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Abstract

The efficiency and productivity of Electric Arc Furnace steelmaking has
improved with a number of new technologies. One of these is the use of oxy-fuel
burners to assist the electric heating. Initially burners were just used to melt the
scrap at the slag door where arc heating is inefficient. At present virtually all
modern EAF use oxy-fuels burners to decrease electric energy consumption and
increase productivity. Despite the impressive performance of these burners there
is little information on the efficiency of the heat transfer between the combustion
gas and the steel scrap in the furnace.  The purpose of this research was to
measure and model the heating efficiency for a range of scrap types. The
ultimate goal of this study is to assist operators with the selection of energy

inputs and scrap grades from different sources, so as to optimize the operation.

Experimentally, steel scrap heating phenomena were studied using an oxy-fuel
burner in a small scale furnace (1m?3) for a range of burner power, scrap type and

furnace configuration.

An in-house computer model was developed, considering non-uniform porosity
inside the furnace, turbulence, dynamic behavior of porosity due to localized
melting. The model was tuned using the experimental data of scrap heating by

oxy-fuel burners in a small-scale furnace (1 m3). Due to lack of literature of
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porous media fluid flow and heat transfer for irregular shaped particles and
complexity of the problem a detail analysis and considerations of the model
parameters e.g., porosity variation inside the furnace, permeability of the bed,
drag coefficient of the bed, effective thermal conductivity of the bed, fluid to
solid heat transfer coefficient and radiation inside the bed, were performed.
Model parameters were dependent upon porosity of the bed and characteristic
particle diameter. Sensitivity analysis was performed to study the effectiveness
of heating with model parameters. Measured porosity variations were used for
numerical simulation and characteristic particle diameter for different scrap was
tuned to match the experimental results with numerical simulation.
Thermocouple temperatures were also modeled since it was between the gas and
solid temperatures. Using tuned characteristic particle diameter simulations

were performed for different scrap with different furnace configuration.

Experimental and numerical modeling results were used to analyze heat transfer
and fluid flow phenomena during scrap heating by burners. This appears to be
the first time a numerical model for heat transfer between flame and scrap was

developed and validated with experimental data.
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Chapter 1
Introduction and Objectives

1.1 Steelmaking Processes

Due to the wide range of alloy composition, properties and available
forms of product, steel is a versatile material. In recent years the world
steel industry has entered in a new era. Over the past six years, world
finished steel consumption has risen by an average of 6.5%, annually (IISI,
2007a). Figure 1.1 shows the world crude steel production over the last
few decades by different steelmaking processes. It is evident from Figure
1.1 that world crude steel production has grown considerably over the

past few decades.
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Figure 1.1: World Steel Production by Processes
(IISI, 2007b)
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It is seen from Figure 1.1, currently there are mainly two different
methods of producing steel. One is Basic Oxygen Furnace (BOF)
steelmaking, i.e., integrated steelmaking, which has liquid ironmaking
capability from iron ore as well as steelmaking capability. The other is
Electric Arc Furnace (EAF) steelmaking, which is a scrap based process.
Figure 1.2 shows the flowchart of a modern steelmaking operation. The
major operations to produce finished steel from the raw materials are

summarized below;

d  Electric Arc Fumace
= Produces molten steel. Steel Refining Facility

Iron Ore

kN
37 e

Coal Injection

t

Direct Reduction

b Produces solid,
metallic iron
from iron ore.

—

"

Basic Oxygen Furnace
Produces molten stee.

Recycled Steel

a Produces molten pig iron from iron ore. Pig Iron Casting

Figure 1.2: Flowchart of a modern steelmaking operation
(www.postech.ac.kr/dept/mse/cml/Eng/flowchartl.htm)


www.postech.ac.kr/deptjmsejcml/Engjflowchartl.htm
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Ironmaking: Iron can be produced either liquid state (Figure 1.2 - a) or
solid state (Figure 1.2 - b). The blast furnace is the main reactor where
liquid iron or “pig iron” is produced using iron ore, coke and limestone.
Pig iron contains about 4% carbon, and some amount of silicon,
manganese, sulfur and phosphorous. A typical pig iron composition is
shown in Table 1.1. Iron produced as a solid by the reduction of iron ore
(lumps or pellets) is known as sponge iron or Direct Reduced Iron (DRI).
Carbon percentage of DRI varies over a wide range (0.1 - 2.5%) depending

upon the process.

Table 1.1: Typical pig iron composition in % (Ghosh and Chatterjee, 2008)

Japan Europe USA India
Carbon 4.0-45 4.0-4.5 4.0-4.5 4.0-4.5
Silicon 0.30-0.45 0.30-0.45 0.40-0.70 0.70-1.30
Manganese 0.20-0.40 0.20-0.65 0.50-0.75 0.04-0.10
Phosphorus 0.095-0.105 0.060-1.50 0.04-0.08 0.10-0.30
Sulphur 0.02-0.025 0.02-0.04 0.025-0.065 0.055-0.080

Steelmaking: Steel can be produced either in the BOF process or in the
EAF process. In BOF steelmaking (Figure 1.2 - ¢), pig iron is refined to
produce steel. In this process impurities in pig iron e.g., carbon, silicon,
manganese, are reduced to a desired level using pure oxygen blowing into
the liquid iron. In EAF (Figure 1.2 - d) steelmaking, recyclable steel scrap
and sometimes solid iron, are melted and refined using oxygen blowing to

produce steel. The above described BOF and EAF steelmaking processes
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are known as primary steelmaking. After primary steelmaking liquid steel
is then tapped into a cylindrical shaped vessel called a ladle. In the ladle,
liquid steel is further processed to obtain final composition and

temperature (Figure 1.2 - e), which is called secondary steelmaking.

Continuous Casting: Finally, the liquid steel is then continuously cast into

slabs, blooms or billets (Figure 1.2 - f).

1.2 Basic Oxygen Furnace Steelmaking (BOF
Steelmaking)

The Basic Oxygen Furnace is the key unit for producing steel, and
produces about 66% of total world steel production (IISI, 2007b). In this
process liquid pig iron and some amount of scrap (approximately 5-25%)
(Turkdogan 1996) are refined to the desired composition using pure
oxygen. During the refining process pure oxygen reacts with carbon,
manganese, silicon and other impurities in the liquid pig iron and forms
oxides, which is called slag. The exothermic reactions raise the liquid steel
temperature to approximately 1650°C. A schematic of the BOF operating
cycle is shown in Figure 1.3. The BOF operating cycle is made up of
charging scrap and hot metal (Figure 1.3a and 1.3b), refining (Figure 1.3c),
chemical testing (1.3d), tapping (Figure 1.3e) and pouring slag (Figure

1.3f). A typical steel tap-to-tap cycle in BOF steelmaking is 45 minutes.
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Figure 1.3: Operational steps of BOF Steelmaking
(Fruehan, 1998)
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1.3 Electric Arc Furnace Steelmaking (EAF

Steelmaking)
EAF steelmaking production is smaller in the world steel production

compared to BOF steelmaking, Figure 1.1. However, due to the low capital
cost, environmental concerns and operating cost the use of EAF
steelmaking has increased rapidly over the BOF steelmaking in developed
countries. Over the past decade EAF steelmaking has increased from 45%
to 58% of total crude steel production in North America (IISI, 2007b).
Unlike the BOF steelmaking route, the EAF does not generally use hot
metal. In EAF steelmaking scrap is melted using electrical and chemical
energy and then refined to produce steel. The classification and design

and process of EAF steelmaking are described below.

Electric Arc Furnaces can be classified into two types. One is Alternating
Current (AC) Electric Arc Furnace and the other is Direct Current (DC)
Electric Arc Furnace. In AC Electric Arc Furnace generally three electrodes
are used to heat the scrap by the alternating current. A schematic of an AC

Electric Arc Furnace are shown in Figure 1.4.

The DC Electric Arc Furnace has a single graphite electrode in the furnace
center, which acts as a cathode while the bottom of the furnace acts as an

anode.
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side door elevation rear door elevation
1. sheil 8. roof ring 15. electrode mast arm
2. pouring spout 9. rocker 16. electrode
3. rear door 10. rocker rail 17. electrode hoider
4. slag apron 11. tilt cylinder 18. bus tube
5 sill line 12. main (tilting) platform 19. secondary power cables
6. side door 13. roof removal jib structure 20. electrode gland
7. bezel ring 14. electrode mast stem 21 electrical equipment vault

Figure 1.4: Several components of Electric Arc Furnace
(Fruehan, 1998)

The Electric Arc Furnace (EAF) consists of spherical bottom, cylindrical
shell and a dome shaped water-cooled roof as shown in Figure 1.4. It has
several components. These components fall into several functional groups
of a) furnace structure, b) components which allow for the movement of
the furnace, c¢) components that support and supply the power of the
furnace, and d) some auxiliary process equipment. Generally, the size of
Electric Arc Furnace varies in shell diameter from 2.4 m to 11.6 m. The
furnace shell (Figure 1.4) is of reinforced steel plate construction,

cylindrical in shape with axis vertically oriented, and closed on the bottom
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with a spherically-dished steel plate, which is bolted or welded to the
cylindrical structure. The shell is lined with a refractory material suitable
for the temperature and chemistry requirements of the process and
product for which the furnace is used. The top of the shell is open, and is
covered during the arcing operation with a tight fitting, removable dome-
shaped refractory roof structure. The cooling of the furnace roof is done
by water-cooled panels. The center of the roof is called the roof delta,
which is also water-cooled. The furnace bottom consists of a spherical
shaped steel shell with several layers of refractory material suitable for the

temperature and chemistry (Fruehan, 1998).

The Electric Arc Furnace (EAF) operates as a batch melting process
producing batches of molten steel known as ‘heats’. The EAF operating
cycle is made up of furnace charging, melting, refining, de-slagging,
tapping and furnace turnaround. The main furnace operation stages are
shown in Figure 1.5. In recent times the tap-to-tap cycle is less than 60
minutes. The first step in the cycle is charging. Before charging, steel scrap
must be layered in a container known as the ‘bucket’ according to size and
density. During charging, the scrap falls into the furnace. Most operations
aim for two to three buckets of scrap charge per heat. Some operations
achieve a single bucket charge. After charging, melting starts, where scrap

melts via electric energy and/or chemical energy. Electrical energy is
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supplied via the graphite electrodes and is usually the largest contributor
of energy in melting operations. Chemical energy may be supplied via
several sources including fuel-air burners, oxy-fuel burners, oxygen lances
and post combustion. Fuel-air burners burn natural gas and air. Oxy-fuel
burners burn natural gas and oxygen. Heat is transferred to the scrap by
flame radiation and convection by the hot products of combustion. Once
enough scrap is melted to accommodate the second charge, the scrap
charging process is repeated. The refining starts after the melting process.
During refining oxygen is blown into the liquid steel using a lance and
appropriate flux (e.g., lime) addition is done. The refining process
involves the removal of impurities in steel, namely phosphorous, sulfur,
carbon, and manganese. After refining, de-slagging is done. Once the
desired steel composition and temperature are achieved, the tap hole is
opened, then furnace is tilted, and steel pours into a ladle; this is called
tapping. After tapping the furnace is ready to take a new charge. The time
between the completion of tapping and the first scrap charge in the
furnace for the next heat is known as furnace turnaround time, which
includes repairs and maintenance. A typical 60 minutes tap-to-tap cycle
can be presented as: First Charge (3 minutes), First Meltdown (20
minutes), Second Charge (3 minutes), Second meltdown (14 minutes),
Refining (10 minutes), Tapping (3 minutes) and Turnaround (7 minutes)

(Fruehan, 1998).
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Refining by

Scrap Bucket Electrode O, Blowing

Steel Scrap

b ¢ d

a Ladle

Figure 1.5: EAF Operation sequence, a) Scrap Charging, b) Heating,
c) Refining and d) Tapping (steeluniversity.org)

1.4 Electric Arc Furnace Materials and Energy
Balance

In general the materials that go into the Electric Arc Furnace (EAF) are
steel scrap, pig iron, fluxes, coke, deoxidation materials, natural gas and
oxygen. The materials that come out from the EAF are liquid steel, slag,
dust and off gas. The material balance depends upon the specific practice
and materials quality. Recently, Camdali and Tunc, 2002, presented a

typical material balance which is reproduced in Table 1.2

10
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Table 1.2 Typical Materials Balance for EAF (Camdali and Tunc, 2002)

Materials Percent (wt%)

Steel Scrap 77.64

Pig Iron 11.31

Fluxes 3.20

INPUTS Coke 1.37
Deoxidation Materials 0.52

Electrodes 0.23

Natural Gas 0.24

Oxygen 5.47
TOTAL 100%

Liquid Steel 85.2

Slag 6.34

OUTPUTS Dust 1.20
Off Gas 6.79

Steel in the slag 0.46
TOTAL 100%

The energy costs are ~30% of the total costs for Electric Arc Furnace (EAF)
steelmaking (Mapelli and Baragiola, 2006). Theoretically, a minimum of
300 kWh/ton is needed to melt the scrap. Additional energy is required to
provide superheat of the liquid steel. So, the total theoretical energy
required to produce steel is in the range of 350-370 kWh/ton. The energy
efficiency, i.e., the ratio of energy utilized to heat the scrap, melt the scrap
and superheat the molten metal, to actual total energy supplied, of
modern Electric Arc Furnace (EAF) lies in between 55-65% and therefore
the total energy required to produce steel in EAF is usually 560-680
kWh/ton (Fruehan, 1998). Baukal et al, 1990, summarized the energy
distribution during the EAF operation as approximately 75% of the total

energy utilized is used to heat the scrap; about 20% of the energy is used

11
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to melt the scrap and about 5% of the energy is used to superheat the
molten metal. This energy is supplied to the EAF through electrical
energy, oxy-fuel burners and chemical reactions. Electrical energy is
supplied through graphite electrodes. Oxy-fuel burners are introduced
into the EAF through wall. The chemical energy, which is added to the

EAF via exothermic reactions as;

[C]+[0] = CO(g) AH® =—-114kJ .......... (1.1)
[Si]+2[0] - (SiO,) AH® =-952.5kJ ........... (1.2
[Mn]+[0] = (MnO) AH® =-406.5kJ .......... (1.3)

The energy distribution of the EAF is highly dependent upon the local
raw material costs and electrical energy costs. A typical energy balance is

shown in Table 1.3 for a modern Electric Arc Furnace (EAF).

Table 1.3 Typical Energy Balance for Modern Electric Arc Furnace
(Fruhean, 1998)

Energy Source Percent of energy

Electrical Energy 50 - 60 %

Burners 5-10 %

INPUTS Chemical Reactions 30-40 %
TOTAL 100%

Steel 55- 60 %

Slag 8-10 %

Cooling Water 8 -10 %

OUTPUTS Off Gas 17-28 %
Miscellaneous 1-3%
TOTAL 100%

12
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1.5 Preheating - A Literature Review

Recently there has been a greater interest in processes that reduce the
electrical energy consumption during Electric Arc Furnace steelmaking.
One of the processes which reduce the electrical energy consumption is
scrap preheating. Scrap preheating can lead to reduce electrical energy
consumption because most of the energy consumed in Electric Arc
Furnace steelmaking is used to heat the solid scrap (Baukal et al., 1990).
The benefits of scrap preheating are summarized here.
o Total electrical energy consumption decreases
e Productivity increases by reducing tap-to-tap time
e Low cost of electrode per ton of steel produced for reduced tap-to-
tap time
e Eliminates the possibilities of charging wet scrap, which eliminates
the possibilities of furnace explosions
A literature review of different processes, which preheat the scrap before

charging to Electric Arc Furnace, is presented here.

1.5.1 Scrap Preheater
The concept behind the scrap preheating is before charging to EAF the

scrap is preheated in a bucket using hot gas. The source of hot gases is
either from burners or Electric Arc Furnace off gases. In this Section scrap

preheating using burners is described. A schematic of scrap preheater for

13
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an Electric Arc Furnace is shown in Figure 1.6; where on top of the
charging bucket the burners are positioned to heat the scrap. It was
mentioned earlier that about 75% of the energy is used to heat the scrap in
Electric Arc Furnace, so energy can be saved by using a hot scrap charge.
Using scrap preheating it is estimated that a total of 63-72 kWh/ton of
electrical energy can be saved with a scrap preheating temperature
around 425-540° C (Fruhean, 1998). Rudzki et al. 1973, observed at Stelton
that using scrap preheating of around 425° C the EAF productivity was
increased by 11.7%, electric power consumption was reduced by 11.9%
and electrode consumption was decreased by 9.05%. Also, it is reported
by Franklin (Franklin, 1991) that after using scrap preheater Harrison Steel

Company reduced electrical consumption and tap-to-tap time by 9% and

7%, respectively < Hge o
) Tl
=
a;:m:x = /T mrnRs
|
i L ! FIRING
CASTABLE » o < S

REFRACTORY — |

fiRectay |
e
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=)

Figure 1.6: Schematic of Scrap Preheater for an EAF (Rudzki et al., 1973)
14
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1.5.2 The Fuchs Shaft Furnace

Scrap preheating with Electric Arc Furnace off gases have the off gases
passing through preheat chambers, which contain scrap. Scrap can be
preheated using Electric Arc Furnace off gases in Fuchs Shaft Furnace.
The Fuchs Shaft Furnace consists of vertical shaft that channels the off
gases to preheat the scrap before falling into the Electric Arc Furnace. The
schematic of the Co-Steel Sheerness (Clayton, 1993) shaft furnace is shown
in Figure 1.7. The scrap stays in a column at one end of the furnace and
can be fed continuously into the furnace as the scrap at the bottom of the
column is melted away. In this system the scrap can be charged
continuously or through a system called “fingers”. The Fuchs system
makes it possible to preheat all scrap. Using Fuchs Shaft furnace Co-Steel
Sheerness claimed that 72 kWh/ton (Clayton, 1993) of energy could be
recovered from the off gas. Also they increased burner power significantly
in the furnace and observed that the burner efficiency is higher than that
of conventional EAF since the flame contacted cold scrap for longer
distance and longer time. None of these furnaces are operating because of

maintenance issues.

15
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Figure 1.7: Schematic of Fuchs Shaft Furnace (Clayton, 1993)

1.5.3 Nippon Steel Shaft Type Preheating System UL-BA
(Ultimate Batch System)

Nippon Steel Corporation has proposed the new conceptual shaft type
preheating system, which is known as Ultimate Batch System (UL-BA),
(Nakano et al., 1999). In 1997 Nippon Steel Corporation constructed a %
scale pilot plant to study the characteristic of scrap preheating. Figure 1.8
is a schematic of EAF equipment with UL-BA. In UL-BA system off gases
from Electric Arc Furnace can be fed into the shaft via a connecting duct.

A gas header is installed underneath the shaft, which fed off gases

16
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uniformly into the shaft and preheats the scrap uniformly. Nakano et al.,
1999, performed a heat balance and calculated the preheating efficiency
for different scrap e.g., #2 heavy, mixture of turnings and heavy scrap (#2
heavy 85% and turnings 15%), mixture of heavy and shredded scrap
(#2heavy 10% and shredded scrap 90%). The outline of the pilot plant by
which they performed heat balance and preheating efficiency calculation

is shown in Figure 1.9, where off gas is fed from the top of the shaft.

