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ABSTRACT

Adequate preheating of the submerged entry nozzle (SEN) is important to avoid problems
such as thermal cracks and skulling, and depends on torch configuration, fuel, SEN geometry
and other factors. A steady-state axisymmetric computational model of the flame, combustion
reactions, and air entrainment has been combined with a transient model of heat transfer in the
refractory walls to simulate the SEN preheating process. The model predictions match with
experimental measurements of preheating with a natural-gas torch, including temperature profile
across the flame, temperature histories measured inside the SEN wall, the flame shape, and the
SEN outer wall temperature distribution. A Simple spread-sheet models is introduced to predict
approximate flame temperature, heat transfer coefficients thermal properties, and SEN
temperatures during preheating, given the air entrainment predicted from the 2D Combustion
Model. Another spread-sheet model predicts SEN wall temperature histories during preheating,
cool-down, and casting processes, with different temperature-dependent SEN material properties,
geometries, initial conditions, and boundary conditions. The results reveal the times required to
reach adequate preheating temperature and thermal patterns during each process. A parametric
study of combustion during preheating found that positioning the torch at a proper distance
above the SEN top, including an insulation layer and increasing refractory conductivity all

increase SEN temperature and shorten preheating time.
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Nomenclature

a: Absorption coefficient

C: Linear-anisotropic phase function coefficient

Dy:  Thermal diffusivity

Dy:  Mass diffusion coefficient of species k

G: Incident radiation

G,:  Generation of turbulence kinetic energy due to the mean velocity gradients
Gp:  Generation of turbulence kinetic energy due to buoyancy
h: Convection coefficient

hi,: Internal heat transfer coefficient

hou:: External heat transfer coefficient

hY(Tye rk).  Formation enthalpy of species k at the reference temperature T f x (K)
k: Turbulence kinetic energy

m: Mass flow rate

Miorqr- Mass flow rate of gas mixture

Mmcya. Mass flow rate of methane

mg,. Mass flow rate of oxygen

M: Molecular weight of the gas mixture

MW Molecular weight

n: Molar flow rate

Ny 02. Molar flow rate of oxygen provided by entrained air
Ncya. Molar flow rate of methane

Nng,. Molar flow rate of oxygen

vii



P: Absolute pressure

P-y4: Absolute pressure of methane

P,y,:  Absolute pressure of oxygen

T, SEN radius distance in radial direction
R: Universal gas constant

R;,: SEN inner radius

R,ut:  SEN outer radius

S,qq. Radiation source term

T: Reactant temperature

T,: Corrected thermocouple temperature
T,,:  Measured thermocouple temperature
Tcya: Temperature of methane

To,:  Temperature of oxygen

Thuik,,:SEN inner bulk temperature
Thuik,,,: SEN outer bulk (air) temperature
T;n:  SEN inner wall temperature

T,ue: SEN outer wall temperature

vy Velocity in radial direction

v, Velocity in axial direction

Vv Volume flow rate

Vena: Volumetric flow rate of methane
Vo,:  Volumetric flow rate of oxygen

wy.  Rate of generation of species k
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MHerr-

Hiam:

Heub:

Mass fraction of gas species k
distance in axial direction

Gas density

Effective dynamic viscosity
Turbulence dissipation energy
Laminar viscosity

Turbulent viscosity
Stefan-Boltzmann constant
Scattering coefficient

Probe emissivity



Chapter 1: Introduction

Torch heating has been used extensively in industrial processes, such as the steel industry,
for preheating of refractories, cutting, and scarfing. Figure 1.1 [1.1] shows a schematic of the
continuous casting process. In this process, Submerged Entry Nozzle (SEN) delivers molten steel
from a tundish into a continuous-casting mold. The SEN is made of different refractories, and
must be preheated properly to prevent problems such as cracks from thermal shock, and freezing
(skulling) of the steel during initial filling. An accurate model simulation of SEN preheating
would be useful to optimize this and similar processes, which depends on fuel composition,
preheating time, refractory properties and geometry, and torch configuration.

