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ABSTRACT

Over half of lead production worldwide comes from secondary sources. The main secondary
source of lead is lead-acid batteries. Currently, over 99% of all lead based batterieb ianNoita are
recycled, amounting to 1.7 million short tons of lead annually. Secondary lead battery scragdd recy
through a combination of physical concentration, hydrometallurgical and pyrometallurgical @soéess
common type of furnace used for the pyrometallurgical steps in this process islg firsztt
reverberatory furnace. In the dirigctired reverberatory furnace, the burden (the solid feed material) is
heated through direct contact with the burner flame as well as through radiant heat tamstfiee fivalls
and combustion gases. The impingement of the flame on the burden can facilitate large amounts of heat
transfer, leading to greater melting and production rates, but can also cause areas ajdiigh vel
turbulent flow and local high temperature zones W KL Q W KrdfractddyQiridnig.HThese phenomena
can lead to excessive erasion and thermal stresses thereby prematurely shorteningnehefiifiet
refractory lining. Understanding the cause of refractory wear is critical to np@ngtions as the rate of
refractory wear will directly affect the length of refractory lifetime #mel productivity of the furnace.
Therefore, obtaining velocity and temperature distributions within the furnace urfdezmitonditions
was the focus of this project with the goal of identifying and minimizing high nerees while
maintaining the smelting rate.

A computational fluid dynamic (CFD) model has been developddfFoFRPSOLVK WKH SURMH
goals by calculating the temperature distribution, velocity profile and overall hratar within the
furnace. The preliminary portion of the project focused on model development and validatiora Once
base case simulation was validated using data from an operational lead reverberatory featiateyq pr
areas of high refractory wear were identified through the calculation of the temperatuetoaiigl v
distributions within the furnace. The average burden surface temperature was also evaluated as this
parameter was used as a measure of smeltingThteCFD model was used to assess whether the
predicted areas of high refractory wear could be minimized by various operational cloathgesurden
geometry and burner alignment. The results showed that the amount and location of the burner flame
impingement was sensitive to changes in both burden geometry and burner alignment and greatly affected
the overall flow patterns and heat transfer within the furnace. The results also ththieathere could
be a tradeoff between smelting rate and refractory lifetime. As a final step, a seinniamear
function was constructed in attempt to evaluate the combined influence of temperature andoretbeity

predicted areas of high wear within the furnace refractory.
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CHAPTER 1
INTRODUCTION

Lead is a relatively soft metal with a bluish-white &rsa high density and a low melting point.
Modern lead mines produce about three million metric tons of lead annually, which suppliabaurly
half of the lead used worldwide. The other half is produced from secondary sources [1]. The main
secondary source of lead is the lead-acid battery. Pure lead is used for the productionpafstede
within the battery while alloyed lead is used to construct the battery grids, termidddsdges. Over
99% of all battery lead in North America is recycled annually [2].

Although the details of the lead-acid battery recycling process can vary from one processing
plant to the next, the general sequence of unit processes remains fairly consistent. Téw dratfinst
drained of acid and the outer casing is removed by hand or crushing. A series of physical and chemical
separation techniques are then performed to produce a lead concentrate. The lead bearing thaterial i
smelted with coke and other fluxes in either a rotary furreaeaerberatory furnace, a blast furnace, or a
combination thereof. The smelting process is followed by a refining process in which unwanted
impurities are removed from the lead through preferential oxidation. The final lead{pothen sent to
casting operations [3].

Over a third of the North American lead smelters use a reverberatory furnace. The reverberatory
furnace in these plants is always used in combination with a blast furnace [4]. The reugrharsoe
is a type of furnace in which the material under treatment is heated indirectly by means oftthsticom
gases and radiant heat rather than directly by the burner flame. The reverberatory furgacatiEsi
back to the 19 century and has found uses in the copper, lead and aluminum industries [5]. However, the
definition of the reverberatory furnace has broadened over the years and in many cases the same
terminology is also used to describe directly fired furnaces where the flame is in cotitdloeweharge
or burden (terms used to describe the material that is being fed to the furnace). $¢cdadary lead
processing plants typically use a direct style reverberatory furnace [6]. The impingéientiame on
the burden can facilitate large amounts of heat transfer, leading to greater productidutratasalso
cawse areas of high-velocity turbulent flow and high-temperature zones on the refractory Tihesge
phenomena can lead to excessive erosion and thermal stress, thereby prematurely shorteningethe lifet
of the refractory. Understanding the mechanisms of refractory wear is critical taopenagions as the
rate of refractory wear will directly affect the length of refractory Iifietiand productivity of the furnace.

The mechanisms of refractory wear in lead processing furnaces fall under three main sategorie
chemical, thermal and mechanic&hemical corrosion of the refractory typically occurs below the slag
line. At this location, the slag and metal phases are in direct contact with the refractoryAining the

slag line, in the combustion gas zone, the refractory is more susceptible to thermally andiAmicaly
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caused wear than chemical corrosion. The refractory wear below the slag line iy/tympica
continuous and even, whereas refractory wear in the combustion gas space is more acute and
concentrated.

The complex transport phenomena that cause wear within secondary lead reverberatory furnaces
camot be fully understood without some form of modeling. Due to the complex nature of the equations
that describe the transport phenomena within the furnace, Computational Fluid Dynamics &SFD) w
chosen as the method to model these distributions rather than any analytical methods. Computational
Fluid Dynamics is a branch of fluid mechanics that uses numerical methods and algorithms for
multiphase fluid analysis for both reacting and non-reacting flows and can include complexities which
couple thermodynamics, heat transfer, turbulence, and chemical reactions. CFD is based on the Navier-
Stokes equations which describe how velocity, pressure, temperature and density of a moving fluid are all
related. CFD gives an insight into flow patterns that are difficult, expensive or iimpassstudy using
traditional experimental techniques. Obtaining the velocity and temperature distributiongheéthi
furnace, which could be produced through the use of CFD, was necessary to detect the areas of high
thermal and mechanical wear in the combustion gas zone.

The scope of this research was to develop a CFD model to generate data that could be used to
find ways to increase the lifetime of the reverberatory furnace refractory in the combastimmg while
maintaining or increasing the smelting rate. A large portion of the project focused on medigbahent
as the model could only be used as a predictive tool if it was able to accurately dasgplpgstcs
occurring within the furnace. Once the model was validated using data from an operational lead
reverberatory furnace, areas of high potential for thermal and mechanical refractoryeneatentified
through the calculation of the temperature and velocity distributions within the furnace. Theo@ED m
was then used to assess whether these areas could be minimized by various physical and operational

changes.



CHAPTER 2
A REVIEW OF SECONDARY LEAD PRODUCTION AND USES

A literature survey pertaining to production of primary and secondary lead metal was conducted
to provide the researcher with proper background information. This chapter details a summary of the
literature findings. The information gained from the literature survey provided valuaiidekge that

was useful for designing and validating the CFD model.

2.1 Lead Production and Uses

Lead is a soft, gray, lustrous metal with a high density and low melting point. Lead has been
extracted and used in various applications for over 6000 years [1]. The common ores of lead are the
sulfide mineral galena (PbS) and its oxidized products, cerussite gPamDanglesite (PbSI7]. The
standard method for the production of lead from primary sources is to first roast the selfidgietd
lead oxide. The oxide is then reduced with carbon in a blast furnace. The products from the lead blast
furnace are lead bullion which will typically contain impurities such as antimony, tinjaesehcopper
and a slag phase that contains complex silicates rich in iron, calcium and sodium. The formation of a
matte, a molten metal sulfide phase, and speiss, a liquid phase rich in antimony or arsenic where cobalt
and nickel collect, is also possible within the blast furnace depending on the composition of t& feed [
Although lead concentrates from mining sources are still produced, there are currently no padhary |
smelters in operation within the United States. There are several secondary lead smelters.ySecondar
lead plants typically utiie different types of furnaces and operations than the primary production plants.
These operations are discussed in detail later in this chapter [4].

Over the past 40 years, greater awareness about the negative health effects of lead on human
health has resulted in many countries banning numerous lead products, such as leaded fuel, paints and
pipes [8]. Despite the hazards to human health, lead is still used in various industrial apglicati
Currently, the main use for lead is in the production of lead-acid batteries, which adopunts
DSSUR[LPDWHO\ SHUFHQW RI1 W Ksb Béto Prodiive someélbullétd Bn@ net@lO R\V L
solders. Although pure lead is very reactive, some lead compounds such as lead oxide can be very stable,
making them suitable as constituents in corrosion resistant coatings for iron and steel. These lead
coatings are used to protect ship hulls as well as underwater power and communication cables. Lead
metal is used for radiation protection as well [2].

Table 2.1 lists the locations, furnace types and nominal capacities of the North American lead
processing plants. In 2015, the total North American lead production capacity was estimated to be
2,090,000 short tons. About 86% or 1,800,000 short tons of the total production capacity came from

secondary sources with the remaining 14% or 290,000 short tons produced from primary sources.



Currently, over 99% of all lead based batteries in North America are recycledngesuliround 95% of
secondary lead being derived from this source. The remaining 5% of secondary lead came from copper-

based cable, solder scrap, leaded glass, contaminated soil, manufacturing scrap, residue, ashtand dust. [

Table 2.1: North American Lead Smelting Capacities as of 2015 [4]

. Furnace Primary (short Secondary
Country Company Location Type tons) (short tons)
Canada Cominco Trail, BC Kivcet 90,0000 -
Xstrata Belledune, NB Blast 80,0000 -
Nova Pb Montreal, QC Long Rotary - 80,000
Tonnolli Toronto, Ontario Rotary - 45,000
Mexico Penoles Terreon Blast 120,0000 -
Jcl C'e”egsLde Flores  Rotary - 125,000
Garcia, NL Rotary - 135,000
M3 Roynosa Rotary - 30,000
Planta Dr
Omega Gonzoles, NL Rotary - 25,000
Pipsa Garcia, NL Rotary - 25,000
Riasa St. Caterina, NL Rotary - 35,000
USA BRC Arecibo, PR Rotary - 18,000
Doe Run Boss, MO Atihtl - 140,000
Blast
East Penn Lyons, PA Reverb / i 100,000
Blast
Exide Forrest City, MO Blast - 35,000
Muncic, IN Reverb / - 90,000
Blast
Vernon, CA Reverb / - 95,000
Blast
JCI Florence, SC Rotary - 120,000
Reverb /
Gopher Eagan, MN Blast - 130,000
Reverb /
Tampa, FL Blast - 110,000
City of Industry, Reverb /
RSR CA Elec - 120,000
Indianapolis, IN  Reverb/ Elec - 120,000
Middletown, Ny ~ Reverb/ ; 120,000
Blast
Sanders Troy, AL Blast - 100,000
Total 290,000 1,798,000




2.1.1 Lead Acid Battery

Figure 2.1 shows a schematic of a typical lead acid battery. Lead acid batteries are ideal for all

types of vehicles because of their large poteereight ratio, which allows them to supply the high surge

currents required by automobile engine starters [9]. Various advances in lead acid battery technology

have also made them viable as power storage cells at emergency power stations for hospitals and

computer servers. They are also used as storage cells for renewable energy sources, suchkasesind tur

and solar cells [10].
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Schematic of a typical lead acid battery [11].

The major components of the lead acid battery are the sulfuric acid electrolyte, the poaditive a

negative lead plates, metallic and oxide lead grid parts and posts, the plastic battery casing &xad the sil

separators [4]. Table 2.2 gives a breakdown of these battery components by weight.

Table 2.2: Typical U.S. Automobile Lead Acid Battery Components Broken Down by Weight

Description Weight (Ibs)
Battery paste 14
Battery grids & posts 9
Casing 2
Separators 1
Sulfuric acid 10
Total 36




The plastic casing is usually made from polyethylene but can also be constructed fraativedtern
co-polymers, various metals or a synthetic rubber [11]. Before use, the positive electrode allg typi
consists of pure lead dioxide paste that is supported on a metallic grid. The spent battesymagte i
more complex and not only contains lead dioxide but also lead oxide, lead sulfate and a small amount of
metallic lead. The negative electrode plate consists of a grid of metallic lead alloy contafiong
elemental additives [12]. Alloying elements are used in the construction of the batsringnider to
improve strength and increase corrosion resistance as well as reduce overpotential ahd intern
resistances [13]The plates are immersed in a liquid electrolyte consisting of 35% sulfuric acid and 65%
water. The electrolyte facilitates the chemical reactions that enable the storage amdedifoslactrical
energy and permit the passage of electrons that provide the current flow. The termsnasedso
connect the battery to the car are also made of metallic lead [4]. Table 2.3 shows a dhreakdalwn
of the major compounds in the spent battery grid and paste after physical concentratiomsperatio

occurred.

Table 2.3: Typical U.S. Lead Acid Battery Grid and Paste Analyses After Physical Concentre
Operations have been Performed [4]

Component Grid (%) Paste (%)
Pb 90 145
PbO 1 20 +25
PbSQ 1 55 +60
Sb 0.6 0.2
Sn 0.4 <0.1
As 0.1 <0.1
Organics 1 1
Moisture 3 18 8 120
Silica - 2
Carbon - 2

2.1.2 Lead Acid Battery Recycling Processes

Figure 2.2 shows a schematic of the general process used for the recycling of lead acid batteries.
Most secondary lead battery scraps are recycled through a combination of physicaratmecent
hydrometallurgical and pyrometallurgical processes [4], [11], [12],418]. The first step in the
process is to break the battery casing and drain the spent electrolyte. Various leaihgrtaakties
handle the spent sulfuric acid electrolyte in different ways, such as recover it as & salkedioit or use
it to make pH adjustments for other unit processes within the plant. The drained batteries are then

shredded. The most common equipment used for the shredding of the batteries are hammer mills. The



shredded material undergoes a series of separation and concentration steps in which three nigjor mate

fractions emerge: battery casings, battery paste and a metallic fraction.

Spent batteries
full of electrolyte

Chips of polypropylene to Breaking and Spent electrolyte to
recycling operations - separating operations | neutralization or recycling
Paste Material: Metallic fractions:
lead oxide and sulfate grids and poles

™~

Caustic or Sodium
jr—
Soda Ash Sulfur Temoval Sulfate
Pyrometallurgical |,
Fluxes & Coke =i Furnaces *
Soft Lead Bullion Off gas exhausting

and cleaning

Hard Lead Bullion 1

Refining operations

Pure Lead
Lead Alloys

Casting operations

Figure 2.2 Schematic of the general lead battery recycling process [4], [11], [12]1614]

The battery casing fraction mainly consists of polypropylene which is typicdilgresold or
further processed on site into pellets by extrusion for use in injection molding. In mastadmttery
paste fraction which is a mixture of lead sulfate, oxidized lead and metallic lead or alloy, wiljbeted
to a sulfur removal stage using caustic or soda ash leach solutions. The reaction of lead $ubfatemit

soda ash or caustic proceeds by the following reactions [4]:
. 8E fe 7\ . 7E fs 3

. sE [ \ , E fs sE s

Battery paste that has been leached in soda ash solutions has reporteety tleeveulfur content from

5% to less than 0.5%. The use of caustic or soda ash leach tanks for early sulfur removal has become



popular ast greatly minimizesSO, emissions and matte generation during subsequent smelting
operations. After the sulfur removal stage, the battery paste is dried and fed into a series of
pyrometallurgical furnaces along with the metallic fraction. The refradtinglin these
pyrometallurgical furnaces is subjected to significant wear and must be replaced oabasgis![17].
Magnesia-chromite refractory are the preferred material for refractorydinirthe secondary lead
industries due to their high corrosion and erosion resistance [18], [19].

In the United States, the most typical furnace setup used to produce secondary lead is a
combination of a reverberatory and blast furnace. The feed material is first processed ierbezatory
furnace which haaneutral to slightly reducing atmosphere and is typically continydapped and co-
current. The feed material is mixed with coke or coal to aid in reduction and other fluxes (isasitiLa
to promote slag formationlThe carbon input will reduce the lead according to [4]:

t, E e\t | E 6. %o ;

Some of the lead is also reduced with less noble metal impurities present in the feedhigmyant

arsenic and tin. These reduction reactions proceed according to [4]:

u ” E t ” \ u ” E n6 7

u, Ete\ u,h6 Ee 5

The outputs from this furnace aré& RIW~ R U L P S Xdulliowand @ lad rleiHimiG@purities as
well as lead oxide.

The slag from the reverberatory furnace is then processed in the blast furnace to recover the lead
content. In contrast to the reverberatory furnace, the blast furnace is not continuously tampesiciad
in a counter-current fashion. This furnace has a much more reducing atmosphere than the reverberatory
furnace to ensure that the maximum amount of lead is recovered from the reverberatory furnddeeslag

blast furnace can be fluxed with iron which will also help reduce the lead oxide acdor{l5
., E ¥\ ,E %

The UHGXFLQJ DWPRVSKHUH RI WKH EODVW IXUQDFH SURGXFHV D 3K
with little lead content. This slag is disposed of after processing. The typical sle sy both the

reverberatory and blast furnacaisiixture of FeQ, SiQ,, CaO and N# which can be highly

corrosive. The N® is introduced from the upstream de-sulfurization process and the rest of the slag
constituents are flux additions to the feed materiaBK H 3VRIW ™~ D Q Gomkhe tLdaces HdahG

undergo various refining operations and are then cast as salable products [3].
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2.2 Causes of Refractory wear in secondary lead processing furnaces

Understanding the mechanisms of wear in lead processing furnaces has been a focus of several

studies [17], [19H23] in recent years as the rate of refractory wear will directly affedetiggh of
refractory lifetime and productivity of the furnaces. The mechanisms of wear in leadging furnaces
using magnesia-chromite refractory fall under three main categories: chemical, tedmagchanical

[17]. Table 2.4 lists various mechanisms of wear that fall under these three categorie

Table 2.4 Mechanisms of Refractory Wear in Lead Processing Furnaces [17]

Type Mechanism Details

) Acidic slag attack &  Dissolution reaction occurring at the immediate refractory
Chemical e face within the refractory microstructure causing intergranu
infiltration . . :
corrosion and weakening of refractory microstructure

) _ _ Formation of forsterite (MgpiOs) causes a volume expansior
Chemical  Forsterite Bursting resulting in the destruction of refractory structure due to
structural spalling

) _ Penetration 080, into the refractory causes formation ofSC
Chemical ~ Sulfur Corrosion which reacts with MgO to form MgS@nd results in
degeneration of the refractory microstructure

Chemical Iron oxide attack High iron oxide results in degeneration of refractory
microstructure due to the formation of Mg-Fe oxide

Alkali oxides (i.e. NaO) enhance oxidation of Crto Cr¢in
Chemical  High NaO supply magnesia-chromite refractorr*® can react with soda and
deposit sodium bearing chromates or chromium salts on t/
refractory surface furthering degeneration of the refractor

Chemical Hydration MgO reacts with KO to form brucite (Mg(OH) causing
expansion in the refractory resulting in cracks

Thermal Temperature Levels Areas of hot spots within the furnace / overheating

Thermal fluctuations caused by disruptions and by irregulari
Thermal Thermal shock in furnace operation or improper heat up procedures can c:
stresses in the refractories

Noncorrosive metal Causes densification of the refractory resulting in area ol
Thermal o differing thermal expansion coefficients which can cause hi
infiltration .
internal stresses

Mechanical Erosion Wear of refractory due to interaction with high velocity dus
laden combustion gas and/or low viscosity slag




The wear of these types of refractory can be continuous (corrosion or erosion) or discontinuous
(cracking or spalling) [21]. Chemical attack through the interaction of the @fyagith the slag and
other feed components has been cited as the main factor affecting refractory damage in secondary lead
furnaces. Temperature and turbulence are cited as being lesser but still importanofagear.
Although, in many cases, refractory wear can be caused by a combination of chemical, thermal and
mechanical mechanisms. For example, weakened microstructures due to slag attack and metal infiltration
can make refractory more susceptible to continuous wear by hot erosion [19].

Table 2.5 lists the locations of the wear mechanisms specifically experienced in reverberatory
furnaces used to process lead. High wear areas are reported to occur on the roof aboae¢hehfange
and on the side wall across from the charge or burden. Wear in these types of furnaces has also bee
reported at the opening of the flue. Roof wear is typically very significant inbenagory furnaces due
to the impingement of the burner flame on the furnace burden which can cause hot flows to be directed at
the roof. The roof of the reverberatory furnace typically experiences wear due to maimiy thed
some chemical mechanisms whereas the side wall wear has been contributed to all three types of

mechanisms [17].

Table 2.5 Typical Locations of Wear Mechanisms within Reverberatory Furnaces used in Le
Processing [17]

Type Mechanism Roof Wall

Acidic slag attack & infiltration +

Sulfur Corrosion +
Chemical Iron oxide attack +
High Na.O supply +
Hydration + +

Temperature Levels +

Thermal Thermal Shock +
Noncorrosive metal infiltration + +
Mechanical Erosion +

+ Standard phenomenon
+ Possible phenomenon

10



CHAPTER 3
BACKGROUND THEORY FOR COMPUTATIONAL FLUID DYANMIC MODELING

This chapter details background theory for computational fluid dynamic (CFD) modelieg. T
following sections focus on the mathematical principles behind CFD modeling as well asahe sab-
models used for the simulation of metallurgical furnaces. Also included in thiteclga literature
review of the CFD modeling studies done on reverberatory, rotary, and blast furnaces. The arformati

gained from the background theory was used for the setup and evaluation of the CFD model.

3.1 Introduction to CFD

Computational Fluid Dynamics is a branch of fluid mechanics that uses numerical methods and
algorithms for multiphase fluid analysis for both reacting and non-reacting flows and cateincl
complexities which couple thermodynamics, heat transfer, turbulence, and chemical reactions. Figure 3.1
illustrates that CFD can be thought of as a combination of three different disgiglind dynamics,
computer science and mathematics. All of these disciplines are needed to develop an accurate and
representative CFD model. These models can be used for predictive purposes to test dédfexreos sc
that may be too risky or expensive to try in existing operations, to test how processes will scale up, to
simulate the consequences of potentially dangerous conditions and to control and optimize existing
processes [24].

Engineering
(Fluid
Rynamics)

Computational

luid Dynam
Computer
Science

Figure 3.1 The different disciplines involved in the development of computational fluid
dynamics [24].
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CFD modeling is based on the fundamental governing equations of fluid dynamics which are the
conservation of mass, conservation of momentum and conservation of energy. The conservation of a
certain fluid property means that its total variation inside an arbitrary volume canrbesexpas the net
amount of the quantity being transported across the boundary, of any internal forces and sources and of
external forces acting on the volume. As such, CFD is typically constructed on the basis obfitribl
volumes or an arbitrary finite region of the flow which is bounded by a closed surface and fixed in
space [25]. The governing equations are complex partial differential equations (PDE) that are very
difficult or impossible to solve analytically. Therefore, the first step in olotgiaicomputational solution
of the control volume or computational domain is to convert the PDEs and corresponding boundary and
initial conditions into a system of discrete algebraic equations that can be solved usingnarmietsa
methods. This process is known as discretizatidiscretization is mainly accomplished through a few
different common methods, namely the finite-difference method (FDM), finite-volume method (FVM
and the finite-element method (FEM). The FDM, FVM and FEM are all considered to be local methods
as they can be identified in terms of discrete nodal unknowns. Although these methods are utilized in the
majority of CFD codes, there are other methods that are used to discretize the governingsequation
Spectral methods are becoming more common for solving CFD problems. Unlike the FDM, FVM and
FEM, spectral methods are global methods where the computation at any given point depends not only on
the information at the neighboring points, but also on the information from the entire donain [24

Currently, almost all commercial CFD software utilizes the FVM for discretizatiorhelFYM,
the governing equations are discretized by dividing the computational domain into a finite number of
elementary control volumes. The network of these finite control volumes is called tioe guédh.

Solutions for the governing equations are then approximated in each mesh element or cell. The FVM
starts by integrating the governing equations over the volume of each cell. The Gauss theorem is then
applied to transform the volume integrals into surface integrals. These terms are eealfiatets at the
surfaces of each finite volume which are then transformed into discrete integrals andeichtegrat
numerically [26], [27]. The FVM approximations for first and second order partialefitiais are

described mathematically by [24]:

R
Ya S +1/4 L S N aN S i
v v T TONTL o (3.1
It E @5
R
%3—S+1/§TLS+1/4T9NS|,|1/4 g
Vs It_ Ve _ ag @5 ¥ (3.1,
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where ¢ is a generic flow field variable and N represents the number of bonding surfaces on an elemental

volume.

The FVM is advantageous for CFD problems for two main reasons. The first advantage to the
FVM is that its mathematical formulation mirrors the physics and the conservation lgsritipodels.
The second advantage is that this method can accommodate both structured and unstructured meshes
whereas the FDM can only be used with structured grids. In structured grids, each grid point can be
identified by a set of three indices. In contrast, points in unstructured grids have no ordering and
neighboring cells or grid points cannot be directly identified by their indexes. Figure 3.2 shoytesxam
of 2D structured and unstructured meshes. Unstructured grids offer greater flebabliandling

complex geometries [24], [26]

Control Volume

(a) (b)

Figure 3.2 Examples of 2D (a) structured and (b) unstructured meshes [24].

The solution technigues used to solve a CFD problem are iterative processes that successively
improve the solution until the criteria for convergence are reached. Convergence of a nynmueecsl
is when the solution of the system of algebraic equations used to approximate PDEs approached the true
solution of the PDEs. During the numerical procedure, imbalances (errors) of the discretized PDEs occur
which are called residuals. The three general conditions that must be stdisfisdre the CFD solution

has converged are:

1) The residual values have reduced to an acceptable value
2) lIterative convergence has been achieved

3) Mesh independence has been achieved

13



The acceptable value for normalized residuals for most flow variables isHi6h indicates a 0.01%

error. Itis also recommended that the residual values drop three orders of magnitude. Stricter
convergence consideration is typically required for the energy and species residuals. For most situations,
the energy residual must reach a value dfdfid the species residual must reach a value ofd0

convergence to be achieved. lterative convergence means that the parameters of interest (e.g.
temperature, pressure, velocity) in the model have reached a steady value and do not change with
additional numerical iterations. Mesh independence is achieved when the parameters of interest in the
model no longer change with additional mesh refinement (i.e. reducing the cell size) [28].

The following sections detail the governing equations solved in each cell. Descriptions and
transport equations of the different sub-models used to simulate metallurgical furnaceatsbden
described. The forms of the equations presented and the descriptions of the particular sub-models are
specific to ANSYS Fluent 17.0 [29] commercial CFD software which was used in this research.

3.2 Navier-Stokes Equations

The Navier-Stokes equations describe the physics of fluid flow and are the fundamental basis for
CFD modeling. These equations are derived from two governing equations of fluid dynamics, the
continuity equation and the momentum equation [30], [31]. The continuity equation stateagfidgg m
conserved and for a finite control volume is mathematically described by the followirtgpad28]:

aQ

T/4I_E LO;Lr (3.2)
The momentum equation isa fomdHZWRQTV VHFRQG ODZ DQG VWDWHYV WKDW W
momentum equals the sum of the forces acting on the fluid. Both body forces and surface forces are
included in the momentum force balance. The resulting momentum equations for a fimite vol

are [28]:

;Og; YVaBs  Yals  Valy i "mbw dmpac
L E E E i
. e C e E s 5 (3.39)
1056, Y % % i
01| LBog Mg b | mbw dmpac (3-30)
_ Yok~ Vad T Vad
:075; . 1/4P7E %ﬁE 1/4R3E i .mbw dmpac (3.3¢)

S N R

Where%r;is the substantial derivativdjs the normal stress due to press&eand 2s the viscous or

shear stress component.
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Figure 3.3 shows a schematic of the normal and shear stresses acting on a finite fluid volume.

Zi Zi
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a
Figure 3.3 Schematic of the (a) normal and (b) shear stresses acting on a finite fluid volum

For a Newtonian fluid where viscosity is constant, the normal stresses can be defined as [28]:

1/~

Rl F EtJ743_ (3.42)
A
.

PssL F EtJT43_ (3.4b)
A

PoLF EtdI (3.4c)

77 ]/4;- "

and the viscous or shear stresses can be defined as [28]:

745 - Y6 (3.5a)
ReL RsL J—J/Ta_El/AJp

YVag _ Ya7

Va7 _ Yag
RrL Rl 4 Eyp (3.5¢)

where is the dynamic viscosity. The normal and viscous stresses as defined in Equations 3.4 and 3.5
can be substituted into Equations 3.3 and simplified by using the continuity equation for inciloepress
flow where density remains constant. These substitutions yield the following farataof the

Navier-Stokes equation for incompressible, Newtonian fluids [27]:
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o—L F, E L EO (3.6)

This form of the Navier-Stokes equation is easily recognized as aforhld ZWRQTV VHFRQG ODZzZ ZI
density (!) times acceleration?ﬁ; equals the sum of forces, i.e. pressure fOFE® 2, viscous force

(4 @R and gravity or body force!(. If the fluid is compressible and/or non-Newtonian, the general

vector form of theéNavier-Stokes must be used and is writkesfi27]:

Ye:0 )
41/ L B ®0? , F> ®2E O (3.7)
e

where lvv is the dyadic product of pv and v. Due to the complex nature of the Navier-Stokes equations,
analytical solutions range from difficult to practically impossible. Therefore, the mostamomay to
make use of the Navier-Stokes equations is through computational modeling.

The existence of turbulence also adds complexity to the Navier-stokes equation. In turbulent
flow, the motion of the fluid particles is irregular and all flow properties vary in a randonhaotiac
way. Turbulent flow is characterized by large Reynolds numBegsof high inertia to viscous forces.
The flow is laminar wheiRRe< 2300, transitional when 2300Re< 4000 and turbulent whd®e>
4000 [31]. In principle, turbulent flow can be modeled by the Naiver-Stokes equations, but it is not
feasible in most situations to resolve the wide range of scales in time and space by Direadlumeri
Simulation (DNS).For this reason, the Reynolds Averaged Naiver-Stokes (RANS) equations were
developed. The RANS equations are time averaged governing equations in which all instantaneous
fluctuations in the flow field are eliminated and a smooth variation of the averaged velocitgssiuter
fields can be obtained. The RANS equations have the same general form as the instantaneous Navier-
Stokes equation with the velocities and other flow field variables now represémigveraged values.