Batch
cha-ging
: Branch chamber Shaft preheates

== |

Inlet gas
« Surface temp. : GG;S mm
* Refractory temp, 1.25m
\ P ‘
|

EAF Off Gas
Combustion Chamber

Water cooled panel
* Water temp.
* Water flow rate

13

[~~~ ¢ Scrap temp.

Ges header + Gas temp. in scrap
+ Gas temp.
* Refractory temp. Exhaust gas

* Gas temp.
* Gas flow rate

* Water temp.
» Water flow rate

Figure 1.9: Outline of the pilot plant, UL-BA (Nakano et al., 1999) 7
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In this study they monitored all of the parameters of the shaft body, water
cooled panel, gas holder, scrap holding gate, scrap, exhaust gas and inlet
gas. The total heat loss is the sum of heat losses to the refractory of shaft
body, water cooled panel, air and exhaust gas. The heat storage in the
scrap is the difference between total heat in through inlet gas and total
heat loss. The mathematical representation of heat storage to the scrap is

presented here.

Heat storage to the scrap: d—th—’”— = Q gas-in Q gas-ou™ Qlosses  woeeeee (1.4)

In equation 1.4;

_ ngas —in _

Sensible heat of inlet gas: Q g =T = Crigas)

V. ..T ceerenn(15)

gas—in~ gas—in

Sensible heat of exhaust gas:

; _ ngas—out _

ans—out - T — “P(gas) gas—outT gas—out **trrccct (16)

Heat losses: élasses = QW + Q T+ ér ......... (1.7)
. Lo 99,
Heat loss to cooling water: Q,, = ' CoVuAT, (1.8)
5 90k
Heat storage to the refractory: Q, = - Co)ViAT, e 1.9
Diffused heat into the air:
4 4
0.=% _ 5@, —T)+oES (M J(LX2By (1.10)
dt 100 100

18
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In equation 1.10, Tsr and Ty are the surrounding temperature and wall
temperature, respectively. So the diffusive heat is from the walls into the
air.

Scrap preheating efficiency is: 7 = gc—l()O .......... (1.11)

gas—in
Nakano et al. 1999, measured the scrap temperature in different layers
with different heating time. The scrap temperature transition with heating
time of their calculation using #2 heavy scrap is shown in Figure 1.10.
After 20 minutes of preheating with gas temperature of 1200° C and gas
flow rate 48Nm3/min they found that the temperature of the top layer of
scrap (hsc=2.1 m) is 800° C and the average temperature of the scrap is
6000 C. According to their heat balance the largest portion of heat goes to
the scrap (~44%), followed by the heat loss to the water cooled panel

(~37%) and the sensible heat of the exhaust gas (~18%).

Time (min)

Figure 1.10: Scrap temperature with heating time (#2 heavy scrap)
(Nakano et al., 1999)

19
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Based on the experimental results, a preheating model was developed by
Nakano et al, 1999. They assumed scrap temperature and gas temperature
in each layer are constant and scrap is homogeneous. They used the

following equation to calculate the scrap temperature.

dQSC
dt

= Ah V(T ~Tee) . (1.12)

gas

In the above equation As, hs, Vs, Tges and Tsc are the heat transfer area per
unit volume, heat transfer coefficient between scrap and gas, volume of
the scrap, gas temperature and scrap temperature. Due to the complex
geometry of the scrap they treated As hs together and which tuned to the

preheating experimental results.

Nakano et al’s study gives some promising results for scrap heating. The
limitation of their model is that they assumed a constant temperature in
layers, which is not true for all the cases. It is evident that the local
temperature varies significantly according to the flow conditions. Also, in
their heat transfer calculation using the experiments they first predicted a
constant heat transfer coefficient between hot gas and scrap and later
using that they performed the scrap temperature calculation. The local
heat transfer coefficient is dependent upon the gas flow rate and
temperature of the gas and which varies with location hence their

assumption is debatable.

20
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1.5.4 Twin Shell Electric Arc Furnace

One of the new technologies for Electric Arc Furnace, which is gaining
popularity, is the twin shell furnace. It is similar to the scrap preheating
but only difference is that scrap preheating takes place in a furnace rather
than a scrap bucket. In the twin shell furnace, as shown in Figure 1.11, the
operation consists of two furnace shells and one set of electrodes, which
are used alternately on one shell and then other. In this system there is no
melting process going on in one furnace shell which is charged with scrap
and the scrap is preheated by the off gas from the melting furnace.
Additional burners can be used during the scrap preheating. The more the
scrap is preheated, the greater electric energy savings. In this process there
is one charge per heat, which also reduces heat losses. This system
increases the productivity by reducing tap-to-tap time and reducing heat
losses per ton produced. It is important to mention here that in some twin
shell Electric Arc Furnaces scrap is not heated by off gases from the
melting furnace, e.g., ArcelorMittal DOFASCO twin shell Electric Arc
Furnace. In this case scrap is heated in the shell, where melting is by

burners.

Nippon Steel (Fruehan, 1998) mixed combustion gases from the burners in
a combustion chamber with the off gas from the first shell to produce a

constant temperature of 900° C for preheating in the second shell. They
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also used remaining heat in the off gas from both the furnaces to heat the
scrap in the scrap bucket. They found that the net electrical power input
requirement was 260 kWh/ton, which was 29% lower than that of a

conventional furnace.

Exchange
switch

Sky house

¢

To main
blower

Exchange
switch

To bottom
electrode

Combustion

To booster chamber

blower

Figure 1.11: Schematic of Twin Shell EAF at Nippon Steel
(Fruehan, 1998)

1.5.5 CONSTEEL

The basic concept of the CONSTEEL process is the continuous feeding
system for scrap and slag foaming materials, a preheater and a melting
and refining EAF, which is shown in Figure 1.12 (Vallomy, 1994). In this
process the scrap is directly charged from the scrap yard to the charge
conveyor. The charge is then continuously conveyed to the EAF, while

being preheated in the preheater conveyor by the chemical and sensible
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heat of the off gases that leave the furnace. The post combustion of the
carbon monoxide produced by the oxygen injection in the EAF is carried
out in the preheater and is an extra advantage of this technology. In
CONSTEEL the role of post combustion and preheating of scrap with post
combustion is very important. It is proven that by using this technology
very high productivity and high steel quality can be achieved. In addition
hot metal may be added as a part of the charge up to 20-40% (Vallomy,

1999).

Preheater

Waste gases

to baghouse
b

Molten steel ladle
to ladle metallurgy
station o

Vibratory conveyor

Figure 1.12: Components of CONSTEEL process
(Fruehan, 1998)

1.6 Problems During Scrap Preheating

During scrap heating a problem arises due to the organic compounds
associated with the scrap. Due to insufficient oxygen supply during scrap
heating these organic hydrocarbons report to the off gas system. The best

procedure to restrict volatile organic compounds emission during scrap
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preheating is to operate the burners with excess oxygen. The other
concern during scrap heating are dioxins, which are hydrocarbons that are
usually formed in combustion process. The components of the off gas
stream in the EAF are ideal for the formation of dioxins. Dioxins are toxic
and it forms at a temperature of 500°C during cooling of the off gases. The
factors that can reduce the dioxins emissions are; a) post combustion of
organics in the furnace and b) absorbent injection in the off gas. Also
dioxins emissions can be reduced by rapid quenching of the off gas from

800°C to 300° C (Fruehan, 1998).

The aforementioned development for EAF were essentially aimed to heat
the scrap before charging to EAF using off gas or additional burners,
which reduce the electrical energy consumption of EAF and increase
productivity by reducing tap to tap time. Besides these, the most
important techniques that can be used to reduce the electrical energy
consumption of EAF are stirring the bath (Baukal, 1990) post combustion
(Li and Fruehan, 2003, Tang et al, 2003 and Mathur and Daughtridge,
1994) and use of burners inside EAF (Baukal, 1990, Jones, 1994, Shifrin,
2001, Thomson et al, 2001, Teoh, 1989, Adolph et al, 1989 and Wells and

Vonesh, 1986).
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Understanding of the phenomena of heat transfer between hot gases
either combusted or off gases and scrap is very important for the
processes of scrap preheating, shaft furnace, twin shell furnace and
CONSTEEL and use of burners inside the EAF. Oxy-fuel burners, which
are now standard equipment in EAF, were first used to melt the scrap at
the slag door where arc heating is inefficient, but it was quickly realized
that productivity could be increased by more burner power. Generally,
there are at least three burners positioned in the cold spots between
electrodes (Jones, 1994). Typical productivity increases using burners
inside the EAF are in the range of 5 to 20% as reported by different
investigators (Teoh, 1989, Adolph et al, 1989 and Wells and Vonesh, 1986).
Shifrin et al (Shifrin, 2001) found that 90 to 115 kWh/tonne could be saved

by using oxygen and natural gas in the burners.

Recently, Guo and Irons (Guo and Irons, 2005, 2006) studied the fluid flow
and scrap melting phenomena using combined effects of burner and arc
heating in the Electric Arc Furnace. Their main assumption was the
uniformity of the scrap properties i.e., average size of the scrap, scrap
thickness, porosity and specific area. The above mentioned study reported
that the heating efficiency of the burner decreases with time of heating
and the burner power needs to be reduced once the heating efficiency

decrease sufficiently. It was also reported by Guo and Irons (Guo and
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Irons, 2005, 2006) that the burner heating efficiency was strongly affected
by the volumetric heat transfer coefficient. However they were only able

to estimate values for the heat transfer coefficients.

1.7 Objectives and Overall Structure - of the Present
Study

1.7.1 Objectives

Despite the impressive performance of the burners, there is little
information on the efficiency of the transfer of the combustion heat to the
steel scrap in the furnace. The objectives of the present research are to
understand the effects of scrap size, scrap density, burner power and
different scrap bed configurations on steel scrap heating by burner
combustion gases. The ultimate aim of the present study is to improve
industrial steel scrap heating practice by burners. To this end an
experimental and numerical study was carried out, which included heat
transfer and fluid flow behavior in non-uniform porous media at high

temperature.

1.7.2 Overall Structure of the Present Research

The overall structure of the present research is shown in Figure 1.13. The
study is divided into two parts: one is experimental and the other is

numerical modeling, which will be used to validate the numerical model.
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The numerical modeling involves development of heat transfer and fluid

flow model for 3-dimensional Cartesian co-ordinate system in porous

media. The experimental work is divided into three parts, one is

measurement of porosity and packing density distribution for different

sizes of scrap, the second is measurement of the heat source term and the

final one is experiments for temperature distribution inside a small-scale

furnace heated with a burner.

The numerical model will be validated and tuned with the measured

temperatures of the physical model.

Porosity
Measurement

Determination
of heat source
term

Temperature
Measurement

D
=
~—
=
>
=
© sy
—
3
o
w4
e

| Validation, Fine
\ .
Tuning and Improve
Scrap Heating

Porous Media

Fluid Flow and

Heat Transfer
Modeling

Figure 1.13: Overall Structure of the Research
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Chapter 2

Experimental

2.1 Introduction

The main objectives of this experimental study were to measure heating of
steel scrap using a burner and to validate the numerical model. Details of
experimental studies during the present research are presented in this

chapter.

2.2 Furnace Design

The present study is focused on the region of the Electric Arc Furnace
around the burners, as shown schematically in Figure 2.1. The aim of the
present study is to measure the efficiency of heat transfer between the
flame and scrap in the initial stages, not to melt the scrap. Burner-to-
burner interactions were not considered in this study. In this scaled down
experimental study neither proper furnace to scrap size ratio was used nor
proper power input according to the real Electric Arc Furnace was used.

Also, electric power input was not considered in this study.
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Figure 2.1: A schematic of present Area of Research Interest

The scrap-heating furnace was designed and built in the lab. A
photograph of the scrap heating furnace is shown in Figure 2.2, along with
its dimensions in Figure 2.3. The furnace shell is made of steel with
refractory lining on bottom, and the front wall with the burner. There are
two layers of refractory on the front wall; the first layer is made of 65 mm
thick insulating brick and the hot face layer is made of 113 mm thick
alumina brick. There is a removable lid with a chimney, which is not
shown in Figure 2.2, but is shown in Figure 2.3. An in-house designed,
premixed oxy-propane burner, located on the front centerline of the
furnace as shown in Figure 2.2, is used. Above the burner, there is a hole
for observation of the flame and scrap melting in front of the burner. To

capture the temperature distribution inside the furnace, thermocouples
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are introduced from one side of the furnace at locations shown in Figure
2.2. Thermocouples are connected with the data acquisition system, which
recorded temperatures at 30 seconds intervals. Details of thermocouple
types and the data acquisition system are explained in Section 2.3 i.e.,

ancillary equipment.

Front
Thermocouple

Observation Hole

Burer

Figure 2.2: A Picture of Scrap Heating Furnace
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Figure 2.3: A Schematic View of the Scrap Heating Furnace (mm) (not to scale).

2.3 Ancillary Equipment

In this Section details about the burner, thermocouples, data acquisition

system and gas analyzer are discussed.

2.3.1 Burner

An in-house premixed oxy-propane burner is used as a heat source during

scrap heating experiments. A schematic of the burner is shown in Figure
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2.4. Figure 2.5 shows a close-up photograph of the burner. There are two
gas supply lines in the burner, one is for propane and the other is for
oxygen. The burner is made with 4.00 mm diameter hollow steel rod and
at the end with alumina refractory material to resist the high temperature

of the flame.

When a hydrocarbon such as propane burns, the final products are carbon
dioxide and water vapor, unless there is a shortage of oxygen, in which
case the products may contain carbon monoxide and unburned
hydrocarbon. The complete combustion reaction of propane and oxygen is

as follows (FactSage 5.5, 2007);

CsH (g) + 502 () =3C02 (g) + 40 (g)  AHY =-2044 K] ...(21)

In the above equation it was assumed that no hydrogen or carbon was
produced in the combustion reaction of propane and oxygen. From
equation 2.1 it is clear that for complete combustion of propane the ratio of
volume of oxygen to volume of propane needed is 5. It is possible that,
due to incomplete combustion some unburned propane and oxygen or
some carbon monoxide and oxygen are present in the combustion

products.
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Incomplete or improper combustion may reduce the total heat released by

the combustion reaction considerably. So, it is essential to determine the

total heat release from gas analysis. In this research burner power is

experimentally determined using off gas analysis with a known quantity

of helium as a tracer gas, which is discussed in Section 2.5.3.

120
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o
& |

130

115

Propane Supgly ine

Figure 2.5: Burner used for heating

Y
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2.3.2 Thermocouples and Data Acquisition System

In the present scrap heating experiments temperatures were captured
using two types of thermocouples. Near the burner pre-calibrated B type
thermocouples supplied by OMEAGA, were used (Platinum - Platinum-
6% Rhodium), which can measure temperatures as high as 1820° C. The
rest of the thermocouples were K type i.e.,, Chromega - Alomega, which
can measure temperatures as high as 13720 C. Temperatures were
calculated according to the following relation;

T =cotciE+c2E?+c3E3+....+chEn ... (2.2)
In equation 2.2, T is the temperature in degree Celsius, E is micro volts
and co to c, are temperature coefficients. Values of temperature
coefficients, temperature range, voltage range and error range for both B
type and K type thermocouples are presented in Tables 2.1 and 2.2,
respectively. K type thermocouple was calibrated using both ice water
mixture and a boiling water bath. It was found that accuracy of
temperature measurement were within +0.5%, for K type thermocouple.
To capture the temperature distribution inside the furnace, thermocouples
were introduced from one side of the furnace at locations shown in Figure
2.6. Thermocouples were connected to a data acquisition system Figure

2.7, which recorded temperatures at 30 seconds intervals.
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Table 2.1. Temperature coefficients, temperature range, voltage range and error

range for B type thermocouples

Temperature Range 250 to 700° C 700 to 1820° C
Voltage Range 291 to 2431 uV 2431 to 13820 uV
Co= 9.842X101 -2.131X102
G= 6.997X101 2.851X101
Ce= -8.476X10+4 -5.274X105
G= 1.005X10-¢ 9.916X10-°
Cy= -8.334X10-10 -1.296X10-12
GCs= 4.550X10-13 1.119X10-16
Ce= -1.552X10-16 -6.062X10-2
Cr= 2.988X10-20 1.866X10-%
Cs= -2.474X10- -2.487X10-30
Error Range -0.020 C to0 0.03°C -0.020 C to 0.02°C

Table 2.2. Temperature coefficients, temperature range, voltage range and error

range for K type thermocouples

Temperature Range 0 to 5000 C 500 to 13720 C

Voltage Range 0 to 20644 uv 20644 to 54886 uV
Co= 0.00 -1.318X102
Ci= 2.508X10-2 4.830X10-2
C= 7.860X10-8 -1.646X10%6
C= -2.503X10-10 5.464X10-11
Cy= 8.315X104 -9.650X10-16
Cs= -1.228X1017 8.802X10-21
Ce= 9.804X10-2 -3.110X10-2
Cr= -4.413X10-26
Cg= 1.057X10-30
GCo= -1.052X10-3%

Error Range -0.05° C t0 0.04°C -0.05° C t0 0.06°C
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Figure 2.6: Thermocouples arrangement of the Scrap Heating
Furnace (Centerline), mm (Not to scale).

Figure 2.7: Data acquisition system (View from the thermocouple side).

36



PhD Thesis-----—---— Kamalesh Mandal----------- McMaster University - MSE -----——---- 2010

2.3.3 Gas Analyzer

To measure the extent of combustion during scrap heating by burners a
general purpose gas analyzer was used. A picture of the HORIBA VIA-510
gas analyzer is shown in Figure 2.8. It continuously measures the
concentrations of specific gases with a non-dispersive infrared analysis
method. It is known that molecules consisting of different atoms absorb
infrared in their specific wavelength bands and that gases at constant
pressure absorb infrared corresponding to their concentrations. Based on
this principle, this analyzer utilizes the infrared absorption of the
components to be measured and continuously monitors changes in the
concentration of that component. The HORIBA VIA-510 general purpose
gas analyzer has the capability to measure the gases of CO (0-100%), CO2
(0-100%) and O2(0-50%). The equations, which were used to calculate O,

CO and COz percentage, are as follows;

%02=0.20438+0.00488 XEco  veeveunns 2.3)
%CO=0.13007+0.00998 XEco ~ wevevernnns (2.4)
%CO2=0.05501+0.00472 X Ecoz ~~ wveveurn. (2.5)

In equations 2.3 to 2.5, E is electrical potential in milli-volt (mV). Details of

HORIBA gas analyzer calibration are presented in Appendix A.
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Figure 2.8: HORIBA VIA-510 general purpose gas analyzer

2.4 Materials

Steel scrap from ArcelorMittal Dofasco was used for the present research.
Steel scrap can be classified into three groups; obsolete scrap, industrial
scrap and home scrap. Industrial scrap and home scrap are cleaner
compared to obsolete scrap. In addition to above classification steel scrap
can be classified according to its size, source and the way it is prepared
e.g., bundles, shredded, heavy melt, busheling, turnings etc (Fruhean,
1998). Table 2.3 shows the characteristics of the shredded (small and
large), busheling and heavy melt, which was used during scrap heating by
burner. The details size and scrap density measurement are presented in

section 2.5.1.
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Table 2.3. Scrap Characteristics

690 mm

A
v

& i
Large Shredded Scrap Small Shredded Scrap Busheling Selected Heavy Melt

Steel Density: 7200 kg/m’ | 7500 kg/m’ 7710 kg/m’ 7300 kg/m’
Scrap density: 9% 14% 7% -

2.5 Measurements

In the present research, size and density of the scrap were characterized
using measurements. Porosity variations from the wall to the center of the
furnace were also measured in the laboratory. The extent of combustion
was not known for our in-house burner. So, an experimental study was
performed to determine the extent of combustion. Finally, temperature
measurements were done during scrap heating by burner. In this Section

details of measurements are discussed.