In the steel plant, a common preheating operation is to use a torch to heat up a SEN for
around 2 hours. Then the SEN is transferred from the location of preheating to the caster, where
it is installed under the Upper Tundish Nozzle (UTN). This stage is called the cool-down process
and usually takes around 5 minutes. After that, the slide gate opens to allow molten steel to pass
through it.

In the continuous casting process, clogging is caused by the buildup of non-metallic
inclusions on the nozzle wall. SEN clogging decreases productivity, increases cost and decreases
steel quality. Previous studies [1.2, 1.3] suggest that heat loss through the nozzle refractories may
cause steel to solidify inside the nozzle, which worsens this problem In order to improve SEN
quality and avoid clogging, adequate preheating is required.

For SEN preheating, a natural gas / oxygen mixture is commonly used. In this work, a
comprehensive combustion model is developed and validated by measurements. In addition, the
effects of stand-off distance, insulation layer, and thermal conductivity of refractory material are

investigated.



In order to help users in the steel plant to understand and improve the whole process, a
1D user friendly heat transfer model system in excel spreadsheet by coding with Visual Basic
Application (VBA) Macro is developed [1.4, 1.5] and has been improved [1.6, 1.7]. Adiabatic
Flame Temperature Model and Heat Conduction Model are the two parts of this VBA model
system.

For the Heat Conduction Model, changeable variables are refractory properties, SEN
geometry, process duration (preheating, cool-down and casting) duration time, initial
temperature, inner gas temperature, outer air temperature, and heat transfer coefficients. The
development of the discretized governing equations is reported in Appendix A, which has been
validated with FLUENT 3D transient model. The temperature dependent feature of the Heat
Conduction Model is validated in Appendix B in preheating and cool down processes. Sensitivity
analysis is performed for SEN steady state preheating, which is reported in Appendix C. SEN
heat transfer behaviors during casting are studied by using Heat Conduction Model in Appendix

D.
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Chapter 2: Literature Review

2.1 Fundamental research of methane and oxygen combustion

In torch heating, natural gas is a widely used fuel, often using both air and oxygen as
oxygen sources for the combustion. Natural gas is mainly composed of methane, which
comprises up to 94% volume fraction. Fundamental burning characteristics of methane with
oxygen have been studied by several researchers, both numerically and experimentally.
Research into the detailed chemical reaction mechanisms of natural gas ignition and flame has
been sponsored by the Gas Research Institute (GRI), creating a comprehensive software database,
GRI-Mech [2.1]. This database includes input files for another software tool, CHEMKIN™ [2.2],
which can be used to solve chemical equilibrium and kinetic problems, for multiple chemical
species, gas concentration ranges and temperatures.

Several works have explored unconfined flames of methane / oxygen. Sreenivasan [2.3]
studied unconfined methane-oxygen laminar premixed flame numerically and experimentally.
Transport equations for the steady, incompressible, laminar reactive flow in axisymmetric
cylindrical coordinates were discretized by the Finite Volume Method through FLUENT 6.3 [2.4]
with GRI-Mech 2.11 [2.5] including 121 chemical reactions with 25 species. Predicted OH
isopleths agreed with digital flame photographs, but the model over predicted measured
temperature near the axis and under-predicted at farther radial locations.

