates, r3, and r4 are expected to become higher,

therefore it is important to consider the post-combustion gas reaction equation (as carbon burns to form
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CO,, and the CO, formed reacts with residual C to form CO, then these two gases react with each other

via a 2-step reaction, resulting in gas equilibrium.)
5.2.2 Gas conservation equations

As explained before, the gas transport equations need to be solved in order to obtain the resulting gas
composition distribution, including the measured o -gas composition. The amount of gas stored in a
particular cell, i, can change because of transients, gas advection in/out of the cell due to powder advection
because of powder shrinkage, and liquid ux consumption, gas di usion in/out of the cell, and due to
chemical reactions either involving carbon (heterogeneous reaction) or simply gases reacting among
themselves (homogeneous reaction). The change in solid volume fraction is considered in the porosity
calculation in this model.

The species conservation equations for ve gases considered in this model, namely Oxygédy, Carbon

dioxide, CO,, Carbon monoxide, CO, Atomic Oxygen, O, Nitrogen, N, are presented below:

@XOZCg) + @ gXOZCg(Vshrink;p + Veonsif ) _ @Deff Cg@bz

ot @z = @z @z rh rs (523)
@XCOZCg) @) gXCOZCg(Vshrink;p + Veonsit ) _ @De Cg@&oz
@t + @Z = @Zi@z + 1, o+ r3+1ry (524)
@XcoCg) | @ gXcoCq(Vshrinkp + Veonsif )) _ @Dett Cg@%o0
ot + @z = @Z @z +2r, r3 Iy (525)
@XOCQ) @ gXOCg(Vshrink;p + Vcons;f )) _ @Deff Cg@)ﬁ)
ot + @z = @27@2 +r3 Iy (526)
@XNZCQ) + @ gXNZCg(Vshrink;p + Vcons;f )) — @Deff Cg@xlz (5 27)
@t @z @z @z '

here: Xxp,: mole fraction of oxygen [#]; Xco,: mole fraction of carbon dioxide [#]; Xco :mole fraction of
carbon monoxide [#]; Xo: mole fraction of atomic oxygen [#]; xn,:mole fraction of nitrogen [#] c4: total
gas concentration nol=cm?]; 4: gas volume fraction in cell (estimate of powder porosity);Vshrink;p :
powder shrinkage velocity Em=g]; vcons;s : liquid ux consumption velocity [ cm=g]; D¢t : E ective gas
di usivity [ cm?=min]; t: time [s]; z: grid location [m] (distance from domain bottom) ; rq, r,, r3, r4:
reaction rates mol=cmmin ]

The gas volume in the pores in each cell of the domain is updated according to the local temperature,
and pressure given in the Exhaust model in this chapter. The equations are discretized using a
second-order, nite-volume scheme, and solved in the porous (gas-containing) portion of each cell using an
explicit method. The resulting terms (including the reaction rates) are multiplied by the cell volume, phase

fraction, and time step size to solve for the moles of gaseous species.
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The species conservation equations and the solution methodology described above represent general
equations that apply to the multiphysics phenomena occurring through the powder/sinter layers in a real

caster.
5.2.3 Carbon mass conservation equation

The calculated temperature distribution is used to solve for the pro le of carbon distribution down the
powder layers using reaction rates. The carbon depletion rate (r; r,), and the terms on the left in the
equation below are multiplied by the time step size, cell volume, and powder volume fraction to calculate
the amount of carbon changing due to mass being stored in the cell due to transients, carbon powder
advection because of powder shrinkage, and liquid ux consumption, and chemical reactions in the
powder/sinter. The moles of carbon remaining in each cell are calculated and converted to volume fraction

based on the volume of powder and all gases present in the cell.