Therefore, the generic flow field variablg, can be represented as [32]:
oL %E ] (3.8

where &and ()'Bare the mean and fluctuating components of the variable, respectively. Although this
averaging process reduces overall complexity, additional unknown terms called Reynolds stresses or
fluxes are introduced into the transport equations that need to be described by a suitable turbulence
model [33].

3.3 Turbulence Models
Various turbulence sub-models based on the RANS equations are available within ANSYS

Fluent. Fluent also provides sub-models based on Scale-Resolving Simulations (SRS) methods which
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partially resolve the full turbulent spectrum in the flow domain. For this reason, the SRS models are
substantially more computationally expensive than RANS simulations. In most cases, RANShterbul

models offer the most economic approach for computing complex turbulent industrial flow [34]. The

most commonly used RANS models are th@ kb Q G-&V RRGHOV LQ WKH LRbttGnhoddts UHQ W IR
are two equations models that allow for the determination of both a turbulent length archtarzys

solving two separate transport equations [32], [35]. The following transport equatomstsem in

Cartesian tensor form withi = 1,2,3

331 Thek-0 PRGHO

The standardd@ PRGHO LV EDVHG RQ WKH WillBnQKinStR eEndfgyjTaXd itV LR QV [ R
rate of dissipation. Thek-0O PRGHOV DUH YHU\ UREXVW DQG FDQ EH XVHG WR
turbulent flows with reasonable accuracy. Two variants of the standardkRGHO DUH DYDLODEOH
Fluent: the RNG kO PRGHO DQG WRH REBBOL|IDEBWHNYDULDQWY ZHUH GHYH(
different flow applications. All three models have very similar forms with transport &g@%¥ IRU N DQG O
The main differences between the models related to the method of calculating turbuleiti\ascbthe
turbulent Prandtl number governing the turbulent diffusiokafid Oas well as the generation and
destruction terms in th@equation. The major weakness of these models is their insensitivity to adverse
pressure gradients and boundary layer separation which can lead to optimistic design evaluations for
flows that separate from smooth surfaces [33].

The transport equations for thekk-PR G H32]:D UH

A OpY 99 g edp e (E FOB GE (3.9)
Ya—— Ve Ve p%gs P Q-
Y. y %:B_ B . B (3.10]
T/4' O’B‘; L1_/4 dJ E—p—é’]E 5—:. i E 7. F G.OT E . ‘

where is the turbulence viscosity defined as [32]:

o6

J L Oge—=
*B

(3.11)

andGy represents the generation of turbulence kinetic energy due to mean velocity grad@isahe
generation of turbulence kinetic energy due to buoyaivgyrepresents the contribution of the fluctuating
dilation in compressible turbulence to the overall dissipation rate. The theory on how to ctieskate

parameters can be found in the ANSYS Fluent Theory Guide (32C ¢ C, Xk and Lare all empirical
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model constants. The default values for these constants have been determined from experiments on

fundamental turbulent flowsSc andSpare user-defined source terms [32], [33].

332 Thek-& PRGHO

The standard &k PR GH O L Vhé&tiansHd® eguatidhis for the turbulent kinetic enekpy (
and the specific dissipation rat&( The k-& WXUEXOHQFH PRGHO RITHUVOVRPH DGYDC
model. The most significant advantage is W& G HldlifyMo predict adverse pressure gradients due to
boundary layer flows and separation. The downside to this model is that the solution can be sensitive to
WKH IUHHVWUHDP YDOXHYV RI N DQG & PRGHWOWKZNMVUGBBYRQR ®SHGD ED(
shear-stress transport (SSTBknodel. Both models have very similar forms, but the SSI kZ D V
designed to avoid the freestream sensitivity of the stand&d RRGHO E\ FRPELQLQJ HOHPHQW
&HTXDWLR Qedp&diéh [B8KH 0

The transport equations for the standar& kP R G H[@2]D U H

1/ 1/, - ~ 1 1/, |
Vam Yag  Yad | Ya

VOX_YOXg . WX |
Vim g g Cmg ter et e (3.13

where « and +srepresent the effective diffusivity &fand & Gy andG ¢ denote the generation of the
WXUEXOHQFH NLQHWLF HQHUJ\ GXH WR PHDQ YHORFLWIYIUDGLHQW
represent the dissipation lofind &due to turbulenceS andSeg are user-defined source terms. The

theory on how Fluent calculates these specific parameters can be found in the ANSYS Fluent Theory

Guide [32].

3.4 The Energy Equation

The third governing equation on which CFD is fundamentally based is the energy equation. The
energy equation is derived from the first law of thermodynamics which states that the rateefatha
energy equals the sum of the rate of heat addition to the fluid and the rate of work done on or by the
fluid [24]. Fluent includes physical models for all three modes of heat transfer: conducti@gtmmmy

and radiation. These modes of heat transfer are described by the following area heat flux ¢g6ktions

“amipk Fe, (3.14)
“amitl S:qF 1 (3.15)
“p_bl— BPKS_VF k89I; (3.16)
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whereq is the heat fluxk is the thermal conductivityh is the heat transfer coefficienis the emissivity
and 1lis the Stefan-Boltzmann constafitandT: are the surface and fluid temperatures, respectively.
Fluent will solve a variation of the energy equation depending on the heat transfer methodsithg use

selected. The general form of the energy equations is [32]:

Ya:0 ; C <
1/4_E=®:O EioL,®Lyg FIS @E:2.4® :ME; (3.17)
h

whereket is the effective conductivity defined as [32]:

‘cad < E ¢ (3.18)
andk; is the turbulent thermal conductivity,is the diffusion flux of species j, 4 (yis the effective shear
stress ané, is a source term used to capture heat of a chemical reaction and any other volumetric heat
source the user defines. Conductive and convective heat transfer modes are explicitly solved by a
variation of the energy equation whereas radiation heat transfer is taken into account througbtite sel
of different sub-models. Therefoi®,will also include radiation source terms when a radiation model is
being used [33]E in Equation 3.16 is the total energy per unit mass and is defined as [32]

1 ~6
LS I'—OE—t (3.19)

where h is the sensible enthalpy defined as [32]:

(3.20;

=

Yi is the mass fraction of species j apthtboth Equations 3.13 and 3.16 is defined as [32]:

SL £ .af (3.21)
Xn [\

3.4.1 Radiation Models

Radiation is the emission of thermal energy through electromagnetic waves from the swaface of
object. Radiation models should be considered when the radiant heat flux is large compared to the heat
transfer rate due to convection or conduction. This typically occurs when the absolute temperagures rath
than temperature gradients are large as radiative heat flux has a fourth order dependency on absolute
temperature as described in Equation 3.16 [36]. The radiative transfer equation (RTE) used to model

radiation describes the intensity of a beam of radiation when it travels, how it loses enerdy throug
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absorption, how it redistributes radiation through scattering and gains energy througbreniibs form
of the RTE used by the Fluent radiation sub-models is [32]:
t: 4 ; pe 8 5 (3.21

: s R
. E:fER:a/Lf vNi4 4o @ t3

where
r = position vector
= direction vector
fi= scattering direction vector
s = path length
a = absorption coefficient
n = refractive coefficient
% = scattering coefficient
1 6 W-Bolt2r@ann constant
| = radiation intensity which depends on positiongnd direction ()
T = local temperature
0 = phase function

3fi= solid angle

Five sub-models for radiation are built into ANSYS Fluent. The five models are the Discrete
Transfer radiation model (DTRM), the P-1 Radiation model, the Rosseland radiation model, the Surface
to-Surface (S2S) radiation model and Discrete Ordinate (DO) radiation model. The DTRM is based on
the assumption that the radiation leaving a surface element in a certain range of solid angles can b
approximated by a single ray. It is a relatively simple approach and its accuracy can be increased by
increasing the number of rays. However, solving a problem with a large number of rays can become
computationally demanding. The P-1 mode is based on the expansion of the radiation iht@msitsr{
orthogonal series of spherical harmonics. This model works well for combustion applicatioesheher
optical thickness is large. The Rosseland radiation model is derived from the P-1 model but is only valid
when the medium is optically thick. The S2S radiation model is typically used for modelingseadiati
transfer in an enclosure of gray-diffuse surfaces without participating medianaih@ssumption in this
model is that any absorption, emission or scattering of radiation can be ignored. This modeltrexjuires
calculation of view factors, which are geometric functions used to account for the dependenedivé radi
energy exchange as a function of the size, separation distance and orientation of the surfathe withi
enclosure [36]. The DO model solves the RTE for a finite number of discrete solid angles. The DO

model is valid in the entire range of optical thicknesses which means it can be used to model a wide
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variety of problems ranging from surface to surface radiation to participating radiationbostam.

One notable advantage of the P-1 and DO radiation models is that they can be used when a mixture
material is modeled. In these models, radiative properties are computed based on the volume fraction
averaging of the radiative properties of the individual phases. Addition theory anddtiéor on

transport equations for the specific models can be found in ANSYS Fluent Theory Guide [32].

3.5 Combustion Modeling

ANSYS Fluent includes many different built-in reaction sub-mottedsmulate the combustion
reactions typically experienced in metallurgical furnaces. Reactions for which theskiatnot be
practically described by Arrhenius rate style kinetics are not standard in Fluent.s@liepf kinetics
can be added through user defined source terms. The three different types of combustion that can be
modeled in Fluent are premixed, partially premixed and non-premixed [32], [33]. In premixed
combustion, the fuel and oxidizer are mixed at the molecular level prior to ignitiongrtaki reaction
kinetically limited rather than diffusion limited. In non-premixed combustion, the fuel adexenter
the reaction zone in distinct streams and is consideredaombéng problem with infinitely fast
chemistry. Partially premixed combustion is an intermediate between premixed and non-premixed
combustion [37].

Built in sub-models based on finite-rate chemistry governed by the Arrhenius equation can be
used to simulate the three types of combustion within Fluent. These are not dedicated combdston m
but rather species transport / chemical reaction models. The four available sub-mdielypé are:
(1) finite-rate chemistry, (2) finite-rate/eddy-dissipation, (3) eddy-dissipaind (4) eddy-dissipation
concept (EMC) models. The eddy-dissipation model (EDM) and the finite-rate chemistry model (FRC)
are used to simulate fast and slow reactions, respectively, when compared to rate of mgdotanfs
due to turbulent flows. The FRC model uses molecular kinetics to calculate the reactiovheatas the
EDM calculates the mean reaction rate based on the turbulent mixing rate with the assumptien that
chemical reactions occur much faster than turbulence can mix reactants and heat into the reantion reg
The finite rate/eddy dissipation model is a hybrid of the FRC and EDM models. In this model, the kinetic
rate is calculated in addition to the mixing rate predicted by the eddy-dissipation modelowés sl
reaction rate is the one that is used. If turbulence is low, mixing will be slow and thevblyd
reaction rate. On the other hand, if turbulence is high, but the kinetic rate is low, thenredthe
kinetically limited. Partially premixed flames can also be modeled using the finite-ratelisdgbation
model. The EMC model is an extension of the EDM model where detailed chemical mechanisms are

incorporated into turbulent reacting flows which is very computationally expensive [32], [33].
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Fluent also has dedicated combustion models for premixed, partially premixed and non-premixed
combustion problems. Premixed combustion is much more difficult to model than non-premixed
combustion. The difficulty arises because premixed combustion occurs as a thin, propagating flame that
is stretched and contorted by turbulence. Therefore, the essence of the premixed combustisrtanodel i
capture the turbulent flame speed which is influenced by both the laminar flame speed and dveturbul
The premixed combustion model uses either the C-equation or the G-equation for the basis of the
calculation. The C-equation method tracksfteene front by evaluating the progression of the reaction
from unburnt to burnt species. The G-equation method tracks the flame-front through the transport
equations governing the unsteady evolution of a propagating flame interface [32].

The dedicated non-premixed combustion model was developed to simulate turbulent diffusion
flames with fast chemistry where the reaction rate is limited by mixing. For this type of comptésio
approach offers benefits over the eddy-dissipation model as it allows for intermediate ppesiiEion,
dissociation effects and rigorous turbulence-chemistry coupling without solving a large nuisibecie$
transport equationsThe non-premixed combustion model solves for the mixture fraction, which is a
conserved scalar and is defined as the elemental mass fraction that originated from tteafoellatthis
model, a PDF table is calculated prior to the calculation which is used during the aaiooildkie
reacting flow. The PDF table is a chemistry look-up table containing mean values of speti@ssfr
density and temperature as a function of mean mixture fraction, mixture variance, enthalpyaand scal

dissipation [32].

3.6 CFD Modeling of Select Metallurgical Furnaces

In many primary and secondary metal industries, CFD modeling has played an increasingly
important role as a cost- effective tool for evaluating and improving industrial processeserit years,
economic and environmental drivers have greatly pushed for the use of CFD to model many types of
metallurgical furnaces [36]. Thésn be challenging though, as metallurgical processing involves various
chemical reactions and transport phenomena that take place within a moving media at high temperatures
and in the presence of phase transformations. These processes are also intrinsically multiiphas
further increases model complexity [37]. CFD models of metallurgical furnaces have peseiyed
from continuous improvements in the physics and sub-models available in commercial CFD packages.
The advancements in commercial CFD packages have provided new mathematical power to more
accurately describe turbulence, general gas flow and other transport phenomena withinlindustria
furnaces. This has allowed modern, commercially available computational software to produce hig
guality numerical models that are capable of providing detailed and reliable descriptiansahiiex

processes that are characteristic of the operation of industrial metallurgicatifa@r
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The secondary aluminum industry has become a major user of CFD and has implemented this
technique to analyze and improve the aluminum melting processeb}0 There has been an increase
in the utilization of CFD modeling in the steel industry for various metallurgical stafidast furnaces
as well [54]. Improvements in production, energy efficiency and furnace operation optimization are the
main areas of focus in the literature related to CFD modeling of industrial metalldwgicates.

Furnace efficiency is typically described by [6]:

n

D L—

. (3.22)

where R3is the furnace efficiency3; is the heat embedded in the final product &g the heat supplied
by combustion. This parameter has been of particular interest to many researchersdily iaffiécts
the cost to produce metal [55]. The following sections describe recent CFD studies onatangtber

blast and rotary furnaces presented in literature.

3.6.1 Reverberatory Furnaces

A traditional reverberatory furnace, often called a reverb, is a type of furnace inttunich
material under treatment is heated indirectly by means of the combustion gases and raditheheat r
than directly by the burner flame. Its design dates back to theelury and has found uses in the
copper, lead and aluminum metallurgical industries [7]. This type of furnace idltypitg used when
neutral or slightly reducing conditions are required for a reduction or for a re-melting probess.
furnaces are shaped in a rectangular manner with an arched roof to allow the combustion pitoeluct of
IXHO WR EH UHIOHFWHG RU pUHYHUEHUDWHGY IURP WOKWRIXUQDFH |
allows for good phase separation in processes where multiple phases exist. The feed is usually charged
through an opening in the roof or the end wall of the furnace. Metal is withdrawn from the furnace
through a hole in the side wall and if present, slag typically exits through a ndbehdpgosite wall [5],
[3].

7KH WHUP 3UHY HU E H bréauefred dveXtheQdéarsdnd Kd3 Yeen used to describe
direct fire furnaces where the flame is in contact with the charge or burden. As the differeeenbet
strictly defined reverberatory furnaces and direct fired hearth furnaces are often dowretabgnment
alone, it is difficult to make the distinction to where one starts and the other ends [6]. Figure 3.4 shows
both a schematic of (a) a traditional and (b) a direct fire style reverberatory furfec€FD studies
found in literature only have modeled the modern direct fire style reverberatory fud@aedd], [51],
[52], [56] .
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Figure 3.4 Schematic of a (a) traditional and (b) modern direct fire style reverperato

furnace [57], [58].

Despite the long history of reverberatory furnace use, there still only exist\aehglsmall
body of research pertaining to these types of furnaces. CFD investigations of reverlhenadaes in
recent years have mainly been done in relation to secondary aluminum processid§][461], [52].
The secondary aluminum industry uses reverberatory furnaces for the re-melting of alumapuwitsc
varying compositions [59]. Two different types of reverberatory furnaces are ushis fapplication:
sidewell and direct charge. Sidewell furnaces have been used for the melting of light seeapriar
decades and were originally designed to eliminate the direct interaction between the combustion gas
and solid scrap which minimizes the melt loss and dross generation [60], [61]. Sidewell reverberatory
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furnaces are fitted with a well separated from the main furnace hearth by a refractavitwaii

opening which allows molten metal to flow from the furnace hearth to the sidewell. The solid metal scrap
is charged into the sidewell and melts which means that only two phases need to be modeled within the
furnace hearth: molten metal and the combustion gases [39], [59]. Figure 3.5 shows a simplified top
down cross section of a sidewell furnace where the sidewell is separated into a charge and pump well.
The direct charged reverberatory furnaces do not have sidewells and the metal scrap is charged directly
into the furnace hearth where it is exposed to the open flames. Figaie &example of a direct

charge furnace. Three phases are present in the hearth of the direct charge reveilrasterynolten

metal, solid metal charge and combustion gases. Although the presence of the third phase makes the
direct charge furnaces more difficult to model than the sidewell furnaces, there have beemneany

CFD studies performed on direct charge rather than sidewell reverberatory furnacd9]4G1], [52],

[56]. The main areas of focus in these studies are burner type and location, applicalalityusf v
sub-models, evaluation of new furnace designs and the use of lab scale furnaces in conjunctie with C

modeling.
Flame
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Figure 3.5 Cross section of a simple sidewell furnace with a charge and pump well [39].

3.6.1.1 Burner Type and Location

The influence of burner type and location has tsesrea of focus for CFD modeling of direct
fired reverberatory furnaces over the past several years. Bziuda]39] reports a study done to model a
sidewell reverberatory furnace used to produce aluminum at the Roth Bros Corporation using ANSYS
Fluent. The main propose of the study was to evaluate the use of three different burner/ffyeés: a

(AF), air-oxy/fuel (AOF) and oxy/fuel (OF). The model was designed to solve both laminar andrturbu
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flow conditions for the separate phases simultaneously; the combustion gases were solved ulahér turb
flow conditions while the flow of the aluminum bath was considered laminar. The CFD model showed
the advantages and disadvantages for each firing mode. For example, a model comparison of the three
firing modes showed that the specified firing rate was not high enough to melt the aluminum at the
desired rate of production with the AF burner. On the other hand, the AOF and O bauhldmelt the
aluminum at the desired production rate under the specified firing rate and therefore consumed less
natural gas per unit aluminum produced. Other parameters were investigated for the thregdasrner

such as refractory temperature profiles as well as conditions that contributed to overheatindadimh oxi

of the melt surface.

Furuet al [43] also studied the impact of different burner types for the melting of aluminum
using CFD. This study focused on comparing a newly developed low temperature oxy-fuel (LTOF)
burner against a conventional cold air-fuel burner in a pilot scale direct fire furnacdueDxy
combustion technology has been used in the aluminum industry in the past, but high temperature burners
of this nature result in high dross formation and furnace wear due to hot spots in refractgsy [The
newly developed LTOF burners claimed to have minimized these problems while still maintaining the
advantages of oxy-fuel combustion such as reduced heat lost in the flue gas and greater radiation heat
transfer{41], [62]. The CFD model was developed using ANSYS Fluent. The realizable kRGHO ZDV
used to model turbulence. Heat conduction into the materials, convection at the gas-sfali iatet
radiation modeled by the DO method were all included in the model as well. Combustion was modeled
by the Eddy Dissipation method using a 2-step reaction for propane and air. The main purpose of the
CFD simulations was to reproduce measured furnace temperatures and to identify the heat transfer
mechanisms created by the burners.

Table 3.1 lists the four different conditions considered and some of the results obtainkdfrom
experiments. The furnace temperature corresponds to the average temperature taken at spgden diff
locations within the furnace wall. The CFD model was validated by these measurements. The heating
time denotes the time it took to heat an aluminum sample with dimensions of 85 x 85 x 40 mm that was
placed in the furnace from 100 to 600 °C. Several conclusions were drawn from this study. Both the
experiments and CFD simulations showed that the flame created by the LTOF burner was more spread
out which resulted in a more uniform temperature throughout the furnace. The CFD simulations showed
that radiation was the dominate form of heat transfer into the aluminum samples. The twestgleser
resulted in similar convective heat flux into the sample, but the LTOF burner had a much higlige radia
heat flux into the sample due to the absent of nitrogen, thereby facilitating shoritey Liess with

lower power input.
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Table 3.1: Description and Results of the Four Different Firing Conditions Modelld 8tidy
Performed by Furet al.[43]

Case Burner Type Burner Power Cooling Furnace T Heating Time Average Heat Flux

Units (KW) (KW) (°C) s) (KW / 1r9)
1 Air-fuel 311 23 1131 688 79
2 Air-fuel 308 64 1016 766 71
3 LTOF 257 66 1142 497 109
4 LTOF 257 133 1008 675 84

Buchholzet al [49] constructed a CFD model based on an aluminum reverberatory furnace
equipped with 1.0 and 2.5 MW cold air-fuel burners using ANSYS Fluent to analyze the impact of burner
location and type. The study focused on understanding what factors dominated heat transfer and evaluated
the impact of varied burner positions on energy utilization. The model utilized the RNG ver$ierkof
Hurbulence model and the Eddy Dissipation combustion model. Radiation was modeled by the DO
method and a latent heat term was included in the heat transport equation by a user definedofunction t
account for the heat of fusion of the feed. The authors stated that a major limitatienrtodel was that
the metal shape could not change during the melting process. Due to this limitation, two diffedent meta
arrangements were considered, one in which the metal was modeled as a melt pool spread at the bottom
of the furnace and the other in which the metal is arranged as an ingot assembly with gaps.6Figure 3.
shows a schematic of the two different metal configurations investigated. The CFD analysis was

performed for both metal configurations.

1 MW ;
flue bumer [
\

/ door
L7

2.5 MW
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Figure 3.6 The two metal configurations considered in the CFD study by Budtlablevhere
(a) is the melt pool configuration and (b) is the ingot configuration [49].
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Once the calculation for the baseline condition of the furnace was performed, several
modifications to the burner positions as well as the usgdiurners were investigated. Simulations were
performed to find the burner configuration that allowed for the longest combustion gas residence t

relative to a baseline condition. Table 3.2 lists the furnace configurations that vesstigied.

Table 3.2: List of Furnace Configurations Investigated by Bucletait [49]

Configuration Description Metal Geometry  Burner Type
A Original Furnace Flat AF
B Original Furnace Ingot AF
c Burners shifted to flue side Flat AF

Burners shifted to flue side, 2.5 and 1.(
D MW burners exchanged positions & wet Flat AF
adjusted to be parallel to flue axis

Burners shifted to flue side, 2.5 and 1.(
E MW burners exchanged positions & wet Ingot AF
adjusted to be parallel to flue axis

F Original Furnace Flat OF

Figure 3.7 shows results for total heat flow into the metal and average gas residencethiene for

different furnace configurations investigated.
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Figure 3.7 Comparison of (a) total heat flow into the metal and (b) average gas residerioe t

the different furnace configurations investigated [49].

The authors concluded from the results of the CFD model that the heat transfer inside thédubaibe
metal configurations was dominated by radiation effects and that changing the burner positiong had ver

little effect on the gas residence times and energy utilization. The model showed that titze $feat
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into the ingot stack was larger than into the melt pool configuration and that much higher heat transf

efficiencies were achieved when oxy-fuel burners were used when compared against the cold air burners.
Hongieet al.[56] also constructed a CFD model using ANSYS Fluent to assess the fluid flow,

heat transfer and combustion process in a reverberatory furnace used for the production afyseconda

copper as a function burner type and installation location. The authors indicated tisadxtnemely

difficult to measure the operating parameters of the secondary copper reverberatory furnaeswdich |

little understanding of the transport phenomena within the furnace. Therefore, the operation ahd contr

of the furnace was solely based on experience which resulted in high energy losses and poor quality

copper. CFD modeling was identified as the most effective technology for analyzing and optingzing t

furnace. The model was validated through a comparison of measured and calculated values. Table 3.3

and Table 3.4 shows a comparison of the measured and calculated temperature and chemical species mass

fraction data. The measured and predicted values were in very close agreement and the authors

concluded that the model was reliable.

Table 3.3 Comparison between Measured and Calculated Temperatures from the Study Perfor
Hongieet al. [56]

Location Measured (K) Calculated (K)
Outside of furnace wall 378 381
Roof 423 425
Gas Outlet 1553 1562

Table 3.4: Comparison between Measured and Calculated Mass Fraction at the Outleuef fitoenF
the Study Performed by Hongi¢ al. [56]

Species Measured (%) Calculated (%)
CO 0.14 0.15
H20 15.15 15.69
O, 1.60 1.80

The model showed that the flame region was very short and was mainly located along the roof of
the furnace. This proved disadvantageous for two reasons: (1) the charge was located at thethettom of
furnace which resulted in poor heat transfer between the flame and the charge material afidf®) the
region was too close to the roof which caused the refractory material to overheat and damatica
decreased roof lifetime. The burners were changed from DC burners to rotary burners and were angled
into the furnace at 45 degrees. The model showed that the change in burner type and location enhanced

mixing in the furnace and lowered the maximum gas temperature. The authors reported a decrease in fuel
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consumption, pollutant emissions and copper loss due to the CFD model investigation and subsequent
change in burner configuration. The consumption of coal and charcoal per furnace decreased from 17 to
13 tons and 6 to 2 tons, respectively. The loss ratio of copper decreased from 5% to 3% and the smelting

time per furnace was cut down from 23 to 13 hours due to the increase in furnace efficiency.

3.6.1.2 Sub-model Investigations in Reverberatory Furnace Simulations

The impact of different sub-models used to simulate the phenomena within reverberatory
furnaces is not well documented in literature. A notable study done with this focus was performed by
Furuet al.[44]. The researchers used the same aluminum reverberatory furnace that was modeled in
Buchholzet al.[49] to investigate the influence of various turbulence and combustion models on the
overall transient numerical solution. The turbulence models investigated in this stedthey standard
k- HRNG k-KHk-Zand SST kZ The researchers found that thé#nd the RNG kHnodels showed
rapid temperature fluctuations in the furnace with time for the transient calculatibes@ained that the
reason for the fluctuations might be due to the flow regions with large pressure gradmsufficient
boundary layer treatment. On the other hand, tlakd SST kZmodel showed much smoother
changes in chamber temperature. Combustion models using Finite-rate / Eddy Dissipation, Eddy
Dissipation and Eddy Dissipation concept were all solved and compared in this study as well. The
researchers found that there was a major difference between the Eddy Dissipation Concept mualel and t
other two models evaluated and concluded that the combustion was not only limited by mixing rate but

also by chemical kinetics.

3.6.1.3 Evaluation of New Furnace Designs

Performance of newly designed reverberatory furnaces have aistebted using CFD
modeling. Baukagt al [39] describe a study done by RBSC, an aluminum smelting company, on a
newly designed sidewell reverberatory furnace with 50% more aluminum bath surface to accommodate a
scheduled increase in plant production. CFD modeling was used to assess if the new furmace woul
handle the scheduled production increase and what burner angles should be used to maximize efficiency.
Two models were built using ANSYS Fluent, one to evaluate the existing furnace and the other to
evaluate the newly designed larger furnace. The combustion reactions were solved using a mixture
fraction approach. The model showed that the new furnace would be able to handle the scheduled
production increase and predicted the firing rates needed for the production increase. The model also
showed that the burner orientation played a significant role in the optimization of theefuilitae best
burner configuration was reported to be downward at a 10° angle toward the melt surface with the side

burners inclined toward the center of the furnace hearth. A comparison between the thereatieHici
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of the new and existing furnace showed that the new furnace had about a 4% lower efficiency than the
existing furnace.

Arutyunovet al [40] reported modeling the combustion within a specially designed reverberatory
furnace with a roll-out hearth using the computational software package called PHOENICSh®3]. T
reverberatory furnace was equipped with a radiant vortex injector (RVI) used for the sgconda
combustion of products. The nature of RVI added complexity to the model due to the addition of other
high-speed gas streams and turbulence. The standard’kR Bad Gsed to model turbulence and
radiative heat transfer was modeled by the differential method. The authors concluded that the CFD
model was successful in calculating distributions of velocities, pressures, temperatures andatonsentr
of components of the mixture within the furnace. The model was also used to determine the configuration
of the combustion zone and provided information to evaluate the ejection capacity of the RVI.

3.6.1.4 CFD with Lab Scale Furnaces

In recent years, there have also been CFD studies performed in conjunction with the construction
and utilization of laboratory scale reverberatory furnaces used to test new technologies. The U.S.
'HSDUWPHQW RI (QHUJ\YV $OEDQ\ 5HVHDUFK &HQWHuiltash& DORQJ .
scale reverberatory furnace for experimentation and validation of CFD models involving new and
emerging technologies related to the secondary aluminum industs4[45 Figure 3.8 shows a
schematic and picture of the experimental furnace. The overall goal of the experimental reverberatory
furnace coupled with CFD modeling was to aid in the production of secondary aluminum by studying
ways to optimize the re-melt process, increase furnace efficiency and decrease emissions [64].
The experimental reverberatory furnace had a nominal holding capacity of 2000 Ibs and was
outfitted with two burners anti-symmetrically located on adjacent walls with labtataer firing capacity
of 1.6 MMBtu/hr. It was equipped with an advanced data acquisition system that monitored specified
process variables such as gas temperature, composition and velocity at several points in the fumace and
the flue. Furnace wall temperature measurements were recorded at several locations as well. The
experimental furnace also was designed to be modular in nature so that the roof height could be adjusted
to change the combustion space volume.
7KH FRPEXVWLRQ VSDFH RI $OEDQ\YVY 5HVHDUFK &HQWHU H[SH
modeled using an Argonne National Lab (ANL) developed CFD software called ICOMFLO [65].
Measurements taken from experimental studies that were used to evaulate the impact of toiapppwer
varying combustion space volumes and individual burner firing rate were used to validate the CED model
The purpose of the validated CFD model was to accurately estimate optimal burner locatioesd ang

flue size and location, insulation material and firing rates prior to a furnace redesign or updattud@®ne
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[46] GRQH LQ FRQMXQFWLRQ ZLWK WKH 8 6 'HSDUWPHQW RI (QHUJ\T
furnace used flue temperature measurements as a function of power input as a means for validation.

Figure 3.9 shows the results of this validation method. The validated CFD model in this study was used

to better understand the temperature distribution within the furnace as well as combusigmn spec

fractions.
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Figure 3.8 A picture and schematic of the U.S. Departmet@H U J\TV $OEDQ\ 5H
experimental reverberatory furnace [48].
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Figure 3.9 Measured and calculated flue temperature as a function of input power for the U

'"HSDUWPHQW RI (QHUJ\YV $OEDQ\ 5HVHDUFK &HC
furnace [46].