Bennett [2.6] studied axisymmetric laminar co-flow diffusion flames, which are fed by
non-premixed parallel input gas streams of fuel and oxygen source. Computations using a
solution-adaptive gridding method with both GRI-Mech 2.11 and GRI-Mech 3.0 [2.7] chemical
mechanisms predicted flame lengths, maximum centerline temperatures, radial temperatures and

main species profiles that agreed well with measurements. Peak NO mass fraction predicted with



GRI-Mech 3.0 were twice as large as from GRI-Mech 2.11. Increasing the oxygen source from
air to pure oxygen produced a hotter, shorter flame, even if the fuel source was diluted from 65%
to 20% methane in nitrogen. This is because the hotter flame attached to the burner due to
significant reactant / burner preheating. Bhadraiah [2.8] used these measurements of laminar co-
flow methane-oxygen diffusion flames to compare a model with 43 combustion steps and 18
species, a model with four global reaction mechanisms, and an optically thin radiation sub-model,
and had mixed findings.

For flow involving turbulent flames, Ogami [2.9] presented a numerical vortex method
which incorporates chemical equilibrium, eddy-dissipation, and particle transport calculations to
predict combustion of premixed methane and air. The predicted temperature and main reaction
products matched with experiments. For confined combustion, Bidi [2.10] modeled turbulent
premixed methane-air combustion in an axisymmetric cylindrical chamber using a chemical
mechanism with 16 species and 31 reactions, and the k-¢ turbulence model. Turbulent intensity
was found to greatly affect flame behavior, temperature, and reaction product fractions. Silva
[2.11] modeled turbulent non-premixed combustion of natural gas (methane) with air in a
cylindrical chamber using the Eddy Breakup-Arrhenius model for chemical reactions, and a two-
step combustion model. Compared with measurements, species mass fraction discrepancies were
attributed to the preheated gases, which increased flame temperature rapidly and led to a faster

consumption of reactants.
2.2 Industrial torch heating research

In addition to the above fundamental combustion studies, there is some research
involving industrial torch heating, such as scarfing [2.12, 2.13], and SEN preheating. [2.14-17].

Zhou et al [2.12] developed a two-step model of heat transfer in a steel scarfing process. The



model was validated with temperature measurements in the solid. It was found that the fraction
of heat entering the steel from the scarfing reactions and adherent slag particles was relatively
small. The heat lost by forced convection from the flame and the combustion product gases did
not affect heat transfer much, relative to the scarfing reactions. Kim et al [2.13] studied the
design of in-line edge scarfing nozzles by numerical analysis, using a 2D axisymmetric flow
model, and species transport combustion model. The heat from the combustion gas to preheat
oxygen was found to be important. Luo et al [2.14-17] modeled transient SEN temperature
distributions in “combustion” and “fan type” preheating modes. Fan-type preheating was

suggested to be better, in order to avoid bamboo joint shaped cracks at the neck of the nozzle.
2.3 Objectives of the Current Work

Although there are many fundamental model studies of controlled methane / air or
methane / oxygen combustion flames, very few models are found of torch heating in industrial
applications using realistic chemical reactions that have been validated with measurements. Thus,
a combustion model has been developed in the current work to simulate torch preheating that
includes methane / oxygen / air combustion and transient heat transfer in the refractory.
Measured flame temperature profiles, SEN wall temperature histories, flame shape, and SEN
outer wall temperatures are used to validate the computational models, which are then applied to
gain new insight into torch preheating practice. In this work, the effects of stand-off distance,
insulation layer, and refractory thermal conductivity on heat transfer are investigated. A user-
friendly spreadsheet model system is developed to simplify the prediction of SEN preheating,

cool-down, and casting.
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Chapter 3: Experimental Measurements

3.1 Introduction

An SEN preheating experiment was performed at Magnesita Refractories [3.1-3] which
directed a turbulent flame produced from a premixed natural gas and oxygen stream downward
into an SEN. In this chapter, the experimental apparatus setup, temperature measurements, and
flow rate calculations are introduced. Experiment measurements are presented in Figure 3.1, 3.3,
3.4, and 3.5 and are used as validation of the combustion model.