@ + @dc Cc (Vshrinkp T+ Veonst ) -
@t @z

Here, cc: carbon concentration jmol=cmq], gc: carbon volume fraction [#].

rh r2 (5.28)

5.2.4 Carbon fraction calculation

The mass fraction of carbon in each interior powder cell is given by:

r+1 — r+1
Mcbumgi = Negburnti Mc (5.29)
r+1 — r r+1 r+l1
Meirem;i = Mcyremii mc;burm;i mc;adv;i (5-30)
r+1 — r+l1 r+1
mC;adv;i - mC;adv;shrinkage;i + mC;adv;consumption;i (5-31)
r+l
Mefam:
r+1 — C;rem;i
fC;rem;i - mr+1 + mr+1 (5-32)
C;rem;i P;rem;i
r+1
me. "
r+1 — C;burnt;i
1:C;burnt;i - mr+1 + mr+1 (5-33)
C;rem;i P;rem;i
r+l
M A2y
r+1 — C;adv;i
fC;adv;i - r+1 r+1 (5-34)

mC;rem;i + mP;rem;i

Nepume - decrease in the number of moles of carbon due to combustion in cell i and current time

step, Mc: Molar mass of carbon (g/mol), majlumt;i : mass of carbon burnt in cell i at current time step,

Mo - Mass of carbon remaining in cell i at current time step,mg., : Mass of carbon remaining in

r+l

. . . . . . . r+l .
cell i previous time step, mp: i : mass of powder in cell i at current time m¢.,,,; © mass of carbon

advected from the cell due to powder shrinkage and liquid ux consumption at the current time step,

m{;;dv;shnnkage;i : mass of carbon advected from the cell due to powder shrinkage at the current time step,
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r+l

MCadv:consumptions - Mass of carbon advected from the cell due to liquid ux consumption at the current

r+l

time step, f L5t . @ mass fraction of carbon burnt, f S*L . : mass fraction of carbon remaining in the

cell, féfaldv;i : mass fraction of carbon advected from the cell
5.2.5 Gas Diusion- E ect of Temperature and Powder Tortuosity

The tortuosity factor for gas di usion through powder particles has been experimentally determined by
Schwerdtferger and Sardemann [82] by measuring the gas di usivity, and the expression was derived as

follows:

- g
1 06 (1 g)

(5.35)

The tortuosity factor further decreases the value of gas di usion along with pore fraction. At high
temperatures, the kinetic e ect should increase resulting in higher gas di usivity, but as the particles get
more closely packed, the pore fraction decreases, and also the path for gas movement in the powder
becomes more tortuous, and hence the e ective gas di usivity doesn't increase much.

Supradist et. al [12] modi ed the equation by Schwerdtferger and adopted it in the current model as
well for the mold powder used in the lab sintering experiment. The equation used by Supradist for powder

tortuosity calculation is given below:

=1+16 2% (5.36)

S

The e ect of temperature on gas di usivity is from the classic Chapman-Enskog kinetic theory of gases

[83]:

T3 14 1 )
—-0N- 2 Mo, Mn,
Do, w, =0:001858%— (5.37)
Oz Nz D02 N2

where, Do, n,: Kinetic Diusivity, T: temperature [K], Mo,: Molecular weight of oxygen [32 g/mol],
Mn,: Molecular weight of nitrogen [28 g/mol], P: pressure [atm], o, n,: Collision diameter (angstrom),
0, N,: Collision integral for O; N>
A binary gas mixture relationship is used in this model based on oxygen and nitrogen, and other gases
are assumed to have this same di usivity [12].

The e ect of powder tortuosity on gas di usivity is given below:
Dert = Do, N, — (5.38)

where, Defr : € ective di usivity [ cm=min], 4: pore fraction, s: fully sintered powder density
[kg=m®], app: instantaneous powder density kg=m?®], : Tortuosity factor (depends on particle size, shape,

and distribution and is generally greater than 1)
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The gas di usivity is shown in Figure 5.4. The e ective di usivity is used in the model to calculate the
e ect of gas di usion through the pore spaces in the powder. For most of the powder interior, the gas

di usivity increases as we approach higher temperatures close to the powder bottom.