2.5.1 Scrap size and density measurements

Scrap characteristics were already shown in Table 2.3. Shredded scrap was
sorted out into two different groups, small shredded scrap and large

shredded scrap. Randomly, 50 pieces of scrap were chosen from both
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small shredded scrap and large shredded scrap. The maximum length was
measured for each piece of scrap. Figure 2.9 shows the distribution of
maximum length for small shredded scrap. The average size for small
shredded scrap was 80 mm. Similarly Figure 2.10 shows the measured
maximum length for the large shredded scrap. The average size for large
shredded scrap was 150 mm. Busheling and heavy melt were chosen from
ArcelorMittal DOFASCO scrap yard that fit in our lab scale heating

furnace, Figure 2.2.
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Figure 2.9: Size Distribution of Small Shredded Scrap
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Figure 2.10: Size Distribution of Large Shredded Scrap

To measure the steel density of the scrap, initially the mass of a few pieces
were taken. Then, those scrap were submerged into a plexi-glass box,
which was full of water, and displaced water was collected. Using scrap
mass (Mscrap) and collected water volume (Vauater), steel density (0scrap= Mscrap
/ Vuater) for each group of scrap were calculated, which was already

presented in Table 2.3.

2.5.2 Porosity measurements

Porosity, i.e., fractional voidage, is one of the most basic properties of an
assemblage of particulate materials, which influences the fluid flow and

heat transfer through a porous medium. The random packing of hard
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particles has a long history of extensive study because of its importance as
a model for the particulate systems. Over the years, many studies have
been carried out on the packing of particles, which are summarized by
Cumberland and Crawford (Cumberland and Crawford, 1987), and
German (German, 1989). It is well established that the porosity of a
particulate mixture is strongly affected by the particle size and
distribution. The porosity distribution near the wall is also important.
Earlier work on the dependency of porosity on distance from the
boundary can be found in experimental results such as Roblee et al.
(Roblee, Baird and Tierney, 1958) and Benenati and Brosilow (Benenati
and Brosilow, 1962). Martin (Martin, 1978) and Muller (Muller, 1991)
successfully modeled the porosity variation normal to the wall using
randomly packed spherical particles. Although Martin and Muller
modeled the porosity variation from the wall to the center of the bed
using regular shaped spherical particles, it is a general trend among the
researchers to use an exponential decay function, based on the
experimental observation (Roblee et al. 1958 and Benenati and Brosilow,
1962). The typical exponential decay function is mathematically
represented as; ¢=¢_ (1+ae—b’”d’ ), where, ¢ is the local porosity, ¢ is the
porosity far away from the boundary or wall, and x is the distance from
the wall. a and b are the parameters, which are adjusted according to the

wall porosity, which is equal to 1 when x equals 0. d; is the diameter of the
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spherical particles. Values of a and b are 1.7 and 6 for particle diameter
about 2 - 4 mm (Benenati and Brosilow, 1962). The exponential decay
function for porosity variation from the wall to the center has been proven
only for regular shaped particles. So, steel scrap packing inside a furnace
needs to be investigated. In the present research an experimental study of
steel scrap packing was carried out to determine the porosity variation

from the wall to the center of the bed.

In our research a plexiglass vessel was used to measure porosity of steel
scrap packing, which is shown in Figure 2.11. The plexiglass vessel was
marked into different segments in X, Y and Z directions, which is shown
in Figure 2.12. The vessel has two openings one is at the top and the other

is at the bottom. The bottom opening has a valve.

In the beginning of the experiment steel scrap was packed randomly
inside the vessel as shown in Figure 2.11. Then, known quantity of tap
water was poured into the vessel and the amount of water poured into the
vessel for each segment was monitored. Porosity in each segment was
calculated by equation 2.6 using volume of water poured in each segment
and volume of each segment.

v

= Porosity =2
@ ty 7,
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where, Vv is volume of water poured in each segment and Vs is volume of
each segment. When one direction, say Y, was filled with water, the water
was then drained out through the bottom opening and the vessel was
rotated to perform the same procedure for another direction, say X. The
same procedure was also repeated for the third direction, i.e., Z. After
each set of experiments, the steel scrap was taken out and dried. The same
scrap was again randomly packed inside the vessel and the procedure was
repeated to obtain five sets of measurements. The results for each
experiment are designated as “Packing 17, “Packing 2”, “Packing 3",
“Packing 4” and “Packing 5” in the Figures 2.13 to 2.16. The same

procedure was followed for shredded and busheling.

598 mm

Figure 2.11: Plexiglass porosity measurement vessel
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Figure 2.12: Segments in a) Y direction, b) Z direction and c) X direction

The measured porosity variations with distance from the wall to the
center are shown in Figure 2.13 - 2.15, for small shredded scrap in X, Y
and Z directions and different packing or tests. It is seen that the porosity
varies from the wall to the center of the bed. At the wall the porosity
approaches 1 and at a distance of the order of the average particle size, the
porosity remains uniform, which is similar to the randomly packed
spherical shaped particles. It is also seen from the same figures that
porosity variation pattern is the same in all directions. Similar porosity
distribution patterns were also observed with large shredded scrap, which
is shown in Figure 2.16. For busheling the porosity variation is more

random, as shown in Figure 2.17.
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Figure 2.13 Porosity variations from the wall to the center for
small shredded scrap (average scrap length 80 mm) in X-direction
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Figure 2.14: Porosity variation from the wall to the center for
small shredded scrap (average scrap length 80 mm) in Y-direction
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Figure 2.15: Porosity variation from the wall to the center for
small shredded scrap (average scrap length 80 mm) in Z-direction
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Figure 2.16: Porosity variation from the wall to the center for
large shredded scrap (average scrap length 150 mm) in Y-direction
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Figure 2.17: Porosity variation from the wall to the
center for Busheling in Y-direction
The same experimental procedure was followed to observe the porosity
distribution pattern for regular shaped spherical particles. Experiments
were performed for both small spherical particles (diameter ~63 mm) and
large spherical particles (diameter 195 mm). Figure 2.18 and 2.19 show the
porosity distribution for small spherical particles and large spherical
particles. It is seen in Figure 2.18, at the wall the porosity approaches 1
and at a distance of the average particle size, the porosity remains
uniform. The same porosity distribution observed for shredded scrap. For
large spherical particles porosity distribution is more random, which is

similar to busheling.
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Figure 2.18: Porosity variation from the wall to the center
for small spherical particles (diameter~63mm) in Y-direction
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Figure 2.19: Porosity variation from the wall to the center
for large spherical particles (diameter~195mm) in Y-direction
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It is evident from our porosity measurements that there is anomaly of
porosity distribution pattern for both busheling and large spherical
shaped particles. This is due to large size of busheling and large spherical
particles compared to the plexiglass vessel. During porosity measurement
some amount of water can stick with the scarp and it is seen that about
0.13% error of total porosity if the scrap is dry, compared to wet scrap. If
the water only stick in the first section i.e., near the wall then the porosity

measurement error near the wall is about 3%.

From the present porosity distribution experiments it can be concluded
that the porosity approaches 1 near the wall, and decreases towards the
center of the bed, and remains constant after a particle length for both

small shredded scrap and large shredded scrap.

2.5.3 Experiments to determine the extent of combustion

To predict temperature distribution inside the furnace, it is necessary to
know the total amount of heat input to the furnace during scrap heating
by the burner. As stated earlier, due to incomplete combustion, some
unburned propane and oxygen or some carbon monoxide and oxygen can
be present in the combustion products. To determine the burner power or
total heat release during combustion, experiments were performed using

off gas analysis to determine the extent of combustion.
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A schematic of the off gas analysis set up is shown in Figure 2.20, which
consists of scrap-heating furnace with scrap, burner, gas sampling pump,
water vapor absorption column and a gas analyzer. Gas samples were
taken using hollow a steel tube. Gas sampling positions are shown in

Figure 2.21.

Drierite

Chimney BaE: Analyzer

Y — Silica Gel
CJ

Burner

] Heating Furnace

Figure 2.20: A schematic of the off gas analysis Experimental Set-up

Chimney

g
8
GAS SAMPLING
POSITIONS

300 mm

Figure 2.21: Gas sampling positions in the cross section of the center of the furnace.
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At the beginning of the experiment, the furnace was purged by argon.
During argon purging gas samples were taken from different positions
shown in Figure 2.21 by a pump. It was observed that after 20 minutes of
argon purging the furnace was almost free of oxygen in all the sampling
positions (<1% oxygen), which is shown in Figure 2.22. After removing
air from the furnace, the burner was started outside the furnace with
oxygen and propane. To ensure complete combustion, an extra 10%
oxygen over the required stoichiometry oxygen was supplied. Helium
was used as a tracer gas in the burner. After a steady flame was achieved
the burner was introduced to the furnace, and continuous gas samples
were taken using a pump. Before gas sampling the gas mixture was
passed through a column of silica gel and drierite to make sure that there
is no water vapor in the gas mixture. A study of CO2 adsorption/ elution
phenomena by different drying agents, which is presented in Appendix
A., shows that precautions should be taken to ensure that samples of gas
contain the true CO; content for chemical analysis. Gas samples were
taken after passing the gas through the column of silica gel and drierite for
1.5 minutes, which ensure the true gas compositions of the samples. The
only place from where the combustion products can go out from the
furnace is chimney. Gas compositions at the chimney were monitored

continuously.
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Figure 2.22: Oxygen percentage inside the furnace in different positions.

The carbon balance is related to the percent of combustion. The total
carbon input is only from the propane and the carbon out is by CO,, CO
or some un-burn propane. Exhaust gas compositions were checked
through the experiment. It was found from that there is no CO present in
the exhaust gas through chimney. Percent of combustion was calculated

by the following equation;

% Combustion = 100(Carbon Out in CO»)/(Carbon in as C3Hs)
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The experiment was repeated for different propane and oxygen flow rates.
Figure 2.23 shows the calculated percent of combustion for different
propane and oxygen flow rates, at different times. Virtually complete
combustion is seen in Figure 2.23 for all the cases. Using a thermodynamic
software FactSage5.5., 2007 and known propane and oxygen flow rates,
thermodynamic calculations were performed to predict burner powers,
which are summarized in Table 2.4. The burner powers for three different

flow rates of propane and oxygen are 8.3 kW, 12.8kW and 17.3 kW,

respectively.
120
® Propane Flow: 5.94 I/ m, Oxygen Flow: 32.65 1/ m
= 8 Propane Flow: 9.15 I/ m, Oxygen Flow: 50.32 /m
°\=ﬁ 110 F © Propane Flow: 12.37 I/m, Oxygen Flow: 63.7 /m
=
=
2]
: %
2 o | %
90 F
80 1 1 1 1
0 20 40 60 80 100

Time, m

Figure 2.23: Percent of combustion for different propane and oxygen flow rate
at 298.1 K and 1 atmospheric pressure.
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Table 2.4: Propane and oxygen flow rates at 298.1K and 1 atmospheric pressure,
with corresponding burner power (FactSage5.5., 2007)

CsHg Flow Rate O> Flow Rate Excess O> Power
(I/min) (I/m) ({/m) kW)
5.94 32.65 10% 8.3
915 50.32 10% 12.8
12.37 63.17" 2.1% 17.3

* Due to flame stability less than 10% of stoichiometry oxygen was used

Steel scrap oxidizes during heating by burners. To estimate the extent of
scrap oxidation iron oxides were collected after the heating experiment
(small shredded scrap) with burner power of 12.8 kW. Equation 2.7 and
2.8 show the energy evolved during formation of FeO and FexOs,
respectively (Janaf Thermochemical Tables, Third Edition, 1985). With the
amount of iron oxide and equation 2.7 the energy evolved due to scrap
oxidation was calculated, which is approximately 5% of total energy input
during the experiment. Similarly, if the oxide is only FexOs; then the
energy evolved due to oxidation is approximately 7% of total energy input
during the experiment. The energy evolved due to scrap oxidation was
small compared to the total energy input during the heating experiment

and therefore scrap oxidation was neglected in this research.
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Fe (s)+ %2 02 (g) = FeO (s) AH?* =-270.16 kJ/mol  ........ @2.7)

Fe (s) + 3/2 O2(g) = Fe2053(s) AH?® =-821.62k]/mol ... (2.8)

2.5.4 Scrap Heating Experiments

At the beginning of the scrap heating experiment, steel scrap was carefully
loaded into the furnace (Figure 2.2) and thermocouples were positioned at
the pre-determined locations (Figure 2.6). Before starting the experiment,
the furnace was purged with argon gas to make sure that there is no
oxygen left inside the furnace. Then both the propane and oxygen supply
lines were opened. The burner was then started. An excess oxygen was
used, and accounted for in the reported burner power (Table 2.4). After a
steady flame was obtained outside the furnace, the burner was inserted
into the furnace. At the same time recording of the temperatures started.
Precautions were taken to stop air entrainment into the furnace from the

room environment by properly sealing the furnace.

Temperature measurements were repeated for different configurations of
the furnace and with different scrap. Temperature distributions over the
time of the experiments were monitored with furnace roof on and furnace
roof off. Also, separate heating experiments were carried out with small

shredded scrap, large shredded scrap, Busheling and Heavy Melt.
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2.6 Experimental Results and Discussion

There were only 13 temperature measurements in the vertical central
plane of the furnace, so the temperature distribution in the furnace was
obtained by interpolating and extrapolating the temperatures with a
software package, TECPLOT (Tecplot, 9.0). In front of the burner adiabatic
flame temperature of propane and oxygen was used for the extrapolation.
Thermocouples receive heat from the gas and radiate heat to the scrap so
the measured temperature is between the gas and scrap temperatures.
Therefore, the response of the thermocouples needs to be modeled.
Modeling of thermocouple temperature, gas temperature and scarp
temperature is discussed in Chapter 3, Section 3.9. The measured
thermocouple temperature distributions over time for the large shredded
scrap at the highest power level, 17.3 kW, are shown in Figures 2.24a to c.

As expected the heat penetrates more deeply as time progresses.
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Figure 2.24a: Temperature (°C) contour of the furnace after 30 minutes of the
experiment with Large Shredded Scrap with top cover on, Burner Power 17.3 kW
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Figure 2.24b: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Large Shredded Scrap with top cover on, Burner Power 17.3 kW

Figure 2.24c: Temperature (°C) contour of the furnace after 90 minutes of the
experiment with Large Shredded Scrap with top cover on, Burner Power 17.3kW
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Figure 2.25 shows the effect of burner power on the gas temperatures 60
minutes after the start of heating; these Figures should be compared with
Figure 2.24b at the highest power level, also after 60 minutes. As

expected, more burner power produces more heating.
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Figure 2.25a: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Large Shredded Scrap with top cover on, Burner Power 8.3 kW
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Figure 2.25b: Temperature (°C) contour of the furnace after 60 minutes of the

experiment with Large Shredded Scrap with top cover on, Burner Power 12.8 kW
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The furnace roof causes the combustion gases to flow across the furnace to
reach the chimney on the other side, as shown in Figure 2.18a. This
changes the flow pattern and consequently the heating pattern, as can be
seen by comparing Figure 2.26a (cover on) with 2.26b (cover off). There is
better heating with the cover on because the contact length between the

scrap and gas is increased.
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Figure 2.26a: Temperature (°C) contour of the furnace after 90 minutes of the
experiment with Small Shredded Scrap with top cover on, Burner Power 12.8 kW
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Figure 2.26b: Temperature (°C) contour of the furnace after 90 minutes of the
experiment with Small Shredded Scrap with top cover off, Burner Power 12.8 kW

Figure 2.27a to ¢ shows the temperature contours for small shredded
scrap, large shredded scrap and heavy melt, respectively. It is quite
evident that the heating is more effective for smaller scrap. Figure 2.28
shows this more quantitatively. In Figure 2.28 the off gas temperature
measured at the chimney is plotted as a function of time. If more heat is
transferred to the scrap, the gas temperature will be lower. The apparent

efficiency is simply calculated by comparing the off gas temperature to the

a s T flame — (nxhaust =, ambient ) .
adiabatic flame temperature: 77, = = . Figure 2.28

flame

shows that the efficiency decreases with time as the scrap heats up; the
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thermal driving force is decreased. These efficiencies are very high

because they are in the initial stages of heating.

124

Figure 2.27a: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Small Shredded Scrap, top cover on, Burner Power 12.8 kW

124

Figure 2.27b: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Large Shredded Scrap, top cover on, Burner Power 12.8 kW
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Figure 2.27c: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Heavy Melt, top cover on, Burner Power 12.8 kW
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Figure 2.28: Plot of Exhaust Gas Temperature and Apparent Efficiency with Heating
Time for Shredded (Small and Large) and Heavy Melt, Burner Power 12.8kW
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To illustrate the effect of gas flow on the heating, a piece of steel sheet was
placed in the centre of the scrap pile, as shown in Figure 2.29. The sheet
had a clearance of 60 mm on each side, and 60 mm at the ends, so the
combustion gases were forced to travel further through the scrap. The
steel sheet had a dramatic effect on the heating, as seen by comparing
Figures 2.30a (no sheet) with Figure 2.30b (with the sheet). Figure 2.31
shows the plot of outlet gas temperature and the apparent efficiency over
time. Clearly, the steel sheet has a strong effect on flow modification, and
the effectiveness of the heating. While, it is not practical to use this
concept for the charging of an electric furnace, it could be useful for the

design of separate scrap heating furnaces.