In another study [47], parameters sasitemperature and gas composition were used for model
validation. Table 3.5 shows the calculated and measured values of flue temperature and gas composition

for this simulation.
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Table 3.5Measured and Computed@WO XHV IRU WKH 8 6 'HSDUWPHQW |
Center Experimental Reverberatory Furnace [47]

Parameter Measured  Predicted by CFD
Flue T (°F) 1100 1080
CO in Flue (ppm) 8.43 10
Oz in Flue (%) 6.86 5.5
N2 (%) 86.6 85.2
COz (%) 9 11

The authors concluded that the calculated and measured values for this simulation were wittableeaso
agreement and that CFD model could be used to help determine ways to improve furnace efficiency.
Parameters studied through the CFD model were vertical injection angle of the burners aadiitug! |
between the two burners. Figure 3.10a shows the results from the burner angle injection studyk The pea
value of heat transferred into the melt was achieved at a downward injection angle of 10 degrees. The
authors concluded that this downward angle counteracted the buoyant lift of the flame and kapiethe fl
parallel to the load, thereby maximizing radiant heat transfer. FiglOe Shows the impact of fuel

loading between the two burners. A value of one indicated that all the fuel entered thrdught the

burner while the other was effectively shut off. The opposite situation occurred at a vadue of a6

study showed that splitting the fuel between the two burners nearly minimized the heat twahsfer

melt and that greater heat transfer was achieved at a larger fraction of gas through lherfeon
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Figure 3.10 Amount of heat transferred to the melt in the study performed by Gelchleats a
function of (a) vertical injection angle and (b) fraction of gas through the front
burner [47].
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The flame-burden interaction during the re-melting of aluminum ingots was also investigated
using the experimental reverberatory furnace [48]. Figureshows the furnace and burden geometry
used in this study. The CFD simulation resolved the flow as well as the thermal and chemical
composition fields. From these fields, flame behavior and heat transfer characteristics werd fieund.
CFD model showed that the burden configuration tested in this study was not high enough to cause an
obstruction to the flame, which resulted in direct flame impingement on the opposite wall, creating a hot
spot. However, the simulation also showed that the flame impingement on the opposite wall created
desirable gas recirculation, which increased the residence time of the combustion gasésewith
furnace. The findings from the experimental furnace and CFD investigation continue to infoenv on

and improved designs for reverberatory furnaces used in the secondary aluminum industry.

Furnace
Geometry

Burden
Geometry

Figure 3.11 Furnace and burden geometry used in the fldmaden investigation by Kumat
al. [48].

Kumaret al.[45] also performed studies using a lab scale experimental furnace coupled CFD
modeling. The CFD modeling was done using ANSYS Fluent. The focus of the studies was to investigate
the convective and radiative heat fluxes for aluminum melting furnaces. Figure 3.12 shows a picture and
a schematic of the experimental furnace used in this study. The experimental furnace taagealaec
box with a raised step toward the middle of the furnace. The raised step was made from water-cooled
calorimetric plates that had heat flux sensor sockets drilled into them. Heat flux sezrsonsserted
into the sockets and were alsowatRROHG GXULQJ WHVWLQJ 7KH SOBWHY ZHUH
material which eliminated direct exposure to the flame. This design was chosen to simuld¢etioé ef
flame impingement on the corner of a solid charge, which is a commonly encountered phenomenon in
metallurgical operations. Various geometric features of the physical furnace weliéesinigl the CFD

model. For example, detailed burner modeling was not performed and the outer furnace walls were
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replaced with equivalent thermal resistances. The turbulence model used for this study taaddhle s
k-0 PRGHO DQG WKH SUHPL[HG 10D P bisgipatioVmd OThe\DE@odel wadJ WKH (

used to model radiation heat transport.

e

In- and outlets of cooling water

(@) (b)

Figure 3.12 A (a) picture and (b) schematic of the experimental furnace used in the study by
Kumaret. al.[42]

Figure 3.13 compares the measured and calculated furnace crown temperature as a function of
furnace length. These data were used for model validation.
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Figure 3.13 Comparison of measured and calculated furnace crown temperature found in tr
by Kumaret al.[45].

The CFD model predictions were found to be in good agreement from a qualitative standpoint.
measured and calculated results had similar profiles, but the CFD model overpredicted the max
crown temperature by about H12%. The authors explained that this discrepancy could be due -
use of an overall effective heat transfer coefficient to model the wall heat transfer extdraal to t

furnace. The use of the effective heat transfer coefficient assumed uniform refractorgdbiand
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does not account for the presence of viewing ports and other inclusions in the walls of the exgle
furnace. The authors concluded that the computational costs involved in including all the detail
furnace geometry did not justify the minor loss in accuracy by ignoring them. Calculated and
measured heat flux values were also compared for validation. The calculated peak heat flux va
the furnace was 224 kWfwhich agreed very well with the measured value of 226 I&V/Fhe
validated model resolved the flow, thermal and chemical composition fields within the furnace, \
were used to evaluate the flame behavior and quantify convective and radiative heat fluxes.

3.6.2 Blast Furnace

A blast furnace is a metallurgical shaft furnace generally used for the snadlgrighary or
secondary iron, lead, copper and zinc [3]. Blast furnace processing is counter-current, and tigeidally
when a high reduction potential is required. lIronmaking blast furnaces, as shown in Higuaee3the
primary focus of CFD studies found in literature. The ironmaking blast furnace consistel
different regions namely the throat, stack, belly, bosh and the hearth. The alternating leglkeesaoid
iron ore-containing burden are charged in the throat region at the top of the furnace. Pa@haatkar
fuel is injected into tuyere s at the base of the furnace shaft. Combustion takes thiadmsé of the
furnace as the preheated air and in some cases fuel reacts with coke in the charge matepiadduicies
carbon dioxide. The carbon dioxide then reacts with the remaining coke to form carbon monoxide, the
principle reductant in this type of furnace. Reduction reactions start in the stack and areecoim et
belly and bosh region of the furnace as the charge material moves downward and reacts with the carbon
monoxide rich combustion gases that are flowing upward. The metal and slag settle in the hearth where
the two phases remain separate from each other with the slag floating on top of the denser iron. The
highest temperatures in the iron blast furnace are achieved in the hearth immediatelyointifrotayére
s. The local temperature in this area is around 3700 °F. Outside the combustion zone, the temperatures
decrease steeply. In normal practice, the slag is tapped at 2550 to 2730 °F while the average tdpped meta
temperature is about 125 °F lower due to the thermal losses through the hearth [66].

Various zones exist within the regions of the blast furnace. The cohesive zone is théhamea wi
the stack where the ore starts to soften and melt. Below the cohesive zone is the active coke zone. This
zone is sometimes called the dripping zone because it is an area within the furnace whererliguid ir
slag flow through a layer of solid coke. The raceway is a large cavity within the furnaeel trgéhe
high velocity gas from the tuyére s and the consumption of coke. In the center of the furnace hearth,
there is an area called a deadman or the coke bed, which a stable pile of porous coke [54], [66]. The
deadman is composed of coke particles and during the tapping process, the hot metal flows through and

around the dead man to the taphole. The rate and the nature of the hot metal flow and the composition of
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the hot metal (carbon unsaturated or saturated) is determined by the interaction between theadrat meta

the deadman. The deadman may either sit on the bottom of the hearth or float partly or completely in the
liquid bath if the buoyancy force of the liquids is sufficient to lift the dead man. A pardtirfy

deadman sits on the central hearth bottom and gives rise to an annular coke free zone at the hearth edges,

which offers little flow resistance when the hearth is drained [66].

Top.Gas

Throat

Burden layers -

Coke slits

Cohesive zone

Active coke zone —£5
Dead Man
Raceway

Hearth

Taphole Hearth

Figure 3.14 Schematic of an iron making blast furnace showing the furnace zones [54].

CFD is usually used to model different portions of the blast furnace rather than the esitire bla
furnace all at once. The main blast furnace regions modeled with CFD are the hearth, the shaft and the

tuyére s. The following sections detail the blast furnace CFD models found in lgeratur

3.6.2.1 Modeling of Blast Furnace Hearth

CFD Modeling of the blast furnace hearth has been of particular interest for man6gea8y].
Understanding the transport phenomena in the hearth has become very important as the campaign life of
an ironmaking blast furnace is mainly determined by the wear of the hearth refractory [89]. Erosion of
the hearth lining is significantly affected by the hot metal flow patterns and heaétrdmefigh the
refractory which are both dependent on the furnace operating conditions. The CFD studiesundlit
related to the modeling of the blast furnace hearth focus on finding ways to increase ydffatitoe
by: (1) evaluating shear stress on the hearth wall as a function of various furnace parameters, (2)
understanding liquid iron flow and heat transfer within the hearth and (3) prediction of threiineart

profiles.
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1) Shear Stress on Hearth Wall

Liguid iron flow and the resulting shear stress on the inner hearth wall as a function taphole depth
and angle as well as deadman state have been studied with CEBYp6These studies all reported the
use of ANSYS Fluent. Dagt al [68], [69] were able to suggest an optimum taphole depth and angle to
minimize refectory erosion on the basis of the shear stress analysis on different eexlsadfl the
hearth sidewall. The computational domain for this model was constructed using an operatibnal bla
furnace hearth with a floating deadman configuration. Table 3.6 shows the variation of maximum non-
dimensional stress as a function of taphole angle and number of computational cedlpastheter was
also used to check for grid independence. The simulations showed that there was an optimum length and
angle for which the shear stress on the hearth wall was at a minimum and that grid independence could be
achieved.

Table 3.6: Results from a study performed by Detsdl. showing the variation of maximum non-
dimensional stress as a function of taphole angle with a floating deadman [68]

Taphole Angle Cells Maximum non-dimensional stress
75400 352
-10° 140600 358
250750 360
72670 256
0° 135680 259
242760 260
74670 42
15° 145690 46
250700 47
76800 270
30° 148600 274
256800 275

Chenget al.[67] developed a similar study in which the impact of taphole length on hearth wall
shear stress was also investigated. Figure 3.15 shows the results for this study. Figsho®4a
schematic of the hearth bottom and the definition of theta. Figure 8xd®is the hearth wall shear
stress as a function of taphole length and theta. The simulations from this study showed that an increas
in taphole length resulted in a decrease in maximum shear stress. An increase in taphole |ledgph was
shown to shift the location of the peak shear stress values away from the taphole location.

Shaoet al.[70] investigated the shear stress on the refractory wall as a function of thresntliffe
deadman states. Figurd@shows a result of this investigation. The simulations showed that the

deadman state played an important role in the development of flow and erosion conditions within the
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hearth. A high shear stress zone appeared in the interior of the hearth bottom fonthéesittiman
configuration. The authors concluded that the fully floating deadman state relieved some of the shear

stress in the hearth as the stress was distributed more uniformly for this condition.

Hearth Bottom

Wall Shear Stress (Pa)
o

T |+— Taphole Location 0 I

5
Hearth Centerline 40 0

Theta (degrees)
(a) (b)

Figure 3.15 Result from the study done by Cheingl.[67] showing a (a) schematic of the heart
bottom with theta defined and (b) the calculated wall shear stress as a function ¢
taphole length and theta at a vertical height of 5.933 m with the blast furnace he:

2.00e-02
1.90e-02
1.80e-02
]— 1.70e-02

1.608-02
1.50e-02
1.40e-02 Sitting dead man (case 1)
1.30e-02
1.200-02
1.10e-02
1.00e-02
9.006-03
8.000-03
7.006-03
6.00e-03
5.00e-03

400e-03  Partially floating dead man (case 2)
3.00e-03
2.006-03

1.00e-03
0.00e+00

Wall Shear Stress
(N/m?)
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Figure 3.16 Results from the study performed by Stab [70] showing contours of shear stres
on the hearth bottom as a function of different deadman states.
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2) Liquid Flow and Heat Transfer Through Hearth

Shibataet al [71] developed a three-dimensional CFD model to evaluate the iron flow and
temperature fields within the blast furnace hearth as a function of different types of ca@nse The
model was developed using a code called STREAM [90]. Figure 8hibvis a schematic of the four
coke free spaces evaluated. This study found that the shape of the coke free space sigifiecaedy
the molten iron flow and heat transfer within the hearth. Case A had the most significant cirdishferen
flows which resulted in areas of high heat loads within the refractory. The velocity of ties moh
near the bottom of the hearth decreased with an increase in the free space thickness. Figure 3.17b shows
the velocity vectors for Case A.
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Figure 3.17 Schematics from the study performed by Shébati[71] showing (a) the four coke
zones investigated and (b) resulting velocity vectors calculated for Case A.

Panjkovic [72] developed a CFD model using ANSYS-CFX to address natural convection heat
transfer and fluid flow through the deadman within the blast furnace hearth. The model was validated
using plant data and was able to predict fluid flow and temperature distributions guttiértin as well
as the temperature profiles in the refractory within reasonable accuracy. The awtbtrded that the
standardk0 PRGHO ZDV QRW DSSURSULDWH IRU P RI@kubluéent] WXUEXOHQF
viscosity for liquid metal flow in a packed bed of coke was instead estimated using a simplealgebrai
turbulence model which was solved numerically. The derivation of the model was outlined in the
study [72]. This treatment of turbulence was later adopted and improved Bt GlUg2 £77].
Guoet al.[72 £77] performed many CFD studies using ANS¥SFX on the blast furnace
hearth. One model [73] investigated the gas-slag interaction within the hearth andtitsnetiiecslag

40



drainage. The gas flow and pressure distributions on the liquid surface in the lower zorfarobte

were analyzed in this study with special interest on the gas flow near the raceway anct it ¢ffe

liquid surface. These parameters were examined because large variations in the liquid sasfaiee pre
could result in poor slag drainage. The variables considered were liquid level, location and shape of the
cohesive zone and deadman properties. The simulation results showed that the gas flow wag®ensitiv
the assumed deadman structure as well as the location of the cohesive zone relative to the tuyere
raceway. It was also found that the gas flow created a non-uniform pressure distribution oagr the sl
surface, thereby causing the surface to deform. Figure 3.18 shows the pressure distribution on the slag
surface as a function of three different liquid levels within the blast furnace heartirer kiggid levels

resulted in areas of localized high pressure directly under the tuyére s, but asdHeVigaidecreased,

the pressure regions become interconnected and spread out. The pressure difference betwees the vari
regions droppedsthe liquid level in the hearth decreased. The study also showed that the amount of slag
residual was influenced by the taphole location, slag surface level and shape of the coke free zone.
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Figure 3.18 Contours of the pressure distribution on the slag surface for hearth liquid I€agls
0.75m, (b) 1 m and (c) 2m below the tuyére center level generated in a study
performed by Guet al.[73].

Other models [74], [75] were developed to examine the liquid iron flow and coupled refractory-
liquid heat transfer in the hearth. The effects of several factors were intesgah as two versus three
dimensional regimes, fluid buoyancy versus constant density as well as different shapes and gositions o
the coke free layer in the hearth. The model predicted flow patterns and temperature gtbiilebav
hearth. The results showed that natural convection was very significant and controlled thé@werall

patterns of the molten iron phase which resulted in two distinct iron flow regiontfee deadman
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configurations investigated. Figure 3.19 shows these two regions, one moving and one stagnant, in the

molten iron phase for a fully sitting deadman configuration.

<— Taphole

. «— Taphole

Figure 3.19 Results obtained in studies performed byegab[74], [75] showing the moving
and stagnant flow regions within the blast furnace hearth with a sitting deadman
through (a) velocity vector and (b) streamline plots.

Guoet al.[76], [77] and other authors [79] have also developed models to study Ti(C,N)
formation due to titania addition in the blast furnace. The addition of titanium-richiaigmterthe blast
furnace has been implemented as a way to extend the lifetime of the hearth refractory through the
formation of a wear resistance coating on the hearth wall [80]. The coating is a solidifatanaitrix in
which loose Ti(C,N) crystal particles are present. The crystals are made of titamiden(iiiN) and
titanium carbide (TiC) [78]. The influence of hearth geometry and temperature were investiglasse
models. The studies by Gebal.[76], [77] found that low temperature was essential for the formation of
Ti(C,N) particles, but also that the flow behavior of the liquids and solids within theh fyeaatly the
affected amount of solid Ti(C,N) buildup.

Postet al.[81], [82] developed a CFD model of the deadman using ANSEZEX that was
coupled with a special porosity and population balance model that was used to understand the hot metal
flow in this region of the blast furnace. The porosity model was used to evaluate thp@iosidy and
the population model was used to keep track of the local particle size [91], [92]. The coke-bed in the
hearth consists of coke particles that exhibit a particle size distribution in regards to bethrgpéame.

This leads to non-uniform porosity in the hearth which causes the flow of molten metgjh the

coke-bed to be irregular and further increases the erosion rate. A dissolution model wasiipedie

and used in conjunction with the CFD model. The CFD process model, dissolution model and porosity
model were all used together to evaluate the specific hot metal flow behavior in theasemftinction of
coke type used. Each scenario resulted in different hearth wall refractory erosion behavior.

Huanget al.[83] and Changt al [84] also investigated the influence of the deadman porosity on

the hot metal flow, heat transfer and erosion rate of the refractory hearth in one of €alna St
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& RU S R U D W L Rafagt fikrBaddd. DTWeLoQels were developed using ANSYS Fluent. Efuang

al. [83] first developed a CFD model for the blast furnace hearth to evaluate the flow pattereatand h
transfer for different deadman heights during the tapping process. Figure 3.20 showstihg fiesv

patterns of liquid iron through the deadman during the tapping process for the two deadman states
evaluated: (1) floating deadman and (2) sitting deadman with a gutter coke-free space. Htiesamul
showed that the hot metal tended to travel to the hearth bottom before it reached the taptele for t
floating deadman configuration. The authors concluded that this flow pattern enhanced $featittan

the deadman and the renewal of deadman coke by dissolving carbon into the hot metal which made the
floating deadman easier to keep active and unclogged than the sitting deadman.

Floating Deadman

Sitting deadman with gutter coke-free space

\ —~— )

Coke Free
Space

Figure 3.20 Schematic of (a) the sitting deadman with gutter coke-free space configuration
the resulting streamlines of the hot metal with different deadman types evaluatec
study performed by Huare al. [83].

Changet al.[84] then examined the impact of the deadman porosity on liquid metal flow and
resulting erosion. The calculated velocity, temperature and carbon concentration at each node was used to

determine the erosion rates, (Units = kg/nis) of the carbon refractory within the blast furnace hearth by:
*al O 4F ;

whereK was the mass convection coefficiehtyas the density of carbo@s was the concentration of the
carbon at the surface a@dwas the concentration of the carbon in the bulk. This method assumes that
erosion is only caused by carbon dissolution. The study evaluated three different deadman heitihts as we
as three different deadman porosity distributions which are described in Table 3.7. Rfsteo®ds the

contours of the erosion rates for the different cases evaluated in this study.

It was concluded that different deadman heights caused erosion within the hearth to occur at

different locations and to varying extents. The porosity of the coke-bed was also shown to significantly
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impact the erosion rate. Uniform porosity within the deadman was shown to lower the erosiohisate. T

meant that an optimal deadman height and porosity could be found in which erosion rate was minimized.

Table 3.7: Description of Porosity Cases Evaluated in the Study by €hah{f4]

Case Porosity Distribution Description
1 Cylindrical zone starting from center of hearth with a radius of 2.
with a porosity of 0.1; all other zones have a porosity of 0.35
2 All zones have a porosity of 0.35
3 Cylindrical zone starting from center of hearth with a radius of 2.

with a porosity of 0.35; all other zones have a porosity of 0.7

©

Legend for
@)-(

Legend for
@D-®

Figure 3.21 Calculated erosion rates in the study done by @hahg84] for both floating
deadman configurations (a) 10 (b) 30 and (c) 50 cm above the hearth floor as we
porosity distributions within the dead man for (d) case 1 (e) case 2 and (f) case <
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3) Prediction of Hearth Inner Profile

A group of researchers studied many aspects of the internal conditions within the blast furnace
hearth including the inner profile of the refractory [886]. In one study by Zhoet al.[86], a model of
the blast furnace hearth was developed that integrated both a 3-D CFD model and a 1-D heat transfe
model. The principle of this methodology was to use a 3-D CFD model to predict the hot face
temperatures within the hearth based on an assumed inner hearth profile. These calculatédresmpera
measured refractory temperatures and material properties were then used in a 1-D heat transfer model to
revise the assumed inner profile and thereby predict the hot face position. Based on this methodology
the authors estimated and analyzed the erosion of the hearth as well as changes in the ieértipeofi
hearth over time due to refractory wear and skull (metal crust) formation for a r¢&liblase in
operation. The model provided real time monitoring of the hearth refractory thickness and ifileer pro
which allowed for adjustments in operating conditions to reduce erosion and extend refractory life.
Figure 3.22 shows an example of one of the predicted inner profiles of the hearth after a period of

operation obtained from the developed process model.

Figure 3.22 Predicted inner profile of the hearth at a vertical plane through the taphole foun
integrated 3-D CFD model and 1-D heat transfer model developed hah{5].

3.6.2.2 Modeling of Blast Furnace Shaft

Several studies have been performed where CFD has been coupled with the Discrete Element
Method (DEM) to simulate the ironmaking blast furnace shaft92]. DEM is applied to describe each
individual ore and coke patrticle within the layered burden. This approach can reveal detaitgmalamat
particle movement within the hearth, but it is computationally expensive because tlfierbécst is a
dense moving bed and a transient simulation is needed for a DEM model. CFD-DEM coupled studies are
not a focus of this review and only purely CFD studies of the blast furnace hearth have beenzeammari

Fuet al [98 £100] developed a CFD model to simulate the multiphase reacting flow within the

blast furnace shaft. The simulation was conducted using an in-house code developed through the
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FORTRAN [102] language. The gas flow dynamics, burden movement, chemical reactions, heat and

mass transfer between the gas phase and burden phase are all included in the model. The layered

structure of the burden is important for furnace operation as the permeability difféfisaidly between

the coke and ore layers and different reactions take place in each type of layer. The computational grid

was divided into four types of cells depending on the material present in the regiomutypés of

cells were denote®dV 3FRNH FHOOV"™ 3RUH FHOOV™ 31UHHgWSsRBKhéwsOOV"™ DC

schematics of these four types of cells.
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Figure 3.23 Schematics showing the four types of cells included in the modekbwylH100].

The conservation equations for both the gas and solid phases were solved in each cell. Various
source terms were prescribed to the different types of cells to account for the effechpéitbe |
structure of the furnace burden from both a thermal and chemical standpoint. Several steadgstate ca
with different burden structures were modeled to evaluate the effect of the layered stmucfase
composition, pressure drop through the furnace and coke rate. As an example of the results obtained in
this study, Figure 3.24 shows the volume fractions of the major gas species within the blast fufhace sha
These results were used to better understand the phenomena occurimtheititast furnace shaft and

thereby how to improve the furnace operations.

3.6.2.3 Modeling of Blast Furnace Shaft

Gas injection into the blast furnace tuyere s is another process that has been modeled dith the ai
of CFD. Hellberget al.[103] used CFD to investigate the effect of using two different types of reducing
gases, coke oven gas and basic oxygen furnace gas, in the blast furnace. The authors also used the CFD
model to investigate other parameters such as the effect of the nunmjectidn lances in the tuyére
and tuyére angle. The chemical reactions within the combustion zone were modeled using the Extended

Simple Chemically Reaction System (ESCRS) which is a combustion model for gases available with the
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CFD software PHOENICS [63]. The results from the CFD model were presented as prepeltias
temperature, velocity and composition data at the end of the tuyere . The authors concluded from the
developed process model that the coke oven gas produced higher temperatures at the tuyére when
compared to the basic oxygen furnace gas and that a tuyére with two injection lances provided bette

combustion conditions.
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Figure 3.24 Volume fractions of (a) CO, (b) £@&) H. and (d) HO gas species present within tl
blast furnace shaft studied by &wual.[100].

Pulverized coal injection (PCI) through the blast furnace tuyére s has also beegate@stsing
CFD [103 £111]. PCl is one of the most important recent technologies in blast furnace ironmaking and
is widely used to reduce coke consumption and €fissions [113]. The University of New South
Wales and BlueScope Steel research corporation partnered to develop three CFD models of pulverized
coal injection in the blast furnace. Figure 3.25 shows a schematic of the PCI process in the l@ier part
the blast furnace. The CFD models investigated the phenomena relating to pulverized coke iojection f
three different computational domains. The first model simulated the flow and combustionérea tuy
and raceway according to a pilot-scale test reactor. The second and third models both siraulated th
lance, tuyere and raceway of an actual blast furnace in operation. The difference betweamthensk
third models was that the third model also included a portion of the coke bed in the computational
domain. Each model was developed for a different purpose.

The combustion of coal was simulated as a four-step process in each model: (1) preheating; (2)
de-volatilization of raw coal modeled using the two-competing model; (3) gaseous combustion modeled
using the eddy-dissipation model and (4) the oxidation and gasification of residual char modeldeusing t

Gibbs model. The results of the CFD analysis were compared and the applicability of each model wa
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characterized. Model 1 was developed for validation purposes and fundamental analysis of the PCI
process. Model 2 was developed to test different lance / tuyére designs and model 3 was used to study
in-furnace phenomena as a result of PCI. It was concluded that all the models described the PCI process
gualitatively but only model 3 was reliable for qualitatively simulating the in-furppeaomena of the

PCI process as it was more sensitive to changes in operational conditions. Model 3 was able ty accuratel
predict gas composition, distribution and temperature within the raceway which are all pardratters

dictate furnace stability in practice. Figure 3.26 shows the results of this analysis.

Active Coke Zone/

Cohesive
Dripping Zone

Zone of PCI
Influence

PC lance Char particles

swept into the
coke bed

Tuyere

Deadman
Raceway

Figure 3.25 Schematic of PCI in the lower part of a blast furnace [114].
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Figure 3.26 Main simulations results for the third PCI model developed byeShefi07]
showing (a) the gas mass fractions as a function of the distance from the lance t
(b) the temperature distribution within the centerline of the raceway plane.
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3.6.3 Rotary Furnace

Rotary furnaces are used for many different applications in process metallurgy. This type of
furnace is cylindrical in shape and rotates slowly around its longitudinal axis. This faoduced in
one end and the product can be discharged out either sides of the furnace. Figure 3.27 shows a general
schematic of a rotary furnace. Within a rotary furnace, heat can be transferred to tadoglurgct
radiation from the flame and/or reflected radiation from the furnace lining as well asctionvfrom the
furnace lining [5]. Rotary furnaces are very robust and can handle feed of variable size which is one
reason why they are used in the metal recycling industries where the particle size of theade
varied. This type of furnaces can also run in batch rather than continuous mode, giving flexibilities in
plant operations. Limited CFD studies have been performed on rotary furnaces used in metallurgical
applications. One reason for this could be because the modeling of rotary furnaces can be very
challenging due to the need to simulate the movement of the charge bed as well as the heat and mass
transfer within it [115].

To Vent
Charge Door
Off Gas
Burner
= Molten Metal / Charge
Figure 3.27 Schematic of a rotary furnace [39].

In recent years, several notable studies have been presented Bt Zh§0 +52] on the use of
CFD for modeling secondary aluminum scraps in a rotary furnace. The CFD model in these studies was
developed to aid in the optimization of aluminum scrap melting by finding ways to reduce energy, reduce
metal loss, improve the operation of the furnace and decrease environmental impacts. The authors noted
that there were challenges modeling this process not only due to the high temperatures, compldx chemica
reactions involved and the rotating movement of the furnace, but also because of thedmgiéx pst-
consumer scrap feed that contained various types of aluminum and different particle size dirsributi

Modeling the melting of the aluminum feed within the furnace was also challenging because of the
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presence of a molten salt layer in the furnace that is typically added in the secondary processing of
aluminum to help minimize oxidation. The molten salt layer causes the formation of a salt skull around
the aluminum scrap which acts as insulation and affects the rate of melting. To aid in the devadbpment
an accurate process model, several experiments were performed in a laboratory tube furnace using
Thermal Gravity Analysis (TGA) to investigate the melting kinetics of the varyirdjifehe presence of
molten salt [116]. The data obtained from this study was used to generate a user defined sub-model
within the ANSYS-CFX platform. The melting sub-model was coupled with the overall processtaodel
solve for melting information such as the fraction of liquid and solid in the melt [51]. eR3g28 shows

the melting curve obtained from the CFD simulation where the fraction of the solids remaining was
plotted agaist the heating time. It should be noted that the solids consisted of both the aluminum scrap
as well as the salt charge. The investigators also developed a scrap-burn off sub-moddbéatidescr
energy generated due to the metal oxidation during the melting process as a function of scrap type and
quality.

0.8 4
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Solids remaining

0.2

0 : t + + + + + '
0 1800 3600 5400 7200 9000 10800 12600 14400 16200
Time/s

Figure 3.28 Melting curve of the solid in the scrap-salt zone of the rotary furnace modeled b
et al.[52].

The overall process model consisted of two regions, a gas region with combustive turbulent flow
as well as radiative heat transfer in the upper part of the furnace and a multiphase region ithesi
was a solid-liquid mixture of salt and aluminum metal in the lower part of the furnacee BRfishows
the temperature distribution in the lower multi-phase portion of the rotary furnace. Figure 3.3@h&hows
resolved temperature distribution of the combustion gases in the upper portion of the rotary filjnace [
The authors concluded many things from the CFD process model such as the influence of the scrap size
and shape as well as the salt to metal scrap ratio on the overall transport phenomena in the furnace. One

of the main conclusions drawn from this analysis was that the insulation from both the salt shell that
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formed on the scrap particles as well as the top salt layer significantly affectechstatrtto the

aluminum. Therefore, it was suggested that a lower salt to scrap ratio would improve alumeitimngn
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Figure 3.29 Temperature distribution after 3000 seconds on the wall of the scrap-salt zone «
rotary furnace modeled by Zhetial.[51].

within the rotary furnace [53].
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Figure 3.30 Temperature distribution after 4800 seconds in the combustion air zone of the r
furnace modeled by Zhat al.[51].
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CHAPTER 4
MODEL DEVELOPMENT

This chapter outlines the development of the CFD model used for this research. Included in this
discussion are details about the computational domain, boundary conditions, sub-models and the solver
settings used in the model. The validation procedure and the convergence criteria that were $ged are al
discussed. The last component in this chapter is a model sensitivity analysis which provimesigust
for the different model parameters chosen for the overall CFD model.