Figure 5.4 Gas di usivity

5.2.6 Exhaust Model

The gas released due to the chemical reactions in a particular cell expands as the gas in the pore spaces
between the powder particles heats up, and can no longer be accommodated in the pore spaces under the
isobaric conditions (P = 1atm). Therefore, starting from the cell at the bottom of the domain, which
cannot eject gas downwards, the gas gets ejected from the bottommaost cell to the cell above, mixes with
the gas in the cell, and then due to pressure balances on that cell, ejects some gas to the cell above it. This
happens in each cell, and the net exhaust comes out from the top cell at the powder/air surface. The gas
leaving a particular cell is considered to have the average composition of the gas inside the cell as gases
mix. To take advantage of the explicit nature of the numerical solution procedure, the mixing of the
exhaust from a cell with the gas in the cell above is neglected. This avoids the complexities of calculation
becoming step-wise coupled, which could signi cantly slow down the simulation. So, the exhaust for all
cells is calculated in a one-step approach, and it gets passed from one cell to another and gets released at

the powder top surface.

r+l — A+l r+l r+l r+1 r+l
Ngiotali = No,i T Noii + Ncoy:i ¥ Neosotali + NN tota (5.39)
r+1 _ r+1 r+1
Vpore;i - g AC htcell;i (5-40)

_ Pt 101325 Voo (5.41)

r+1

pore;i T r
RQ Ti
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r+l . ) r+l r+1
nae;gs;i = Nbegsii Xbe;gs;i (ng;total;i npore;i (5-42)

r+l

ng;total;i

. total amount of gaseous moles in cell i at time t,np,.: moles of oxygen in cell i at time t,
No,:i: moles of atomic oxygen in cell i at time t, nco,:: moles of carbon dioxide in cell i at time t, nco; :
moles of carbon monoxide, in cell i, at time t,ny,;;: moles of nitrogen, in cell i at time t, Vpr;ré;i . pore
volume in cell i at time, t (current time step) [ m®], Rq: gas constant [83144J=mol K], T;: Temperature
at node i [K], n;;}gs;i . Gas species moles remaining in the cell after exhaushe,gs;i : gas species moles in
the cell after combustion and di usion calculations (before exhaust) in the same time stepXpeygs;i : Mole
fractions of gas in the cell before exhaust the outgoing gas leaves at the same composition [# '

pore;i *

number of total gas moles that can be accommodated in the cell, at the given temperature and pressure.
5.2.7 Simulation details, and time step size calculation procedure

The model equations and the solution methodology described in the sections above in this chapter are
used to calculate the temperature, density, pore fraction, carbon, and gas distribution through the
powder/slag layers. The previous chapter presented the model owchart in Figure 4.2. As seen in the
gure, the model is generally initialized with a given powder/slag thickness, uniform ambient temperature
eld, cold-powder porosity and density (the initial time and temperature distribution can be used to
calculate the density and porosity distribution based on sintering rate kinetics), the mass of the cold
powder (the density and the pore fraction distributions can be used to evaluate the mass distribution of
oxides and carbon in the powder), and powder/slag grid (extracted from the initial temperature
distribution), and air grid information (needs to be su cient enough to handle the powder additions).
Some runs are initiated with a steady state solution. The powder addition information (mass of powder
added/measured powder heights, and times of powder addition) are also input initially into the model.

First, the computational domain is discretized into a uniformly spaced one-dimensional grid of
nite-volume model cells through the powder and air layer. The powder thickness generally varies from
35-55 mm. A grid size of 0.1mm is used for the study based on the grid-independence studies with the
steady-state model (Chapter 3).

An explicit scheme is used for this multiphysics model to calculate the temperature, carbon, and gas
distribution in a simple, step-wise coupled manner solved in the commercial package MATLAB. For each
time step, a time-step criterion satisfying stability criteria for heat conduction, advection, and gas di usion

is calculated as follows:

2 2

4 4 4 V4
tcond =0:1—;  tagy, =0:5 v tagy, =05———;  tgr =0:1
Veons;f Vshrink;p D et

(5.43)
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ty =0:9 min( teond: tadv,: tadv,: tdiff ) (5-44)

tcond - time-step size based on heat conduction, tagy,: time-step size based on ux consumption velocity,

tadv,: time-step size based on powder shrinkage velocity, tqir : time-step size based on gas di usivity,

z: grid spacing, : powder thermal di usivity, Vshrink;p : powder shrinkage velocity, Veons;r @ UX
consumption velocity, D¢t : E ective gas di usivity.