Sheet Metal

Figure 2.29: Sheet metal layer position during the experiment
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Figure 2.30a: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Small Shredded scrap, top cover on, Burner Power 12.8 kW
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Sheet Metal

Figure 2.30b: Temperature (°C) contour of the furnace after 60 minutes of the experiment
with small Shredded scrap and sheet metal layer, top cover on, Burner Power 12.8 kW
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Figure 2.31: Plot of exhaust gas temperature and apparent efficiency
with heating time, small shredded scrap, with sheet metal addition and
without sheet metal addition, Burner Power 12.8 kW

To illustrate the effect of scrap layering on the heating, small shredded,
large shredded, heavy melt and busheling were layered inside the
furnace, as shown in Figure 2.32. Figure 2.33a to c shows the temperature
contours for the above mentioned configuration. It is quite evident that
the heating is more effective in the case of layering. When small shredded
scrap is placed above the heavy melt and larger shredded scrap the small
pieces go inside the voids and increased scrap density. Also in the top of

the small scrap busheling acts as a sheet metal, hence better heating.
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Figure 2.32: Scrap layering during the experiment

Figure 2.33a: Temperature (°C) contour of the furnace after 30 minutes of the
experiment with Scrap Layers, top cover on, Burner Power 12.8 kW
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Figure 2.33b: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Scrap Layers, top cover on, Burner Power 12.8 kW

Figure 2.33c: Temperature (°C) contour of the furnace after 90 minutes of the
experiment with Scrap Layers, top cover on, Burner Power 12.8 kW

68



PhD Thesis---—-—-- -—-Kamalesh Mandal---------—-McMaster University - MSE ---------—-- 2010

To check the reproducibility of present scrap heating experiments, an
experiment was repeated for small shredded scrap with low burner
power, ie., 83 kW. It was mentioned earlier that temperatures were
measured with heating time at 30 seconds interval. The exit gas
temperatures i.e., thermocouple number 13 in Figure 2.6 are plotted with
the time of heating for two tests, which is shown in Figure 2.34. Figure
2.35 shows the summary of absolute temperature deviation respect to steel
melting point, for two tests in all the thermocouples for entire heating
time. So, the heating experiments can be reproducible with the deviation

of maximum 0-17.5%, which is shown in Figure 2.35.
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Figure 2.34: Exit gas temperature Vs time for test 1 and test two
with small shredded scrap, top cover on, Burner Power 8.3 kW
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Figure 2.35: Summary of temperature deviation between test 1 and test 2
with small shredded scrap, top cover on, Burner Power 8.3kW

2.7 Summary of Scrap Heating Experiments

Present research was focused in the region of the Electric Arc Furnace
around the burners. Hence, heating by electrode was ignored in this
study. Also, it is important to mention that the aim of the present study
was to measure the efficiency of heat transfer between the flame and scrap
in the initial stages, not to melt the scrap. So, melting of scrap was not
considered. Typically, there are three burners positioned in the cold spots

between electrodes (Jones, 1994). Therefore, burner to burner interactions
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were also ignored for the current research. Considering above mentioned
phenomena an in-house scrap-heating furnace was designed and built in

the lab to perform the scrap heating experiments.

Scrap heating experiments were carried out in the lab with small shredded
scrap, large shredded scrap, busheling and heavy melt and different
configurations. Temperature distributions were monitored over the time
of the experiments using 13 thermocouples in the vertical center plane of
the furnace, so the temperature distribution in the furnace was obtained
by interpolating and extrapolating the temperatures with a software
package, TECPLOT (Tecplot 9.0). The error of temperature measurements
were within #0.5%. The main findings from the scrap heating

experiments were;

1. Heat penetrated more deeply as time progressed for all kinds of
scrap and more burner power produced more heating.

2. The furnace roof caused the combustion gases to flow across the
furnace to reach the chimney on the other side, which changed the
flow pattern and consequently the heating pattern. There was
better heating with the furnace cover on compared to furnace cover
off because the contact length between the scrap and gas was

increased in case of furnace cover on.
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3. Heating was more effective for small scrap compared to large
scrap.

4. Apparent heating efficiency decreased with time as the scrap
heated up; the thermal driving force was decreased. Measured
efficiencies were very high because they were in the initial stage of
heating.

5. A steel sheet placed horizontal in the middle of the furnace had a
strong effect on flow modification, and the effectiveness of the
heating, which could be used for the design of separate scrap

heating furnaces.
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Chapter 3
Numerical Modeling

3.1 Introduction

A numerical model is a set of equations, algebraic or differential, which
may be used to represent and predict certain phenomena. In the last few
decades, numerical modeling has played a key role in developing a
holistic approach towards the understanding of metals and materials
processing (Szekely, 1988). The term model as opposed to law implies that
the relationship employed may not be quite exact and that the predictions
derived from them may only be approximate. Numerical modeling has
been used for a long time, but in recent years major breakthroughs have
been possible because of dramatic developments both in computing
hardware and software, which allows for more effective solution of the

model equations.

Steel production in the Electric Arc Furnace (EAF) is a high temperature
process and because of high temperature involved, it is difficult to
measure the characteristics of the flow and heat transfer inside EAF. So,

numerical modeling may be a viable reasonable alternative for
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investigating fluid flow and heat transfer phenomena between a flame

and scrap inside an EAF.

For accurate prediction of flow and temperature field for the scrap heating
by burners variable porosity, non-Darcian, turbulent flow with separate
temperatures for gas and solids need to be considered. FLUENT is not
capable of considering the above mentioned conditions. To handle these
issues an in-house computer model needs to be developed, which can take
account of non-uniform porosity inside the furnace, turbulence, the
dynamic behavior of porosity due to localized melting and heat transfer

phenomena between the flame and scrap.

In this chapter a numerical model of the fluid flow and heat transfer

phenomena between flame and scrap inside the EAF has been developed.

3.2 Porous Media Flow and Heat Transfer -
Literature Review

Fluid flow and heat transfer phenomena through a porous medium have
been extensively investigated due to its many engineering applications. In
the present research an oxy-fuel burner, heats the scrap by transferring

heat from the flame to the scrap. This heat transfer takes place via
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convection, radiation from the combustion products and conduction
within the scrap. Our present research is to understand the fluid flow and
heat transfer phenomena in a non homogeneous porous medium with
irregular shaped particles. Our aim is to understand the efficiency of the
transfer of the combustion heat to the steel scrap in the furnace. So we
neglect the detailed modeling of combustion and used hot gas as input to
the furnace by the burner. In this Section a comprehensive review of

available flow models for porous media is presented.

3.2.1 Porous Media Flow Models

The fluid flow characteristics of a fluid can be described mathematically
by a set of equations considering two basic conservation principles,
conservation of mass and conservation of momentum. For Newtonian
fluid, the momentum equations for a single phase flow can be represented
by the Navier-Stokes equations. Navier-Stokes equations in Cartesian

coordinates of a fluid in laminar flow, can be expressed as (Versteeg and

Malalasekera, 2007);
apV,) 0 oP o , 97,
il T (VW )= ——— +— (g —L e 3.1
L o P A )

The equation of continuity or the conservation of mass takes the following

form provided there is no mass generation or loss.
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dp 9
L (pV)=0 eeeennn. 3.2
at+8xj.(p’) (3-2)

In the Navier-Stokes equation 3.1, and continuity equation 3.2, the
parameters {, P, p, 4, V, and g are time, pressure, fluid density, viscosity,
velocity and acceleration due to gravity, respectively. When the system is
a porous medium, then due to the great complexity of pores and solid
matrix structure it is not possible to apply Navier-Stokes equations for
prediction of flow characteristics. This problem led to the idea of the
development of a mathematical description in terms of macroscopic
features of fluid flow. The macroscopic momentum equations for porous
media can be classified into two groups, Darcian and non-Darcian, which

are described hereafter.

In the literature, different regimes of flow in porous media are

Vidp

characterized based on pore Reynolds number Rep (Re, = , where Vy

f
is the Darcy velocity, dp is the diameter of the pore and vsis the kinematic
viscosity of the fluid). The Darcy velocity also known as the superficial
velocity (flow rate/flow area). For low pore Reynolds number (Rep<1)
incompressible flow through porous media can be described by Darcy’s
law (Darcy, 1856). In 1856, Darcy experimentally observed the pressure

gradient and the speed of fluid through sand filters and he found that the
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pressure drop is typically proportional to the velocity of the fluid. From
Darcy’s law, velocities for multi dimensional flows can be presented as

v.--Kvp (3.3)

U
where K is the permeability of the medium, i.e., ability of a fluid to pass

through a medium or material, x is the viscosity of the fluid and VP is the
pressure gradient. The mean filter velocity Ij'd , is the Darcy velocity,

which is proportional to pore velocity, Vp and described as; V, =¢V,,

where ¢ is the porosity of the medium. One of the main advantages of
Darcy’s law is that it linearizes the momentum equations, thus removing a
considerable amount of difficulty in solving the governing equations.
Darcy’s law is valid for creeping type flows, where the Reynolds number
is less than unity and inertia effects can be ignored in comparison to the
viscous resistance (Greenkorn, 1981) or when the media is densely packed
with low permeability K<<1, (Rudraiah and Balachandra, 1983) which
implies that the pore Reynolds number Re,, is less than unity. On the other
hand, Darcy’s law cannot account for the no-slip boundary condition on a
rigid boundary (Hamdan, 1994). Darcy’s law neglects the boundary and
inertia effects (Bevers and Sparrow 1969, Chandrasekher and Vortmeyer
1979, Brady 1984, Hassanizadeh and Gray 1987 and Yu. et al. 1991) of the

medium. Some porous media, e.g., a scrap pile, has porosity close to unity
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and the flow is fast, which makes the pore Reynolds number greater than
unity. This type of porous medium needs special treatment where
considerations of the inertial effects are important. In addition, Darcy’s
law does not account for the high velocity gradients, which arise when
viscous effects are prominent. So, for proper flow prediction one should
employ a non-Darcian equation, which can account both inertial and/ or

viscous effects.

A review of single phase flow through porous media, presented by
Hamaden, 1994, is summarized here. After Darcy, Lapwood (Lapwood,

1948) modified the Navier Stokes equations by replacing the viscous term
(V?*V, using the viscous damping term in Darcy’s law, viz., — 4V, /K and

proposed a flow model for porous media as;

The above model is known as the Darcy-Lapwood model. This model was
appreciated by various researchers (Rudraiah and Srimani 1980, Rudraiah
and Balachandra, 1983), who studied the nonlinear convection using this
model. In contrast from the convection analysis point of view, some
researchers have criticized the Darcy-Lapwood model for the way in

which inertial term are included in the Navier Stokes equations.
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Brinkman (Brinkman 1947a and Brinkman 1947b) proposed a modified
Darcy’s law by investigating the flow around spherical particles.
Brinkman accounted for viscous shear stresses that act on the fluid
elements, which were neglected in Darcy’s law. The Brinkman model can
be regarded as a modified Darcy’s law, which is presented here as the

Darcy-Lapwood-Brinkman model,

where, 7, is the volume averaged Darcy velocity of the fluid within the

porous medium, [ is the effective viscosity of the fluid, and u is the
viscosity of the fluid. Arguments are available in the literature (Brinkman
1947a, Lundgren 1972, Hsu and Cheng 1985, and Durlofsky and Brady,
1987) supporting these two viscosities. On the other hand some
researchers stated that the porous medium should retain its bulk
properties and hence two viscosities are same in the Brinkman model. In
the Darcy-Brinkman model the inertial term was neglected, but
Forchheimer (Forchheimer, 1901) included the inertial loss term in the

momentum equation in the form of FV, |V, |/ VK, where F is the drag

coefficient or geometric factor. The Darcy-Lapwood-Forchheimer-

Brinkman model can be presented as;

—

1% . F -
=-VPeu 4y VWV, —p——V, V| oerrrri. 3.6
Al ARl del | (3.6)

DV,
P D

79



PhD Thesis----—--—- Kamalesh Mandal----—-----McMaster University - MSE ---—----—-- 2010

In the above equation | V| is defined asVU> +V2+W? , where, U, V and
W are the Darcy velocities in x, y and z directions. Values of permeability,
K, and drag coefficient, F, can be obtained from appropriate empirical
relations, which are discussed later. In an effort to include Brinkman and
Forchheimer extensions in the Darcy model, Beckermann et al
(Beckermann, Viskanta and Ramadhyani, 1986) studied non-Darcian
natural convection in a vertical enclosure filled with spherical shaped
particles. They solved the Brinkman-Forchheimer-extended Darcy
equation using the SIMPLE algorithm (Patankar, 1980) and their result
showed good agreement with the data obtained from Weber's model
(Weber, 1975). Similarly, to verify Brinkman-Forchheimer-extended Darcy
model, Kladias and Prasad (Kladias and Prasad, 1991) conducted
experiments over a wide range of governing parameters such as, Darcy

Number (Da=K/D? where K is the permeability and D is the reference
dimension), Forchheimer Number ( F; = %, where F is the drag coefficient
of the Brinkman-Forchheimer-extended Darcy model, and D is the
reference dimension), Prandtl Numbers (P, =§, which is ratio of the

kinematic viscosity to thermal diffusivity) and conductivity ratio.
Experimental results were reported for natural convection in a horizontal

porous medium heated from the bottom. They achieved a good agreement
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between the experimental results and the numerical prediction at low
Darcy numbers and low Rayleigh numbers with variable porosity in the
range 0.375 to 0.468. It is important to mention here that the Darcy-
Lapwood-Forchheimer-Brinkman flow model for porous media is the best
regarded model, because it takes into account both viscous and inertial

terms (Hamdan, 1994).

For some applications, e.g., drying, the constant porosity assumption is
valid. It is shown in the literature (Roblee, Baird and Tierney 1958 and
Benenati and Brosilow, 1962) and also from our porosity experiments,
which are described in Section 2.5.2, that a solid boundary influences the
porosity distribution of the porous media. Porosity near the solid wall is
high compared to center of the porous bed. In the literature a number of
experimental and theoretical studies have shown that there is a significant
effect on the velocity field of the high porosity near the solid wall (Roblee,
Baird and Tierney 1958 and Benenati and Brosilow, 1962). Due to the
variation of porosity near the solid wall, a channeling effect (Vafai , 1984)
can be observed. This channeling effect was observed both experimentally
and numerically by Vafai (1984) and Vafai et al (1986). So, for accurate
flow prediction in porous media, consideration of variable porosity is
important. A series of investigations in the literature (Hsu and Cheng

1990, Nithiarasu et al. 1997, Alazmi and Vafai 2000, Postelnicu and Rees

81



PhD Thesis----—----- Kamalesh Mandal-------—- —McMaster University - MSE ---------—- 2010

2003, Pakdee and Rattanadecho 2006, Chen et al. 2007) have considered
the effect of variable porosity model on fluid flow and heat transfer for
porous media to study both forced convection and natural convection.
Vafai and Tien (Vafai and Tien, 1981) have established the steady state
equations for a porous media using the local volume averaging technique
and applied their equations of flow through a porous medium over a flat
surface. Hsu and Cheng (1990) obtained the macroscopic momentum
equations for forced convection of an incompressible flow in a variable
porosity medium based on the volume averaging of the microscopic
equations and used their model to analyze thermal dispersion in a porous
medium. They compared their predicted heat transfer characteristics with
experimental data reported in the literature (Yagi and Kunni, 1960).
Considering the macroscopic mass and momentum balance, Nithiarasu et
al (1997) derived a general set of governing equations of non-Darcian
convective flow for a medium of variable porosity. They studied natural
convective flow using their generalized non-Darcian porous media model
and validated their model with the help of experimental data cited in the
literature. Using a generalized non-Darcian model i.e., variable porosity
model, Kladias and Prasad (1991) found good agreement between
experimental results and predicted results for higher value of Darcy
number as well as higher Rayleigh number. These authors also observed

that the nature of the porosity variation of a medium affects heat transfer
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and fluid flow results. The generalized non-Darcian flow model, which

was used by above-mentioned researchers, can be described as;

- -

v, > 2 4 > F o
P9 at‘”+p¢(VP.V)VP=—VP—”K”+ﬂeﬁr-V2Vp+pgﬂA —p—KIVIVp -(3.7)

where, ¥, ¢, B and AT are the Darcy velocity, porosity, thermal expansion
coefficient and temperature difference between the local temperature and
the reference temperature. Other parameters of the generalized non-

Darcian model have already described earlier.

It is important to mention here that the previous studies related to porous
media flow and heat transfer were carried out considering regular shaped
particles, either spheres or cylinders. Before the present study no one had
taken any initiative for comprehensive modeling of the heat transfer and
fluid flow phenomena for irregular shaped particles, such as steel scrap.
It can be summarized from the literature that the flow through a porous
medium can be explained accurately with the use of the generalized non-
Darcian model in a variable porosity medium. The generalized non-
Darcian model approaches the theory of porous media (Darcy’s Law) as
the permeability decreases, and it approaches the standard Navier-Stokes
equations for a fluid as permeability increases; this is further explained in

Section 3.4.2.
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Now the question arises whether using fluid viscosity in the momentum
equation for the effective viscosity is justified or not. In this regard there
are several studies available in the literature for the turbulent flow
through porous media for an incompressible fluid, which are presented

next.

3.2.2 Turbulence Modeling in Porous Media

At low Reynolds number, flows are laminar and at high Reynolds
number flows become turbulent. A typical point velocity measurement
might demonstrate the form of, U+ u'(t), where U and u(t) are the mean
velocity and fluctuating component of the velocity. In most engineering
applications it is unnecessary to resolve the details of the turbulence
fluctuations and only mean values of flow properties may characterize
the turbulent flow (Versteeg and Malalasekera, 2007). Time averaged
momentum equations yield Reynolds stresses of the form pm, which
are not known a priori (Bird, Stewart and Lightfoot, 1994). Hence, there
is a need for turbulence modeling. The most common turbulence models

are classified into four groups (Versteeg and Malalasekera, 2007) which

are summarized in Table 3.1.

84



PhD Thesis-----—----- Kamalesh Mandal---—-----— McMaster University - MSE --—-----— 2010

Table 3.1: Turbulence Models (Versteeg and Malalasekera, 2007)

Turbulence Model Name
Zero equation model Mixing length model
One equation model Spalart-Allmaras model

Two equations model
k-e model
k-wmodel

Algebraic stress model

Seven equations model Reynolds stress model

Among the turbulence models the k-£ model is the most widely used and
validated turbulence model for single phase flows (Versteeg and
Malalasekera, 2007). In k-& model for single phase Reynolds stresses are

modeled by the mean velocity gradient, which is shown here;

- ou. Odu,| 2 ou,
- pulu =y,(§+a—x’—]——(pk+y, —Z’—] O e (3.8)

J i

The transport equation of turbulent kinetic energy, k is as follows;

M i _i lueﬁ‘_a_li
o | ox, (phku;) = ax{ 5, 3 +8k e (3.9)

J
In the above equations, Sx = Gk-£p and ok is the k-€ model constant,

where Gk is the volumetric rate of turbulence generation. The transport
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equation of the rate of dissipation of turbulent kinetic energy ¢ is as

follows;
d(pe) o d | Uy o€
—L=2 4~ (peu)) = — —|+8, e 3.10
ar o P0G, )T (310)
_ 2
where S, = €66, ~C,pe . In which C;, C; and o; are the k-£ model

constants. The effective viscosity, /g is the sum of turbulent viscosity, ur,

and laminar viscosity, 4, of the fluid. Turbulent viscosity, ur, is computed

2

by combining k and ¢ as follows; u, = pC, k? ; where C, is the k-£ model

constant. The values of k-£€ model constants are as follows; C ,=0.09,

Cr=1.44, (2 =1.92, 0x =1.0 and o, =1.3 (Launder and Spalding, 1974).