4.1 Methods

The 3-D model of ttcomputational domain representing the reverberatory furnace was created
using SolidWorks 2015 [117]. ANSYS Fluent 17.0 [29] was used for the CFD modeling. Utilizing a
commercial code for this project significantly cut down on development time. ANSYS Huent
relatively adjustable code that includes several built in sub-models for turbulence, combuodti
radiation. The user can also input various user defined functions for boundary conditions and has control

over numerical solver settings.

4.2 Computational Domain

Figure 4.1 shows a cross sectional schematic of the general layagofmmon reverberatory
furnace The reverberatory furnace modeled in this research was a continuously tapped furnace used to
process lead containing battery scrap combined with coke or coal and other 8okddead bearing
material or the burden was fed into the end wall on the burner side of the furnace. Théd gfepe o
furnace burden can vary depending on feed composition and smelting rates. The feed can also be very
heterogeneous which can cause the surface characteristics of the burden to vary as wéll [3], [57

Refractory.

s

Flue

Combustion Gas Space |/

Figure 4.1 Cross sectional schematic of the general layout for common reverberatolsfurne
(orientation: side view)
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Most of the melting and smelting reactions occur in the front half of the furnace and separati
the resulting metal and slag layers occur in the back half of the furnace. The combustiorsigeses re
above the slag layer and exit through the flue [4]. The computational domain in the CFD model consisted
of only the combustion gas space above the slag line as well as the gas space inside of a portion of the
burners.

42.1 Combustion Gas Space

Only the combustion gas space was considered in the CFD model as the main goal of the project
was to determine the temperature distribution and other flow parameters on the refradtmg hbbve
the slag line. Modeling the slag layer, metal layer and/or the refractory in the furnace woulddea/e a
significant complexity to the model while providing little benefit to the specified giiaése portions of
the furnace can be incorporated into the model for future work if the purpose of the model changes and
additional information about these areas of the furnace are needed.

Figure 4.2 shows a representative schematic (not to scale) obxineo8lel of the combustion
gas space used for the computational domain. The full-scale geometry was used for thed€FDI tre
computational domain also included the gas space inside a portion of the side and end burners. The
burner geometry used is further described in section 4.2.3.

End Burners

Figure 4.2 Representative schematic (not to scale) of computational domain used in the C
model.(orientation: isometric view)

The bottom surface of the computational domain denoted the gas-slag interface and a small section of the

flue was included at the outlet of the domain. The burden geometry shape was directly cut out of the
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combustion gas space geometry starting at the gas-slag interface. The feature left a raisduevgicin

slag interface which was used to represent the solid furnace burden.

42.2 Burden Geometry

Burden geometry was loosely constructed based on photographs taken of the inside of an
operational secondary lead reverberatory furnace. Figure 4.3 shows a schematic of the burden geometry
used for the base case simulation. The burden shape within these types of furnaces can vamtlsignific
from one day to the nezfsthe feed composition and rate can change. Therefore, the burden geometry
used for the base case simulation was first estimated based on the photographs provided and then
modified to meet certain validation criteria. The surface characteristics of tenbsuch as roughness,
were also variable since the feed could be very heterogeneous. Fluent allowed for a roughnesatcoeffici
and height to be applied at the gas-slag interface boundary. Several different values of the roughness
coefficient and height were tried with little to no change in the overall numerical solution. orbeteé
burden was modeled as a smooth surface since accurate information about the surface features were

unknown and changing.

____________ I Base Case
{
] LY
' h
: A1 1
L] 1]
1 ’I
q ‘I fl’
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o ~
an .Tzl ----------- .\
L) Xl 1
(b)
Figure 4.3 Shape of furnace burden cutout for the base case simulation showing the (a) to

view and (b) side view.

54



The burden geometry was constructed based on three different dimensions: totakigntyn (
width in front of the side burnergif and the height in front of the side burnex3.( These dimensions
were used as they were easy to change in the 3-D model and could theoretically be adjusted in an active
furnace through operational changes or some form of physical manipulation. For the base case
simulation,x; was 50% of the furnace length (not including the flyejyas 90% of the furnace width

andz; was 28% of the combustion gas space height.

423 Burners

The burners used in the model were commercially available American Combustion PyreTron Il
air/oxygen/fuel burners [118]. Figure 4.4 shows an isometric view of the burners. Combustasein
burners is completed in two stages. The two-stage combustion process creates three zottles within
flame, namely the fuel rich combustion zone, the fuel lean combustion zone and the final combustion
zone. Oxygen, natural gas and air or oxygen-enriched air are all used in this burner techAology.
portion of the burner geometry was included in the computational domain.

Figure 4.4 Isometric view of the commercially available American Combustion PyreTron
Il air/oxygen/fuel burners used in the CFD model [11Btientation: isometric view)

Figure 4.5 shows a cross section of the burner and the combustion zones present in the flame. In
the first stage of combustion, the fuel is partially mixed with a less than stoichiometric amourdgeai oxy
inside the central portion of the flame creating the fuel rich combustion zone. In this zones, dfere i
rich core in which the fuel is partially combusted and pyrolyzed. The pyrolysis process in #hedlam

creates a cloud of micro particles of carbon and hydrocarbon radicals that are very hot and have high
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emissivities due to the absence of nitrogen. The cloud of carbon particles and hydrocarbongadicals i
luminous and greatly enhances radiative heat transfer. In the second stage of combustion, the remaining
unreacted fuel combusts with the air or oxygen-enriched air, creating the fuel lean and final combustion
zones. High gas velocities occur in these zones which can enhance convective heat transfer [118].

Figure 4.6 shows a cross sectional schematic of the burner. The section of the gas space from the
diffusion plate forward was included in the computational domain. The diffusion plate is a metal plat
with rings of circular openings. These circular openings are the gas flow inlets and wesentgul as
surface entities on the exposed surface of the burner geometry included in the computational domain.

Radiative heat flux Air Natural

Convective from H,0 & CO, Gas
heat flux | Oxygen
Fuel Lean ™~ U-“
C > —
Radiative heat flux ‘/ |

from carbon particles

Figure 4.5 Cross sectional schematic of the commercially available American Combustion
PyreTron Il airfoxygen/fuel burners showing the three different combustion zone:
within the flame [118].(orientation: side view)

Air

Natural
|_ | Gas

__________ Oxygen

[ ——— — —

Geometry
Included in Model

Diffusion Plate

Figure 4.6 Cross sectional schematic of the commercially available American Combustion
PyreTron Il air/oxygen/fuel burners showing the geometry included in the CFD n
[118]. (orientation: side view)
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All four burners were pointed down at the gas-slag interface and in towards the furnace centerline
at a certain angle. Figure 4.7 shows a description of the inward and downward angles. The angles of the
burners caused the flame to come in direct contact or impinge the furnace burden. The impingement of
the flame on the burden can facilitate large amounts of heat transfer, leading to greatgrame!ti

production rates, but can also cause areas of high velocity turbulent flow and hotspots within the

refractory lining [42].

i
=

Inward angle:
side burners

1T g

I]]{ Inward angle:
3. end burners

“‘E"

[lj:[.—<l\_t Down angle:

end burners

(b)
Figure 4.7

(@)

Down angle:
" side burners ]]:’

(€)

Description of the (a) inward angles for the end and side b(oriengation: top

view) (b) downward angle for the end burn@gentation: side viewand (c)
downward angle for the side burnéosientation: front viewused in the model.

424 Mesh Information

Table 4.1 shows general mesh details for the base case geometry.

Table 4.1: The Mesh Details for the Base Case Geometr

Mesh Details

# of Elements
# of Nodes
Relevance Value
Size Function
Max Face Size
Max Tet Size
Growth Rate

# of Inflation Layers

5,059,265
1,181,425
100
Proximity & Curvature
1.2in
2.2in
11
5
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An unstructured mesh consisting of about five million elements was used. This size of mesh was
chosen because it produced a grid independent solution (see section 4.7.3). The five million elements
resulted in a very dense mesh which took between eight and ten hours to obtain a numerical solution.
Figure 4.8 demonstrates the mesh density by showing top down view of the meshed computational
domain with a close-up section of the front half of the roof.

Figure 4.8 Top down view of the meshed computational domain showing a close-up sectio
the front half of the rooforientation: top view)
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Figure 4.9 Schematic of (a) tetrahedron and prism elements of different heights [119] and 1
corner sectional of the mesh.

The quality of the mesh is important to consider for CFD problems as bad quality meshsean cau
convergence difficulties and inaccurate solutions. The ANSYS meshing software csaleataias mesh
metrics that can be used to assess quality. The three main metrics used to assess masithigiality
research were element quality, orthogonal quality and skewness. The element quality metric provided a
composite quality metric that ranges from zero to one. For 3-D elements, this metric is based on the
volume to square root of the cube of the sum of the square of the edge lengths where a value of one
indicates a perfect cube or square and a value of zero indicates the element has zero or negative volume.
This metric is mathematically defined by [32]:

[a—

. )
. o “ 7 -
Zieto— —fZk—od LY (4.1)

T§~_ . 67I(Iv
SR t%t 19S5

wherec is a constant equal to different values for different element spaces. Element quality
values close to one are ideal. Orthogonal quality also ranges from zero to one and is computed using the
face normal vector, the vector from the cell centroid to the centroid of each ofdberddjells, and the
vector from the cell centroid to each of the faces. Non-orthogonal meshes create larga pofjarent
cell volumes which can introduce numerical errors when calculating the flux between egdllss Mose
to one indicate good orthogonal quality. Skewness is a measure of how close a face or cell is to ideal (i.e.
equilateral or equiangular)his metric ranges from zero to one as well and values close to zero are
ideal [32]. The best practicetiz keep the minimum orthogonal quality greater than 0.1 and maximum
skewness less than 0.95. Figure 4.10 shows the spectrum of values for both the orthogonal quality and

the skewness mesh metric [119].
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Orthogonal Quality Mesh Metric Spectrum

Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00

@

Skewness Mesh Metric Spectrum

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00
(b)
Figure 4.10 Mesh metric spectrum for (a) orthogonal quality and (b) skewness.

Table 4.2 shows the minimum, maximum and average values for the mesh metrics reviewed for
the base case simulation. The minimum element and orthogonal quality value of 0.13 was above 0.1, but
was still in the bad element range on the spectrum. The maximum skewness value of 0.87 was well
below the recommended maximum of 0.95 and within the acceptable range on the spectrum. The mesh
guality was significantly improved when inflation layers were not included. Althoughitre layers
adversely affected the mesh quality, they were necessary for obtaining a stable solution. duhliier
mesh without inflation layers was tried, but the numerical solution did not reach residaedtbreat
convergence. Any increase in the number of inflation layers beyond five decreased the mesh quality to

unacceptable levels.

Table 4.2: Minimum, Maximum and Average Values for Various Mesh Quality Metrics

Mesh Metric Minimum  Maximum  Average
Element Quality 0.13 1 0.77
Orthogonal Quality 0.13 0.99 0.87
Skewness 4.6 x 10° 0.87 0.22

Figure 4.11 - Figure 4.13 show the distribution of the metrics for both the tetrahedron an
prism elements. The element quality distribution was bimodal with the prism layers centeredaar
lower value than the tetrahedron elements. The distribution of the element and orthogonal qual

values shows that very few cells were at the lower, bad element region on the spectrum.
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Figure 4.11 Distribution of the element quality mesh metric among both tetrahedron and pris
elements.
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Figure 4.12 Distribution of the orthogonal quality mesh metric among both tetrahedron and |
elements.
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Figure 4.13 Distribution of the skewness mesh metric among both tetrahedron and prism
elements.

4.3 Boundary Conditions

The following sections describe the boundary conditions used in the CFD model. The gas inlets,
the flue and the refractory walls were the main boundaries in the model. Some of the boundary
conditions were based on measurements and others were estimated or calculated.

43.1 Flow Boundary Conditions

The mass flow rates for oxygen, natural gas and enriched air at the inlets and stiie atethe
outlet was used to define the flow boundary conditions. Gas temperatures based on measurements at the
inlets and outlet were also specified. The actual flow rates and pressures used in the muatebevill
SURYLGHG WR SURWHFW W K Hh&gdaRMIbIWFritefilid werk@ Caxcated hylp32: VSRQVR U

6 |= 4.2
6 & (4.2,

where 3%vas a provided measured volumetric flow rate @wehs the calculated density of the gas at the
point of measurement. The volumetric flow rate was measured in the gas lines before theterttnance

burners. The density for each gas was calculated using the ideal gas law [31]:

U
O b———

_ (4.3
s U
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whereP is the pressurddW is the molecular weight of the gd&,is the universal gas constant ahi

the temperature. The pressure in each gas line was a measured value whereas the temperature of the gas
in the lines at the point of the volumetric flow measurement was estimated based on measured ambient
and gas line skin temperatures. The estimate of temperature added some uncertainty to the calculated
mass flow value. Mass flow was used instead of velocities because it is a conserved quantitgarithis m

that the mass flow values calculated at the point of volumetric flow measurements coudttthe di

applied downstream at the boundary of the computational domain. The pressure at the outlet was a
measured quantity.

Estimates of velocities and pressures through the burners at the boundary of the computational
GRPDLQ ZHUH FDOFXODWHG XVLQJ WKH iR®QpAssDE, Llsubsomdflén.% HU QR X
Flow of a gas may be considered incompressible provided that the Mach niaper less than about
0.3 [31]. The Mach number is the ratio of the fluid speed to the speed of sound in the fluid and can be
defined as [31]:

fLl (4.4)

The speed of sound in the fluid,is equal to [31]:

e (4.5)
where is ratio of specific heatR is the individual gas constant afnds the temperature of the fluid. The
incompressible assumption was made because the Mach number for each gas stream was calculated to be
less than 0.3 at the entrance to the burners. Conditions within the burners were unknown solitdas possi
that the Mach number could have changed as the flow entered the burner. The flow boundary conditions
could be improved by modeling the full burner or obtaining pressure, temperature and velocity
measurements within the burners. These calculations also assumed insignificant frotgmasal |

The calculated pressures were specified at the inlets along with the mass flow rate and the
velocities were used to determine the turbulence gquantities at the inlets. Specificatibnlehte
guantities is required by Fluent anytime flow enters the domain at an inlet when a turbulence model is
used. The set of turbulence parameters used in this CFD model was the turbulence intangity,
hydraulic diameteDy. Velocities in the gas lines before the burners were first obtained by dividing the
measured volumetric flow rate by the area of the pipe. Velocities within the burners were theechlcul
from the continuity equation. The form of the continuity equation used to find velocities wehin th

burners was:

5 5L 66 (4.6)
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whereA s the cross-sectional areds velocity and the subscripts 1 and 2 denote the upstream and

downstream locations, respectively. Both burner dimensions and gas line cross sectional areas were

known which allowed for the calculation of velocity within the burner based on an area change.e®ressur

within the burners wereB OF XODWHG EDVHG RQ WKH IROORAZLQJ IRUP RI % HU(

L 20 gF g, (4.7)

The calculated velocities were used to determine the turbulence intensity at etdof [BB]:

(&)]

L réx Fu, 72 (4.8)

4 A, denotes the Reynolds number based on the hydraulic diameter and was calculated by [31]:

o™
o L~

(4.9)

where Ris the calculated velocity&, is the hydraulic diameter andlis the dynamic viscosity. The
diameter of the circular openings in the diffusion plate used for gas inlets was takemgdraulic

diameter.

432 Wall Boundary Conditions

The actual refractory layers were not included in the 3-D geometry used in the CFD model. Instead,
the refractory walls were modeled as thermal resistances. For this strategy, wadlshjckaterial and
outer wall temperature were specified. Literature values for wall roughnessieoésfand heights were
also input at each wall boundary condition. Outer wall temperatures were measured IHamEnas
along the length of the operational reverberatory furnace used for this study. The measuratutesper
were then averaged for the different walls. The averaged values were applied as part dbtinendaty
condition. The thermal and physical properties of the walls were specified based on tarestdifpes
of commercially available refractories typically used in lead processing furnacésreblifrefractory
properties were applied to different walls boundaries in the models. Table 4.3 show the chemical
composition and thermal conductivities of the refractory materials used in the model.effhal th
conductivity of the different refractory materials was taken at 2000 °F.

The gas-slag interface was considered a wall in the model as well. The gas-slag interface wall was
set to be an adiabatic surface in which no heat flux occurred through it. This was because a heat sink was
defined just above gas-slag interface surface to account for the heat flux into it due to smeltimg, melti
and super heat (see section 4.6.2). The roughness coefficient and height were left at thalde it v

this surface.
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Table 4.3: Thermal Conductivity of the Refractory Used in the CFD Model at 2000 °F [120]

Thermal Conductivity at 2000 °F

Refractory Type (w/mk)
Refractory 1 2.9
Refractory 2 3.6
Refractory 3 3.4

433 Symmetry Boundary Condition

A symmetry boundary condition was used in the construction of the CFD model. Figure 4.14
shows a schematic displaying where the symmetry boundary condition was applied in the 3-D geometry
Symmetry boundary conditions are used when the physical geometry of interest as well as the expected
pattern of the flow and thermal solutions have mirror symmetry [32]. Fluent assumes a zeralflux of
guantities across a symmetry boundary so it is important that the actual domain has no mass or heat
transfer across the defined plane of symmetry. Fluent also assumes that the shear stredsais zer
symmetry boundary which means that a slip condition is applied at the symmetry plane when used in
viscous flow calculations [33].

The locations of the temperature and velocity measurements provided for validation (see secti
4.6.1) were used to assess whether a symmetry boundary condition could be applied along the centerline
of the furnace. Two simulations were run, one which utilized the full computational domain and one in
which a symmetry boundary condition was applied along the furnace centerline. Adiabatic conditions in
which no heat was lost through the furnace walls or gas-slag interface was used faiulisosv

Table 4.4 shows the calculated temperatures and velocity at the validation points for both
simulations. The percent difference value was calculated by:

e K2 Hmk Bl wwiker Py (Ksii Hmi Bt wwkker (4.10

Jsjj Hmk_gl

Both simulations calculated very similar temperatures and velocity at the location ofiealmiznts

provided. All the percent differences were within the relative standard deviation (R8B3 vhthe

validation points as well (see section 4.6.1). Running the symmetry boundary condition cut the
computational time down from eight to ten hours to two to four hours. Therefore, the slight loss in model

accuracy was traded off for a dramatic decrease in computational time.
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Figure 4.14 Schematic of the symmetry boundary condifmientation: top view)

Table 4.4: Comparison of the Temperature and Velocity Measurements at the ProvidedoYialid
Locations for the Full Domain versus Centerline Symmetry Simulations

Location Units  Full Symmetry  Absolute Difference % Difference
OP A 3870 3872 -2 -0.1%
OP B 3857 3857 0 0.0%
OPC 3868 3872 -4 -0.1%
SHA . 3795 3784 11 0.3%
SHB i 3774 3784 -10 -0.3%
SHC 3899 3892 7 0.2%
Flue T1 3783 3778 5 0.1%
Flue T2 3775 3781 -6 -0.2%
Flue Velocity Point  m/s 34.9 35.7 -0.8 -2.3%
4.4 Sub-Models

Turbulence and combustion sub-models were used to construct the overall CFD Anodel.
radiation sub-model was not used in the CFD model. See section 4.8.3 for justification on the omission of
a radiation sub-model. The Reynolds number within the furnace was calculated to ensure the flow was
turbulent. Table 4.5 shows the calculated Reynolds number at three locationgheitturnace. The
Reynolds number decreased with an increase in furnace length, but was still well above the turbulent

threshold, which is a value of 4000 for internal flows [31]. Therefore, the flow was modeledudsrur
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throughout the furnace. The turbulence model selected was the standarddel. See section O for

turbulence sub-model sensitivity analysis.

Table 4.5: Reynolds Number at Three Different Locations within the Furnace

% of Total Furnace Length Reynolds #
15 160,728
50 93,765
90 88,803

The combustion sulr R GH O XV H G sA&léditajed Kbtl€l YWrfhon-premixed combustion
which utilized a PDF lookup table. This model was used as it most closely mirrored the acteal physi
system of combustion in which the three gas streams, oxygen, natural gas and enriched air, exited the
burners in distinct streams, mixed and then combusted. The oxygen was defined as a secondary oxidizer
stream. The composition of these gas streams was input as mole fractions. Both the inlet diffusion and
compressibility effects options were selected. The inlet diffusion option allowedfimsialif flux of the
mixture fraction at the inlet. The compressibility effects option was selectedwofall a change in
density of the gases based on the inlet temperature and pressure as the pressuredwgtsdieaand
the furnace were all different [33]. The furnace was modeled as a non-adiabatic system undeumquilibr
conditions. The equilibrium chemistry option was selected as the residence timehethimace was
estimated to be on the order of seconds rather than milliseconds.

The stream rich flammability option was used as well. In this approach, Fluent will compute the
composition at the rich limit specified using equilibrium. For mixture fractions abovintitisFluent
will suspend the equilibrium chemistry calculation and will compute the composition based on mixing,
but not burning, of the fuel. This increases the efficiency of the PDF calculation by byphsesing t
complex equilibrium calculations in the fuel-rich region [32]. The stream rich flamitgdinilit for both
the fuel and theemndary stream was calculated as 20% greater the stoichiometric mixture fradteon.

PDF table was calculated for twenty different chemical species.

4.5 Solver Settings
There are two different types of solvers available in Fluent, pressure-based andbdesesity
The difference between these solvers is the order in which the flow varisbkshad. There are three
algorithms based on these solver methods available in Fluent: pressure-based segregatpressive-
based coupled solver (PBCS) and density-based coupled solver (DBCS). Figure 4.15 shows a schematic

of the way in which these three algorithms solve the governing equations.
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Figure 4.15 Flow chart demonstrating the order in which the different solver algorithms
solve the governing equations [121].

In the segregated algorithm, the governing equations are solved sequentially, segregated from one
another, while in the PBCS and DBCS algoriththe mass and momentum equations are solved
simultaneously. The DBCS also solves the energy and species equations with the mass and momentum
equations. The DBCS is typically used when there is a strong interdependence between density, energy,
momentum, and/or species which occurs in combusting flows, but the non-premixed combustion model is
only available with the pressure-based solver. Therefore, the PBCS was selected fod¢hisTine
PBCS was chosen over the segregated algorithm as it has significantly better consgagahce

All the solvers within Fluent require an initial guess for the solution flow fields pitocess is
called solution initialization [121]. It is important to provide a good initial sotuthat will allow a final
solution to be attained. The standard initialization method was used where theue#ghgas computed
from the air inlet on the end burners. This method was used as the air flow parameters were the most
understood boundary condition.

The discretization scheme chosen for the gradients, pressure and all other parameters were the
least squares based, PREssure STaggering Option (PRESTO!) and first-order upwind, rgsp€ktvel

PRESTO! scheme is recommended for highly complex reacting flows with steep pressure g@glients [
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In general, first-order discretization yields better convergence than second-betaescbut can also
produce less actuate results [32]. See section 4.8.1 for a comparison of solutions obtaiffiest find
second order discretization schemes.

The default under-relaxation valueB (vere used except for the density and body forces
parameters which were set at 0.2 and 0.8, respectively. The under-relaxation factors control the
advancement of the transport variable during the iteration process. Decreasing the under-reddxation v
will decrease the allowed change in the variable from one iteration to the next. The default under-
relaxation values for density and body forces were adjusted because they were too aggressive for the
complex reacting flows [32]. The flow courant number (CFL) was set to be 50. The flow courdetr num
is used to stabilize the convergence behavior of the solution when the PBCS is used for timdentlepen
or steady state flows. This number is related to the specified under-relaxation factors by [33]:

(4.9)

4.6 Validation

Validation of the model was achieved through both quantitative and qualitative means.
Validation was first assessed by comparing measured temperatures at different points inianaperat
industrial furnace to temperatures calculated by the model. The second means of validation wexs achiev
by comparing simulated end burner flames dimensions to the measured end burner flame dimensions.
The last test of validation was a comparison of the expected areas of high refractarytheanodel to

areas of high refractory wear reported in literature.

4.6.1 Online Furnace Measurements

Temperature and velocity measurements from inside an operational industrial reverberatory
furnace were provided for model validation. Figure 4.16 shows the locations of the tempethture an
velocity measurements. Temperature measurements were taken at three different losat@®osthe
furnace through both an observation port near the front of the furnace as well as through the slag hol
near the back of the furnace. The thermocouple used to take the measurements was bent at a 45° angle
and inserted through both openings. Two temperature measurements were taken parallel to the furnace
floor on either side of the openings and one measurement was taken perpendicular to the furnace floor.
These measurements were taken one foot from the refractory hot face. Two temperature measurements
were also taken through the flue port at one and two feet in towards the furnace centerline from t

refractory hot face, denoted as Flue 1 and Flue 2, respectively. Flue velocity was also measured through
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the flue port one and half feet in towards the furnace centerline from the refractéagehasing a pitot

static tube.
OPB SHB
v u
OPA—> «— OPC \
Flue Port
[Id: A J
al N
' 7 T N
Observation Port SHA SHC
Slag Hole

Figure 4.16 Locations of temperature and velocity measurenferigntation: side view)

Two temperature measurements were taken at each location. A sample standard deviation and RSD
was then calculated for each set of data. The RSD of each data set was calculated to be between 0.1
6%. Several pressure readings from the pitot static tube were recorded over the coursty aeadh
measurement period. The standard deviation of the pressure readings was used to calculate the overall

RSD of the calculated velocity. The RSD of the flue velocity measurement was calculat@3%. be

4.6.2 Placement of Heat Sink

Table 4.6 and Table 4.7 list the heat of reaction for the smelting reactions and the latent heat

values for the melting reactions considered for the heat sink calculation.

Table 4.6: List of Smelting Reactions Considered in the Calculation of the Hedte3ml122] [123]

Reaction 0 +Hxn @100°F (KJ)
PbCQ = PbO + CQ(g) 87.5
PbSQ + 2C = PbS + 2C§(Q) 36.7
Pb(OH) = PbO + HO (g) 55.7
2PbO + PbS = 3Pb + S() 238.5
2PbO + C = 2Pb + CQQ) 425
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A user-defined volumetric heat sink term (W)was included in the CFD model to account for the

melting and smelting reactions that occur within the furnace as well as the super heatrigad tnd

slag phases. The estimate of the heat sink value was calculated based on a set of smelting and melting
reactions that take place within typical lead processing reverberatory furnaces.

The latent heat values were taken at the temperature of the specified phase change. The main
smelting reactions were all endothermic and the heat of reaction at 100 °F was used as this was the
temperature at which the feed material entered the furnace. The energy content needed td Huper hea
lead and slag phases was determined by breaking these two phases into their major individuaht®nstit
and calculating the heat capacity for each one. The slag and the lead phases were assumed to be super-
heated to the temperature at which they exited the furnace. These exit temperatures were méasured. T
consumption of heat from the smelting, melting and super heating occurring within the furnace was
simulated by sinking the estimated heat needed for these reactions into a volume of cellsgusieabov
gas-slag interface. The volume of cells used as the location of the heat sink was createdtingsepara
layer of cells one inch above the gas-slag interface into a new cell zone.

Table 4.7: List of Melting Reactions Considered in the Calculation of the Heal &ink[122] [123].

Phase Transformation Latent Heat (kJ/mol)

Pb = Pb (1) 4.8

PbO = PbO (1) 25.4
NaSQ: = NaSQ; (1) 19.5
PbS = PbS () 48.9
Cd=Cd (l) 6.2

Cd (I) = Cd (9) 111.9
H-0 (I) = HO (g) 44.2

Figure 4.17 shows the different heat sink configurations evaluated. In Heat Sink A, only one new
cell zone was created an inch above the gas-slag interface and the heat content was sunk evenly down the
length of the furnace. In Heat Sink B, C and D, two new cell zones were created above the gas-slag
interface and different percentages of the heat content were sunk in the front and backédéliroate.

In Heat Sink E, three new cell zones were created where the new cell zone in the front half of the furnace

was split in half. The heat content was distributed in different amounts into each oééedhes.
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Table 4.8 shows the percent difference between the calculated and measured values at the
validation points for the different heat sink configurations evaluated. The percergrdifferalue was

calculated by:

(AA:t,,:t.m:ikf__qsch a_jasj_r;cb,, :~kc_qich a_jasj_r;cb (4_10)
kc_qspchb kc_qgspch

The positive values indicate an over prediction and the negative values indicate an undamod dire
measured values. In the adiabatic simulation, no heat was lost through wall boundaries onk heat si
The wall loss only simulation just took the heat loss through refractory wallagotmint.

Heat Sink A

H[[ 11)%

Heat Sink B

[I[[ 70% 30%
oy | |

[N

Heat Sink C

[[]:[ 80% 20%

| NN

Heat Sink D

II[[ 90% 10%
| |

[OOSR

Heat Sink E

m{ 55% 35% 10%
DN | |

Figure 4.17 Schematic of heat sink configurations evaluétédntation: side view)

The heat sink configuration that was chosen as the setup for the base case simulation was Heat

Sink D as that simulation most closely predicted the measured temperatures and velocity. This
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configuration physically made sense as well because the majority of the smelting and eedtiogs

are assumed to occur in the front half of the furnace. All the calculated temperatures @iedotieeli
measured temperatures. This could be because dust, which can be quite significant in these@®mac
not modeled. If the dust phase was included in the model, some of the heat content in the gas phase

would have been absorbed by the dust phase, thereby making the gas temperatures cooler.

Table 4.8: Percent Difference between the Calculated and Measured Values at titeoX a&tioints for
the Different Heat Sink Configurations Evaluated

% Difference between calculated and measured value

Observation Port Slag Hole Flue Flue
Heat Lost Temperature Temperature Temperature  Velocity
Configuration A B C A B C 1 5 )

Adiabatic 63 64 75 71 70 75 74 72 104
Wall Loss Only 57 59 70 65 64 68 63 65 95
Heat Sink A 13 9 28 6 -4 -4 4 2 26
Heat Sink B 8 6 24 6 -1 -1 3 3 26
Heat Sink C 4 5 12 5 1 1 3 4 20
Heat Sink D 1 3 6 5 2 4 3 4 20
Heat Sink E 1 3 6 6 3 5 4 5 20

The trends in the calculated parameters were also evaluated in this stage of the validation
procedure to make sure that they matched the measured trends and physically made sense. The absolute
temperatures calculated in the model were highest in the front half of the furnace by ¢ne &uodn
lowest in the flue which was the measured trend as well. Figure 4.18 shows temperature and velocity
contours on the flue plane where the validation points were measured. These contours were used to check
the temperature and velocity trends within the flue. The temperature contour shows thgpénatteen
gradually increases from the refractory hot face towards the flue centerline whiclewr@nthin the
measured temperature values. The velocity contour shows slow velocities at refractory boundaries where
a boundary layer would be expected.