Since the powder thermal properties, shrinkage velocity, and gas di usivity vary throughout the domain
with time, the cell with the maximum value is chosen for calculating the critical time step size. This
criterion is checked at every time step to make sure all of the stability criteria are satis ed. The time-step
size for heat transfer simulations was typically 1.6 10 3s. However, while solving the combustion and
gas reactions, due to high gas di usivity through the porous powder bed, the maximum time step size
became about 100 times smaller ( 1:6 10 °s).

The next calculation during each time step is to evaluate the slag consumption velocity and the
powder/slag properties (thermal conductivity, speci ¢ heat, density, pore fraction). The density is
calculated using the sintering submodel in Section 5.1. Then, the interface locations are updated using
linear interpolation based on the phase transition temperatures for the powder-liquid interface, and the
powder thickness for the air-powder interface, as described in Section 4.6.

Then, the energy balance is calculated by solving the second order, 1-D, nite volume method solution
of the equations in Section 4.2 for the temperature distribution. This calculation includes the heat uxes
due to conduction, advection, the air-powder interface condition, which considers the convective and
radiative losses at the powder top surface in Section 4.3, and the thermal boundary conditions in Section
4.4.

After this, the mass balance is calculated by solving the second order, 1-D, nite volume method
solution of the equations in Sections 5.2.1-5.2.4 for the moles of powder, carbon, and gas species in each
cell. This calculation accounts for the powder addition, liquid ux consumption, and powder shrinkage due
to sintering.

This mass balance starts with the calculation of the carbon distribution through the powder/slag cells.
This calculation accounts for the chemical reactions through a combustion rate subroutine (carbon
burning), as shown in Figure 4.2. It also accounts for carbon advection due to shrinkage because of powder
sintering, and the liquid ux consumption. The gas species molar calculations are done considering the
coe cient of gas di usion through the pores (Section 5.2.5), advection due to powder shrinkage, and
change in gas species due to participation in the chemical reactions. The next step in the mass balance is

the exhaust model described in Section 5.2.6, which is used to calculate the gas moles that need to be
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ejected from each cell, including from the top surface, in order to maintain constant system pressure (1
atm) in the powder layer.

Finally, the gas species mole fractions are calculated from the above results. This stepwise coupled
calculated procedure is carried out to complete the solution, and the computational results are then
validated with the plant/lab sintering measurements.

The model took 5 days to run two hours of combustion and gas transfer calculations on a 1-node
personal Windows-10 computer workstation (AMD Ryzen Threadripper PRO 5995WX, 2.7 Ghz, 512GB
RAM).

5.3 Lab Powder Sintering experiment case

The multiphysics model is next applied to a lab experiment by Supradist [12] involving powder
sintering to validate the powder shrinkage and densi cation calculations, in addition to the heat transfer
model prior to applying to it a commercial caster. In this lab sintering experiment, cold powder (premixed
with 5wt:% graphite) is placed in a quartz tube and heated in an induction furnace for two hours [12], and
the o -gas is rst passed through a lter, and collected after passing it through a large gas hood and
exiting through a small outlet to a gas analyzer. The setup is shown in Figure 5.5. The temperature
pro le, and powder shrinkage, are measured after the 2-hour experiment. The powder layers are also
analyzed to measure the vertical carbon composition pro le. The lab sintering experiment from the

literature used to validate our model did not involve a liquid ux layer.

Figure 5.5 Lab setup for powder sintering experiments [12]

49



The multiphysics model is run for similar conditions to simulate the lab experiment, including the
temperature pro le along the powder column, sintering and the accompanying shrinkage of the powder
column, carbon pro le, and gaseous exhaust. The model is run for two cases, where Case 1 corresponds to
a furnace temperature of 834 C, and Case 2 bottom boundary condition, ( xed temperature) of the
furnace temperature of 880 C. Temperature measurements are available for Case 1, while Carbon
distribution measurements are made for Case 2. So, the model is run for both cases, and the temperature
results are validated for Case 1, while, temperature results are veri ed for Case 2 by comparing with results
from another model in literature [12]. Sintering behavior is analyzed by observing model predictions of pore
fraction and density considering powder shrinkage due to heating. Finally, the gas transport and carbon
combustion is compared by analyzing the carbon and gas distribution through the powder/slag layers.