Turbulent phenomena in porous media are more complex compared to
ordinary fluid flow. In the literature porous media flow regimes are
classified as; (a) Darcy flow regime (Rep<1), (b) Forchheimer flow regime
(1 ~ 10 <Rep<150), (c) transition flow regime (150 <Rep<300) and (d) fully
turbulent flow regime (Rep>300) (Vafai et al, 2006). Different
methodologies are described in the literature to develop turbulence
models for flow in the porous media. Generally, governing equations for
the mean velocity and turbulent properties are obtained by time averaging

followed by volume averaging (Nakayama and Kuwahara 1999). Recently,
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Francisco Jr. and Marcelo (2000), Pedras and Lemos (2001a) and Pedras
and Lemos (2001b) developed double decomposition concept to obtain
turbulent properties. Pedras and Lemos (Pedras and Lemos, 2001a),
developed a two-equation turbulent model flow in porous media by space
integration of the equations for turbulent flow for a single phase fluid, i.e.,
in the absence of porous media. They accounted for the porous media
effect by considering additional terms in the turbulent kinetic energy and
the dissipation rate equations. The turbulent kinetic energy, k, equation
and dissipation rate of turbulent kinetic energy, & equation for porous
media developed by Pedras and Lemos (Pedras and Lemos, 2001a), are

presented.

) ) (1 Ok

3

+— (phu,) = — +8p e 311
a o P50 o, )T G-

ape) 0 d | Uy O
2 L (peu)=—| ELZE NS, 3.12
R T AR (312
K|V, C,£G, —C,pe* £V, |
where, Sy = G, —gp+ Cp9 «/EJ and S£=‘—Kk—L+C2CKp¢ \/EJ

To obtain the value of Ck the same authors (Pedras and Lemos, 2001b)
numerically solved the microscopic flow inside a special periodic array of
elliptical rods, considering low and high Reynolds numbers and varying
porosity from 0.4 to 0.8. Nield (Nield, 2001), presented a summary and

discussion on the alternative turbulence models for flow through a porous
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medium and he concluded that Pedras and Lemos (Pedras and Lemos
2001a, Pedras and Lemos 2001b) analysis can be considered as more

complete.

3.2.3 Porous Media Thermal Models

A review of literature in the area of fluid flow and heat transfer for porous
media indicates that it is a common practice to adopt the concept of local
thermal equilibrium (LTE) between fluid and solid in the porous media.
This local thermal equilibrium assumption implies that the local
temperature difference between fluid and solid in the porous media is
negligible. The local thermal equilibrium model can be presented as;

aT

. E+¢(p0),.r7,, VT =Ky VT +S; e, (3.13)

(PC)

Where, (pC)n =¢(pC)r +(1-9)(pC)s and Ky =gKs +(1-#)K; f and s imply for
fluid and solid. C, T, and Sk are the specific heat, temperature, and heat
source term, respectively. The velocity in equation 3.13 was considered as

Darcy’s velocity.

The assumption of LTE is widely used in the literature to analyze thermal
transport in a porous medium. However, this assumption is not valid for
applications where a significant temperature difference exists between the
solid and the fluid phases. Hence, the need for local thermal non

equilibrium (LTNE) models. In recent years the LTNE model has received
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considerable attention due to its application in a wide variety of
engineering fields. The LTNE model in porous media has been
investigated by a number of investigators such as Sozen and Vafai (1990),
Amiri and Vafai (1994), Quintard, Kaviany and Whitaker (1997). They
showed that consideration of the LTNE model is necessary for accurate
temperature prediction. This type of model requires an additional term in
each equation to account the energy exchange between solid and fluid, the
heat transfer coefficient, hgs. The heat transfer coefficient between fluid to
solid, hg, and the specific surface area, As are the main resistance of heat
transfer in the interface between fluid and solid. Considering LTNE the

energy equations for fluid and solid phases can be represented as;

oT -
#(pC) a—tf +@(PC); V, VT, =K ;s VP T, + by Ag(Ty =T,) + Sy woveerennn (3.14)
aT’S 2 r
(A=0)PC), =+ =Koy VT, + s As(T, = T,) \Z L (3.15)

In the LTNE energy equations, ¢, p, C, T, Keg hs, As, Keg and g are the
porosity, density, specific heat, temperature, effective thermal
conductivity of the fluid, interface heat transfer coefficient between fluid
and solid, specific surface area, effective thermal coefficient of the solid
and radiation term, respectively. Subscript f is for the fluid and s is for the
solid phase. Thermo physical properties in the energy equations can be
determined by either experimental work reported in the literature or

using models, which are discussed in detail in Section 3.4.
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3.3 Model Equations

Nithiarasu et al. (1997) derived a general set of 2-dimensional, governing
equations of non-Darcian natural convective flow in a medium of variable
porosity. Based on their concept, a 3-dimensional general set of governing
equations are derived here. Mass and momentum balances for 3-
dimensional flow in a fluid saturated medium of variable porosity were
performed. The medium was assumed isotropic with constant physical

properties.

A control volume of lengths Ax, Ay and Az was considered for the mass
and momentum balance. Let, as be the fraction of area available for flow
per unit cross sectional area. For isotropic porous media, a¢ is same in all
the directions, which is equal to the local bed porosity, ¢, but as varies
from location to location. The flow area available in the x, y and z-
directions for the control volume are aiAy.Az, aiAx.Az and aiAx.Ay,
respectively. The average fluid velocities over the control volume faces in
x, y and z directions were considered as u; vrand wy. u; vf and wyare the
pore velocities.

The mass balance over the control volume (AxAyAz) can be written as;

9 (pa, AxAy.Az)= pua Ay Az |y —pu,a, Az |yny +pv,a,Axz], -

ot

PYragBXAz |y y +PW a AXAY | —pwia AxAy |y,

oo (3.16)
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Equation 3.16 can be re-written as;

d 0 d
a—t(pa AxAyAz)= —g(pu Ja,AxAyAz)- g(pv Ja,AxAyAz)- v
%(pwfa JAxAyAz)

d d )
Or ait(p¢)+5;(p¢u,)+5;(p¢vf)+g(m)=o ........ (3.18)

The superficial volume averaged fluid velocity (Nield and Bejan, 1992) can

be defined as u=guy, v=gvy, and w=gwy.

Ignoring non-Darcian effects and the gravitational force, an x-momentum
balance was performed. The rate of momentum in at the face of control

volume(AxAyAz), at x is pu u ,a,AyAz |, and the rate of momentum out at
x+Ax is pu,u,a,Ay.Az |, ,, . Similarly, the rate of momentum in at the face
of control volume, at y, y+Ay, z and z+Az can be written
aspu,v.a,AxAz|,, puyveaMxzl,, .y, puswea AxAy|, and
pu,w.a AxAz|,,,,, respectively. Using molecular transport x component

of momentum accumulation (in-out) in the control volume can be written
as;

(o Ay A e s = T [+ (o v A )T g = Tpae [+ (o0 Mx 8 N iz~ T 02| -(3:19)
The resultant force of fluid pressure in the x-direction is

(pa,Apaz)P, - Py, |- Now, rate of accumulation of x momentum is;
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a(ufp)
a

a,AxAyAz . Using equation 3.19, resultant force and rate of

accumulation of x momentum equations were derived.

Considering Newtonian and incompressible fluid in the Cartesian co-
ordinate system, the governing equations of flow, turbulence (k-€) and
energy conservation for porous medium at under unsteady state are

presented here.

In generalized non-Darcian porous media momentum equations, the
source term is composed with two terms, a viscous loss term and an
inertial loss term. The momentum equations, which are considered for the

present research, are described here.

Conservation equation of momentum in the x-direction, can be

represented as;

a(¢mf)+a(¢mfuf)+a(¢pufvf)+a(¢mfwf)=_a_P+i aﬁ +
ot ox dy oz ox ox\' ¥ ox

0 dus) o ou,\ u PF
ay(ﬂeﬁ dy J+az(ﬂeﬂ %z ) K ﬁluluf

The model parameters ¢, ty, F and K are the porosity, effective viscosity

of the fluid (= g + ur ), which is the sum of laminar viscosity of the fluid
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(&) and the turbulent viscosity of the fluid (ur), drag coefficient and
permeability, respectively. In equation 3.20, |u| is can be defined as

Jur+vi+wi . Considerations of model parameters are discussed in

Section 3.4.

The conservation equation of momentum in the y-direction, can be

represented as;

d(gpv,) Oo(gpv,u,) d(gpv,v,) o(gpv,w,) P 9 av,) 2 v,
+ + + =——+— —L |+ = M ==
ot ox dy oz ox ox' 7 ox ) ow\"7 oy

Standard model parameters are similar to the x-momentum equation. The
last term on the right hand side of y-momentum equation is the extra
source term due to buoyancy, where, g, fand AT are the acceleration due
to gravity, thermal expansion coefficient and temperature difference
between local temperature and reference temperature. The importance of
buoyancy forces in a mixed convection flow can be determined by the
ratio of Grashof and the square of Reynolds numbers as;

Gr _ gPATL
R

where L is the characteristic length. When the ratio approaches or exceeds

unity, then there is a strong buoyancy contribution to the flow. In this
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situation the ratio is well above unity, so buoyancy dominates. The
buoyancy term is obtained using the Boussinesq approximation. This
approximation treats density as a constant value everywhere, except for

the buoyancy term in the momentum equation;

(p, -p)g=-p gB(T-T,)) .......... (3.23)

In the above equation p is the constant density of the fluid, T, is the
operating or reference temperature, and £ is the thermal expansion
coefficients. Equation 3.23 can be obtained wusing Boussinesq

approximation of pi=p(1-8A4T).

The conservation equation of momentum in the z-direction, can be

represented as;

a(¢PW/)+a(¢Wf“;)+a(¢Wfo)+a(¢PWfo)=_a_P_+_a_ % +i %
ot ox dy oz ox ox\' 7 ox ) Hy\'7 oy

af ow,\ u  pF
+az(ﬂ"f az] wa—\/l?hviwf

In this work the modified two equations k-£ model of Pedras and Lemos
(Pedras and Lemos 2001a, Pedras and Lemos 2001b) are used to estimate
the turbulence parameters. The model incorporates an equation for the
conservation of turbulence kinetic energy, k and its dissipation rate, & The
k-€ transport equations in terms of Cartesian co-ordinate system are

expressed as;
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Conservation equation of turbulent kinetic energy, can be represented as;

a(pk) g d d A effak _a_.ﬁif};..a_k
ar (kf)+a(pkv)+ (phw,) = [ak ox ) y\le, o)

a( Uy Ok

+S8g+ S
az\ o, az] P

oo (3.25)

Where Sk = Gk-gp and S, =Cy ¢k [ . The ox is the k-£ model constant.

=

The model parameter Ck is obtained from Pedras and Lemos (Pedras and
Lemos 2001b) work. Again, |u| is ,fu’ +v/ +w} and K is the permeability

of the medium. £ and Gk are the dissipation rate of turbulent kinetic
energy and volumetric rate of turbulence generation. For three

dimensional Cartesian co-ordinates system, Gk is;

ou, Y (v, (ow,Y ou, ov,\ (ov, aw,\ (ou, ow,\
GK=2IUT i + __vf._ + L + U, _E‘.L.}.__.{_ + __f.+.__f.. + _u_f.g._f
ox dy oz dy ox oz oy dz dx

The conservation equation for the dissipation rate of turbulent kinetic

energy, can be represented as;

a(pe) 9 _O(Hyg de)| OHyg o€
Y + (peu,)+ (p&'vf)+ (pswf) (0' e +ay . 3 +

3 (s a_e
oz\ o, 0z

)+S€+S,,e
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and S,, =C,Cy p¢ \/Ifl In which Cj, C; and o

where, S, =

C,&G, — C,pe’
k

are the k-£ model constant. The turbulent viscosity, yr is computed by the

2

combining k and £ as follows. u, = pC, k—; (Launder and Spalding, 1974)
£

where C, is the k-£ model constant. The values of model constants are;
Cr=1.44, C; =1.92, Cx=0.28, ok =1.0 and o, =1.3 (Launder and Spalding,

1974).

Considering local thermal non equilibrium (LTNE) between fluid and

solid in the porous media the energy equations can be written as;

Fluid Energy Equation can be written as:

T, 3 d d
¢(pc)f 7+$(WprT)f +$(¢"pr11)[ E(WprT)f =

aZT aZT azT .......... (328)
s f
feﬁ’( axzf + ayz + oz2 ]+hfsAs(Ts_Tf)+SE
Solid Energy Equation can be written as:
9’'T, J°T, 9d°T, dq, 9dq,  dq,
(- ¢)(pC) seﬁ(az+ay2+azz) (§+a t50 +hudg (T, -T,)
......... (3.29)

In the fluid and solid energy equations ¢ p, C, Keg, hs, As, Kegand g, are

the porosity, density, specific heat, effective thermal conductivity of the
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fluid, heat transfer coefficient between fluid and solid, specific surface
area, effective thermal conductivity of solid and radiation terms,

respectively.

In the model equations model parameters i.e., porosity (¢), permeability
(K), drag coefficient (F), effective thermal conductivities for fluid (Kzp) and
solid (Ksf), heat transfer coefficient between fluid and solid (hg), and
radiation terms need to be specified. These considerations are discussed in

Section 3.4.

3.4 Model Parameters

3.4.1 Porosity

From the porosity distribution experiments in Section 2.5.2, it can be
concluded that the porosity approaches 1 at the wall, decreases for both
small shredded and large shredded scrap towards the center. It is
explained in Section 2.5.2 that there is a general trend among researchers
to use an exponential decay function for porosity variation from wall to
the center of the bed, based on the experimental porosity variation
observation of Roblee, 1958 and Benenati and Brosilow, 1962. The typical

exponential function can be represented as; ¢ =g,_(1+ae '™ ), which is

also explained in Section 2.5.2. Our experimental porosity distribution
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data are plotted with distance from the wall for both small shredded scrap
and large shredded scrap, which are shown in Figures 3.1 and 3.2. It is
seen from Figure 3.1 and 3.2 that our experimental porosity distribution
data could be fit in the exponential decay function by appropriate values
of a, b and L.. Table 3.2 shows the values of a, b and L. for regular shaped

particles, small shredded and large shredded scrap, respectively.

Our experimental data of porosity variation and modeled exponential
decay function of porosity for small shredded scrap and large shredded

scrap are shown in Figure 3.3 and 3.4, respectively.

Y =-1.98-16.7248X

0.00 0.05 0.10 0.15 0.20 0.25

Distance from the wall, m

Figure 3.1: Experimental porosity variation from the wall to the center
of the furnace for small shredded scrap
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y =-1.979-25.35x

5L

6}

B

.

0.225 0.300

0.000 0.075 0.150

Distance from the wall, m

Figure 3.2: Experimental porosity variation from the wall to the center
of the furnace for large shredded scrap

Table 3.2: Comparison of a, b and L for spherical shaped particles, large shredded

scrap and small shredded scrap.

Particles a b L. (mm) P
Spherical (Benenati 1.7 6 2-4 0.38
and Brosilow, 1962)

Small shredded scrap | 0.1379 +£0.025 | 0.4515+ 0.036 27 0.85
Large shredded scrap | 0.1382+0.030 | 0.7098 + 0.028 28 0.90

99




PhD Thesis----------- Kamalesh Mandal----------- McMaster University - MSE ------------ 2010
1.05

A Experimental (average)
0.95 -

A ——Modeled (Exponential Decay Function)

09 -

Porosity

0.85 -

0.8 1

0-75 L] 1 L] I
0 0.05 0.1 0.15 0.2 0.25
Distance from the wall in Y-direction, m

Figure 3.3: Experimental porosity variation from the wall to the center of
the furnace for small shredded scrap and exponential decay function
of porosity variation from the wall to the center of the furnace

1.05
1 @ Experimental (Average)
Modeled (Exponential Decay Function)
0.95 f
=2
[72]
g 0.9
s o—O0
0.85 f
0.8 L L L A
0 0.05 0.1 0.15 0.2 0.25

Distance from the wall in the Y-direction, m

Figure 3.4: Experimental porosity variation from the wall to the center of
the furnace for large shredded scrap and exponential decay function
of porosity variation from the wall to the center of the furnace
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3.4.2 Permeability, K and Drag Coefficient, F

The pressure drop across a porous bed is a function of system geometry,
bed porosity, bed permeability, and the physical properties of the fluid
phase. Significant progress has been made to establish the correlation
between velocity and pressure drop across the porous bed, as recently
summarized by Jamialahmadi et al (Jamialahmadi, Muller-Steinhagen and
Izadpanah, 2005). Ergun (Ergun, 1952) critically reviewed the fluid flow
through porous bed of granular solids. He showed that the pressure drop
is caused by simultaneous kinetic and viscous energy losses and the

following equation is applicable.

2 —
AP 150U0=D" MU |y 75U pGU - (3.30)
L ¢ dp ¢ dp

The above equation is known as the Ergun equation, where, AP, L, ¢, 4, dp,
U and G are pressure loss, height of porous bed, porosity, viscosity of the
fluid, effective diameter of the particles, superficial fluid velocity and
mass flux of the fluid i.e., pU. The Ergun equation can be rewritten as;

AP upuU F uGU
—— e ——— T iiieeee.
L K JK d,

where, K and F are the permeability of a porous medium and the drag

3 72
coefficient or geometric factor, which can be written as, K = ﬁ? and
1.75 - - .
F = ——=—-. The permeability and drag coefficient depend upon the size

’1 50¢3/2
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and shape of the solid phase. According to the Ergun equation the
permeability, K, was plotted with both porosity and particle diameter
using constant particle diameter of 0.05 m and constant porosity of 0.5.
Figure 3.5 shows that permeability increases with both porosity and
particle diameter. Similarly, the geometric factor, F was plotted with
porosity in Figure 3.6. Both the viscous loss term and the inertial loss
terms in the momentum equation, vanish when the porosity is one, i.e.,

single phase flow.

Porosity
04 02 03 04 05 06 07 0.8

L} L L] . L] d L » L o LJ b L] -
1E-3 1E-3
Porosity for Diameter =0.05 m ;
N ) (]
g 1E-4 E1E-4 g
= [ | 1 e ade= : <
= 1E-5 4 1E-5 E
2 ? £
S 1es lies ©
& 3 g
St e
] ? (]
A~ 1E-7 ~q1E7 &
1E-8 o 1E-8
2 2 1 " 1 4 1 5 1 . 1 -
0.02 0.04 0.06 0.08 0.10

Diameter, m

Figure 3.5: Variation of Permeability with Porosity (dp=0.05m) and
Particle Characteristic Diameter (Porosity = 0.5) of the particle
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Geometric Factor, F
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Figure 3.6: Variation of Geometric Factor, F with Porosity

In the present research the scrap particles are irregular shaped and our
porous bed is complex compared to packed bed. There have been no
studies about the permeability and geometric factor for irregular shaped
particles. In the present research permeability equation and geometric

factor was taken according to Ergun equation. The permeability equation

¢’d;

W' Similarly, the geometric factor

then can be presented as; K =

1.75

,150¢3/2

can be presented as; F = . In this study effective particle diameter

ie., dp, was tuned to fit the experimental temperature distribution and

numerical calculation, which is explained in Section 3.9.
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3.4.3 Effective Thermal Conductivity

The simplest model for the effective thermal conductivity of porous media
is the rule of mixtures, which can be described as, Key=¢Kr+(1-#)Ks, where,
¢ is the porosity of the medium and Kr and Ks are the conductivities of
fluid and solid phases, respectively. Many commercial software and LTE
models, which are discussed in Section 3.2.3, use this (FLUENT 6.0,

Lauriat and Prasad 1987).