Although not all the calculated parameters at the validation locations were within the R®D of
measured values, it was concluded that this stage of validation was satisfied because of tliy wériabil
the furnace burden. The dimensions and other characteristics of the furnace burden can vary
dramatically. A change in burden shape can significantly impact the calculated parameeers at t

validation locations (see section 5.2). Therefore, the exact burden shape would have to be known and
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perfectly modeled to exactly match the validation temperatures and velocity. Obtaining tHrusdect

dimensions was not possible with the means of measurement available.
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Figure 4.18 The (a) temperature and (b) velocity contours on the flue plane where the valide
temperatures and velocity were measur@dientation: front view)

4.6.3 Flame Characteristics

The final step in the validation process was to examine how well the CFD model predicted the
flame characteristics. The burners modeled in the CFD simulations could produce very differagt looki
flame depending on the gas flow rates used. Figdi@shows the flame from the modeled burner
running at slightly rich and rich conditions. In the slightly rich flame, the inner premixed flea® very
well defined and the luminous, blackbody radiation zone was smaller than what was observed in the rich
flame. Flame dimensions from the modeled burners were measured by R&MpHFW V LQGXVWULDO

The slightly rich flow conditions were used for the validation procedure. Only the flame
produced by the end burners were evaluated. A computational domain in which the burners pointed
straight into the furnace, rather than at a downward and inward angle, was used for this evaluation
because the flame dimensions were measured under similar conditions. Flame length was calculated
based on temperature profiles. Figure 4.20 plots the normalized temperature down the centerline of the
flame against the normalized flame length. The normalized temperature was calculated by dividing all
the absolute temperatures by the maximum flame temperature. The normalized length wasdcakalat
percentage of the total modeled flame length. The location of the maximum temperature was taken as the
end of the inner premixed flame. After this maximum, the flame temperature decreases slightyand t
plateaued. The plateau in temperature indicated the end of the outer diffusion flame. Just outside of the

flame, there was a heat transfer region where the temperature drops off dramatically aneldctouev
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into the ambient furnace temperature. The flame width was also calculated using temperatese profil
Figure 4.21a shows the temperature contour plot through the end burner centerline plane. Thg@ercent
values marked on the contour plot are the normalized lengths at which the temperature is plotted across
the flame in Figure 21b. The maximum width was found to occur at 40% of the total flame length

which was about where the inner premixed flame ended.

Slightly Rich Flame

Inner Premixed | !
Flame Black body radiation from
carbon particles

Rich Flame

Black body radiation from
carbon particles

Figure 4.19 Pictures of the flames produced by the modeled burners running at (a) slightly
rich and (b) rich conditions.

Figure 4.22 shows a contour plot of the normalized @@ss fraction along the end burner
centerline plane. The G@nass fraction along the end burner centerline was evaluated to assess the
validity of using temperature to estimate the flame length and width. Then@s3 fraction contour plot
shows a negative of the flame. This is expected assC®product of the global methane combustion
reaction described by:

sEf 6ESg; L , 6E ..s ETQ

wherea, x, b andc are all reaction coefficients which can vary based on the air to fuel ratio and
gas composition. The calculated flame length based on the temperature data was the same as the length
calculated based on the €fass fraction. This conclusion provided evidence that temperature data
produced a good estimate of the flame dimensions. Species mass fractions were not used to estimate the
flame dimensions as a first order solver was used and it is recommended that species datatbd calcu

with second or third order solvers.
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Figure 4.20 Normalized temperature as a function of normalized end burner flame length sh
the different regions of the flame.
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Figure 4.21 Data used in the calculation of end burner flame width showing the (a) tempera
contour plot at the end burner centerljogentation: top viewpand (b) the plot of
normalized temperature as a function of normalized flame width at different lengi
along the flame.
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Figure 4.22 Contour plot of normalized €@ass fraction along the end burner centerline.
(orientation: top view)

Table 4.9 shows the difference in flame lengths and width as a function of changes in normalized
mass flow rates. The normalized mass flow rates were calculated as a percentage of the basescase val
All three mass flow rates for the different gas streams were either increaseccasdddry the percent of
base case value listed. The flame lengths and width are shown as a percentage of the measured
dimensions. For the base case simulation (a normalized mass flow rate of 0%), the" length ef the inn
premixed flame and the maximum width of the flame were almost exactly predicted by the model
whereas the outer diffusion flame length was slightly overpredicted by the model. Four othdownass f
rate conditions were run to assess the sensitivity of the flame dimensions with a change in matss flow r
This analysis was performed as there was some uncertainty associated with the mass flow ratencalculatio

The analysis showed that the flame dimensaan vary slightly with changes in mass flow rates.

Table 4.9: Difference in Flame Lengths and Width as a Function of Changes in Mass Flow Con

Normalized Mass Inner Premixed Outer Diffusion MaX|mu_m
Flame Width
Flow Rate Flame Length Flame Length (% of measured
(% of Base Case Value (% of measured value (% of measured value value)

-20% 86 95 80
-10% 91 103 92

0% 101 112 101
+10% 108 117 112
+20% 114 120 117
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The last flame characteristic evaluated in this stage of validation was theoéft burner
flame impingement on the furnace burden. Figure 4.23 shows a picture of test work performed using the
American Combustion PyreTron Il airfoxygen/fuel burner to evaluate the effect of direetdtantact
with the furnace burden. A stack of lead blocks was used to represent the furnace burden. THe test wor
setup mirrored the side burner angles and location within the operational furnace. The impingement of
the flame on the lead blocks caused flow separation and recirculation at the point of impaotver he
recirculation zone rotated in a counter-clockwise fashion while the upper recirculation zosa irogat
clockwise fashion.

Recirculation
Zone

Figure 4.23 Picture of test work performed showing the effect of flame impingement on a st:
lead blocks used to represent the furnace burden.

Velocity vector plots from the base case simulation results were generated to assesglvehether
model predicted the same flow separation and recirculation phenomena shown in the test work.
Figure 4.24 (see page 80) shows a velocity vector plot at the point of side burner flame iraptragem
the modeled furnace burden. Both a clockwise (CW) recirculation zone above the flame and a counter-
clockwise (CCW) recirculation zone below the flame are seen in the velocity vector pistesult was

used as another measure of validation for the model.

4.6.4 General Wear Patterns

The final step in the validation process was to qualitatively assess general areas of high wear
within the furnace. Figure 4.25 shows the main areas of wear reported in a typical revgrherzsoe
used to process lead battery scrap. The schematic only shows wear on the refractory in the combustion
space volume. High wear areas are reported to occur on the roof above the furnace charge, at the opening
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to the flue and next to side burners. The cause of the observed wear phenomena can generally be
subdivided into chemical, thermal and mechanical stresses. These can appear as a singittosiregs f
more commonly, a combination of these stresses occurs and adversely affect the furnace.réfraetor

two parameters used to assess areas of high refractory wear within the CFD model wesatuienamet

wall shear stress. Hot spots within the refractory lining can cause thermal stressiggificently
UHGXFH WKH UHéngh B Riis\rEduckoR W stvewvgth can cause the refractory to be more
susceptible to other mechanisms of wear such as erosion or chemical corrosion [17]. Wall shear stress
was used as a measure of erosion experienced by the refractory. Many CFD studies in litetfeture on
blast furnace hearth use wall shear stress to assess areas of high refractory w&@y. [&perimental

work has also been performed which showed that flow induced shear stresses can cause erosive damage
to the walls of refractory lined furnaces [124], [125].

cw
Recirculation
Zone
ccw
Recirculation
Zone
Burden
Figure 4.24 Velocity vector plot at the point of side burner flame impingement on thegfurnac
burden showing the clockwise and counter-clockwise recirculation.Zonestation:
front view)
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Figure 4.26 - Figure 4.28 show temperature and wall shear stress contour plots for the base case
simulation. Boxed areas on these contour plots indicated hot spots or areas of concentrateat wall she
stress. The temperatures and wall shear stresses in these plots are normalized as a petientage of
average value of the parameter in the area of interest. Figure 4.26 shows the resulting contour plots
the front half of the furnace roof where the high areas of wear are expected. The temperdaour plot
shows a hot spot which extends from the middle of this portion of roof up to the furnace centerline. The
wall shear stress plot shows an area of concentrated wall shear stress at theémtedose which
extends backwards towards tinéddle of the front of the roof. The boxed areas in these contour plots
overlap meaning that the model predicts an area where both temperature and wall shear stressf on the
are high. Therefore, it would be expected that the overlapping area would experience high wear. The hot
spots and high wall shear stress occur in this area of the furnace refractory because tmeefidrbes
impinge on the furnace burden which causes flow and heat to be redirected towards the roof.

< <+ Flue

Gas — Slag Interface

Side B D High Wear
End Burners 1de burner Locations

Figure 4.25 Schematic of computational domain showing the locations of high refractory we
areas [17](orientation: isometric view)

Figure 4.27 shows temperature and wall shear stress contour plots for the front half of the furnace
side wall. These contour plots show an overlapping area of high temperature and wall sheaststress j
below and to the right of the side burner opening. This high wear location would also be expéeed as t
side burner flames directly contact the furnace burden. This contact causes flow separation and

recirculation (see section 4.6.3) which would direct flow and heat to the side wall.
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Lastly, Figure 4.28 shows temperature and wall shear stress contour plots for the flue wall.
Again, there is an overlapping area of high temperatures and concentrated wall shear stresswight b
the flue opening which would suggest that this is an area of high wear as well. This agbaafdri
occurs because all the hot combustion gases are abruptly funneled into the flue opening causing heat and
flow to be directed at the flue edges. Informal discussions with operators of secondary lead remyerberato

furnaces indicate that the locations on the roof, side wall and flue are common areas of high wear
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Figure 4.26 Contour plots of normalized (a) temperature and (b) wall shear stress ort theffro
of the furnace rooforientation: top view)
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Figure 4.27 Contour plots of normalized (a) temperature and (b) wall shear stress amabport

the furnace side wall. The white square represents the side burner(di@ckation:
side view)
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Figure 4.28 Contours plots of normalized (a) temperature and (b) wall shear stress on Ifign:

wall. (orientation: front view)

4.7 Convergence

In general, CFD problems involve groups of nonlinear PDEs that are solved by iterative processes
WKDW VXFFHVVLYHO\ LPSURYH D VR GXeach RCQ@n¥e@¥nteOndan©OthhYtheO R pF
numerical solution has reached a limit for a specified degree of accuracy. Model convergence was
assessdin three different ways: (1) residual values, (2) iterative convergence anégB)imlependence.
All three of these methods are important in concluding whether the solution has reached alewekrall

of convergence.

47.1 Residual Values

Residuals are errors of the discretized PDESs that occur during the numerical solution procedur
They measure the extent of imbalances arising from the discretized PDEs and terminate the numerical
process once a specified tolerance has been reached [24]. For convergence to be achieved, the residual
values must diminish as the numerical process progresses. Residual values are calcalbtiee for
transport variables included in the model [32].

Figure 4.29 shows a plot of the scaled residual values versus iteration number for the base case
simulation. Scaled residuals are a measure of the relative rather than the absolute imbalance in the
transport variable of interest. Scaled residuals are displayed by default in Fluent as they are a mor
appropriate indicator of convergence for most problems [33]. Generally, a decrease oescdled
values by three orders of magnitude during the iteration process indicates residual convergence. Mos
the time, this means that the residual value drops beldw Allhough, stricter residual tolerance is

recommended for the energy transport variable. For best practice, it is suggestedstzéthenergy
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residual reach 1924]. All the scaled residuals for transport variables in each simulation performed in
this research decreased at least three orders of magnitude except for the scaledsdeat which

decreased to a value of 40
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Figure 4.29 Plot of residual values as a function of the number of iterations for the base
case simulation.

472 lterative Convergence

Iterative convergence is achieved when specified quantities of interest plateau and do not change
from one iteration to the next [24]. Three quantities of interest were evaluatestditivé convergence
(1) mass flow on the pressure outlet (flue boundary), (2) maximum temperature within pheat@mal
domain and (3) the average velocity on the pressure outlet. Temperature and velocity Faveaneter
chosen to be monitored because these variables were used for validation which means that it was
important that they remain unchanged after a certain number of iterations $autian to be considered
converged. Figure 4.30 (see page 85 shows the plots of the three quantities monitored for iterative
convergence as a function of iteration number. The monitored quantities were normalized asagpercent
of their steady value achieved. All the quantities monitored leveled out before residuagjenogaevas

reached.

473 Mesh Independence

The last convergence criteria evaluated in this study was mesh independence. Mesh

independence is met when the numerical solution no longer changes with an increase in the number of
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cells [24]. Adiabatic conditions in which no heat was lost through the walls or the gaststfare was
used in the simulations for the mesh independence study. The temperature and velocity measurements
taken at the validation locations (see section 4.6.1) were evaluated for the differiemtansisies

assessed. Figure 4.31 shows the results of this analysis.
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Figure 4.30 Assessment of iterative convergence showing normalized (a) mass flow rate on

pressure outlet, (b) maximum temperature in the domain and (c) average velocit
the pressure outlet as a function of iteration number.
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Figure 4.31 Calculated temperatures at the validation points through the (a) observation

port, (b) slag hole, (c) flue port and (d) calculated velocity through the flue port a:
function of number of mesh cells for the base case simulation.

The calculated temperatures and velocity at the validation locations all level out between 2.5 and 3
million cells. This trend was true for all the computational domains with the different burden shapes
evaluated (see Appendix A). Therefore, a 2.5 million cell mesh was used for all the simulations reported

in this research.
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4.8 Model Sensitivity Analysis

Various assumptions were made in the construction of the CFD model which all had the potential to
affect the numerical solution. The following sections provide justification for the tfei@eassumptions
made in the CFD model. The first was the use &farder solver, the second was the choice of the

standard k& uvidulence model and the third was the omission of a radiation sub-model.

4.8.1 Solver Settings

The main solver setting evaluated was the order of the solution. The numerical solution for the
base case simulation was obtained using a first order upwind discretization scheme. dhadraefir
upwind scheme, quantities at the cell faces are determined by assuming that cell-center values of any
transport variable represent a cell-average value and hold throughout the entire celfaice. guantities
are identical to the cell quantities. In contrast, the second-order upwind scheme computes thes quantit
at the cell faces using a multidimensional linear reconstruction approach. In this approaeh, great
accuracy is achieved at the cell faces through a Taylor series expansion of tkateefid solution about
the cell centroid [27].

The base case simulation was run using ther2ler discretization scheme to understand the
sensitivity of the order of solution on the numerical results. Table 4.10 shows the nornidlarele 2

solution results at the validation points.

Table 4.10: Normalized®Order Solution Results at the Validation Points

Validation Location % of 1% Order Solution Value
OP A 110
OPB 104
OPC 106
SHA 100
SH B 100
SHC 102
Flue 1 99
Flue 2 100
Flue Velocity Point 100.4

The results are normalized as a percentage of the first order solution results. The quahitees @t

the validation points using thé'and 29 order solutions are very similar. The largest difference in the
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results was 10% at OP A. Table 4.11 shows the normaliedder results for maximum and average of
temperature and wall shear stress on the roof and sidewall. There was some variability hetween t

magnitudes of these parameters calculated using'therdus the '® order solver scheme.

Table 4.11: Normalized"2Order Results for Maximum and Average Values of Temperature and '
Shear Stress on the Roof and Sidewall

% of 1tOrder Solution Value

Parameter _
Maximum Average
Roof Temperature 101.1 97.0
Roof Wall Shear Stress 115.3 128.0
Side Wall Temperature 107.7 97.7
Side Wall Shear Stress 86.9 125.0

Figure 4.32 - Figure 4.34 show a comparison of the contour plots at the main areas under
investigation for this research generated throtgant 29 order solution schemes. The temperature,
velocity and wall shear stress values used to construct these plots were all normalized as agpefcentag
the average®lorder solution value of each parameter at the location under evaluation. The contour plots
in these figures are all reasonably similar betweenstrand 29 order solutions. The key areas assessed
as high wear locations are boxed in red and appear in the same location for bdtnth@4order
solutions. The plots show that the magnitudes of the parameters investigated vary slightly between th
different solution scheme&he F' order solution scheme was concluded to be sufficient for the model as
the 29 order solution did not provide any additional information and was more computationally
expensive. The purpose of the model was to assess relative changes in the high wear lodations not
resolve the absolute magnitudes of the variables of interest. Therefore, matching thedesghithe
temperature and wall shear stress at the locations evaluated was not as critical as matahiragehs k

of high wear.

It was more difficult to reach residual convergence with the2ler solution as well. The
energy residual in the'®order solution did not quite reachéBut did drop three orders of magnitude.
Higher grid resolution would most likely be needed to improve the residual convergence behavior, but
would also increase the computational time. TH@®&ler solution ran for four to five hours before
satisfying all of the convergence criteria whereas therder solution only ran between two and three
hours before achieving convergence. There was also some uncertainty in various boundary conditions
applied in the model which meant that increasing the solution accuracy would not increaseathe over

accuracy of the model.
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Figure 4.32 Comparison oftversus 2 order solutions of flue (a) temperature and (b)
velocity at the plane of the flue validation poinfsrientation: front view)
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Figure 4.33 Comparison oft¥ersus 2 order solutions of roof (a) temperature and (b) wall
shear stresgorientation: top view)
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4.8.2 Turbulence Sub-Models

In the beginning of the modeling process, it was unknown what turbulence model would be
sufficient for simulating the flow within the furnace. Therefore, four differenutarite sub-models
were investigated for use in the CFD model. Twetkedels, the standard and realizable, were evaluated
first. Figure 4.35 and Figure 4.36 show the residuals generated for the base case simulation when the
standard and realizable Kurbulence models were used. Both simulations that utilized tHaddels
did not achieve residual convergence as the epsilon residual did not drop three orders of magnitude. More
refined inflation layers that better resolve the boundary layer would probably have had to ipethused i
mesh to reach residual convergence usinga W XUEXOHQFH PRGHO 7KH VPDOOHU LQ
decreased the mesh quality though. For this reason, it was concluded thattbddds were not
appropriate for resolving flow characteristics.
The standard kZand k-ZSST models were evaluated next. Both simulations using the different
models satisfied all criteria for convergence. Tahl@ dhows the percent difference between the
calculated and measured value at the validation points for both simulations. The simuiiagjdheus
standard kZmaodel more closely predicted the values at the majority of the validation points.
Figure 4.37 - Figure 4.39 show a comparison of the contour plots at the areas of interest for the
simulations using the standardZand k-ZSST turbulence models. The parameters of interest are
normalized as a percentage of the average standa® W ROXWLRQ YDOXH DW WKH ORFDWI

Although the magnitudes of the different variables vary slightly between the two simulatidins, al
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contour plots show the same key features of high wear in the same locations. The simulatitve using t
standard kZturbulence model also converged in less time and the residuals were reduced to a greater
extent than in the simulation which utilized theA&ST turbulence model. For these reasons, the

standard kZwas selected for use in the model.
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Figure 4.35 Plot of residual values as a function of the number of iterations for the base
case simulation run withthe®&- WXUEXOHQFH PRGHO
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Figure 4.36 Plot of residual values as a function of the number of iterations for the base
case simulation run withthe@- UHDOL]DEOH WXUEXOHQFH PR
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Table 4.12: Percent Difference between the Calculated and Measured Value aidkhgovdPoints for
the Base Case Simulation using the & D Q G& N6 &lurbulence Models

% Difference between calculated and measured value

Validation Point k +& k+& 667
OP A 1 -4
OPB 3 0
OPC 6 9
SHA 5 5
SHB 2 3
SHC 4 5
Flue 1 3 1
Flue 2 4 4
Flue Velocity Point 20 34
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Figure 4.37 Comparison of contour plots of flue (a) temperature and (b) velocity at the plane
flue validation points obtained from simulations using the stand&dnd k-ZSST
turbulence modelgorientation: front view)
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Figure 4.38 Comparison of contour plots of roof (a) temperature and (b) wall shear stress ot
from simulations using the standarddand k-ZSST turbulence model&rientation:
top view)
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Figure 4.39 Comparison of contour plots of side wall (a) temperature and (b) wall shear stre
obtained from simulations using the standard&nd k-ZSST turbulence models.
The white square represents the side burner bi@elentation: side view)
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Radiation

A radiation sub-model was not included at this stage due to the lack of boundary and material
conditions required to successfully implement the radiation models without introducing addition
inaccuracies to the numerical solution. The feed and refractory material properties netrded for
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radiation calculation were unknown. The P-1 and DO models are typically used in the modeling
combustion applications. In both models, an emissivity value needs to be defined at the wall boundary
conditions. The emissivity value of the refractory could be estimated based on informatiomfound i
literature, but the emissivity value for the furnace burden surface would have beenffiouletdi
define. This is because the furnace burden is a heterogeneous mixture of several diffdiei@ntens
Even if the emissivity of all the constituents were known, they would need to be averaged and applied to
the surface in a way that was physically representative of the actual burden. Tied prajesrties and
distribution of dust particles within the gases was also not well understood. The dustsartice
gases could greatly affect the radiative heat transfer within the furnace. Applying at@coaterial
properties at the wrong boundary conditions could cause the radiation sub-model to produce more error in
the numerical solution.

The measurements at the validation points and trends within the furnace could be predicted within
reasonable accuracy without the inclusion of a radiation sub-model. Literature also reportsoronvec
rather than radiation as being a major cause of stresses within furnace mefrabtrefore, the addition
of a radiation sub-model would have provided limited, if any, additional information thatlmulsed to

assess relative changes within the furnace.
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CHAPTER 5
SIMULATION RESULTS: EFFECT OF FURNACE BURDEN GEOMETRY

The developed CFD model of the secondary lead reverberatory furnace was first used to assess
the influence of burden geometry on the overall numerical solution as well as the areas of highheear
following chapter details the findings from this study. The front half of the roof and sidereveika

main areas of interest that were evaluated.

5.1 Evaluated Burden Geometries

Figure 5.1 shows a schematic of the base case burden geometry. The burden shape was defined
by three dimensiongy, y1 andz (see section 4.2.2). Three variations of the base case geometry were
constructed by changing one of these three dimensions. Figure 5.2 shows the three other burden shapes
evaluated. These burden geometries were investigated because similar shapes could théereticall
achieved in an active furnace through operational changes or some form of physical manipulation. The
dimensions for these burden shapes were changed in the followingzmags 50% greater tham, x.
was 20% less than andy. was 10% less than. The labels in the top right-hand corner of the figures
denote the name of each burden geometry and are used to identify the geometries throughout the chapter.

(@)

(b)

Figure 5.1 Schematic of the base case burden geometry showing a (a) top down and (b) s
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(@)

(b)

(€)

Figure 5.2 Schematic of the four addition burden geometries evaluated which were identifit
the (a) tall burden, (b) short burden and (c) narrow burden whemesA50% greater
than z, x2 was 20% less than and y was 10% less than.y

It should be noted that the volume of the cell zones created above the gas-slag interface varied
between the different burden geometries. This occurred because the surface area of thelanded
for the different shapes studied. The variation in surface areas also slightly changedhtmtween the
different computational domains. Table 5.1 shows the normalized cell zone volumes as a percentage of
the base case value for the different burden geometries. Cell zone 1 was created above the burden in the
front half of the furnace and cell zone 2 was created above the gas-slag interface in the batkehalf
furnace. Due to this variation in cell zone volume, the total heat flow (W) into tbese was kept

constant rather than the volumetric heat flow'rf\.
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Table 5.1: Average Burden Surface Temperature Normalized as a Percentage of the Base Ca
for the Different Burden Geometries Evaluated

Burden Cell Zone 1 Cell Zone 2
Geometry (% of Base Case Value) (% of Base Case Value)
Tall Burden 106 97
Short Burden 98 97
Narrow Burden 93 92

5.2 Calculated Values at Validated Points
The parameters at the validation points were calculated for all the burden geometriagtedest
Table 5.2 shows the percent difference between the calculated and measured values at the validation

locations for the simulations with the different burden geometries (see sectihn 4.6.

Table 5.2: Difference between the Calculated and Measured Values at the Validation Pointsdo
Burden Geometries Evaluated

% Difference between calculated and measured value

Observation Port Slag Hole Flue Flue
Burden Temperature Temperature  Temperature  Velocity
Geometry A B C A B C 1 2 i
Base Case 1 3 6 5 2 4 3 4 20
Tall Burden -10 11 19 6 2 4 3 4 27
Short Burden 2 -1 6 4 2 6 3 4 21
Narrow Burden -18 -13 -9 5 4 2 4 5 29

The base case geometry was used for the validation of the model and therefore has the sraediest diff
between the calculated and measured values. In most cases, the most significant differererehisetwe
calculated and measured values occurred at the observation port locations. The slag hee and f
temperatures were all overpredicted by about the same amount for all the burden geometries evaluated.
The larger sensitivity in temperature near the observation port was because the flow irt tiedffodn

the furnace would be most affected by a change in burden shape whereas the flow in the back half of the
furnace would be less affected by this change. These results were generated to show that the burden
shape used in the computational domain had the potential to significantly affect the paraiteteted

at the validation locations. Therefore, it is important to document the dimensions of the burden when

furnace measurements are made so that the model can be properly validated.
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5.3 Burden Surface Temperature

The burden surface temperature was used as a measure of smelting rate. Furnace efficiency could
not be calculated because of the way the model was constructed. The model was setup to sink the same
armount of total heafW) into the cell zones created above the gas-slag interface regardless of burden
shape.This assumption might not be physically accurate though as different burden shapes would most
likely facilitate different amounts of heat flow into the surface of the burden dueyingyamounts of
flame impingement and surface areas. Figure 5.3 shows contour plots of,the€fraction from the
side burner flame, demonstrating different degrees of the side burner flame impingement éeréms dif
burden geometries studied@he differing amount and location of the flame impingement on the burden
not only caused changes in smelting rate but also flow patterns and heat transfer withiratiee fur

These trends are discussed later in the chapter.

(a) (b)
(c) (d)
Figure 5.3 Contour plots of G@nass fraction along the centerline plane of the side burner tr

base case, (b) tall burden, (c) short burden and (d) narrow burden geometries.
(orientation: normal to plane)

Furnace efficiency could be measured if the actual burden and the reactions that occur within it
were included in the model. The effect of flame impingement and surface area can be seen from the

equation for total convective heat flow (W) which is:
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amitL S qF 1 (5.1)

whereh is the heat transfer coefficieit,is the surface ared; is the surface temperature afgis the

ambient temperature. A larger amount of flame impingement would increase the surface temperature of
the burden and thereby increase the amount of heat flow into the feed material. Larger burden surface
areas would also increase the heat flow to the burden. See Appendix B for further discussion on the
sensitivity of the results for the heat sink values used.

Table 5.3 shows the average burden surface temperatures normalized as a percentage of the base
case value for all the burden geometries evaluated. The average burden surface temperature was the
highest for the tall burden and lowest for the narrow burden. Therefore, based on burden surface
temperatures, it would be expected that the greatest total heat flow to the burden wofiar diceuall
burden geometry and the lowest total heat flow to the burden would occur for the narrow burden
geometry. The order of the average burden surface temperatures occurs because the tall burden
experienced the largest degree of flame impingement and the flat burden experienced the least amount o

flame impingement.

Table 5.3: Average Burden Surface Temperature Normalized as a Percentage of the Base Ca
for the Different Burden Geometries Evaluated

Burden Average Burden Surface Temperature
Geometry (% of Base Case Value)
Tall Burden 107
Short Burden 94
Narrow Burden 91

5.4 Furnace Roof Results
The front half of the furnace roof was the first high wear location withifuttmace to be
evaluated. The temperature and wall shear stress values in this location were comparedffmetite di

burden geometries. The following sections detail the results of the simulations.

Comparison of Roof Temperature

Figure 5.4 shows bar graphs that display the maximum roof temperature and a measure of the
roof area that was affected by high temperatures. Both parameters were normalized as a pertemtage of
base case value. The affected area was defined as the total area on the roof where the temperature was

greater than 90% of maximum roof temperature for the base case simulation. The dashwdthe bar
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graphs represent 100% of the base case value. Therefore, values above the dashed line widwangreater
the base case result and values below the dashed line were less than the base case result. he maximu
roof temperature for the tall burden geometry was 7% greater than the base case whereawthe narr
burden geometry produced slightly lower maximum roof temperature than the base case. The short
burden had the same maximum roof temperature as the base case with a slightly larger aféecidubar
affected roof area was 50% greater and 75% less than the base case for the tall armirdensy
respectively.

(a) (b)
Figure 5.4 The (a) maximum roof temperature and (b) temperature affected roof area edrrr
as percentages of the base case value for all the burden geometries evaluated.

Figure 5.5 shows contour plots of the temperature affected area on the roof for each of the burden
geometries studied. These plots visually depict the difference in roof area affebig tsmperatures
for each burden shape. The maximum temperature for each case all roughly occur in the same location on
the front half of the roof. These contour plots visually confirm that the largest tomgeaffected roof
area occurred for the tall burden and the smallest temperature affected roof area occilmeathfoow
burden. The base case and short burden geometry produced roughly the same shape and sized
temperature affected roof area.

Figure 5.6 shows contour plots of the roof temperatures normalized as a percent of the average
base case roof temperature for all simulations. These plots visually depict trendédfer temperature
magnitudes between each case since they are all normalized to the same value. The roofbaoridentall
simulation experienced the highest temperatures. The roof in the narrow burden simulatienesgber

the lowest temperatures. The tall burden resulted in a hotter, more concentrated zone on the roof whereas
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the narrow burden resulted in a more even roof temperature distribution. Again, the roof temperature

distribution for the short burden was very similar to that of the base case simulation.