The thermal pro le predicted by the model for case 1 is shown in Figure 5.6 (a). Initially, the powder is
at room temperature (300K), but gradually it heats up from the bottom plate upward. The powder
bottom almost instantaneously reaches the furnace temperature, but the powder layers on the top are the
slowest to heat up. The highest temperature is at the bottom, and the temperature decreases as we move
close to the top surface. The model temperature predictions lie within the error bounds of experimental
measurements in the powder-top region, while higher temperatures are closer towards the powder-bottom.
This can be attributed to certain experimental errors while moving the wire to measure shift in powder
heights at di erent locations [84].

Due to sintering, the powder is undergoing densi cation, and so, the total powder level keeps dropping
with time. This can be seen clearly in Figure 5.6 (a) where the top point in each temperature pro le
becomes lower at each time (seconds). The net powder shrinkage after 2 hours is compared with powder
level measurements [12] in Figure 5.6 (b). The current model predicts slightly less shrinkage than the
measurements but is reasonably close, so the sintering physics appears to be properly considered in the

model.
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Figure 5.6 Case 1:(a) Thermal pro le b) Powder Shrinkage

Next, the temperature pro le is simulated for the carbon measurements case (Case 2). The thermal
conductivity pro le predicted by the model based on the temperature distribution after 2 hrs is shown in
Figure 5.7. It is observed that as the temperature increases, the powder particles get more densely packed,
and the pore fraction decreases, so the e ective conductivity of the powder increases. The transition
temperatures where the sintering rate constant changes slope are seen to re ect in the thermal conductivity
pro le. At low temperatures such as in the lab experiment, the powder's speci ¢ heat doesn't change much,
therefore it can be considered to be constant [32]. But, in a commercial caster where the temperatures are

higher, the speci ¢ heat of the powder/slag changes a lot due to reactions, sintering, and melting.

Figure 5.7 Case 2: Powder thermal conductivity as a function of temperature (higher temperature leading
to lower pore fraction, and hence, higher thermal conductivity)
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The temperature pro le predicted by the current multiphysics model and from literature are shown in
Figure 5.8. As with Case 1, predictions for Case 2 show that the powder bottom temperature agrees well
with the model predictions from the literature, but the powder top surface is found to be slightly colder
due to a di erent convection correlation used in the current model. There is a reasonably good match

between both models.

Figure 5.8 Case 2: (a) Thermal pro le- literature [12] b) Temperature pro le- Current Matlab Model

Since the temperature for case 2 is higher than case 1, the powder is found to be more packed, and

hence has a lower height at the end of the sintering experiment after 2 hrs.
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The thermal contours are shown in Figure 5.9 (b) where the highest temperature is seen at the powder

bottom surface, and lowest temperature is seen at the powder top surface.

Figure 5.9 Temperature contours [Case 2]

Thermal di usion and shrinkage of the powder column due to densi cation caused by powder sintering
facilitate heating of the powder column with time. Temperature increases from the top surface (140C) to
the bottom surface (879 C).

The powder shrinkage for this case is shown in Figure 5.10. It matches well with the measurements.

Figure 5.10 Case 2: Powder shrinkage validation and veri cation with Supradist model [12] and
measurements [12]
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The variation of density and pore fraction for case 2 is shown in Figure 5.11. Densi cation occurs as a
function of temperature and time. Lower porosity, and consequently higher density is observed at higher
temperatures and longer times. Since the temperature is highest at the powder bottom, the powder
particles get densely packed resulting in the lowest pore fraction, and highest powder density. Since the
sintering rate constant has a negligible value at temperatures lower than 400C, the warm powder towards

the top surface has the same density as cold powder at room temperature.

Figure 5.11 Case 2: (a) Pore fraction distribution b) Density contours
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