Thermal dispersion in porous medium is a complex phenomenon
resulting from diffusion in the solid phase and convection and diffusion in
the moving fluid. Thermal dispersion is modeled as a small correction to
the effective fluid conductivity in the porous medium. On the other hand
effective thermal conductivity of the solid is simply modeled as; Ksf=(1-
#)K;, where K;is the solid conductivity. Different models are presented in
Table 3.3 for effective thermal conductivity of the fluid in porous media.
Figures 3.7 - 3.9 show the variation of fluid effective thermal conductivity
with particle Reynolds number, particle diameter and porosity for the
models in Table 3.3. It can be concluded that Kgg increases as the particle
Reynolds number increases. In the literature Kgy data are available in the
range of 10<Rep<2500. In the present scrap-heating situation the Reynolds
number ranges from 10 - 10°. Kggis sensitive to porosity variation, but it is

more sensitive to particle diameter in most models. Similarly, the Peclet
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number, which is the product of Reynolds number and Prandtl number,

ranges from 1 - 104 Due to high value of the Peclet number thermal

dispersion was ignored in this study so the rule of mixture is used.

Convection is explicitly handled in the momentum equations, since it is so

large it can not be assumed as simple dispersion process.

Table 3.3: Summary of different models for K

Authors

Kegr

Comments

Demirel et al., 2000

K (2.894+0.068Re,)

Model 1
Rasching Ring
5.6<Column Dia/d,<6.6

Hunt and Tien, 1988a,
1988b

¢K , +0.025pC,UVK

Model 2

High porosity metal foam,
Porosity=0.94-0.97
Length=15.24 cm
Width=5.08 cm
Thickness=1.27 cm

Chen et al., 1996

¢K , +0.01 l;—"’ pC,Ud,

2

Model 3

Glass Sphere

dp=3mm

Gas velocity =0.01 m/s

Hsu and Cheng 1990,
David et al. 1991, and
Jang and Chen 1992

oK, + 0.04% pC,Ud,

Model 4

Porosity =0.4

Forced convection of air
through  annular and
cylindrical packed column

Hong and Tien 1987,
Amiri et al 1995, and
Amiri and Vafai 1998

¢K , +0.1pC,Ud,

Model 5
Spherical Particle
dp=2 -8.5 mm
Porosity =0.9
Rep=100
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Figure 3.7: Plot of fluid effective thermal conductivity with particle

Reynolds number (K~=0.022). The models are shown in Table 3.3
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Figure 3.8: Fluid effective thermal conductivity with porosity (K~0.022).
The Models are shown in Table 3.3.
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Figure 3.9: Fluid effective thermal conductivity with particle diameter
(K#=0.022). The models are shown in Table 3.3.

3.4.4 Fluid to Solid Heat Transfer Coefficient, hs and
Specific Surface area, As

The heat transfer coefficient between the fluid and the solid, hg,
determines the rate of heat transfer from fluid to solid in porous media.
For a sufficiently high heat transfer coefficient, hs one can assume local
thermal equilibrium between fluid and solid, but at low levels a
temperature difference between fluid and solid or local thermal non-
equilibrium arises. Over the years many researchers determined /g, either
experimentally or using semi empirical correlations. Wakao et al. 1979,

performed a comparative study on fluid to particle heat transfer
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coefficient, hg, in packed beds. He summarized the hs data, which was
reported in the literature for both steady and unsteady situations and
found the analogy of mass correlation with heat transfer coefficient, which

is presented here in Figure 3.10. Wakao considered Nusselt number as the

; : . hL
ratio of convective heat transfer to conductive heat transfer (N, = 7 h L
s

and kr are heat transfer coefficient, characteristic length and thermal

conductivity of the fluid). He defined the Reynolds number as—eu—l—'.
Hy

Where p, u and 4 are density of the fluid, velocity of the fluid and
viscosity of the fluid, respectively. A summary of available models for

determining fluid to solid heat transfer coefficient, hg, is presented in

Table 3.4.

1o e "]

Steady state
Wilke and Hougen [I6] -
Satterfield and Resnick (251
Galloway ef of (18]
De Acefis and Thodos (191
McConnachie and Thodos [21]
Sen Gupta and Thodos (22, 23]
Maling and Thodos [20) a

pavO+oo0

Nu

Nonsteady state

e Hondley and Heggs (45]
 Bradshaw ef af [46]

v Goss and Turner (39
N\ Nu =2+ 1.1Pr'PRe® a Turner and Often [40]

g i 1 r ol L 3oyt L PR I | : N J_ATG,
: 3 ’ 10 10 10 o
PriiRe"8?

Figure 3.10: Correlation of Nusselt numbers with Re and Pr (Wakao et al. 1979)
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Table 3.4: Summary of different models for hs

Authors hs Comments
Wakao et al, 1979 Model 1
Amiri and Vafai (2+1.1Pr'* Re®)
1994, Amiri and K, y L, _60-9)
Vafai 1998, Vafai P s = Tp—
and Amiri 1998,
and Amiri et al
1995.
Model 2
Hwang et al. 1995. K 20.346(1 — $)¢*
0.004 ﬂ —L PO Re!F A = (1-¢)¢ )
P P dP
d,=4¢/4;, Re<75
K
f 0.33 0.59
P
-1 | Model 3
Dixon and d.9 + dp 6(1-¢)
Cresswell 1979. 0.2555Pr'’Re*’ K, 10Kj 4= 7
Furnas 1932 A" f(w)” V;’-‘) 73 Model 4
hv = hﬁsAS = d0'75 T>11000C
P

"A: Constant depends on bed properties
“f(w): Function of void fraction

For scrap heating using burners the burner temperature is high compared
to other areas of the furnace. Most of the experimental data in Figure 3.10
was much lower temperature. The highest temperature (1100°© C) was
used by Furnas (1932) in his experiments. Kitaeve and coworkers, (1968)
summarized the results of Furnas study at elevated temperatures. The
effects of void volume and temperature are difficult to obtain, so have not

yet been firmly established. The volumetric heat transfer coefficient, hgAs
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Af(a))Vg09T03

7075 , where A,
p

is presented by them in the form of A, =h 4, =

flo), Vo T and d, are respectively a coefficient depending on bed
properties (~80 for lump material), a function of void fraction (~0.5),
superficial gas velocity (m/s), temperature (© C) and particle diameter
(mm). Recently, Guo and Irons (2005) used this correlation to model EAF
scrap melting phenomena. In the present work when the temperature was
higher than 1100°C, then the concept of Kitaeve and coworkers was
adopted. At low temperature the work of Wakao et al. 1979, was adopted
to predict the fluid to solid heat transfer coefficient, hg. In this research
effective particle diameter was tuned to fit the experimental results and

numerical results, which is presented in Section 3.9.

3.4.5 Radiation

Radiation is an important mechanism of heat transfer in porous media at
high temperature. In most previous studies on heat transfer through
porous media convection and conduction were the only modes of heat
transfer considered. Recently, a series of studies (Yoshida et al. 1990, Lu et
al. 1994, Argento and Bouvard 1996, Talukdar et al. 2004, Yee and
Kamiuto 2005 and Seddeek et al. 2007) considered combined convective,

conductive and radiative heat transfer mechanisms. Considering local
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thermal non-equilibrium (LTNE) models for porous media, the energy

equation of the solid phase is (Mohamed and Amiri, 2002);
a]-; 2 r
A=0)PC), =+ =Koy VT, =V ¢" +hsd (T, =T) oo, (3.32)

In the above equation €, T, p, C, Kef; 4", hg, As are porosity of the medium,
temperature, density, specific heat, effective thermal conductivity,
radiation flux, heat transfer coefficient and specific surface area
respectively. Chen and Churchill 1963, and in recent years Raptis 1998 and
Seddeek et al. 2007, have shown that for an optically thick medium i.e., all
incident radiation travels only short distance before interacting with the
medium, the radiative heat transfer can be treated as a diffusive process,
so the energy equation of the solid phase in the porous medium can be
rewritten as;

oT,
5 = Ky KV +h AT, =T) e (3.33)

(1-9)(PC),

Where, K; presents the radiative conductivity of the medium. Determining
the radiative conductivity has been the subject of several studies. The
models, may be classified into four groups. The first type is based on
idealized geometrical arrangements of the phases, which allows direct
algebraic formulation of the heat transfer process. Argo and Smith 1953,
considered a regular array of spheres, which was separated by the particle
diameter, d,. Assuming one particle diameter, which is the distance

between two layers of solid particles, they suggested the following
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4od ET?
——~ " . Where ¢, dy, E
(2-E)

expression for the radiative conductivity; K, =
and T, are Stefan Boltzmann constant, particle diameter, emissivity, and
mean temperature of the medium, respectively. Here temperature
differences within the medium were sufficiently small. The second type
model is the Rosseland model (Rosseland 1936) where radiant transfer

was considered as diffusion of photons and radiative conductivity has the

40lT;}

m

following expression; K, = , where | is the mean free path for

radiation and other symbols are already explained in the first type of
model. For a packed bed the mean free path for radiation can be taken as a
particle diameter. The third type of model is based on a
pseudohomogeneous material. The following expression of radiative

o : 160n°T.
conductivity can be written as; K, = ——=—. Where n, x, and x; are
3(x, +x,)

index of refraction of solid relative to fluid, absorption cross section per
unit volume of packing and scattering cross section per unit volume of
packing, respectively. The fourth type of model was proposed by Argento
and Bouvard 1996. They proposed a ray tracing method to evaluate the
radiative properties of porous media, which is in good agreement with
reported data elsewhere (Yong et al. 1983, Vortmeyer 1978). They adopted

Chen and Churchill’s 1963, radiative conductivity model, where radiative
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_som2
" (a+2s)

conductivity, K . a and s are absorption coefficient and

scattering coefficient, respectively. So the radiative thermal conductivity
of the medium can be calculated using absorption and scattering
coefficients. To this end Argento and Bouvard introduced a dimensionless
radiative exchange factor by E; = 1/R(a+2s), where R is the radius of the
particle. Finally, the radiative conductivity can be written as;

K. =8E RoT,. They determined radiative exchange factor over the range

of 0.20-0.85 of void fraction. Also they determined both absorption and
scattering coefficient over the range of 0.56-0.80 of void fraction. The
Argento and Bouvard study was based on equal sized sphere but their
method was used for analysis of radiative conductivity for cylindrical

rods by Vafai and Ettefagh (1988).

In the present research a simple radiative net heat flux model was
considered, which can be written as; q” = 4F,e0(T;* ~T,'), where A, F, &
o, T1 and T are area, view factor, emissivity, Stefan Boltzman constant,
temperature at point 1 and temperature at point 2. In this research view
factor was taken as 1. Emissivity was taken as 0.56, which is the emissivity
of iron oxide. A sensitivity analysis is shown in Section 3.11 with respect

to burner efficiency and radiation.
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3.5 Nwumerical Solution Procedure

A control volume based finite difference procedure (Patankar, 1980) has
been adopted in the present study to solve the governing equations
numerically. The solution is initiated by discretizing the domain in a large
number of non-overlapping control volumes. The governing equations are
integrated over all such control volumes to yield a system of algebraic
equations, called the discretization equation. The governing equations of
flow, turbulence and energy have both first and second order derivatives.
These terms are numerically integrated using the concept as applied to a
combined convection diffusion problem incorporating the hybrid
differencing scheme proposed by Patankar (1980). The pressure velocity
inter-linkage in flow equation is solved by an implicit difference
procedure referred to as SIMPLE, Semi-Implicit Method for Pressure
Linked Equations, (Patankar, 1980). A typical discretization equation for a

quantity ¢ is as follows;

Apgp= Apg + Awdw+ ANOn + Asts + ATdr+ Apds + Ap @5 - Sc. Vol

in which, Ap, is the center point coefficient while, Ag, Aw, An, As, At and
Ap, are the neighbor point (three dimensional) coefficients, representing
the combined effect of convection and diffusion. A4j ¢, arises due to

unsteady consideration and it is zero for steady state problem. Further, Sc,
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represents the constant component of the linearized source term (viz.,
5=Sc + Spgp) while the slope will be absorbed in the expression of center

point coefficient. The center point coefficient Ap is represented as;

Ap=Ap+Aw+An+As+Ar +Ap+4;, -Sp.Vol .......... (3.35)

Thus, in a system of n internal control volumes, n number of similar

algebraic equations (viz. eq. ApTp) can be obtained.

The resultant set of discretization equations for both boundary and
internal nodes were solved using the Tri-Diagonal Matrix Algorithm
(TDMA) adopting a line-by-line solution procedure, which is presented in
Appendix B. In this research 99900 (50X54X37) numbers of control
volumes and 2 seconds time step were chosen. Grid independency test
was also performed and further increase in control volume or decrease in

time steps did not change the numerical results.

The local thermal non equilibrium model for porous media require
solution of separate energy equations for both fluid and solid phases.
These two equations are coupled with the interface heat transfer
coefficient, hg (Al-Amiri A. M., 2002, 2002). Various studies (Amiri and

Vafai, 1994, Alazmi and Vafai 2004) solve the energy equations in a
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decoupled manner, handling one temperature at a time. The convergence
behavior of the decoupled procedure deteriorates as value of interfacial
heat transfer coefficient increases. A robust technique for solving the
equations that are coupled with the exchange coefficient is the partial
elimination algorithm (PEA), which was proposed by Spalding (1980). In
the present research PEA was used to solve the energy equations, which is

described in Appendix C.

3.6 The Computer Program

The sequential steps of the computer program are discussed below along

with the flow diagram shown as Figure 3.11.

1. The information of the grid, dimensions of the furnace, the fluid
properties, turbulence model constant, the control parameters such
as convergence criteria and the maximum number of iterations are
set.

2. Calculation of all geometrical quantities (Ap, Ak, ... ¢p, #E...etc.) and
initialization of all variables.

3. Estimation of effective properties.

4. The x-momentum, y-momentum and z-momentum equations are

solved sequentially by solving the discretized equation for each of
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the control volume. This is followed by solving the turbulence
model equation and the values of turbulence kinetic energy and
energy dissipation updated in the domain.

5. The fluid and solid properties calculated and updated for the
calculation domain.

6. Step 4 and 5 are repeated until convergence criteria for flow,
turbulence and the continuity equations are achieved.

7. After the velocity field converged the temperature distribution
calculated and updated the porosity. Porosity was updated to 1
for a point if the temperature at that point is more than the steel
melting temperature ie., melting was consider using porosity
modification. Step 3 to 7 repeated until the program termination

criterion.
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3.7 Evaluation of Computational Procedure

The adequacy and appropriateness of the model were first assessed by
carrying out some benchmark simulations. This evaluation procedure of
the present computer code was done using the following steps;
e Computations of laminar, steady flow in a cubic cavity with one
face moving. This evaluation procedure was adopted from the
work of Robert and Mazumdar (2001).
¢ Computation of laminar, unsteady flow in a cubic cavity with one
face moving. It is similar to the work of Robert and Mazumdar,
(2001).
e Computation of turbulent, steady flow in a cubic cavity with one
face moving.
e Computation of laminar, steady, porous media flow in a cubic
cavity with one face moving.

e Computation of laminar, steady natural convection.

Detail assessments are presented in Appendix D. Results of benchmark
problems essentially indicated that the unsteady state, three-dimensional,
turbulent flow and temperature calculation procedure developed in the

present study is initially consistent and sufficiently robust.
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3.8 Boundary Conditions

The boundary conditions applied to the numerical solution of the set of
governing equations for fluid flow, turbulence and heat transfer in the

heating furnace are represented below.

3.8.1 Fluid Flow and Turbulence

Values of all the velocity components and turbulent kinetic energy were

taken as zero at the walls, which are represented mathematically as:

(0sX <Ly, Y=0,05Z<L;),(0<X <Ly Y=L, 0<Z <L), (0=Y <Ly, X=0,0
SZ <L), (05Y <Ly X=Ly, 0<Z<L;), (0 =X <Ly, Z=0,0 <Y <Ly) and (0 =X
SLy Z=L, 0SYSL),u=v=w=k=0;

Ly, Ly and L, are the dimensions of the heating furnace, i.e., computational
domain, in X, Y and Z directions. At the outlet gradients of X velocity
component, Y velocity component, Z velocity component, turbulent

kinetic energy and dissipation rate of turbulent kinetic energy were taken

zero, which are represented as; a_u = i = a_w = a—k = a_g = 0. At the inlet X

dy dy dy dy dy
component velocities were taken as 0.96 m/s, 1.47 m/s and 1.89 m/s for
the power of 8.3 kW, 12.8 kW and 17.3 kW, respectively. If burner inlet
diameter is considered then the gas velocity is in the order of 60 -116 m/s.
But, at the inlet gas is coming in through a larger cross sectional area than

the 4 mm burner inlet. Therefore, these velocities are of the order of 1 m/s.
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3.8.2 Temperatures
Temperature gradients in the bottom wall were taken as zero because it
was well insulated. All other walls were treated according to convective

source terms, which are presented mathematically as:

oT, o,
When, (0 <X <L,, Y=0,0<5Z <L;), =L ==2=0 and
dy oy

(0<X <Ly Y=Ly, 0SZ <L), (0SY SLy, X=0,0<Z <Ly), (0 SY SLy, X=L,
0<Z <L), (05X SLy, Z=0,0 <Y <L) and (0 X <Ly, Z=L, 0SY <Ly,

S, =hyAg(Ty =T,) + hd, (Ty = T,) and Sg = h Ao (T, = Ty)+ h,, 4, (T, - T,)

oT
At the outlet temperature gradients were taken zero i.e., = BA =0

dy dy
At the inlet, Sy = Calculated source term from combustion experiments. In
front of the burner the source term was distributed in 18 cells to match the
thermocouple temperature at position 2, shown in Figure 3.12. In the
above, S; S, h, Ain, hout, Aout and T are source term for fluid phase, source
term for solid phase, heat transfer coefficient between fluid and solid of
the heating furnace, area of control volume face, heat transfer coefficient
between solid wall and environment, which is 1.0 W/m?K (Hassan and
Mohamed, 1970), area of control volume face and room temperature. All
other symbols are defined earlier. Furnace walls were made of steel and

no resistance of the walls were assumed.
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Close to the rigid boundaries i.e., the walls, where the variations of the
flow properties are steep, the velocities have been consequently modeled
using the usual wall function procedure (Launder and Spalding 1974 and

Rodi 1980).