(a) (b)
(c) (d)
Figure 5.5 Contour plots of the temperature affected roof area for the (a) base calle, (b) t

burden, (c) short burden and (d) narrow burden geomdtrigantation: top view)

The roof temperature trends for these simulations can be explained through the use of Fagnde 5.7

Figure 5.8. Figure 5.7 shows the velocity vectors along the end burner centerline for thatdiieden
geometries studied and Figure 5.8 shows contour plots of temperatures along the end burner a@nterline f
all the different burden geometries. The velocity vector plots show that the impingentenentt

burner flame on the furnace burner caused the flow to be reflected towards the roof. The impingement
also caused flow separation and recirculation. A counter-clockwise (CCW) recircutatimalzove the

end burner flame was observed for all the burden geometries. A recirculation zone was also observed
below the end burner flame for the tall burden geometry. The locations of the recirculation zones and
area of flow redirection caused different amounts of heat to be directed at the furnaddeotaill

burden resulted in a recirculation zone above the end burner that was much closer to the roof than was
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observed for the other burden simulations, thereby causing hotter roof temperatures when comgared to th
rest of the simulations. The temperature contour plots also show that the tall burden resuiescier

degree of end burner flame impingement closer to the roof, which caused hotter gases tedbed-atlir

the roof. The recirculation zones above the end burner for the base case and short burden were in the
same location and both geometries had similar degrees of end burner flame impingement. The
recirculation zone above the end burner for the narrow burden simulation occurred a little below th
location observed in the base case simulation, which caused the roof temperatures to be lower than the
base case simulation. The narrow burden also had less direct contact with the end burnestidime, r

in less redirection of heat at the furnace roof.

(@) (b)

(€) (d)

Figure 5.6 Contour plots of roof temperatures for the (a) base case, (b) tall, (c) shoyt and (c
narrow geometries normalized as a percentage of average base case roof temp
value.(orientation: top view)

101



(@)

(b)

(€)

(d)

Figure 5.7 Velocity vectors along the end burner centerline for the (a) base caseb(lyiéad|
(c) short burden and (d) narrow burden geometfoegntation: side view)
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(@)

(b)

(€)

(d)

Figure 5.8 Contour plots of the temperatures along end burner centerline for the (a) base
(b) tall burden, (c) short burden and (d) narrow burden geometries.
(orientation: side view)
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Comparison of Roof Wall Shear Stress

Figure 5.9 shows bar graphs that display the maximum roof wall shear stress and a measure of the
roof area that was affected by high shear stress values. Both parameters were normalized asge percent
of the base case value. The affected area was defined as the total area on the roof wheshts wall
stress was greater than 90% of maximum roof wall shear stress for the base case simulatighetdhe da
lines on the bar graphs represent 100% of the base case value. The tall and the narrow buteémis resul
slightly lower maximum roof wall shear stress values when compared to the base case maximum. The
short burden produced a slightly larger maximum roof wall shear stress value. Thelsize/alf shear
stress affected areas for the tall and narrow burden were only 3.7% and 4.7% of the base calwevalue.

short burden resulted in a 63% increase in wall shear stress affected area when compared to the base case.

(a) (b)
Figure 5.9 The (a) maximum roof wall shear stress and (b) wall shear stress affected
roof area normalized as percentages of the base case values for all the burden
geometries evaluated.

Figure 5.10 shows contour plots of the wall shear stress affected area on the roof for each of the
burden geometries studied. These plots visually depict the difference in roof areaddffelsigh wall
shear stress values for each burden shape. The maximum wall shear stress for eachr€@se occu
roughly the same location on the front half of the roof. The area affected by higihealIstreswas
very small and occurred at the centerline of the furnace for all the simulations. dlhsizenof the base
case wall shear stress affected area caused the changes in the affected area resaitisdpbtirden
geometries to be amplified. The base case affected area was 0.46% of the total roof area. Aéhough t
wall shear stress affected area for the short burden may have been 63% greater than the base tase val

was still a very small percentage of the total roof area, i.e. 0.75%.
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Figure 5.11 shows contour plots of the roof wall shear stress normalized as a percentage of the
average base case roof wall shear stress for all simulations. These plots visudltheefifference in
wall shear stress magnitudes between each case since they are all normalized to the santewablle. T
shear stress values on the roof in the narrow burden simulation were the lowest and the most evenly
distributed. The other simulations produced reasonably similar contours with the roof from siemt bur

simulation experiencing the highest magnitude of wall shear stress.

(@) (b)
(c) (d)
Figure 5.10 Contour plots of the temperature affected roof area for the (a) base cabe, (b) t

burden, (c¢) short burden and (d) narrow burden geomdiigntation: top view)

The trends for the roof wall shear stress can be explained with Figure 5.12. Figure 5.12 shows a
side view of the velocity vectors on the symmetry plane in the furnace. Fluent calculates walrebga
as a function of the normal velocity gradient at the wall as:

Yag

RL 3 (5.2)

where is viscosity. Therefore, higher velocities near the roof would result in a larger eallsthess.
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€Y (b)

(©) (d)

Figure 5.11 Contour plots of roof wall shear stress for the (a) base case, (b) tallrt(ahdid)
narrow geometries normalized as a percentage of average base case roof wall s
stress valudgorientation: top view)

The velocity vectors show that the impingement of the end burners caused flow redireciopeto in

the same location along the length of the burden for each simulation. The short burden resulted in a
higher concentration of faster velocity vectors to be redirected at the furnace roofonipared to the

base case simulation. This occurred because of the burden shape. The base case, short and narrow
burdens were all modeled with a small divot about half way down the total burden length. For both the
base case and narrow burden geometries, the end burner impinged before the divot on the inclined portion
of the burden which caused the gases to slow down. The divot was shifted back further towards the end
wall for the short burden. This caused the end burner to impinge after the divot on a detlerdatiaa

an inclined portion of the burden, resulting in less drag and higher redirected velocitiggethase case

and narrow burden. The tall burden resulted in slower velocity vectors to be redirectatatt tihe

larger portion of the end burner flame came in contact with the tall burden which resultge atea

drag force and slowed the velocity of the redirected gases.
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(@)

(b)

(€)

(d)

Figure 5.12 Velocity vectors along symmetry plane for the (a) base case, (b) tall burden,
(c) short burden and (d) narrow burden geometfigientation: side view)
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5.5 Furnace Side Wall Results

The furnace side wall was the second area of high wear that was evaluated. Only the fobtidalf
side wall was evaluated as that was the reported location of high wear. Both temperature and wall shear
stress at this location were compared for the different burden geometries studied. olfirgdaéctions

detail the results of the simulations.

Comparison of Side Wall Temperatures

Figure 5.13 shows bar graphs that display the maximum roof temperature and a measure of the
roof area that was affected by high temperatures. Both parameters were normalized as a pertdentage of
base case value. The affected area was defined as the total area on the side wall where thegtemperatur
was greater than 90% of maximum side wall temperature for the base case simulation. The dashed line
on the bar graphs represent 100% of the base case value. The maximum side wall temperatures for each
simulation were all very similar. The maximum temperature was 6% greater and 8% less bzese the
case simulation for the tall and narrow burden, respectively. The short burden produced the same
maximum side wall temperature as the base case. There was a significant difference in thieessideof t
wall area affected by temperature for the different burden geometries simulated thoudgdl btinden
produced a 341% increase in the temperature affected area whereas the short and narroredulteéns

in a 42% and 100% reduction in the temperature affected area compared to the base case.

(@) (b)

Figure 5.13 The (a) maximum side wall temperature and (b) temperature affected side wall
normalized as percentages of the base case values for all the burden geometrie:
evaluated.
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Figure 5.14 shows contour plots of the temperature affected area on the side wall for each of the
burden geometries studied. These plots visually depict the difference in roof aresddffelsigh
temperatures for each burden shape. The affected area for the tall burden encompassed midst of the s
wall area to the right of the side burner opening. The base case and short burden geometdds resulte
affected areas both above and below the side burner opening. There was no affected area for the narrow

burden simulation.

@ (b)
(©) (d)
Figure 5.14 Contour plots of the temperature affected side wall area for the (a) base ke, (

burden, (c) short burden and (d) narrow burden geometries. The white square
represents the side burner blo@kientation: side view)

Figure 5.15 shows contour plots of the side wall temperatures normalized as a percent of the
average base case side wall temperature for all simulations. These plots visually depferémeeliin
temperature magnitudes between each case since they are all normalized to the same value. The side wall
from the tall burden simulation experienced the highest temperatures whereas the sidewall from the
narrow burden simulation experienced the lowest temperatures.

These trends were a consequence of the amount of side burner flame impingement on the burden.
Figure 5.16 (see page J)kshows contour plots of temperature along the centerline plane of the side
burner. The tall burden had the largest degree of side burner flame impingement on the burden, which

caused the most flow separation and recirculation on the side wall as well as the roof. On the other hand,
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the narrow burden geometry experienced very little side burner flame impingement which caused les

recirculation on the side wall.

(a) (b)
() (d)
Figure 5.15 Contour plots of side wall temperatures for the (a) base case, (b) tall, @hddjt

narrow geometries normalized as a percentage of average base case side wall
temperature value. The white square represents the side burne(drieckation:
side view)

Comparison of Side Wall Shear Stress

Figure 5.17 (see page 112) shows bar graphs that display the maximum side wall shear stress and
a measure of the side wall area that was affected by high shear stress values. Both parameters wer
normalized as a percentage of the base case value. The affected area was defined as the tthal area on
side wall where the wall shear stress was greater than 90% of maximum side wall shdar stebase
case simulation. The dashed lines on the bar graphs represent 100% of the base case value. The side wal
from the tall burden simulation experienced a significant increase in the maximum wallisreaasd
wall shear stress affected area on the side wall when compared to the base case. The maximum wall shear
stress decreased from the base case value for the short and narrow burden simulations. The short and
narrow burden geometries also resulted in a 100% decrease in the wall shear stress affected area.

Figure 5.18 (see page )18hows contour plots of the temperature affected area on the roof for

each of the burden geometries studied. These plots visually depict the difference in side wall area
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affected by high wall shear stress for each burden shape. The maximum wall shear stress on the side wall
for the base case and tall burden simulations occurred below and to the right of the sidepkeaingr o

Again, there was no wall shear stress affected area for the short and narrow burden simulations.

@ (b)

(€) (d)

Figure 5.16 Contour plots of temperature along the centerline plane of the side burner the (
base case, (b) tall burden, (c) short burden and (d) narrow burden geometries.
(orientation: front view)

Figure 5.19 (see page 115) shows contour plots of the wall shear stress on the side wall
normalized as a percent of the average base case side wall shear stress for all simulasen@ot¥h
visually depict the difference in wall shear stress magnitudes between each case since they are al
normalized to the same value. The side wall from the tall burden simulation experienced the larges
magnitude of wall shear stress. The side wall from the narrow burden simulation experiehsbdawal
stress values that were significantly less than the base case average. The wall sheardgreas tren

again be explained by the amount of side burner flame impingement on the burden.
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Figure 5.20 (see page J)idhows contour plots of velocity along the centerline plane of the side
burner for the different burden geometries studied. In the case of the tall burden, the sidiéalugner
impingement on the burden occurred closer to the side wall and to a greater extent than theesther cas
This resulted in the recirculation of higher velocity gases on the side wall, thereby causingtmginer
stress values. In the case of the narrow burden, the side burner flame impingement on the burden was
further from the side wall and to a lesser degree than all the other cases which mresestednd slower
recirculation of gases on the side wall.

(a) (b)

Figure 5.17 The (a) maximum side wall shear stress and (b) wall shear stress affectedl sirea
normalized as percentages of the base case values for all the burden geometrie:
evaluated.

5.6 Summary of Burden Geometry Study

Three different variations from the base case burden geometry were evaluated. The front half of
the side wall and roof were the two main locations within the furnace that were studied. These two
locations were chosen because they are the main locations of acute wear within lead processing
reverberatory furnaces [17]. Both temperature and wall shear stress at these locations were compared as
function of burden geometry to assess high wear locations. The amount and location of the end and side
burner flame impingement greatly affected the flow patterns and heat transfer athimrace. The tall
burden geometry resulted in a larger and more intense hot spot on the furnace roof as well as a greater
amount of flow recirculation on the side wall which significantly enhanced the side wall shear stress
affected area. The narrow burden geometry caused a significant reduction in the aeshlaffbigh

temperatures and wall shear stress. This result was most likely caused by the deccabaiidesi
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flame impingement. The length of the burden was shown to be insignificant in most cases, exoept for t
roof wall shear stress. The results from these simulations indicate that operating treeiitmactall

burden will increase refractory wear whereas running with a narrower burden could helEenimaar.

Running the furnace with a taller burden may enhance the smelting rate though due to greater flame
impingement and burden surface area, which could lead to higher smelting rates. More ricsmati

the smelting rate as a function of burden height and temperature would need to be known to fully
understand this effect. Ultimately, these results seem to indicate that there is a tradeetfh Betelting

rate and refractory wear. Additional information on the burden chemistry and heat ahszsptiell as

the specific relationship between different wear mechanisms would need to be obtained before the model

could be used to fully optimize the furnace.

(a) (b)
(©) (d)
Figure 5.18 Contour plots of the wall shear stress affected side wall area for the (a)daa$d ca

tall burden, (c) short burden and (d) narrow burden geometries. The white squar
represents the side burner blogkientation: side view)
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@ (b)

(€) (d)

Figure 5.19 Contour plots of side wall shear stress for the (a) base case, (b) taltf @)
narrow geometries normalized as a percentage of average base case side wall ¢
stress value. The white square represents the side burnerbiakation: side
view)
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(a) (b)

(c) (d)

Figure 5.20 Contour plots of velocity along the centerline plane of the side burner for the (a)
base case, (b) tall burden, (c) short burden and (d) narrow burden geometries.
(orientation: front view)
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CHAPTER 6
SIMULATION RESULTS: EFFECT OF BURNER ALIGNMENT

The developed CFD model of the secondary lead reverberatory furnace was also used to assess
the influence of burner alignment on the areas of high wear. The following chapter Hethiigihgs
from this study. The front half of the roof and the portion of the side wall by the side burnethever

main areas of interest that were evaluated.

6.1 Burner Alignment Simulations

Sixteen different burner alignment configurations were simulated. The base case burden
geometry was used for all of the different burner alignment configurations testedirst right
configurations adjusted only the side burner position and focal point. Figure 6.1 shows a schehmatic of
three different side burner positions evaluated. Fheaq position was the base case position. The
burner block was moved back towards the end wall by a distaxcanaof2x for the Suigale aNdSeack

positions, respectively.

Figure 6.1 Schematic of the side burner positions evalugbei@ntation: top view)

The focal point of the side burners was adjusted as well. Figure 6.2 shows a schematic of the

three focal points evaluated in the study.

Figure 6.2 Schematic of the side burner focal points evalu@®gentation: top view)
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Both inward and downward angles of the side burners were adjusted to obtain the various fiscal poin
The side burner focal points fell on the furnace centerline because the model was constructed using
symmetry boundary conditiors, rorwaraWas the base case focal poifts, miadgeandFs, sackwere the focal

points obtained when the burner block was moved to posiiafns andSsack respectively, without any
adjustments in the burner angles. Table 6.1 shows the different combinations of the side burner position

and focal point that were simulated.

Table 6.1: List of the Eight Simulated Side Burner Alignment Configurations

Simulation Side Burner Side Burner
Number Position Focal Point
1 +Base Case Srorward Fs, Forward
2 Sviddle Fs, Middle
3 Ssack Fs, Back
4 Sviddle Fs, Forward
5 Sviddle Fs, Middle
6 Swiiddle Fs, Back
7 Ssack Fs, Forward
8 Ssack Fs, Middle
9 Ssack Fs, Back

The second eight configurations adjusted the end burner position and focal point. Figure 6.3
shows a schematic of the three different end burner positions evaluateBodiligoosition was the base
case position. ThEwisae andEinside positions moved the burner block in towards the furnace centerline by

adistance ol and2y, respectively.

Figure 6.3 Schematic of the three different side burner positions eval{gatedtation: top view)
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Figure 6.4 shows a schematic of the three different downward angle focal points evaluated in the
study. Fe, midaie Was the base case downward angle focal péiatrop andFe, soromwWere obtained by
shifting the end burner downward angle so that the focal point was a distarteel@f/ and above the
base case focal point. The end burner inward angle focal point was maintained at the samédoaltion
the simulations. Again, the focal points for the end burners fell on the furnace centerline bexause
model was constructed using a symmetry boundary condition. Table 6.2 shows the different
combinations of the end burner position and focal point that were simulated.

Figure 6.4 Schematic of the end burner downward angle focal point adjustfogeigation:
side view)

Table 6.2: List of the Eight Simulated End Burner Alignment Configurations

S:\Irﬁlﬁrll%tgn End Burner Position Dogg{g?rgo,?rngle
10 Eoutside Fe, Bottom
11 Eoutside Fe, Top
12 Emiddle Fe, middle
13 Emiddle Fe, Bottom
14 Ewmiddle Fe, Top
15 Esottom Fe, Middie
16 Eeottom Fe, Bottom
17 Eeottom Fe, Top

6.2 Burden Surface Temperatures

The average burden surface temperature was used as a measure of smelting rate (see section 5.3).
Table 6.3 lists the average and maximum burden surface temperatures for the different burner
configurations evaluatedoth parameters were normalized as a percentage of the base case value. The

adjustments in side burner configuration resulted in a decrease in the average burden spdsatitem
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whereas adjustments in the end burner configuration resulted in the same or an increase in the average

burden surface temperature.

The lowest average burner temperature occurred in simulation 7 where the side bsrner wa

shifted to positior&acand the focal point tbs rorwars  Figure 5.3 shows contour plots of the G@ass

fraction along the centerline plane of the side burner for the base case and simiulat@enCQ mass

fraction was used to identify the flame as it is a product of the combustion reactions. Thbigtfere,

concentrations of C£occur outside of the flame and lower concentrations occur inside the flame. The

side burner flame had a greater degree of direct contact in the base case than in simulatiord8. The si

burner in simulation 3 had the largest inward angle and shallowest downward angle oueof all th

configurations investigated. This configuration led to the least side burner flameemgeinmigwhich

resulted in the lowest average burden temperature.

Table 6.3: Average and Maximum Burden Surface Temperatures for the Different Burner
Configurations Evaluated

Burner Block Focal Ave. Burden Surface Max Burden Surface

SIM # ; o : Temperature Temperature
Adjusted Position  Point (% of Base Case Value) (% of Base Case Value)
1 Fs, Forward 100.0 100.0
2 Seorard Fs, middle 96.5 94.4
3 Fs, Back 96.4 95.7
4 . FS, Forward 996 1011
5 Side Burner e Fs e 95.6 98.1
6 Fs, Back 95.8 94.4
7 Fs, Forward 92.0 93.9
8 SBack Fs, Middle 92.5 94.3
9 Fs, Back 95.5 96.4
10 Fe. Bottom 101.5 101.4
11 Eoutside FE, Top 101.8 100.0
12 End Burner Fe, middie 101.4 100.0
13 = Fe, Bottom 101.2 102.3
14 FE’ Top 1023 972
15 Fe, middie 101.3 96.6
16 Emsige  FE Bottom 101.2 102.0
17 Fe, Top 100.0 97.1

The highest average burner surface temperature occurred in simulation 14 where the end burner

was shifted in toward the furnace centerline to posEafe and the downward angle focal point was
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shifted up above the base case positidret@o, This end burner configuration resulted in the highest
average burden surface temperature, even though the end burner flame impingement was not as direct

because the flame contacted the burden over a larger surface area.

@ (b)

Figure 6.5 Contour plots of G@nass fraction along the centerline plane of the side burner th
base case and (b) simulation 3 which shifted the side burner back to pasifiamd®
the focal point to £sack (Orientation: normal to plane)

6.3 Furnace Roof

The front half of the furnace roof was the first high wear location within thederebe
evaluated in this portion of the research. The temperature and wall shear stress values itidhis loca
were compared for the different burner configurations evaluated. The following sectionthdatdlults

of the simulations.

Comparison of Roof Temperatures

Table 6.4 shows the maximum roof temperature and the temperature affected roof area. Both
parameters were normalized as a percentage of the base case value. The affected area was defined as the
total area on the roof where the temperature was greater than 90% of maximum roof tempetaeire f
base case simulation. The side burner configurations simulated resulted in a decreasaxintbm
roof temperature whereas the end burner configurations simulated resulted in higher roof maximum
temperatures when compared to the base case simulation.

Figure 6.6 shows the temperature affected roof area as a function of the burner block position and
focal point. Figure 6.6a shows the trends in the data for the side burner configurationsceaalate

Figure 6.6b shows the trends in the data for the end burner configurations evaluated. The side burner
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block position significantly changed the temperature affected roof area in the sinahatibadjusted

side burner alignment. The high temperature areas on the roof dramatically decreased as the burner

block was moved back towards the end wall. The side burner focal point did not impact the calculated

affected area as much as the burner block position. The burner block position also greatiy ithpacte

calculated temperature affected roof area in the simulations that adjusted echbgnment. The

middle end burner block position resulted in the largest temperature affected roof areas atsitine o

end burner block position resulted in the smallest temperature affected roof areas. Sihalar to

simulations that adjusted side burner configurations, the downward angle focal point did nothmpact t

results as much at the end burner block position.

Table 6.4: The maximum roof temperature and temperature affected roof area normalized as percer

the base case value for the burner alignment simugation

Temperature Affected Maximum Roof

SIM # Burner Block Focal Roof Area Temperature
; " ) 0
Adjusted Position  Point (% of Base Case Value) (% of Base Case
Value)

1 FS, Forward 100 100
2 Sroward S Middle 95 97
3 Fs, Back 91 97

_ Fs, Forward 88 99
5 Side Burner Syoge . vidde 87 08
6 Fs. Back 87 97
7 Fs, Forward <1 90
8 Sgack  Fs, middie 1 92
9 FS, Back 3 94
10 FE, Bottom 105 101
11 Eouside  Fg, 1op 115 101
12 Fe, middie 135 104
13 End Burner  Eyigge  TE Bottom 129 103
14 Fe, Top 136 103
15 Fe, middie 128 104
16 Elnside I:E, Bottom 134 105
17 Fe, Top 130 105
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Figure 6.7 shows contours of the temperature affected roof area for the base case, simulation 7
and simulation 14. Contours for simulation 7 and 14 are presented because these simulations produced
the lowest and highest temperature affected roof area, respectively. Simulation 7 iresidtéolvest
average burden surface temperature, but also the lowest temperature affected r@ifralation 14
produced the highest burden surface temperature, but also the largest temperature affected Thef area.

location of the affected roof area in simulation 14 also slightly shifted back tovardad wall.

(a) (b)
Figure 6.6 Temperature affected roof area as a function of burner block position and focal
for changes in the (a) side burner and (b) end burner.

Figure 6.8 shows contour plots of the roof temperatures normalized as a percent of the average
base case roof temperature for the base case, simulation 7 and simulation 14. These gdiptepistal
the difference in temperature magnitudes between each case since they are all normatizsrte th
value. Simulation 7 resulted in lower and more even distributed temperatures on the roof. The roof in
simulation 14 experienced hotter temperatures than the base case. Again, area of maximum roof
temperatures in simulation 14 were shifted towards the end wall.

The roof temperature trends for these simulations can be explained through the use of Figure 6.9
which shows velocity vectors along the end burner centerline. The side burner alignment imosimulat
influenced the recirculation zone above the end burner flame. This recirculation zone was not as well
defined as the one in the base case simulation and was further away from the roof. The end burner
alignment in simulation 14 also influenced the recirculation zone above the end burner. Thiatecir

zone was shifted towards the end wall which caused the same shift in the location of the high roof
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temperatures. The end burner downward angle focal point was at the top position in simulation 14
resulting in the end burner flame closer to the roof, which may have caused the increase imthenmaxi

roof temperature and temperature affected roof area.

(@)

(b) ()

Figure 6.7 Contour plots of the temperature affected roof area for the (a) base case, (b)
simulation 7 and (c) simulation 14 which had the highest average burden surface
temperaturgorientation: top view)
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(@)

(b) (€)

Figure 6.8 Contour plots of roof temperatures normalized as a percentage of the average t
roof temperature for (a) base case, (b) simulation 7 and (c) simulation 14 burden
surface temperaturérientation: top view)
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(@)

(b)

(€)

Figure 6.9 Velocity vectors along the end burner centerline for the (a) base case, @)airiul
and (c) simulation 14orientation: side view)
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Comparison of Roof Wall Shear Stress

Table 6.5 shows the maximum roof wall shear stress and the wall shear stress affected roof area.
Both parameters were normalized as a percentage of the base case value. The affected area was defined
as the total area on the roof where the temperature was greater than 90% of maximunpesafuen
for the base case simulation. The maximum roof wall shear stress stayed the same as or denreased f
the base case value for all the burner alignment configurations tested. This is because all the burner
configurations tested either caused slower velocities to be directed at the roof or lesedingmtion of

flow at the roof when compared to the base case.

Table 6.5: The maximum roof wall shear stress and wall shear stress affected roof areactbasal
percentages of the base case value for all the burner alignment configurations

Burner Block Focal Wall Shear Stress Maximum Roof Wall
SIM # Adiusted Position  Point Affected Roof Area Shear Stress
) (% of Base Case Value) (% of Base Case Value)
1 Fs, Forward 100 100
2 Seomard Fs, middle 69 98
3 FS, Back 0 79
4 S|de FS, Forward 5 95
5 Bumer g, Fs, middie 1 90
6 iddle Fs, Back 0 82
7 FS, Forward 0 72
8 Sgack Fs, middie 0 73
9 Fs, Back 0 63
10 FE’ Bottom 180 100
11 Eoutside Fe, Top 39 94
12 End Fe. Middie 164 96
13 Burner = Fe Bottom 173 96
Middle
14 Fe, Top 12 94
15 Fe. middie 171 90
16 Elnside FE, Bottom 304 98
17 FE, Top 87 92

Figure 6.10 shows the wall shear stress affected roof area as a function of the burner block
position and focal point. Figure 646hows the trends in the data for the side burner configurations
evaluated and Figure 6.10b shows the trends in the data for the end burner configurations evaluated. The
side burner block position significantly influenced the wall shear stress affecfeaiea. As the side

burner block was moved towards the end wall, the wall shear stress affected roof area decreased. The
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furthest back side block position produced a value of zero wall shear stress affected roohetbmsseg

of burner focal point. Both the end burner block position and downward angle focal point influenced the
wall shear stress affected roof area. As the end burner block was moved in towards the furnace
centerline, the wall shear stress affected roof area increased. The affected roof aregeatsmlias the

downward angle focal point was moved down toward the gas-slag interface.

(a) (b)
Figure 6.10 Wall shear stress affected roof area as a function of burner block position and f
point for changes in the (a) side burner and (b) end burner.

Figure 6.11 shows contours of the wall shear stress affected roof area for the base case,
simulation 7 and simulation 16. Contours for simulation 16 are presented because this simulation
produced the highest wall shear stress affected roof area. Several simulations producethtira mini
wall shear stress affected roof area at a value of zero. The contours for simulatioregare@ras this
simulation produced both the minimum wall shear stress affected roof area and the avesage burd
surface temperature. The wall shear stress affected roof area for simulation 16 wasrgeunend
shifted towards the end wall when compared to the base case simulation.

Figure 6.12 shows contour plots of the roof temperatures normalized as a percent of the average
base case roof temperature for the base case, simulation 7 and sindiflafldrese plots visually depict
the difference in temperature magnitudes between each case since they are all normatizarte th
value. Simulation 7 produced a much lower and more even wall shear stress distribution on the roof. On

the other hand, simulation 16 produced a higher and more concentrated area of shear stressf.on the
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Figure 6.13 shows velocity vectors along the symmetry plane for the base case, simulation 7 and
simulation 16. These show the relative magnitudes and angles of the redirected flow to the roof which
was influenced by both the end and the side burners. Simulation 7 had the shallowest angle of flow
redirection whereas simulation 16 had the steepest angle of flow redirection. Aththatisin in which
the end burner downward angle focal point was shifted to the bottom position had the steep angle of flow
redirection. The highest velocity vectors along the symmetry plane occurred in the base chse, whi
caused a highest maximum wall shear stress on the roof. The angle of the flow redireetida tioev
roof and the relative velocities of the redirected gases caused the differences rearadtiess affected

area.

(@)

(b) (€)

Figure 6.11 Contour plots of the wall shear stress affected roof area for the (a) ba@d® case,
simulation 7 and (c) simulation 1@orientation: top view)
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(@)

(b) (c)

Figure 6.12 Contour plots of roof wall shear stress for the (a) base case, (b) simulation)7 an

simulation 16 normalized as a percentage of average base case roof wall shear
value.(orientation: top view)
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(@)

(b)

(€)

Figure 6.13 Velocity vectors along symmetry plane for the (a) base case, (b) simdlatid (c)
simulation 16.(orientation: side view)
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6.4 Furnace Side Wall

The furnace side wall was the second area of high wear that was evaluated in the burner
alignment study. Only the front half of the side wall was evaluated as that was the reypatied bf
high wear. Both temperature and wall shear stress at this location were compared fagrtva Oififner

configurations evaluated. The following sections detail the results of the simulations.

Comparison of Side Wall Temperatures

Table 6.6 shows the maximum roof temperature and the temperature affected side wall area.
Both parameters were normalized as a percentage of the base case value. The affected area was defined
as the total area on the side wall where the temperature was greater than 90% of madernmath Si
temperature for the base case simulation. The maximum side wall temperatures were both less and
greater than the base case value for the simulations that adjusted the side bhmaraxifium

temperature was always greater than the base case value for the simulations that lagljeistedurners.

Table 6.6: The Maximum Side Wall Temperature and Temperature Affected Side Wall Arealikkair
as Percentages of the Base Case Value for all the Burner Alignment Configurations

Burner Block Focal Temperature Affected Maximum Side Wall

SIM # Adiusted  Position  Point Side Wall Area Temperature
) (% of Base Case Value) (% of Base Case Value)
1 FS’ Forward 100 100
2 Seorward Fs, wmiddle 54 98
3 M Fs ack 28 98
4 Slde FS’ Forward 45 109
S Burner . Fs, wmiddle 32 98
6 Swiddle Fo sact o5 08
7 FS, Forward 7 115
8 Spack Fs. Middle 1 97
9 FS, Back 0 89
10 FE, Bottom 118 101
11 EOutside FE, Top 121 102
12 End Fe, middle 163 102
13 Burner Eviigal Fe, Bottom 155 102
14 B 160 104
15 Fe. middie 183 105
16 Einsde  FE, Bottom 190 104
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Figure 6.14 shows the temperature affected side wall area as a function of the burner block
position and focal point. Figure 6.14a shows the trends in the data for the side burner configurations
evaluated and Figure 6.14b shows the trends in the data for the end burner configurations evaluated. For
changes in side burner configuration, both the burner block position and the focal point impacted the
temperature affected side wall area. The temperature affected side wall area dectbassideaburner
block moved further towards the end wall and as the focal point moved from the forward to the back
position. The end burner downward angle focal point did not influence the temperature affected side wal
area as much at the end burner block position. As the end burner block moved in towards the furnace
centerline, the temperature affected side wall area increased.

(@) (b)

Figure 6.14 Temperature affected side wall area as a function of burner block position and f
point for changes in the (a) side burner and (b) end burner.

Figure 6.15 shows contours of the temperature affected roof area for the base case, simulation 9
and simulation 17. Contours for simulation 9 and 17 are presented because these simulations produced
the lowest and the highest temperature affected side wall area. The temperature affectebesizbe wal
was 0% of the base case for simulation 9. Simulation 17 produced a much larger temperature affected
side wall area above and to the right of the side burner opening.

Figure 6.16 shows contour plots of the side wall temperatures normalized as a percent of the
average base case roof temperature for the base case, simulation 9 and simulatiorelglot¥hes
visually depict the difference in temperature magnitudes between each case since thepanalaked

to the same value. The temperature contours show that simulation 9 produced a lower and more even
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temperature distribution on the side wall. The side wall in simulation 17 had experiencecasitiyif

hotter temperatures than the base case above and to the right of the side burner opening.

(@)

(b) (c)

Figure 6.15 Contour plots of the temperature affected side wall area for the (a) base case, (

simulation 9 and (c) simulation 17. The white square represents the side burner
block.(orientation: side view)

(@)

(b) (€)

Figure 6.16 Contour plots of side wall temperatures for the (a) base case, (b) simulatidn)9 a
simulation 17 normalized as a percentage of average base case side wall tempe
value. The white square represents the side burner toekatation: side view)
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The trends in this data can be explained through the use of Figure 6.17. Figure 6.17 presents
contour plots of temperature along the centerline plane of the side burners for the base catensdmul
and simulation 17. The position of the side burner in simulation 9 caused less direct flamerimeping
on the burden which resulted in a decrease of flow separation and recirculation on the furnace side wall.
On the other hand, the position of the end burners in simulation 17 caused a greater amount of heat to be

recirculated on the furnace side wall.

(@)

(b) (€)

Figure 6.17 Contour plots of temperature along the centerline plane of the side burner the (i
base case, (b) simulation 9 and (c) simulation(@entation: normal to plane)

Comparison of Side Wall Shear Stress

Table 6.7 shows the maximum side wall shear stress and the wall shear stress affected side wall

area. The affected area was defined as the total area on the side wall where the wall shear stress was
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greater than 90% of maximum side wall shear stress for the base case simulation. The maximum side

wall shear stress values for both sets of simulations were both less and greater than the balse cas

Table 6.7: The Maximum Side Wall Shear Stress and Wall Shear Stress Affected Side Wall .
Normalized as Percentages of the Base Case Value for all the Burner Alignment Configurat

Temperature Affected Maximum Side Wall

SIM  Burner Block Focal Side Wall Area Temperature

#  Adjusted Position  Point (% of Base Case Value) (% of Base Case Value)
1 FS, Forward 100 100
2 Fs, wmiddle 9 93
3 Sonvad FS, Back 0 85
4 Side Fs, Forward 53 98
) Burner Sui Fs, Middie 10 91
6 e Fs, Back 0 80
7 Fs, Forward 256 219
8 Ssack Fs, widdle 0 87
9 Fs, Back 0 87
10 Fe, Bottom 95 109
11 Eoutside Fe, Top 48 97
12 End Fe, middle 79 102
13 Burner E . I:E, Bottom 59 99
Middle

14 Fe, Top 73 99
15 Fe, middie 79 106
16 Elnside I:E, Bottom 0 89
17 I:E, Top 54 98

Figure 6.18 shows the wall shear stress affected side wall area as a function of the burner block
position and focal point. Figure 6.18a shows the trends in the data for the side burner configurations
evaluated and Figure 6.18b shows the trends in the data for the end burner configurations evaluated. The
main trend for the simulations that adjusted side burner alignment was that the batearastress
affected area decreased as the focal point was moved from the forward to the back positiorwarthe
focal point allowed for more recirculation of flow than the back focal point. The trend simtbé&tiors
that adjusted end burner alignment was not as clear. The side wall shear affected area daciieased f
end burner middle and inside block positions.

Figure 6.19 (see page 137) shows contours of the wall shear stress affected side wall area for the
base case, simulation 16 and simulation 7. Fig@@(8ee page 138) shows contour plots of the roof

temperatures normalized as a percent of the average base case roof temperature for the base case,
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simulation 16 and simulation 7. These plots visually depict the difference in temperatureidesgnit
between each case since they are all normalized to the same value. The contours for simudaiion
evaluated because this simulation had the largest wall shear stress affected side wall area anad maxim
side wall shear stress. Simulation 16 was chosen to evaluate the low range of side wall shear stress
affected area. The side burner inward angle had to be increased the greatest in simolatieet Thie
forward focal point position. This caused the side burner flame to impact the inside edge of the burner
block. The side view of the side wall shown in Figure 6.19 and Figure 6.20 did not capture this area of
the burner block.

Figure 6.21(see page 138) shows an isometric view of the side burner block where the maximum
side wall shear stress area occurred. If the side burner configuration were to be used, the burner block
dimensions would need to be adjusted to eliminate the flame contact. The area of maxinshaawrall
stress occurred in the same location for all the other burner configurations evaluateldw.andgo the
right of the side burner opening.

(a) (b)
Figure 6.18 Wall shear stress affected side wall area as a function of burner block position &
focal point for changes in the (a) side burner and (b) end burner.

6.5 Summary of Burner Alignment Study
Sixteen different burner alignment configurations were evaluated and compared to the base case
burden geometry. The first eight simulations altered the side burner alignment and the sétond eig

altered the end burner alignment. The front half of the side wall and roof were the two m@ndocat
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within the furnace that were studied. These two locations were chosen because they are the mai
locations of acute wear within lead processing reverberatory furnace [17]. Both temgpanat wall

shear stress at these locations were compared as a function of burner alignment to assess high wea
locations. Similar to the burden geometry simulations, the amount and location of the end and side burner
flame impingement greatly affected the flow patterns and heat transfer within the furnace. Meving t

side burners towards the end wall greatly reduced the temperature and the wall shear stezkarafiect

on both the roof and side wall. Shifting the side burners back also decreased the average burden surface
temperature which could negatively impact the smelting rate. Moving the end burners towards the
furnace centerline increased the average burden surface temperature while decreasing the wasshear st
affected areas on the roof and the side wall. The simulations in which the end burner downward angle
focal point was in the top position had the smallest wall shear stress affected areas on thesrdef and

wall among the simulations in which only the end burner was adjusted. The inward shift of the end
burner block increased the temperature affected areas on the roof and side wall though. Again, these
results seem to indicate that there could be a tradeoff smelting rate andmefs@eto More information

on the relationship between temperature and wall shear stress that causes high wear witlenkedwn

before the burner alignment could be fully optimized.

(@)

(b) (©)
Figure 6.19 Contour plots of the wall shear stress affected side wall area for the (a)&a$® cas
simulation 16 and (c) simulation 9. The white square represents the side burner blc
(orientation: side view
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(@)

(b) ()

Figure 6.20 Contour plots of side wall shear stress for the (a) base case, (b) simulation 16 anc
simulation 7 normalized as a percentage of average base case side wall shear stre
value. The white square represents the side burner boigktation: side view)

€)) (b)

Figure 6.21 Isometric view of the side burner block in simulation 9 showing contours of (a) w
shear stress affected area and (b) wall shear stress normalized as a percentage t
average side wall shear stress for the base @asentation: isometric view)
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CHAPTER 7
DISCUSSION

This research focused on investigating the impact of burden geometry and burner configuration
on the thermal and momentum stresses on the refractory surfaces along with burden surface ssnperatur
which could be used to provide insight into wear patterns and productivity of lead reverbierataces.

The thermal and momentum stresses were evaluated through the development of a 3D CFD model
coupled with combustion chemistry. The model was used to study the temperature and wall shear stress
contours on the roof and side wall as a function of burden geometry and burner alignment. The following
sections discuss and summarize the results of the simulations presented in Chapter 5 and 6 as well as

preliminary economics and recommendations for future work.

7.1 Results summary and analysis

A CFD model was developed and validated based on an industrially operated secondary lead
reverberatory furnace. The computational domain consisted of the combustion gas space which included
two end burners and two side burners. The model was run using mass flow inlets for the burner gas
streams as well as a symmetry boundary condition. The addition of the symmetry boundary condition
significantly decreased the computational time while maintaining acceptable accuracy. Atxolbsat
sink term was applied to the group of cells just above the gas-slag interface to accouritdat libes
due to the smelting and melting reactions as well as super heating of the burden materiagthibiois m
was calibrated based on the base case simulation and theefeed some loss in accuracy when other
burden geometries and burner alignment configurations that had different degrees ahflargement
were modeled (see Appendix C). Modeling the actual chemical reactions that occur within the burden
could help minimize these inaccuracies, but could also be very computationally expensive. Another way
to account for the smelting and melting reactions would be to specify a volumetric absorpti@ecbeffi
at the gas-slag interface rather than a certain amount of heat flux. This method would ftewtdif
amounts of heat to be transferred into the burden when the degree of flame impingement and burden
surface area are modified. Therefore, once the absorption coefficient was calibrated for thedyase
more direct comparison of various burden geometries and burner alignments could be evaluated. The use
of different sub-models was evaluated as well. The stand&tikulence model and the non-premixed
combustion model were used. The model was shown to predict measured temperatures and velocities in
the furnace, the burner flame dimensions and the general refractory wear pattemamattceptable
accuracy range. Better understanding of the variability in the validation measurements amd burde

dimensions will help improve upon the overall accuracy of the model.
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The validated model was first used to assess the influence of burden geometry on the flow
patterns and heat transfer within the furnace. In theory, burden geometry could be altered through
operational changes by modifying the feed rate or inlet location/orientation. Hgathlltand narrow
burden caused the most significant changes in the flow patterns and heat transfer withiratee f
Operating the furnace with a tall burden resulted in a large increase in the temperaturé stmebwal
stress affected areas on the side wall. The tall burden also resulted in a hotter armdri@rgéroof
refractory. On the other hand, the narrow burden caused a substantial decrease in the teamgkrature
wall shear stress affected areas on both the roof and the side wall. There was a tradexdédagstici
these burden geometries. The tall burden had the hottest average burden surface as a consequence of the
increased burden and flame interaction whereas the narrow burden had the lowest average burden surface
temperature. This may indicate that the smelting rate would be faster in a furnacéallituaen
versus a narrow burden. Therefore, one suggestion would be to maintain the volume of the tall burden
while employing a mechanism to guide the feed away from the side walls, thereby creating the desired
narrow burden shape.

Burner alignment was the second parameter investigated in these simulation studies. The burner
alignment is a physical change that could be made to the furnace to aid in optimization. Sixtesm differ
burner alignment configurations were examined. The first eight altered the side burneemtignchthe
last eight altered the end burner alignment. The results showed several trends. Moving the s&e burne
towards the end wall greatly reduced the temperature and wall shear stress affected area ombbth the r
and side wall, but also decreased the average burden surface temperature. Shifting the end burners in
towards the furnace centerline increased the average burden surface temperature and decredsed the wal
shear stress affected areas on the roof and the side wall. Although, the inward shift dieen
block increased the temperature affected areas on the roof and side wall. The simulatiortstimewhic
end burner downward angle focal point was in the top position had the smallest wall shear streds affect
areas on the roof and side wall and the largest temperature affected zones on the roof. The burner
alignment from simulation 4 would be suggested if minimizing wear while maintasniedfing rate is
the goal. The burner alignment in this simulation shifted the side burner block towards the ¢ad wall
positionSuvidde and the focal point tés, rorwad. This alignment resulted in lower temperature and wall
shear stress affected areas on both the roof and end wall when compared to the base case simulation. The
maximum temperature and wall shear stress on the roof and side wall were also slightiidovilee
base case values. The average burden surface temperature for this simulation was only margnally low
than the base case simulation, i.e. 99.6%.

The trends from the burden geometry and the burner alignment simulations point to a tradeoff

between refractory lifetime and smelting rate. More information on how the burden height and surf
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temperature impact the smelting rate as well as the relationship between the paramesaisdhdagh

refractory wear is needed to fully optimize the link between refractory lifetitiesmelting rate. One

way to improve the predictive power of the CFD model would be to perform simulations on the furnac
refractory material to gain a better understanding of the relationship between the paraatetarse

high areas of refractory wear. Literature reports that refractory wear in leaabging furnaces can be

caused or worsened through the combination of chemical, thermal and mechanical mechanisms [17], i.e. a
mixture of temperature and wall shear stress. Therefore, developing an empirical empéamncal

correlation between temperature and wall shear stress that was able to predict areas ofdiayly refra

wear could add greater accuracy to the CFD model when being used to evaluate operational and physical
changes that would result in a reduction of refractory wear. One group of researclrézd regpog this
approach when constructiagCFD model used to assess carbon brick wear within the blast furnace

hearth [125]. Refractory wear rate coefficients were calculated based on wearnfestsegeusing a

rotating disk apparatus. The wear rate coeffici&fi;alculated and evaluated using the data generated

by the model was:

[é)]

RE
™6 Lc:—éﬁ (7.1)

wherek. was the effective mass transfer paramepags the wall shear stress at the ismefractory
interface and2 was the reference wall shear stress based on the rotating disk simulation. The wear rate
coefficient was used to predict changes in the high wear areas within the refractoraf@dhction of
operational changes.

Several different wear functions could be constructed to estimate the relationship of temperatu
and wall shear stress that influences refractory wear, but actual furnace wear pademsiraulational
work would be needed to verify the expression. Other variables found to influence wear could also be
added to the developed function. Two example wear functions, Wear Function 1 and Wear Function 2,
were established to examine how different relationships between temperature and wall sheauttres
affect predicted areas of high wear. Wear Function 1 and Wear Function 2 are based on cangecture
further investigation into an appropriate wear function could be performed as part of future work. The
numerical solutions from the burden geometry study were used to construct contour plots of the two
example wear functions on the roof and side wall. These contour plots were used to evaluate the

differences between the two wear functions. The first function investigated was:
0 UL fe'f"f——"ft H fZ27Z Stf” - (7.2)

This function was constructed under the assumption that both parameters influence tlogyrefract

wear equally. Figure 7.1 and Figure 7.2 (see page 160 and 161) show contour plots of Wear Function 1
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for the furnace roof and side wall burden geometry simulations. The contour plots were verysimila

the ones shown in Figure 5.11 and Figure 5.19, which were the contour plots of the wall shear stress
normalized as a percentage of the average base case wall shear stress value. Thesieforg wehr

would occur in about the same locations where high shear stress was predicted if large Vehas of
Function 1 was used to assess the likelihood of wear. This occurred because the range for the wall shear
stress values was much larger than the range for the temperature values. The large wall shear stress
values were also concentrated in small locations on the roof and side wall and were not as evenly

distributed as the temperature values.

(@) (b)
() (d)
Figure 7.1 Contour plots of Wear Function 1 on the roof for the (a) base case, (b) tall, (c) s

and (d) narrow burden geometrigerientation: top view)
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The second function investigated was:

A

6 O L £V AXEkmer rspes (27 St Artes (19
where A was the pre-exponential factog wW&as the activation energy and R was the universal gas
constant. The pre-exponential factor was defined as one and the activation energy wasldstimsat
40 k—?ﬂ'\: Activation energies greater than%'\jlmdicate chemically controlled reactions [126].
Therefore, the construction of this function assumed that the influence of temperature scaled as a
chemically controlled reaction based on the Arrhenius equation. The influence of wall sssawas

decreased by raising it to the one-half power. Figure 7.3 and Figure 7.4 show contour plots of the Wear

Function 2 for the furnace roof and side wall for each burden case.

@) (b)
(©) (d)
Figure 7.2 Contour plots of Wear Function 1 on the side wall for the (a) base case, @))dadrt(

and (d) narrow burden geometries. The white square represents the side burner blc
(orientation: side view)

The shape and location of the high wear areas were slightly different for Wear Function 2
compared to Wear Function 1. This function weighted the influence of temperature greater than the
influence of wall shear stress which resulted in predicted high wear areas that were more of an
intermediate between the two parameters. Therefore, the high wear locations on the roof moved towards

the furnace end wall and high roof temperatures occurred more in the center of the frorthiealbof
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whereas high shear stress values occurred at the furnace centerline. The high wear locations also grew
larger because the high temperature locations typically encompassed a larger area than the high shear
stress locations. Using Wear Function 2 did not affect the predicted locations of high wear da the si
wall as much. This was because the areas of high temperature and wall shear stress roughlinoccurred

the same location and to the same extent on the side wall for all the burden geometries evaluated.

(a) (b)

(€) (d)

Figure 7.3 Contour plots of Wear Function 2 on the roof for the (a) base case, (b) tall, (¢c) s
and (d) narrow burden geometrigwientation: top view)

Figure 7.5 and Figure 7.6 show the average Wear Function 2 value in the high wear zones on the
roof and side wall as a function of average burden surface temperature for the burden geometry and
burner simulations. Again, the conclusions drawn from these plots are only valid if Wear Function 2 is an
accurate predictor of high wear areas within the furnace refractory. Wear Function 2 was trged f
analysis as informal conversations with reverberatory furnace operators suggestes! filmattibn

predicted more accurate locations of high refractory wear. The high wear zone was the area onithe roof
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side wall where the wear function values were greater than 90% of maximum wear function value for
each individual case. This definition was constructed to determine the average wear functiontkialue i
simulated high wear zones. All the plots show a trend between the average wear and the average burden
surface temperature, i.e. increased average burden surface temperature results in highearth&ues fo

wear function. The trend lines and associatéddRie are included on the plots. Points above the trend

line are not ideal as they correspond to conditions in which higher wear than the trend predicted would
occur for a given average burden surface temperature. Points below the line would indicate conditions at
which lower wear than the trend predicted occurred for a given average burden surface tesnpenatur
simulations with the three lowest burden surface temperatures were omitted from FBguas they

produced extremely high average wear function values in the high wear zortedlaone contact with

the edge of the burner block as shown in Figure 6.21. These simulations should be rerun with altered
burner block geometry.

(a) (b)
(©) (d)
Figure 7.4 Contour plots of Wear Function 2 on the side wall for the (a) base case, @) tall,

short and (d) narrow burden geometries. The white square represents the side b
block.(orientation: side view)

The average wear function value on the side wall was more sensitive to changes in the average
burden surface temperature than the average wear function value on the roof. This implidsethat if t
average burden surface temperature is increased to push lead throughout, the side wall would become the

main area of concern. The tall burden produced in the highest average burden surface tempeatature whi
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resulted in the highest average wear function value in the high wear zones on both the roof and the side
wall. The points for the tall burden fall below or on the trend line though, which could indicatkishat
condition results in the same relative refractory wear for increased lead througihputimulations that
manipulated the end burners all produced higher wear function values than the base case whereas the
simulations that manipulated the side burners all produced lower wear function values than thebase cas
on the roof and the side wall. A preliminary economic analysis was performed to assess which simulation
produced the most advantageous combination of average wear function and average burden surface

temperature.

(a) (b)
Figure 7.5 The average wear function 2 value in the high wear zone on the (a) roof and (b)
side wall as a function of the average burden surface temperature for the burder
geometry simulations.

7.2 Preliminary economic analysis

The wear function was used to construct a preliminary economic analysis. This analysis is very
simple and does not account for the time value of money or the cost of refractory material, which was
assumed to be insignificant. It is presented to show how the data calculated from the CFD model could
be used to assess the economic consequence of potential operational and physical changes. stgable 7.1 li
the process assumptions made for this analysis. These data were estimated frore [#¢@atd taken

from informal discussions with operators of secondary lead reverberatory furnaces.
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(@) (b)
Figure 7.6 The average wear function 2 in the high wear zone on the (a) roof and (b) the sic
as a function of the average burden surface temperature for the burner alignmer

simulations.

Table 7.1: Process Assumptions for the Economic Analysis

Process AssumptionsBase Case Situation

Production (short tons/year) 100,000

Refractory Lifetime (months) 12
Rebrick downtime duration (days 14

Uptime (days/year) 351
Starting Brick Thickness (in) 18
Ending Brick Thickness (in) 1

Market Price of Lead ($/short ton 2312

Point of Refractory Failure Roof

The relationship between lead production and average burden surface temperature for this

analysis was assumed to be:

PPt "t — =< el el (7.4)
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where . is a constant with units o%mﬁe relationship between wear rate and the wear function

for this analysis was assumed to be:

™Efr f-3L ... 0 ™Ef (7.5)

. . , 1810 .
wherecis a constant with units e£-35=——" _Both . andc were calibrated based on the base case

simulation and process assumptions. These two relationships were based on conjecture and are purely
preliminary estimates. More test work will need to be dorfally understand these relationships.

Table 7.2 and Table 7.3 show the preliminary economics of the different simulationseslaluat
The wear rate was calculated by equation 7.5. The roof was assumed to be the point of feiigre for
evaluation. Therefore, average wear function in the high wear zone on the roof was used. The refractory
lifetime and uptime per year were direct consequences of the wear rate. The lead production was
calculated using equation 7.4 where the average burden surface temperature was determined from the
CFD model. The total revenue for the base case was calculated using the market price dfthead an
change in revenue for each simulation is based off that value.

The results from this analysis show that the simulations with the highest burden surface
temperatures from both sets of results, i.e. the tall burden and simulation 14, resulted mi¢isé gre
economic benefit. This may seem counter intuitive as both these simulations also produced the large
indicators of high wear. The revenue from the higher production of lead outweighed thethest o
additional downtime for refractory repair. Therefore, optimization of the furnaceesalf in a
marginally shorter refractory lifetime with a large increase in lead production. Againctiredasions
are only valid if the assumed wear function, wear rate and lead production equations are accurate.
Developing accurate equations for these parameters and using them in conjunction with a CFD model

would result in a very powerful optimization tool for reverberatory furnaces.

Table 7.2: Preliminary Economic Analysis for the Burden Geometry Simulations when the Roof is th
of Refractory Failure.

Refractory Lead

Burden Wear Rate Lifetime Uptime Lead Production Production Change in
Shape (in/month) (months) (days/year) (short tons/day) (short tons/year) Revenue
Base 1.42 12 351.0 284.9 100000 $-
Tall 1.49 114 350.3 323.1 113167 $30,442,188
Short 1.26 135 352.6 282.7 99664 $(775,355)
Narrow 1.17 14.6 353.5 273.1 96546 $(7,983,618)
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Table 7.3: Preliminary Economic Analysis for the Burden Alignment Simulations when thesRbefRoint

of Refractory Failure.

Refractory , Lead Lead_ ,
SIM Wear Rate Lifetime Uptime Production Production Change in
#  (in/month) (months) (daysl/year) (short tons/day) (short Revenue
tons/year)
1 1.83 6 351.0 284.9 100000 $-
2 1.42 11.9 350.9 274.8 96435 $(8,241,390)
3 1.22 14.0 353.0 274.7 96946 $(7,061,659)
4 1.29 13.2 352.3 283.8 99980 $(45,813)
5 1.28 13.3 352.4 272.3 95958 $(9,345,074)
6 1.21 14.0 353.0 273.0 96378 $(8,373,873)
7 0.95 17.8 355.6 262.2 93237 $(15,635,597)
8 1.01 16.8 355.0 263.6 93569 $(14,867,500)
9 0.99 17.1 355.2 272.0 96626 $(7,800,317)
10 1.45 11.7 350.7 289.1 101363 $3,152,204
11 1.42 12.0 351.0 290.0 101790 $4,139,616
12 1.45 11.7 350.6 288.9 101302 $3,010,503
13 1.45 11.7 350.7 288.2 101065 $2,462,856
14 1.40 12.1 351.1 291.5 102369 $5,478,042
15 1.41 12.1 351.1 288.5 101294 $2,991,582
16 1.45 11.7 350.7 288.2 101072 $2,477,970
17 1.42 11.9 350.9 284.5 99835 $(380,351)

7.3 Future work

x Obtain additional temperature, velocity and pressure measurements within burners to confirm or

correct flow boundary conditions. Modeling the full burner could accomplish this as well.

x Obtain better understanding of the variability in the validation measurements and burden

dimensions to help improve upon the overall accuracy of the model.

x Alter heat sink treatment to be more accurate when adjusting various parameters such as burden

geometries and burner alignment. This could be accomplished through modeling the full

chemistry of the smelting and melting reactions or by applying an absorption coefficient to th

burden surface area. The absorption coefficient could be estimated from the base case simulation

or determined experimentally.

x Develop a wear function based on experimentation that could be used to predict areas of high

wear within the furnace as a function of all significant variables.
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x Explore the significance of a radiation sub-model on the overall numerical solution.
X Include dust particles in the model

X Add a chemical corrosion mechanism of refractory wear to the model
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CHAPTER 8
CONCLUSIONS

The goal of this research was to identify and minimize refractory wear zones caused by excess
thermal and mechanical stresses that occur within secondary lead reverberatory furnaceminganta
increasing the average burden surface temperature (used as a measure of the of smeliaiggarate)
secondary goal. Decreasing areas of high thermal and mechanical stresses on the reftanttrgseit
types of furnaces is important to the economics of many operations at the rate of refraatavijl wea
directly affect the length of refractory lifetime and the productivity of the funackH SURMHFW TV JRDC
accomplished through the development of a 3D Computational Fluid Dynamic (CFD) model coupled with
combustion chemistry. The CFD model allowed the complex transport phenomena that cause wear
within secondary lead reverberatory furnaces to be predicted and evaluated how changeshmade to t
furnace affected the temperature and wall shear stress distributions. The main conolukmpsesent

work are as follows:

X The developed CFD model successfully predicted temperature and velocity measurements,
flame dimensions and general wear patterns based on an operational lead reverberatory
furnace with reasonable accuracy.

X The burden geometry significantly affected the temperature and wall shear stress distributions
on the roof and side wall refractory. The tall burden caused a more intense and concentrated
hot spot on the furnace roof as well as increased the flow recirculation on the furnace side
wall. The narrow burden resulted in a decrease in the thermal and mechanical wear
indicators both on the roof and on the side wall.

X The burner alignment also significantly affected the temperature and wall shear stress
distributions on the roof and side wall refractory. Altering the side burner configuration had
a greater impact on the wear indicators than altering the end burner configuratieneral g
moving the side burners towards the end wall decreased the thermal and mechanical wear
indicators on the roof and side wall.

X Changes in both burden geometry and burner alignment altered the amount and location of
the end and side burner flame impingement on the furnace burden. Varying degrees in flame
impingement is what caused differences in the wear indicators on the roof and side wall as
well as the average burden surface temperature which was used as a measure of smelting rate.

X A semi-empirical wear function was developed that combined the influence of temperature
and wall shear stress on the areas of high refractory wear within the furnace. This evaluation
showed that simulations that resulted in a higher average wear function of the roof and side
wall also had a hotter average burden surface temperature. These results may indicate that
there is a tradeoff between smelting rate and refractory lifetime.

151



[1]

[2]

(3]
[4]

[5]
[6]

[7]
(8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

- ( 'XWUL]DF - $ *RQ]JDOH] ' 0 +HQNH DQG 6-A -DPHV 33Ul
6XUYH\ RI ([LVWLQJ 6PHOWed-ZinDP2W. 5SHILQHULHV ~ LQ

5 =LHJIHOG 3,PSRUWD Q RtthEQvBorgnétal\HeRll ArHrd. Grol. 8, no. 2, pp.
202212, 1964.

J. J. MooreChemical MetallurgyLondon: Butterworths, 1981.

3 % 4XHQHDX -DPHV 6 ( 'RZQH\ - 3 fAnl HMO 0 the BWniled 3 5HF\FOL
6 W D \ird Y/edd Processvol. 3, 2015.

T. RosenqvistPrinciples of Extractive MetallurgyNew York: McGraw-Hill, 1974.

P. Mullinger and B. Jenkin#ndustrial and Process FurnaceBurlington, MA: Butterwork-
Heinemann, 2008.

W. H. DennisMetallurgy of the Non-ferrous Metaland ed. London: Pitman, 1961.

3 $ OH\HU 0 - %URZQ DQG + )DON 3*OREDO DSSURDFK WR L
SRLVR @u&. REes. Mutat. Resvol. 659, no. 1, pp. 16875, 2008.

H. Bode,Lead-acid batteriesNew York, NY: John Wiley & Sons, Inc, 1977.

( 5DJHOOL 3:3URVSHFWYV IRU OHDG =D B.lPFeweSoMesldl L6y LQ WKH
no. 12, pp. 28, 2003.

5 -ROO\DQG & 5KLQ 3*7*PRLUGHEDAODWEH U IRHVO BBWARGXFWLRQ RI OH
Resour. Conserv. Recyalol. 10, no. 12, pp. 13443, 1994.

; =KX [/ /L ; 6XQ ' <DQJ [/ *DR - /LX 5 9 .XPhastic DQG - <D
OHDG R[LGH IURP VSHQW OHDG DFLG E biyWnetdlur§ydy.WH YLD FKH
117418. pp. 2481, 2012.

/ $OEHUW DQG % &KDXPRQW 38VH RI VHFRQGDU\ OHDG IRU QtF
vol. 42, pp. 1124, 1993.

' & 5 (VSLQRVD $ 0 %HUQDUGHV DQG - $ 6 7HQYULR 32$Q
IRU WKH UHF\F O LUQPawRrl SEUECY&/N. M35 i V2, pp. 311819, 2004.

D. Schriner, P. Taylor, J. Grogan, G. Resource, B. Furn®@@& a6 & KHPLVWU\ 3% UHYLHZ
FKHPLVWU\ LQ O HAaantes iR Molieh Qldgs, Elwxes, and Salts: Proceedings of the
10th International Conference on Molten Slags, Fluxes and, 2816.

0 OLOORWWH 37KH ,QW H Bufindd v tielInflusify ko &aQ J ABiR Brtiety \
5HF\FOLQJ 898,999%. *

" *UHJXUHN . 5HLQKDUWHU & ODMFHQRYLF & :HQ]JO DQG D
SKHQRPHQD LQ OHDG SHERfEevaxnLEp/vdlX38,Qd €, iip/ 1688698, 2015.