3.9 Tuning and Validation of Numerical Model

The key parameters in the present numerical model are permeability,
geometric factor, effective thermal conductivity of fluid, effective thermal
conductivity of solid and heat transfer coefficient between fluid and solid.
The permeability and geometric factor mainly controls fluid flow and
effective thermal conductivity of fluid and solid and the heat transfer
coefficient mainly responsible for efficiency of the burner. It is important
to mention here that the correlations selected for key parameters are
dependent on a characteristic particle diameter and porosity, which is
shown in Table 3.5. In this research, measured porosity variation inside
the furnace was used and the characteristic particle diameter was tuned to
obtain good agreement between experimentally measured temperatures
and computed temperatures. The simulation condition and considered
parameters are summarized in Table 3.5. A sensitivity analysis of burner
efficiency on porosity and characteristic particle diameter is also presented

in Section 3.11.

122



PhD Thesis----—--—-- Kamalesh Mandal----

It was mentioned earlier in Section 2.4, that there were only 13

temperature measurements in the vertical center plane of the furnace, so

the temperature distribution in the furnace was obtained by interpolating

and extrapolating the temperatures with a software package, TECPLOT

(Tecplot 9.0).

Table 3.5: Experimental Conditions and Tuned Parameters

Parameters Values/Comments
Scrap Small Shredded Scrap, Large Shredded
Scrap and Busheling
Burner Power 8.3 kW
Furnace Lid Condition Lid On

Porosity, ¢ =¢_(1+ae™/)

Small Shredded: a=0.137 b =0.45, ¢..=0.85
Large Shredded: #=0.138 b =0.71, ¢..=0.90
Busheling: Average porosity

Permeability, K _ ¢d;
T 150(1-¢)°
Geometric Factor, F __L75
’1 50¢3/ 2
Effective thermal conductivity of | Ksp=(1-¢)Ks+ K
solid, Ksg and fluid, Keg Kpg=@Kr
Fluid to solid heat transfer
fficient, &, and 1 tri .1Pr!3 Re%
coefficien sand  volumetric h =K, (2+1.1Pr'* Re®®) at T<11000C
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dp=0.026 m (Busheling)
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Numerically simulated gas temperatures and experimentally measured
thermocouple temperatures, in the vertical center plane, shown in Figure
3.12, are shown in Figure 3.13 and Figure 3.14, for after 30 minutes, and 60
minutes of the heating experiment of small shredded scrap with 8.3 kW
burner power. It is clear from Figure 3.13 and Figure 3.14, that there is a
good agreement between the numerically predicted temperatures and
experimentally measured thermocouple temperatures. Although,
temperature patterns are similar, numerically predicted gas temperatures

are always higher than those of measured thermocouple temperatures.
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Figure 3.12: Cross section in X-X direction (mm)
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Figure 3.13: Temperature (°C) contour of the furnace after 30 minutes of the
experiment with Shredded Small Scrap, Power=8.3 kW, Furnace lid on,
a=Measured thermocouple temperatures, b=Modeled thermocouple temperatures
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Figure 3.14: Temperature (°C) contour of the furnace after 60 minutes of the
experiment with Shredded Small Scrap, Power=8.3 kW, Furnace lid on,
a=Measured thermocouple temperatures, b=Modeled thermocouple temperatures
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The measured temperatures of the thermocouples were lower than that of
the predicted gas because the thermocouples receive heat from the gas
and radiate heat to the scrap. Therefore, the response of the
thermocouples needs to be modeled. During heating thermocouple
temperature is changing slowly hence steady state thermocouple
temperature can be assumed. For steady state condition an energy balance
can be written where the radiant heat flow from the thermocouple to the
scrap equals the convective heat flow from the gas to the thermocouple.
Assuming the thermocouple as a gray surface it can be written that;
hA(TFTwm)=AFneo(Tyt-Ts#), where, h, A, Tj, T, Ts, F12, € and o are the heat
transfer coefficient from gas to scrap, area of the thermocouple, fluid
temperature, thermocouple temperature, scrap temperature, shape factor,
emissivity and Stefan-Boltzman constant. Value of emissivity was
considered as the value of iron oxide i.e., 0.56 (http://snap.fnal.gov/) and
the value of F12 was considered as 1. A plot of predicted gas temperatures,
predicted scrap temperatures, measured thermocouple temperatures and
predicted thermocouple temperatures are shown in Figure 3.15 to Figure
3.18, for points 1, 2, 12 and 14 (Outlet), from Figure 3.12. It can be seen
from Figure 3.15 to Figure 3.18 that there is good agreement between

predicted and measured thermocouple temperatures. The dimensionless

th-measured ]:h— predicted

T T

max-—measured room

temperature difference (8=

) is plotted against total
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number of data points, over the heating of 3600 s, in Figure 3.19, which
shows the summary of deviation between predicted thermocouple
temperatures and measured thermocouple temperatures of small
shredded scrap with 8.3 kW burner power. Standard deviation of the
absolute dimensionless temperature difference is 0.0266. Similarly, the
dimensionless temperature difference is plotted against total number of
data points in Figure 3.20 and Figure 3.21 for large shredded scrap and
busheling with burner power 8.3 kW. The standard deviation of the
absolute dimensionless temperature difference for large shredded scrap
and busheling are 0.0336 and 0.0443, respectively. The overall
dimensionless temperature difference for small shredded scrap, large

shredded scrap and busheling is shown in Figure 3.22.
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Figure 3.15: Numerically predicted gas and scrap temperatures, predicted thermocouple
temperatures and measured thermocouple temperatures with time of heating for
point 1 (Shown in Figure 3.12, Small shredded scrap, Burner power=8.3kW).

128



PhD

010

1500

1250

-
o
o
o

750

500

Temperature, K

250

S - = (Gas temperature( Modeled)

= = = =Thermocouple temperature (Modeled)
Scrap Temperature (Modeled)
o  Thermocouple Temperature (Measured)

A A A A A

1200 1800 2400 3000

Heating Time, s

600

3600

Figure 3.16: Numerically predicted gas and scrap temperatures, predicted thermocouple
temperatures and measured thermocouple temperatures with time of heating for point 2

(Shown in Figure 3.12, Small shredded scrap, Burner Power=8.3 kW).
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Figure 3.17: Numerically predicted gas and scrap temperatures, predicted thermocouple
temperatures and measured thermocouple temperatures with time of heating for point 12
(Shown in Figure 3.12, Small shredded scrap, Burner power = 8.3 kW).
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Figure 3.18: Numerically predicted gas and scrap temperatures, predicted thermocouple
temperatures and measured thermocouple temperatures with time of heating for point 14
(Shown in Figure 3.12, Small shredded scrap, Burner power = 8.3 kW).
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Figure 3.19: Summary of deviation between predicted thermocouple temperatures and measured
thermocouple temperatures for all points, shown in Figure 3.12
(Small shredded scrap, Burner power=8.3kW). 130
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Figure 3.20: Summary of deviation between predicted thermocouple temperatures and
measured thermocouple temperatures for all points, shown in Figure 3.12 (Large shredded
scrap, Burner power=8.3kW).
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Figure 3.21: Summary of deviation between predicted thermocouple temperatures and
measured thermocouple temperatures for all points, shown in Figure 3.12
(Busheling, Burner power=8.3kW).
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Figure 3.22: Summary of deviation between predicted thermocouple temperatures and
measured thermocouple temperatures for all points, shown in Figure 3.12 (Small Shredded
scrap, Large shredded scrap and Busheling, Burner power=8.3kW).

The modeled thermocouple temperature is dependent on emissivity of the
thermocouple tip and heat transfer coefficient, hg. Figure 3.23 and Figure
3.24 show the sensitivity of the emissivity and the heat transfer coefficient
on predicted thermocouple temperature. It is seen from Figure 3.23 and
Figure 3.24 that with 10% variation of both emissivity and heat transfer
coefficient the predicted thermocouple temperature varies about 1%.

Figures 3.23 and 3.24, show that the effect of emissivity and heat transfer
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coefficient on the prediction of thermocouple temperatures are opposite,

which is seen in equation 3.39.
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Figure 3.23: Effect of emissivity on modeled thermocouple temperature.
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Figure 3.24: Effect of heat transfer coefficient on modeled thermocouple temperature.
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3.10 Simulation Results and Discussions

Using tuned parameters heating efficiency of burner i.e., the ratio between
the total energy transfer to the scrap and the total energy input by the
burner, was evaluated for small shredded scrap. Figure 3.25 shows the
heating efficiency of the burner with burner power of 8.3 kW and small
shredded scrap. It is seen from Figure 3.25 that heating efficiency of

burner decreases with time. This is due to increases of scrap temperature

by heating.
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Figure 3.25: Heating efficiency of the burner, Power=8.3kW, Small Shredded Scrap.
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Numerically simulated thermocouple temperatures and measured
thermocouple temperatures (modeled), in the vertical center plane, shown
in Figure 3.12, are shown in Figure 3.26 and Figure 3.27, for after 30
minutes, and 60 minutes of the heating experiment, with burner power
12.8kW for small shredded scrap. It is clear from Figure 3.26 and Figure
3.27, that there is a good agreement between the numerically predicted
thermocouple temperatures and measured thermocouple temperatures
(modeled), with burner power 12.8 kW for small shredded scrap.
Similarly, numerically predicted thermocluple temperatures and
measured thermocouple temperatures (modeled), in the vertical center
plane are shown in Figure 3.28 for after 30 minutes of the heating
experiment, with burner power 17.3kW and small shredded scrap. It is
also clear from Figure 3.28 that there is a good agreement between the
numerically predicted temperatures and experimentally measured
thermocouple temperatures, with burner power 17.3 kW and small
shredded scrap. So the fitted characteristic diameter of the particle, dp, is
applicable for small shredded scrap with burner power 12.8 kW and 17.3
kW. Figure 3.29 shows the heating efficiency of small shredded scrap
with burner power 8.3 kW, 12.8kW and 17.3 kW. It is seen in Figure 3.29

as burner power increases efficiency decreases over the time.
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Figure 3.26: Temperature (°C) contour of the furnace after 30 minutes of the experiment
with Small Shredded Scrap, Power=12.8 kW, Furnace lid on,
a=Measured thermocouple temperatures, b=Predicted thermocouple temperatures
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Figure 3.27: Temperature (°C) contour of the furnace after 60 minutes of the experiment
with Small Shredded Scrap, Power=12.8 kW, Furnace lid on,
a=Measured thermocouple temperatures, b=Predicted thermocouple temperatures
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Figure 3.28: Temperature (°C) contour of the furnace after 30 minutes of the experiment
with Small Shredded Scrap, Power=17.3 kW, Furnace lid on,
a=Measured thermocouple temperatures, b=Predicted thermocouple temperatures
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Figure 3.29: Heating efficiency of small shredded scrap using
burner power 8.3kW, 12.8kW and 17.3 kW

Numerical simulation was carried out for large shredded scrap. Figure
3.30 shows simulated gas temperatures, in the vertical center plane,
shown in Figure 3.12, for after 60 minutes of the heating experiment, with
burner power 8.3kW for large shredded scrap. Figure 3.30 should be
compared to Figure 2.25a and it is seen there is a good agreement
between the numerically predicted temperatures and experimentally

measured thermocouple temperatures for large shredded scrap.
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Figure 3.30: Temperature (°C) contour of the furnace after 60 minutes of
the experiment with Large Shredded Scrap, Power=8.3 kW, Furnace lid on

Simulations were carried out for busheling, sheet metal addition (Figure
2.29) and layers of different scrap (Figure 2.32). Figure 3.31 summarizes
the burner heating efficiency for different scrap. It is seen from Figure 3.31
that there is a dramatic effect on heating if a piece of steel sheet is placed
in the centre of the scrap pile, which is also seen in Figure 2.31. Also it is
clear from Figure 3.31 that burner efficiency is low for busheling
compared to small shredded and large shredded scrap. This is due to low
scrap density in case of busheling compared to small shredded scrap and
large shredded scrap. It is also seen from Figure 3.31 that during initial

stage of heating small shredded scrap has higher heating efficiency than

140



PhD Thesis----------- Kamalesh Mandal--------- -—-McMaster University - MSE ------------ 2010

that of large shredded scrap. If scrap is placed in different layers, shown

in Figure 2.32, then heating efficiency is similar of small shredded scrap.
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Figure 3.31: Heating efficiency of small shredded scrap, larger shredded scrap,

busheling, sheet metal additions and layers of busheling, small shredded,
large shredded and heavy melt. Burner Power: 8.3 kW

Directly in front of the burner the scrap was melted by the burner gas
which was 1527 °C. A cavity was created in a matter of minutes, and then
grew no larger. Figure 3.32 shows photographs taken after briefly
removing the burner from the furnace. In this case, the melting was
complete in about 90 seconds. To handle this phenomenon, the porosity

was set to unity, once temperature reached the melting point of the steel.
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Figure 3.33 shows the modeled scrap temperature for thermocouples 1
and 2; see Figure 3.12 for the locations. Initially the scrap temperature at
thermocouple number one was higher than thermocouple number two
and after about 120 seconds of heating, scrap temperature at
thermocouple number 2 is higher that thermocouple number 1. As
heating progresses scrap in front of the burner melts and the flame
penetrates into the furnace. This phenomenon reduces the contact locally,
but allows the gases to penetrate further into the scrap which increases the
heating efficiency. Figure 3.34 shows the heating efficiency of burner with
scrap melting and without scrap melting, which shows that heating

efficiency is more if scrap melts in front of the burner.

iost of the Scrap Melted inf
the burner

Burner ﬁumer

Figure 3.32: Picture in front of the burner after a) 35 seconds of heating and b)
90 seconds of heating.
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Figure 3.33: Modeled scrap temperature with heating time at thermocouple number
one and thermocouple number two. Small Shredded Scrap and Burner Power: 12.8 kW
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Figure 3.34: Heating efficiency of burner for Small Shredded Scrap,
With Scrap melting and without scrap melting
Power = 12.8kW, Porosity = Measured Value
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3.11 Sensitivity Analysis of Burner Efficiency

3.11.1 Sensitivity of Burner Efficiency on Porosity and
Characteristic Particle Diameter
The effect of the tuning parameters on the heating efficiency of burner i.e.,

the ratio between the total energy transfer to the scrap and the total
energy input by the burner, was evaluated for small shredded scrap. The
base case is 12.8 kW for small shredded scrap. It was shown in Section 3.9
that in the present numerical model overall heat transfer from burner to
scrap depends upon permeability, geometric factor, effective thermal
conductivity of fluid, effective thermal conductivity of solid and heat
transfer coefficient between fluid and solid. All the above mentioned
parameters are dependent on the characteristic particle diameter and
porosity. A sensitivity analysis was performed to study the dependency of
characteristic particle diameter and porosity on heating efficiency of
burner. Figure 3.35 shows that there is a small dependency of
characteristic particle diameter on heating efficiency of burner. Figure 3.36
shows strong dependency of porosity variation on heating efficiency of
burner. The heating efficiency of the burner increases as porosity

decreases.
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Figure 3.35: Heating efficiency of the burner for different characteristic particle
diameter, Power = 12.8kW, Porosity = Measured Value, Small Shredded Scrap.
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Figure 3.36: Heating efficiency of the burner for different porosity,
Power = 12.8kW, Porosity = Measured Value, Small Shredded Scrap.
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Figure 3.35 shows that there is negligible dependency of burner efficiency
on characteristic particle diameter of the bed on the other hand Figure 3.36
shows that there is strong dependency of burner efficiency on porosity of
the bed. The reason behind this dependency is explained here. Table 3.6
shows the values of permeability, K, geometric factor, F, and heat transfer
coefficient between fluid and solid, hs, for small shredded scrap with
different characteristic particle diameter and porosity. The corresponding
particle Reynolds number is also shown in Table 3.6. It is seen in Table 3.6
that as characteristic particle diameter increases from 0.027 m to 0.0297 m
(i.e., 10%) the volumetric heat transfer coefficient i.e., hs.as, decreases from
651.66 Wm=2K-! to 568.19 W m-2K-1. In this calculation velocity was taken
constant. On the other hand volumetric heat transfer coefficient decreases
from 651.66 Wm-2K-! to 251.35 Wm-2K-! when porosity increases by 10%.
Volumetric heat transfer coefficient decreases from 651.66 Wm-2K! to
265.18 Wm-2K-1 when porosity increased by 10% (from 0.86 to 0.946) and
velocity increased by 10%, which is shown in Table 3.6. So porosity
change has strong effect on heating efficiency of burner compared to

characteristic particle diameter.
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Table 3.6: Values of K, F and hy; for small shredded scrap with different
characteristic particle diameter and porosity (P,=0.688)

dp @ 1/K F Re hys as as.hys

o |7 et |G | (50 | (4|
(Wm2K-1) | (m?1)

0.0270 | 0.860 | 6340 0.179 280" 20.94 31.11 651

0.0297 | 0.860 | 5240 0.179 308" 20.08 28.28 568

0.0270 | 0.946 | 708 4.130 280 20.94 12.00 251

0.0270 | 0.946 | 708 4130 308" 22.09 12.00 265

* Velocity was taken constant as 0.1 m/s.
* *Velocity was taken as 0.11 m/s, velocity increased by 10%.

3.11.2 Sensitivity of Burner Efficiency on Scrap
Distribution inside the Furnace

Figure 3.37 shows the fluid flow pattern if a piece of scrap is placed in
front of the burner ie., flame blocking. Figure 3.38 shows the heating
efficiency of burner for the same. It is seen from Figure 3.37 that heating
efficiency decreases if a piece of scrap blocks the flame. A piece of scrap
restricts the flame to go deeper into the furnace, hence lower efficiency. It
is seen from Figure 3.37 that scrap blocking forces the hot combusted gas
to take shorter path ie. near the wall, therefore the contact length
between hot gas and scrap decreases, hence lower heating efficiency. It
indicates that if a heavy scrap is placed in front of the burner refractory
and burner could be damaged due to high local temperature from blow
back of the flame. Figure 3.39 shows the heating efficiency of the burner
with different center porosity of the furnace. Figure 3.39 shows that the

heating efficiency increases drastically with changing center porosity of
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0.75 to 0.5. Heating efficiency does not change significantly if porosity is
decreased below 0.5. The volumetric heat transfer coefficient increases as
porosity decreases, but after a certain point the hot gases take the path of
least resistance and go around the denser section in the middle of the
furnace, hence heating efficiency of the burner does not improve below
the porosity of 0.5. Figure 3.40 shows the fluid flow pattern if a big piece
of solid scrap is placed in the middle of the furnace. In this case efficiency
of the burner also decreases, which is shown in Figure 3.41. Here the
combusted gas short circuits the high density scrap in the middle so the
overall burner efficiency decreases. So it can be concluded that the

uniformity of the scrap inside the furnace is important.