7 7TDVFKOHU Z3:5HIUDFWRU\ ODWHULDOV Té&ltanwWteiHatkoReE SHU DQG /

152



[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

Conference on Refractorie2004, pp. 302320.

' *UHJXUHN $ 5HVVOHU 9 S5HLWHU $ )UDQ]JNRZYWedr $ 6SDQ!L
OHFKDQLVPV LQ WKH 1RQIHUURXV OHWDO , QIOM VW 65\ ndd HVWLQJ |
11, pp. 1622630, 2013.

" *UHJXUHN 3)RUVWHULWH %XUVW LT CaBe SDdied o lRad KURP LW H
DQG &RSSHU 6P H ORMILBDI, YoX @, @D 4953/ 2011.

" *UHJXUHN . 5HLQKDUWHU 9 5HLWHU & :HQ]JO DQG $ 6SDC
Magnesia& KURPLWH %ULFN IURP D /HDR VBIHG7)\ RoO9, QpJ2D¥A0ZID FH ~
2015.

L. Scheunis, A. FalahMedt MDUGL 0 &DPSIRUWV 3 7 -RQHV % %ODQSC
of phase formation during use on the chemical corrosion of magnesia-chromite refractories in

contact with a non-ferrous Pb®L 2 E D V H & EUrOdethm. Sogvol. 34, no. 6, pp. 1599

1610, 2014.

( 3UHVWHV D 6 D &KLQHODWWR DQG : 6 5HVHQGH 33RVW
FKURPLWH EULFN XVHG LQ VKRUW URW Cerani¥dvq.6% Ho.R| VHFRQG
333, pp. 6166, 2009.

J. Tu, G.-H. Yeoh, and C. LiGomputational fluid dynamics: A Practical Approaé&mnd ed.
Oxford, UK: Butterwork-Heinemann, 2013.

J. BlazekComputational Fluid Dynamics: Principles and Applicatio@xford, UK: Butterworth-
Heinemann, 2015.

F. MagoulesComputational Fluid Dynamic8oca Raton, Fl: Taylor and Francis Group, LLC,
2011.

F. Moukalled, M. Darwish, and L. Mangaiiihe Finite Volume Method in Computational Fluid
Dynamics: An Advanced Introduction with OpenFOAM® and Matlab ed. Springer
International Publishing, 2015.

J. Tu, G.-H. Yeoh, and C. LiGomputational Fluid Dynamics: A Practical Approach
Amsterdam: Butterworth-Heinemann, 2008.

3$16<6 JOXHQW " $16<6 ,QF

D. R. Poirier and G. H. Geigefransport Phenomena in Materials Processiwarrendale, PA:
The Minerals, Metals & Materials Society, 1994.

D. Young, B. Munson, T. Okiishi, and W. HuebsABrief Introduction to Fluid Mechani¢csth
ed. Hoboken, NJ: John Wiley & Sons, Inc, 2011.

ANSYS Fluent Theory Guideelease 15. ANSYS, Inc., 2013.
$16<6 )OXHQW 8 Reéfddsp\5F XNSF 8l Inc., 2013.

" 9H\QDQWH DQG / 9HUYLVFK 37XUPKQ@ H@g\y EARBUEBXSEWLRQ PRGEH
vol. 28, no. 3, pp. 19866, 2002.

153



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

P. Durbin and B. Reif$tatistical theory and modeling for turbulent flo\ad ed. Chichester,
West Sussex, UK: J. Wiley, 2011.

T. Bergman, A. Lavine, F. Incropera, and D. Dewitat and Mass Transferth ed. Hoboken,
NJ: John Wiley & Sons, Inc, 2011.

S. TurnsAn Introduction to Combustion: Concepts and Applicati@nd ed. New York, NY:
McGraw-Hill, 2012.

6 7 -RKDQVHQ 3$SSOLFDWLRQV RI FRPSXWDWLRQDO IOXLG G\
PHWD O O XUJL Fb@elisdddertificatiohl ahd Control A Norwegian Research Bulletin
vol. 18, no. 2. pp. 10422, 1997.

J. Baukal, Charles, V. Gershtein, and X.Camputational Fluid Dynamics in Industrial
CombustionCRC Press, 2001.

9 $ SUXWI\XQRY , $ /HYLWVNLLelopreat of méthodsHE@® GXOODHY 3'HY
PDWKHPDWLFDO PRGHOLQJ RI WKHUPRSK\VLFK&aurgitt RAEFEHVVHYV LC
55, no. 1, pp. ¥, 2011.

- )XUX 7 %HUJVWURP DQG . 0D Wtel & IbvteniferdirddxyiuelL VR Q R
burnersif RU DO XPLQXP KHDW LE Indegh&tioRd Confdrepde onlA@minim Alloys
(ICAA12) 2010, pp. 2288292.

* :DOWHU [/ .LVV DQG -BbjekthEabtiangfeyv tsing paf&@dntburner types and
RULHQW DLiygHt Re@als 2006Qpp. 74%46.

- )XUX $ %XFKKRO] 7 + %HUJVWUiP DQG . ODRUIW&HQVHQ 31
Air- IXHO %XUQHUV IRU $O0 XiBHt WdtsF200 2 GWIDIZDA2. L Q

- )XUX DQG $ %XFKKRO] 21XPH Wf&rn@ FuRSE#eaNd@siyR1 +HDW 7UD
) X U Q D ALight Me@ls 2015, pp. 89900.

$ .XPDU 5 9HQXWXUXPLOOL / .LVV DQG * :DOWHU 3([SHULP
7UDQVIHU LQ DQ ([SH UTMSi GanematPpélBoIECHgrz008, @l. 3, pp. 115
120.

3 ( .LQJ 0 & +D\HV 7 /L 4 +DQ 0 +DVVDP DQG % 0 *ROF}
RI DQ ([SHULPHQWDO 5HYHU E H U DightRMetalssaD06 Pip BP0 X UQDFH ~ L Q

B. M. Golchert, C. Q. Zhou, A. Quenetter, QDH) DQG 3 ( .LQJ 3&RPEXVWLRQ VSI
RI DQ DOXPLQ X RighkMefaB E18952005pp. 887892.

$ . XPDU 5 9HQXWXUXPLOOL DQG 3 ( .L@®urdehdireraGivrHVWLJIDWL
during Remelting in an Experimental AluminuihH Y HU E D W R U \ EPROWCQnDred42008, Q
pp. 6166.

$ %XFKKRO] DQG - 5RGVHWK 3 QYHVWLJIJDWLRQ RI +HDW 7UDQ
OHOWLQJ )XUQDFH E\ 1XPliutiMeal®2@R,@Ehd LrMPLB4. L Q

Y.Wu, Y. Shen,A.Yu = -LDQJ ; =KDQJ DQG 4 ;XH 320RGHOOLQJ RI 'L

154



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

5RWDU\ +HDUWK )XUQDFH IRU OHWDOOXUJLFDOthXVW 5HF\FOLQ.
International Conference on CFD in the Minerals and Process Indusgi&s, pp. 7.

B.Zhou,< <DQJ DQG 0 5HXWHU 33URFHVV ORGHOLQJ RI $OXPLQX
OHWDO %DWK LQ D 5RIghDWetRI$A004K ppQoRB24. ~ L Q

% =KRX < <DQJ 0 D S5HXWHU DQG 8 0 - %RLQ 3*0RGHOOLQ.
URWDU\ IMineQEng,Hol. 19, no. 3, pp. 29808, 2006.

% =KRX < <DQJ 0 $ 5HXWHU -B&3&l Bocéss ModélRg @ 3&)°
aluminiuP VFUDS PHOWLQJ L ®rdy. ComDElid IDYpp.CLE4 2007.

M. Geerdes, H. Toxopeus, and C. Van Der Viéddern Blast Furnace Ironmakingmsterdam:
IOS Press BV, 20089.

& %HOW % *ROFKHUW 3 .LQJ 5 3WHUVRQ DQG - 7HVVDQGR
(QHUJ\ 6DYLQJV 7HFKQRORJL H VLiytRVechals 606 .2, piH &3BEEQJ ~ L Q

+ <DQ * /L = ;X 3 =KRX DQG = &rKod @omBusKdn idrodessiza@ VLP XODV
RSWLPL]IDWLRQ RI VWUXFWXUH IRU WKH UHtE@diidnBlHG FRSSHU U]
Conference on Intelligent Systems Design and Engineering Applica2ioha, pp. 1063.066.

M. Bole, L. Hathon, P. Kapus, and MfJORQQHO 3/HDG 6HFRQGDU\ /HDG 6PHOW

5HYHUEHUDW RBHNA)Dirdapeate ldf Technical Support and Emergency Management
2015. .

W. D. Whitney and B. E. Smitffhe Century Dictionary; an Encyclopedic Lexicon of the English
Language New York: Century, 1895.

M. SchlesingerAluminum Recycling2nd ed. Boca Raton, Fl: CRC Press, 2014.

- YJHHVH DQG ) /HVLQ 35HGXFLQJ PHWDO ORVV LQ VLGH ZHOO
W H F K Q R Qighd Métals Q009, p. 721.

P.:KLWHOH\ 3% +LVWRULFDO 3HUVSHFWLYH RI $OXMAleQ LXP &DV W
Sci. Forumvol. 693, pp. 739, 2011.

+ *ULSHQEHUJ - /RGLQ DQG . -méltinyly @ddde ofip8-WLPLVHG 5H
temperature Oxyfuel at Hydro Aluminiums Primary Aluminium Casthouse, Oevre Aardal,

1 R U Z D \Light Ketals 2010, pp. 685690.

% 6SDOGLQJ 33+2(1,&6 ~ &+%$0 :LPEOHGRQ (QJODQG

& . %HOW % 0 *ROFKHUW 3 ( .LQJ 5 ' 3HWHUVRQ DQG -
Application of D2( (QHUJ\ 6DYLQJV 7THFKQRORJLH \ight Rlefag X0B& Q XP OH O\

6 7 -RKDQVHQ 30XOWLSKDVH IORZ PR HAEIMORURERHWDOOXUJIL
26, no. &7, pp. 739745, 2002.

C. Bodsworth and H. B. Bradlelhysical Chemistry of Iron and Steel Manufacturengman,
London, 1972.

155



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

© 7 &KHQJ & 1 +XDQJ DQG 6 : 'X 37KUHH GLPHQVLRQDO LU
KHDUWK RI D EODVW |XU Q DEHemGEY. ISQMDI.\ED H SA4EEIRR | PROISH V V ~

6 . 'DVK ' 1 -KD 6 . $MPDQL DQG D 8SDGK\D\D 32SWLPLV
PLQLPLVH IORZ LQGXFHG ZD O Qrovikak DsteelnakizoH 31YndR § p KH KHD U W
207215, 2004.

S. K. Dash, S. K. Ajmani, A. Kumar,andH6 6DQGKX 32SWLPXP WDSKROH OHQJ
LQGXFHG VWUHVVHV ~ ¥1BQ001. QR SS *

/ 6KDR DQG + 6D[pQ 31XPHULFDO 3UHGLFWLRQ RI ,URQ )ORZ L
)XUQDFH StdddRed/ tvol. 83, no. 9, pp. 87885, 2012.

. 6KLEDWD < .LPXUD 0 6KLPL]X DQ GménCdReDaBMHOEMe&ED PLFV R
JORZ LQ D % ODVW IBKUNQ DF BD, Adi B, PpVAKR15, 1990.

9 3DQMNRYLF - 6 7UXHORYH DQG 3 orlwand hedttdarsketin FDO PRCG
EODVW | XU Qiorimak KSteBitdapv/il. 29, no. 5, pp. 39600, 2002.

% *XR 3 =XOOL ' ODOGRQDGR DQG $ <XSlag3uefete LFDO $QDO\
,QWHUDFWLRQ L Q PfitlOmevnationAl\Canizfehte o QFD in the Process Industries
2006.

% *XR D <X % :ULJKW DQG 3 =XOOL 36LPXODGNdrRQ RI 7XUE
Eng. Technol.vol. 29, no. 5, pp. 59603, 2006.

B-< *XR ' ODOGRQDGR 3 =X0o@elindeGquid Medl Fidy)and Heat
7UDQVIHU LQ %O D VI®IJ )X,Wea. 28 Ho. 42 pJ 186685, 2008.

% < *XR 3 =XOOL ' ODOGRQDGR DQG $ % <X 3% ORGHO WR
,ZURQ % ODVW ) XMeah Meter. Frand.\B Rrocess Metall. Mater. Process,, Sol. 41,
no. 4, pp. 878885, 2010.

% *XR 30RGHOOLQJ RI 7LWDQLXP &RPSRXQGINNRUBDSKHERQ LQ %
Res, vol. 16, pp. 851856, 2009.

B.Y.Guo, A-B.Yu,P=XOOL DQG ' ODOGRQDGR 32&) ORGHOLQJ DQG $¢
+HDW 7UDQVIHU DQG 0DVV 7UDQVS$ttd) ReS IMvolh@ .\, gpX UQDFH +HI
5794586, 2011.

& + /LQ : 7 &KHQJ DQG 6 : 'X 31XPH UdnbDenpsratthSih FWLRQ R
WKH HURGHG EODVW IXUQDFH KHDU WM. Zdmvikh. WdavWBs L XP GLR[LC
Transf, vol. 36, no. 4, pp. 33841, 2009.

., ) .XUXQRY 9 1 /RJLQRY DQG ' 1 7LNKRG®RMCEOHWKRGV R
F D P S D Métallufgist vol. 50, no. 132, pp. 605613, 2006.

- 3RVW 7 3HHWHUV < <DQJ DQG 0 5HXWHU 3+RW OHWDO )O
ThermalaQ G &DUERQ 'LVVROXWLRQ (IITHFWV RQ % XRMIr F\ )ORZ DQ
International Conference on CFD in the Minerals and Process Indusf@33, no. December,

pp. 433#440.

156



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Y. Yang, B. Zhou, J. R. Post, E. Scheepers, M. A. Reuter,and RB03&)' VLPXODWLRQV RI
S\URPHWD O O XUJL FiildnterdRdénbl Codhifekence dn@FD in the Process
Industries 2006, pp. 1.

& ( +XDQJ 6 : 'X DQG : 7 &KHQJ B31XPHULFDO ,QYHVWLJDW!
Furnace Hearth throu§ &) 'ISIJ Int, vol. 48, no. 9, pp. 1182187, 2008.

& 0 &KDQJ : 7 &KHQJ & ( +XDQJ DQG 6 : 'X 31XPHULFDO
WKH KHDUWK RI D EODVW |X Ul@ICBHMEXHEaQIASWTEaSsEoL @6) n6.UR FHV V
5, pp. 480490, 2009.

< =KDQJ 5 'HVKSDQGH ' )JUDQN +XDQJ 3 &KDXEDO DQG &
blast furnace hearth inner profile by using CFD and heat transfer model for different time
S H U L RtGJVHeat Mass Transfvol. 51, no. 2, pp. 186497, 2008.

& 4 =KRX ) <DQ DQG ' 5ROGDQ 3:(YDOXDWLRQ RI ,QWHUQDO
Usinga 3 &)' OR G H Q\ISTeaR2005, vol. I, pp. 28R92.

' +XDQJ 3 &KDXEDO ) <DQ D Q GCE&D model FoRUNder3tanding thel R1 D
,QWHUQDO &RQGLWLR Q Vhd 5h Burbhead Bcke andUranbaking Cangress
2005.

- 7RUUNXOOD DQG + 6D[pQ 20RGHO RI WSHnNY VSIDA, Ho.F] WKH EO
pp. 438447, 2000.

0 1DLWR DQG , ORULPDVD 35HFHQW SURJUHVV RI SUDFWLFDO
LQQRYDWLYH WU L DSahh InrethatiemaHSyInpdsxitd: Advaha@d Processing of Metals
and Materials 2006, vol. 7.

3675($0 ~ 6 RIWZ B Od] L&dU@sEKk®, Japan, 1984.

- 5 3RVW DQG 0 $ 5HXWHU 37KH 'LVWULEXWHG 1DWXUH RI OC
/ILTXLG )ORZ DQG 0DVV 7UDQVIHU LQ Wikefin2boDdD Bast Fuxnac@DFH /R Z}
Lower Zone Symposiyra002.

- 5 3RVW < <DQJ DQG 0 $ 5HXWHU B30RGHOOLQJ WKH ,QKRP
YXUQDFHx WKH 3RSXODWLRQ Zbdidefnbtidndl RIBeHaDPIHSESSBEDFK ~ LQ
Congress2003, pp. 13961405.

+ . XURVDZD 6 ODWVXKDVKL 6 1DWVXL 7 .RQ 6CROHGD 5 ,Q
Model Considering Softening Behavior of Ore Particles in Cohesive Zone and Gas Flow Analysis
DW /RZ &RNH 5DWH USJ %tOVDIVEZ, noXa) gpDIBH017, 2012.

$ $OO0OHUW)*QRGHOOLQJ RI WKH ,URQPDNLQJ %ODVW )XUQDFH
Technology, 2014.

6 ODWVXKDVKL + .XURVDZD 6 1DWVXL 7 .RQ 6 8HGD 5 ,Q
of Coke Mixed Charging Based on Packed Bed Structure and Gas Permeability Changes in Blast
Furnace by DEM&)' 0 R G HSDJ Iht, vol. 52, no. 11, pp. 1990999, 2012.

= =KRX + =KX $ <X DQG 3 =XOOL 31XPHULFDO ,QYHVWLJDW

157



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

in an lronmaking Blast FuU® D F8&IJ'Int, vol. 50, no. 4, pp. 51523, 2010.

6 1DWVXL 6 8HGD + 1RJDPL - .DQR 5 ,QRXH DQG 7 $UL\D
Solid Flows in Blast Furnace with Shaft Gas Injection by Hybrid Model of D&Y~ ‘ISIJ Int,
vol. 51, no. 9, pp. 5568, 2011.

$ 7 $GHPD < ; <DQJ DQG 5 %RRP -CompudticshaVFHUilOHPHQW OHW
Dynamic Simulation of the Materials Flow inan rdhD NLQJ % O D USM Ihi W@ BDFrd. -
7, pp. 954061, 2010.

D.Fu,C.Q.ZhouDQG < &KHQ 31XPHULFDO OHWKRGV IRU 6LPXODWLQ
% ODVW )XU QDReim6ICDENY. Apphol. 6, no. 2, p. 21014, 2014.

)X < &KHQ < =KDR - '"f$OHVVLR . - )HUURQ DQG & 4 =K
multiphDVH UHDFWLQJ IORZ LQ EODVW | XApR.ORkdrMMBKRgVvbIWEE LW K OD\H
pp. 298808, 2014.

" )X ) +XDQJ ) 7LDQ DQG & 4 =KRX 3% XUGHQ GHVFHQGLQJ
| XU Q D RBILO ALSQech e Iron and Steel Technology Conference Proceezidigs p. 69.

- %DFENXV 3)2575%$1 ~ ,%0

3 +tHOOEHUJ 7 -RQVVRQ 3 -|QVVRQ DQG ' 6KHQJ 3% PRGHO
W X\ HRduHth'Int. Conf. CFD Oil Gas, Metall. Process Indp. 15, 2005.

< 6 6KHQ ' ODOGRQDGR % < *XR D % <X 3 $XVWLQ DQG
"\QDPLFV 6WXG\ RI 3XOYHUL]HG &RDO &RPHXMVWLE®MLQ %ODVW
Res, vol. 48, pp. 1031410323, 2009.

Y. Shen, A. Yu,andP.ZDOL 3&)' ORGHOOLQJ DQG $QDO\VLV RI 3XOYHUL
)XUQDFH $Q Btdl RasLIRNDI. 82, no. 5, pp. 53542, 2011.

< 6 6KHQ D % <X 3 5 $XVWLQ Bunace3phenXefelof &) VWXG\ R
SXOYHULVHG FRDO LQMHFWLRQ LQ EOD YV WRowdeTedfoHol(ITHFWV R
223, pp. 2788, 2012.

Y. S.Shen, B.Y.Guo, A.B.Yu,P.BRXVWLQ DQG 3-dim¥nGSihal mdaedling-bkin-
IXUQDFH FRDO FRNH FRPE XKl ké Q0,InQ DpfE TeFIBYROLX.UQDFH

< 6 BKHQ % < *XR $ % <X -ddr@rGioBal runerioel stidy ofteU H H
combustionRl FRDO EOHQGV Ew@l oD 88Ynd. 2, 26RE3H2009.

< BKHQ % *XR $ <X DQG 3 =XOOL B30RGHO 6WXG\ RI WKH (Il
&RQGLWLRQV RQ 3XOYHUISIHG, ORI Mo&aR D E®28 PRY -

< BKHQ % *XR $ <X ' ODOGRQDGR 3dinfeXyonaLNpdeli®y®f 3 =XO0O|
&RDO &RPEXVWLRQ LSU I96,Q®.8Vn).6bQ. JFAS6, 2008.

< BKHQ $ <X 3 $XVWLQ D Q@rdacepi@@rienad Rub/erized toald L Q

LQMHFWLRQ LQ LURQPDNLQJ EODVW | Xle.Efgvol( BBHpVB4R | FRNH I
65, 2012.

158



[112]

[113]

[114]

[115]

[116]

[117]
[118]
[119]
[120]
[121]
[122]
[123]

[124]

[125]

[126]

' ODOGRQDGR 3 5 $XVWLQ 3 =XOOL DQG % *XR 30RGHOLQJ
Ironmaking Blast) X UQDFH 5DFHZD\ ORGHO 'HYHO R@GFE echnQlG $SSOLF
vol. 6, no. 3, 2009.

K. Ishii, Advanced Pulverized Coal Injection Technology and Blast Furnace Oper@xibord,
UK: Elsevier, 2000.

- * ODWKLHVRQ - 6 7UXHORYH DQG + 5RJHUV 37RZDUG DQ |
EODVW IXUQDFH Wi \elUg4, hoQ1a, ki N2PEREY, 2005.

0 3 6FKZDU] 3&RPSXWDWLRQDO ORGHOL @dmRuta@iogth® DOV 5HG XFV
Modelling of Materials, Minearls and Metals Processi@g01, pp. 2340.

% =KRX < <DQJ DQG 0 $ 5HXWHU 36WXG\ RI OHOWLQJ %HKD
OROWHQ ORM3\Wall 200R Extraction and Processsing Division Meeting on Recycling and

Waste Treatment in Mineral and Metal Processi2@02.

'DVVDXOW 6\VWHPV 36ROLG:RUNV !

33\ U H 7 W\Rd&ican Combustion International

3. QWURGXFWLRQ WR $16<6 OHVKLQJ "~ $16<6 ,1&

Harbison Walker IntereWLRQDO 3+DUELVRQ :DONHU ,QWHUQDWLRQDO 3
$16<6 ,1& B36ROYHU 6HWWLQJV ’

3 4XHQHDX 35HF\FOLQJ /HDG ~ &RORUDGR 6FKRRO RI OLQHV *
3+6& " 2XWRNXPSX 5HVHDUFK 3RUL )LQGODQG

W. Kowalski, H.-J. Bachhofen, H3- 5XWKHU 6 5RGO . ODU[ DQG 7 7KLHPD
RQ WDSSLQJ VWUDWHJILHYVY DW WKH EODVW IXUQDFHQRLWK VSHF
57, pp. 595606.

3 ,ZDPDVD * &DIIHU\ : :DUQLHibg oDIQreFléw, Héat DavisferpdR@G H O
S5HIUDFWRU\ :HDU LQ WKH +HD U WIKteRation@ CahirRendd W MIn) XUQDFH
the Mineral & Metal Processing and Power Generation Industi@87, pp. 28%96.

J. Grogan, C. G. Anderson, P. TRU ( 9LGDO 5 * (JJHUW DQG % OLVKUD
*DOYDQL]HG 6WHHO ~ &RORUDGR 6FKRRO RI OLQHV

159



MESH REFINEMENT STUDY

APPENDIX A

Below are plots of the mesh refinement studies performed for the three additional burden

geometries evaluated. The calculated temperatures and velocity at the validation latldéeekout

between 2.5 and 3 million cells.
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Figure A.3 Calculated temperatures at the validation points through the (a) observatidy) por

slag hole, (c) flue port and (d) calculated velocity through the flue port as a functi
number of cells for thearrow burden geometry
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APPENDIX B
DISCUSSION ON THE FURNACE HEAT SINK

The value for the heat sink included in the model to account for melting, smelting and superheat
was estimated based on average feed rates and fine-tuned for the base case burden geomtdty. The to
heat flow (W) into the burden remained constant regardless of burden geometry. As discussed in section
5.3, the value of the heat content sunk into the burden would be dependent on both the burden surface
area and temperature. The burden geometries with the largest flame surface area in toti&ct wi
burden had the highest burden surface temperature. Therefore, for the burden geometrgramulati
would be expected that taller burden would have a larger heat sink term and that the short and narrow
burdens would have a smaller heat sink term than the base case simulation. Maintaining a constant total
heat flow into the heat sink would then lead to over predictions of temperatures for iedat
geometry and under predictions of temperature for the short and narrow burden geometries. It was
important to understand the effect of the heat sink value as various conclusions were drawn based on roof
and side wall temperatures.

The sensitivity of the results to the value of the total heat flow sunk into the burdenaluases\/
using the tall burden geometry. Two addiibsimulations were run; one in which the total heat flow
into the heat sink was increased by 5% and the other in which the total heat flow into giekheat
increased by 10%. An increase in 5% corresponds to the amount of heat flow that would have been sunk
into the burden if the volumetric (i) heat flow was held constant rather than the total heat flow as the
heat sink volume for the tall burden was slightly larger than the base case.

Figure C.1 shows contour plots of roof temperatures for the tall burden geometry normalized as
percentages of the average base case roof temperature for the three different heat simksconldi
area of maximum temperature decreased as the total heat flow into the burden was inceddedell T
shows a comparison of average and maximum roof parameters for the different heat sink conditions
normalized as a percentage of the base case value. Table C.2 shows a comparison of average and
maximum side wall parameters for the different heat sink conditions normalized as a percentage of th
base case value. Ideally, all the heat sink conditions would produce very similar resultspmtheatihe
variables investigated were not sensitive to the heat sink value. The average and maxinsbeawal
stress values were not sensitive to changes in total heat flow into the heat sink. f ane side wall
temperatures were more sensitive to changes in the heat sink value. The changes in temperaiures did
scale linearly with changes in the heat sink value though. A 10% increase in the heat sink vadue cause
the average and maximum temperature on the roof to decrease by only 2%. The average and maximum

side wall temperatures both decreased by 6% for a 10% increase in the heat sink value.
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Table B.1: Comparison of Average and Maximum Roof Parameters for the Different Heat Si
Conditions Normalized as a Percentage of the Base Case Value

Parameter Original 5% Increase 10% Increase
Average Temperature 101 99 98
Maximum Temperature 107 106 105
Average Wall Shear Stres¢ 105 105 105
Maximum Wall Shear Stres 93 93 93

Table B.2: Comparison of Average and Maximum Side Wall Parameters for the Diffian®ink
Conditions Normalized as a Percentage of the Base Case Value

Parameter Original 5% Increase 10% Increase
Average Temperature 106 103 100
Maximum Temperature 106 103 100
Average Wall Shear Stress 146 146 146
Maximum Wall Shear Stres 146 147 147
(a)
(b) (c)
Figure B.1 Comparison of roof temperature contours for different heat sink values.

(orientation: top view)
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APPENDIX C
DISCUSSION ON FLAT BURDEN GEOMETRY

An additional burden geometry was evaluated in which the gas-interface was left unaltered.
Figure C.1 shows a schematic of the burden geometry. The results for the flat geometry were not
presented in the main body of the thesis because this was a case in which the heat sink assumption
become very inaccurate. Figure C.2 shows a contour plot of then@€3 fraction along the side burner
centerline. Figure C.3 shows a contour plot of the temperature along the end burner centerline. Both
plots show that the end and side burner flames had very little contact with the burden surfaaek dte |
flame impingement on the burden surface would lead to lower total heat flow into the burdesfor&her
it would be expected that the model underpredicted temperatures in the main part of the furnace and on
the refractory walls because the total heat flow into the burden was kept constant faulati@ns. The
average burden surface temperature for this simulation was 88% of the base case value.

Figure C.1 Schematic of the flat burden geomefoyientation: side view)

Figure C.2 Contour plots of G@nass fraction along the centerline plane of the side burner tr
flat burden geometryorientation: normal to plane)

Temperature was the main parameter affected by the heat sink assumption. The flow
characteristics were not as sensitive to the way the heat sink was defined. Figure D.3 and Figure D.4

show the contour plots of the roof and side wall shear stress normalized as a percentage of the average
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base case wall shear stress values. These plots visually depict the difference irawalfete

magnitudes between each case since they are all normalized to the same value.

Figure C.3 Contour plots of the temperatures along end burner centerline for the flat burdel
geometry(orientation: side view)

(b)
(@)

Figure C.4 Contour plots of wall shear stress on the (a)oviehtation: top viewpand (b)
side wall(orientation: side viewhormalized as a percentage of the average
base case value for flat burden geometry.

The wall shear stress on the side wall and roof was lower and much more even distribution. The
maximum wall shear stress on the roof and side wall were 74% and 48% of the maximum in the base case
simulation, respectively. This burden geometry could be useful to consider if the goal wasriaenini

refractory wear, but the average burden surface temperature was much lower than the base case which
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would surely decrease the smelting rate. A flat burden would also mean that less material could be fed

into the furnace at any given time.
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APPENDIX D
FLUENT

Saving residuals for post processing and exporting addition solution parameters into CFD post
were two tasks in Fluent that allowed for the post processing of data which was important in the model
setup stage of this research. The steps for completing each one of these commands are presented below

for reference.

Saving Residuals

Use the Text User Interface (TUI)
Step 1: Activate export with TUI command: /plot/residuals-setholdite as shown in Figure D.1
Step 2: Plot the residuals with TUI command: /plot/residuals as shown in Figure D.1

The file will be saved in the simulation directory.

Figure D.1 TUI commands used to save residuals for post processing

Exporting Additional Solution Parameters

Step 1:Go into the run calculation window
6WHS &OLFN RI WKH 3'DWD )LOH 4XDQWLWLHV™ EXWWRQ
Step 3: Select desired additional quantities to be imported into CFD post

A picture of steps 1 through 3 are shown in Figure D.2.
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Figure D.2 Steps for exporting additional solution parameters into CFD post.
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