— 0.25m/s

A piece of scrap

Figure 3.37: Vector plot and temperature contour after 60 minutes of heating,
Power = 12.8kW, Porosity = Measured Value.
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Figure 3.38: Heating efficiency of burner for Small Shredded Scrap,
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Figure 3.39: Heating efficiency of burner for Small Shredded Scrap,
with different porosity of the furnace, Power = 12.8kW.
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Figure 3.40: Vector plot and temperature contour after 60 minutes of heating,
Power = 12.8kW, Porosity = Measured Value, A solid scrap in the middle of the furnace.
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Figure 3.41: Heating efficiency of burner for Small Shredded Scrap,

Power = 12.8kW, Porosity = Measured Value.
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3.11.3 Sensitivity of Burner Efficiency on Radiation

A simulation was carried out to study the effect of radiation on the burner
efficiency on heating. Figure 3.42 shows the heating efficiency of the
burner with burner power of 128 kW and small shredded scrap,
considering radiation and without radiation inside the scrap bed. Figure
3.42 shows that the difference between efficiencies of burner with
radiation consideration and without radiation, increases with time. As
heating time progress as the overall scrap temperature increases hence

heating efficiency difference increases with heating time.

0.9

0.8 With Radiation

I 0.04i.e.,4.0%
06
55 I Without Radiation ~ 2]
0.4 ' : :
0 900 1800 2700 3600

Heating Time, s

Figure 3.42: Heating efficiency of small shredded scrap using
burner power 12.8kW considering radiation and without radiation
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3.11.4 Sensitivity of Burner Efficiency on Turbulence

A simulation was carried out to study the strength of turbulence
consideration (Section 3.3), on burner efficiency. Figure 3.43 shows the
heating efficiency of the burner with burner power of 12.8 kW and small
shredded scrap, considering porous media turbulence and without porous
media turbulence and laminar. It is seen from Figure 3.43 that turbulence
does not have impact on burner efficiency, because heat transfer between
burner and scrap is governed by the heat transfer coefficient and the heat

transfer coefficient already has turbulence effect included.
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0.9 409
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Figure 3.43: Heating efficiency of small shredded scrap using burner power 12.8kW
considering extra turbulence due to porous media and without extra turbulence
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Chapter 4

Conclusions

In the present research an experimental and numerical study of steel scrap
heating phenomena was carried out using an oxy-fuel burner in a small-
scale furnace (1 m3) for a range of burner power, scrap type and furnace

configurations.

Several measurements were carried out during the research, which
include; scrap size and density, porosity distribution, extent of
combustion, scrap oxidation and temperature distribution during heating.

The key conclusions from the experiments include:

1. The porosity approached 1 near the wall, and decreased towards
the center of the bed, and remained constant after an average
particle length for both small shredded scrap and large shredded
scrap. The porosity distribution pattern for busheling and large
spherical shaped particles from the wall to the center of the bed
was random. This anomaly was due to large size of busheling and
large spherical particles compared to the plexiglass measurement

vessel.
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2. The furnace roof caused the combustion gases to flow across the
furnace to reach the chimney on the other side, which changed the
flow pattern and consequently the heating pattern. There was
better heating with the furnace cover on compared to furnace cover
off because the contact length between the scrap and gas was
increased in the case of furnace cover on.

3. Apparent heating efficiency decreased with time as the scrap
heated up; the thermal driving force was decreased. Measured
efficiencies were very high in the initial stage of heating.

4. A steel sheet placed horizontally in the middle of the furnace had a
strong effect on heating (“sheet metal” experiments). The steel
sheet modified the flow and increased the effectiveness of the
heating, which could be used for the design of separate scrap

heating furnaces.

For accurate prediction of flow and temperature field for the scrap heating
by burners variable porosity, non-Darcian, turbulent flow with separate
temperatures for gas and solids need to be considered. To handle these
issues an in-house computer model was developed, considering non-
uniform porosity inside the furnace, turbulence, and dynamic behavior of

porosity due to localized melting.
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The major challenges during numerical modeling were to use appropriate
model parameters such as; porosity variation inside the furnace,
permeability of the bed, drag coefficient of the bed, effective thermal
conductivity of the bed, fluid to solid heat transfer coefficient and
radiation inside the bed. Porosity variation inside the furnace was
modeled according to the experimental data. Due to lack of literature of
porous media fluid flow and heat transfer for irregular shaped particles
and complexity of the problem a detail analysis and considerations of the
model parameters were performed. Model parameters were dependent
upon porosity of the bed and characteristic particle diameter. Measured
porosity variations were used for numerical simulation and characteristic
particle diameter for different scrap was tuned to match the experimental
results with numerical simulation. Using tuned characteristic particle
diameter simulations were performed for different scrap with different

furnace configurations.

This appears to be the first time a numerical model for heat transfer
between flame and scrap was developed and validated with the

experimental data. The key conclusions include:

1 The thermocouple temperature must also be modeled since it is

between the gas and solid temperature. A simple balance between
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radiation and convection at the thermocouple surface provided
good agreement between the experiments and model.

2 Tuned characteristic particle diameter for small shredded scrap,
large shredded scrap and busheling were 27 mm, 28.5 mm and 26
mm, respectively. So, scrap size is not an important factor for heat
transfer between burner and scrap.

3. Burner heat transfer efficiency increased dramatically as porosity
was decreased (scrap density increased) because the surface area of
the scrap increased. However, decreases below 0.5 did not improve
the heating efficiency of the burner because of short circuiting of
the gas at the walls.

4. On the other hand burner efficiency decreased slightly as
characteristic particle size increased.

5. Model shows a scrap piece in front of the burner reduced the
efficiency of the burner, as did a large piece of scrap in the furnace.
Therefore, uniformity of scrap porosity is important for high
efficiency of heat transfer.

7. Therefore, it is better to have dense scrap of uniform density in
front of the burners for highest heating efficiency. Large pieces
which deflect the gas flow are detrimental to efficiency and can

create damage to the burner or wall.
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8. In front of the burner, scrap melted and due to localized melting a
narrow channel formed and flame penetrated deeply, which heated
the scrap more.

9. Heating efficiency drops as the scrap heats. The present model
may be useful for determining the most economical time to turn off
the burners.

10. Heating efficiency was highest for the “sheet metal” experiments in
which a horizontal sheet of steel increased the contact time between
the gas and steel scrap. This concept may be useful for scrap

preheating chambers.

The scope of the present research can be further expanded considering the
following:

1. In the present work, subsonic burner was used for the experimental
study. So, present experimental study can be modified for
supersonic burner. Also, a large scale heating furnace can be
considered for the heating experiments (e.g., full scale).

2. The temperature variation inside the scrap was ignored due to low
Biot number for small scrap size. So, for larger scrap temperature
variation inside the scrap can be examined. Perhaps,

thermocouples should be imbedded in the scrap.
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Appendix A

COz Adsorption/Elution Phenomena by
Different Drying Agents

Carbon dioxide is a common component in gas streams that either enter or
leave metallurgical processes. Often water vapor is in the gas stream as
well, so the first step in the chemical analysis of the streams for CO: is to
remove the water vapor by passing the gas through a packed bed of a
drying agent, such as silica gel, calcium sulphate or calcium chloride. CO2
is also adsorbed on these drying agents, so considerable error in CO;
analysis may arise. In this Communication the problem is assessed and

procedures to overcome it are discussed.

Previous work in this area has been restricted to gases containing less than
1% CO2 (Elia et al, 1986 and Babrauskas and Thureson, 1994). Elia et al,
1986, reported the errors in measurements of CO> concentration that takes
place in the use of drying agents in medical research. Using standard gas
mixtures they assessed the adsorption and elution behavior of CO2 on
calcium chloride, calcium sulphate, alumina, silica gel and magnesium
perchlorate. According to their results the response time to achieve

accurate results is independent of the concentration of CO2 (0-1%), but is

158



PhD Thesis----------- Kamalesh Mandal----------- McMaster University - MSE ------—-—- 2010

dependent of flow rate, amount and type of drying agent used.
Babrauskas and Thureson 1994, tested the adsorption and elution
behavior of silica gel, calcium sulphate and calcium chloride, but they did
not report the amount of materials used. Their standard gas composition
was around 0.12% COa. In the present processes, the CO2 content of the
gas mixture is far more that 1%, yet there is no information available
regarding COz adsorption and elution phenomena. Therefore, the present
study was carried out to evaluate the errors that may arise during drying
of the gas mixtures with high concentrations of CO;, by using silica gel,

calcium chloride and calcium sulphate.

Gas mixtures were prepared by mixing a metered rate of CO> with a
metered rate of N2 from cylinders to obtain 5, 15 or 25% CO». The gases
were analyzed continuously with a Horiba gas analyzer (Model: VIA-510),
based on non-dispersive infrared analysis method. The results were also
compared with samples taken by syringe and analyzed in a Gas
Chromatograph. A certified gas composition from BOC Canada of 5.02%
O3, 6.24%CO, 6.8% He, 25.08% CO2 and the balance N> was used for
calibration. It was found that the error in CO2 composition was in the

range of +1 percent of reading for all the cases.
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Silica gel, grade 49 of mesh size 6-18, was obtained from EMD Chemicals,
Darmstadt, Germany. Calcium chloride of mesh size 4 -20 was obtained
from Fisher Chemicals, New Jersey, USA. CaSO; of mesh size 8, was
obtained as Drierite™ which contains less than 2% of COCl as a color

indicator from W. A. Hammond Drierite Company Ltd, Xenia, Ohio, USA.

A schematic of the experimental setup is shown in Figure Al. Glass tubing
was used in the entire gas train. Before starting each experiment the
Horiba gas analyzer was calibrated with the certified gas mixture. After
calibration a controlled gas flow of known composition was passed
through the drying agent for the various experiments. The results are
presented in terms of the time for the Horiba gas analyzer to respond to
the gas composition. When the response reaches 100% of the reading, it
means that the drying agent has reached steady state and the analyzer is
reporting the true COz gas composition. The transit time of the gas
through the system was 5.5 seconds, much shorter than the measured

response times.

The effects of adsorption and elution of CO:; at a fixed flow rate are shown
in Figures A2 and A3, respectively, for calcium chloride, calcium sulphate
and silica gel. It is clear that the CO; adsorption capacity decreases from

silica gel, to calcium sulphate and finally calcium chloride. Figure A2 and
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A3 are inversions of each other, suggesting that the CO:

adsorption/ elution phenomena for different drying agents are reversible.

To study the effect of column shape 3 height-to-diameter ratios, (9, 17 and
26) with a fixed mass of 105 grams of silica gel was tested in the
adsorption mode. The results in Figure A4 show that there is no

appreciable shape effect for these conditions.

Flow Meters
™ HORIBA
N Gas Analyzer
\

N;
C
Y
L
I CO;
N c
E }: <«———  Glass tube with
R I drying agent
N
D
E
R
Y
N

Figure Al: Experimental Setup for CO, measurement error analysis
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Figure A2: Response time for the anhydrous drying agents to CO2adsorption
from a gas mixture of 25% COz and 75% Na. The gas flow rate 1.6 1/m and the mass
of the drying agents 105 gm for H/D of 17
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Figure A3: Response time for the anhydrous drying agents to CO: elution
from a gas mixture of 25% CO2 and 75% N2, The N2flow rate was 1.6 1/m
and the mass of the drying agent was 105 gm for H/D of 17.
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Figure A4: Response time for anhydrous silica gel for different

height-to-diameter ratios on CO; adsorption from a gas mixture

of 25% COz and 75% N». The gas flow rate was 1.6 1/m and the

mass of the drvine acent was 105 em.

Silica gel was used to study the CO; adsorption response time for different
gas compositions and different gas flow rates. It was observed that when
the CO2 composition increased from 5 to 25 there was no significant
change in the response time. This is consistent with the previous findings
(Elia et al, 1986) in the range of 0-1% COz. On the other hand, the gas flow
rate affects the response time as shown in Figure A5. The time to reach
various response levels is in inverse proportion to the flow rate. Therefore,

adsorption depends on the number of moles passing through the bed for

these selected conditions.
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Figure A5: The response time for anhydrous Silica Gel for gas flow
rates 0.8, 1.6 and 3.2 I/m to CO» adsorption from a gas mixture of
25% COz and 75% Np, for a mass of 105 gm.

To study the effect of the extent of hydration of the drying agent, moist air
was passed through the column for several hours to ensure that it was
saturated with moisture. Figure A6, shows that the saturated drying
agent adsorbs very little CO», and has a very rapid response time. It is

similar to the findings of Elia et al. 1986.
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Figure A6: Percent of response time for hydrous silica gel, on CO; adsorption
from a gas mixture of 25% CO2 and 75% N>, gas flow rate 1.61/m
mass of the silica gel is 105.00 gm.

This study of CO; adsorption/elution phenomena by different drying
agents shows that precautions should be taken to ensure that samples of
gas contain the true COz content for chemical analysis. The present results
show that times of the order of 2 or 3 minutes are required for a proper
reading; this time varies depending on the drying agent, flow rate and
amount of drying agent, so preliminary tests should be performed for
each apparatus. Figure A2 shows that calcium chloride has the fastest
response. The disadvantage of calcium chloride is that when it absorbs
water, the particles bond together and become solid and the permeability

of the bed drops. Therefore, calcium chloride may not be practical when
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the moisture content of the gas is high. Calcium sulphate has a higher
moisture capacity compared to calcium chloride, but a slower response for
CO: analysis. Silica gel has the highest capacity to absorb water, but takes
much longer to obtain a true COz analysis. However, for gases with high
moisture contents, silica gel may be the best choice for a drying agent.
Both calcium sulphate and silica gel are available with color indicators
that turn pink after hydration. Finally, with the knowledge of CO;
adsorption/elution phenomena of calcium chloride, drierite and silica gel,

errors in CO>; measurements were avoided.
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Appendix B

Tri-Diagonal Matrix Algorithm
(TDMA)

The resultant set of discretization equations for both boundary and
internal nodes were solved using the Tri-Diagonal Matrix Algorithm
(TDMA) adopting a line-by-line solution procedure. In this, a particular
grid line, say in X-direction, was chosen and the dependent variables were
guessed in Y and Z-directions, the problem was thus reduce to a pseudo
one-dimensional situation and subsequently solved by TDMA. This was
applied to all the grid lines in one direction and the entire process was
repeated for the other two space directions to obtain a tentative solution of
the dependent variable, ¢. This typically constituted one iteration. The
total number of iterations required was decided by the convergence

criteria adopted, which in the present study was defined according to;

IS (AP¢P - (2 A9, + S Vol ))< £,
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in which, Amw@w=AcgetAwpnv+rAnONtAsostATgr+Asgs. The triple sum
represents the summation over the entire three dimensional domain.
Under relaxation of dependent variables were employed to
achieve/enhance convergence. The ¢, value acceptable as an indication of
convergence on any variable was set to be smaller than 10-3. The value of

&; was taken 104 for temperatures.
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Appendix C

Partial Elimination Algorithm (PEA)

Discretized energy equations (Patankar S. V., 1980) for fluid and solid

phase for the porous media are:

AT = ALT,+B + MTS-T]) ... (C-1)
and
AT =) AT+ B + AT =T5) . (C-2)

where, subscripts f and s identify the coefficients for fluid and solid
phases. B is discretized source term and A is given by hisAsAV, where AV is
the volume of the control volume around the center point P. The

discretized fluid and solid phase equations can be re-arranged as:

(4L +A)S =S AT + B/ +AT; ... (C-3)
and
(4 + )3 =3 4,T5 + B + AT (C-4)

In the decoupled solution procedure first fluid temperatures were solved
using currently available solid temperatures and then solid temperatures
were solved using currently available fluid temperature. In the above

equations it is clear that fluid and solid temperatures at a point P, are
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directly dependent on solid and fluid temperature, respectively, at that
point, hence poor convergence. The partial elimination algorithm
eliminates the coupling between the two phases directly. Again the solid

temperature equations can be written in terms of discretized form as:

_ > 4T + B + AT/
a (4; +4)

This Tp° expression can be used in fluid temperatures equation. Similarly
Trf is as:

TfZZAnf,,T,,{+Bf + AT
F (4L +4)

The resulting equations for fluid and solid phases using partial

elimination algorithm can be written as;

A A
Al + AT =N 4T +B + ASTS + B°
(P A«+A; P]P annb A+A;(Z nb" nb )
.......... (C-7)
s A f s s s s A frf f
[AP+——-—/1+A[{ A,,]T,, =S4T, +B +/1+A;, (S 451s+B7)
.......... (C-8)

The final equations are solved using TDMA, which is already discussed in

Appendix B.
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Appendix D

Assessments of Computational
Procedure

The numerical simulations for laminar flow conditions were carried out
using effective viscosity equal to laminar viscosity, i.e., y=4. In the
numerical calculation procedure fluid flow in the cubic cavity, which is
shown in Figure AIIC-1, (p=1 kg/m?3 and p=0.01 kg/ms) was computed
numerically using one of the two horizontal cavity walls moving with a
constant velocity, 1 m/s (Reynolds number =100), which is also shown in
Figure D1. All other walls were taken stationary, i.e., the velocity
components of all other walls were zero. Our numerical model results
were compared with the result computed using commercial software
named FLUENT 6.0. Predicted variations of horizontal velocity
components, u along the center vertical line, Y and vertical velocity
component, v along the central horizontal line are shown in Figure D2 and
D3. The center vertical line and the center horizontal lines are shown in
Figure D1. Figures, D2 and D3 show that our model predictions have a
good agreement with the computed results using FLUENT 6.0. It is also
important to mention here that a grid independency test was carried out

and results in the Figures D2 and D3 are grid independent.
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Figure D1: Cubic cavity (a=1 m) used for computational domain
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Figure D2: Comparison of present numerical predictions of horizontal velocity
component, u, along the center vertical line, Y, with those computed by FLUENT
for steady laminar flow in a cubic cavity
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Figure D3: Comparison of present numerical predictions of vertical velocity
component, v, along the center horizontal line, X, with those computed by FLUENT
for steady laminar flow in a cubic cavity

Changing density from 1 kg/m?3 to 100 kg/m?3 (turbulent flow with
Reynolds number 10¢) the aforementioned simulation were repeated for
turbulent flow. Again, the predicted variations of horizontal velocity
components, u along the center vertical line, Y are plotted in Figure D4. It
is evident that our model can predict reasonably good compared to

FLUENT in case of turbulent flow too.
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Figure D4: Comparison of present numerical predictions of horizontal velocity
component, u, along the center vertical line, Y, with those computed by FLUENT 6.0
for steady turbulent flow in a cubic cavity

A natural convection simulation was also carried out with the present
code, where two sides of a cube were fixed at 1000 ©C. The other walls
were taken in adiabatic conditions. The working fluid was considered
such a way that the natural convective flow is inherently laminar. The
properties of the fluid are listed in Table D1. Direct comparison of the
calculated temperature with calculation using FLUENT is shown in Figure
D5. A comparison of temperature along the central horizontal line is
shown in Figure D6. It is evident that the present numerical modeling

results and numerical simulation with FLUENT has good agreement.
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Figure D5: Calculated Temperature field from Present Model and FLUENT
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Table D1: Properties of working fluid for natural convection study

Density, p = 1000 kg/m3 Length of the cube, L=1 m
Specific Heat, Cp= 1.103e+4 Rayleigh Number, Ra=5e+5
Viscosity, p= 10 kg/ms Prandtl Number, Pr =0.71

Thermal expansion coefficient, f=1051/K Gravity, g=6.96e-5 m/s?
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