3.2 Experimental Apparatus Setup

The entire experimental measurement system consists of:

e Tubes connected the natural gas tank and the oxygen tank to a pipe feeding the premixed
gases into a burner tip;

e Flow meters in the tubes, which measure gas volume flow rate;

e Pressure gauges, which measure relative pressure in the tubes;

e W300 Rosebud burner tip supplied by ESAB19 [3.4], where the mixed gas ejects from;

e Submerged Entry Nozzle (SEN), where combustion gas in partial confined and main
temperature histories are measured;

e Thermocouples, which measure gas temperature and refractory temperature;

e Data acquisition system, which collects and stores experimental data.

Flow meters and pressure gauges were installed in the tubes which connected the natural
gas tank and the oxygen tank to a pipe feeding the premixed gases into a burner tip. The
mixed gas ejects from a W300 Rosebud burner tip supplied by ESAB [3.4]. After traveling a
short distance to the top of the SEN, and entraining surrounding air as a partially free flame,

most of the combustion occurs in the confined domain inside a typical two-port SEN. The
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SEN refractory is doloma-graphite (DG28XA-CT) with a 0.7mm-thick glaze layer coating on
both the inner and outer surfaces of the SEN refractory to prevent oxidation. S-type
thermocouples are utilized to measure the SEN wall and gas temperatures.

In Figure 3.1, the experimental set-up front view is pictured, including the flame shape
during operation. In Figure 3.2, side view of the experiment setup is displayed. The burner tip is
positioned 97mm above the top of the SEN, which is referred to here as the “stand-off distance”.
At the burner tip, the cone-shaped flame is blue, which normally signifies high temperature and
complete combustion. This flame is generated by contributions from all of the small orifices in
the burner tip. As it moves downwards, the flame entrains air, cools, and extends about 300-

400mm (12-16”) down the bore of SEN, based on the experimental observations [3.1].
3.3 Temperature Measurement

The gas temperature profile across the diameter of the SEN bore was measured by
thermocouple No. 1, located 197mm below the top of the SEN. Figure 3.3 shows measured
steady state gas temperature across the SEN inner bore. At the center of the port, gas temperature
is measured by thermocouple No. 2.

As shown in Figure 3.1 and 3.2, thermocouples No. 3 and No. 5 measure temperatures
inside the SEN wall at an “upper level” (197mm below the SEN top), while thermocouples No. 4
and No. 6 measure at a “lower level” (341mm below the SEN top). The temperature
measurements are recorded every 10 seconds for ~115mins of this preheating experiment and
~270mins of cool-down. Figure 3.4 shows the transient SEN wall temperatures of thermocouple
No. 1~6 in the preheating experiment [3.5] used to validate the Combustion model. Figure 3.5
shows an infra-red photo of the SEN outside wall, which was taken at ~50min after ignition, and

is calibrated to show temperature contours.
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3.4 Flow Rate and Pressure Gauge Measurement

Table 3.1 lists the flow rate and the pressure of methane and oxygen measured in the
preheating experiment. SCFM means gas volumetric flow rate at standard conditions of 20 °C
temperature and 101326 Pa pressure, and is transformed into actual conditions in the second
column using the Ideal Gas Law. The calculated molar ratio of methane: oxygen is 5:4, which is
a fuel-rich mixture, which should produce yellow or yellowish flame color, due to the excess
carbon. However, the flame color observed in the experiment is blue [3.1], which indicates a
high temperature and complete combustion. This was explained by reported experimental
uncertainty with the flow rate measurements compared with the pressure measurements. Based

on these observations, the measured methane flow rate was assumed to be too large.

Therefore, stoichiometric flow rates were assumed at the burner tip, which corresponds to
a molar ratio of methane: oxygen of 1:2. Together with the Ideal Gas Law, the methane flow rate
is estimated using Equation (3.1).

Vo = New, Po,Ten, Vo,
CHy — —
n02 PCH4_T02

=8.78x 107*m3/s (3.1

And the oxygen flow rate is:

. Py, xVp, (310300 + 101325) X 6.97 x 10™*
"0: T RXT,, 8.314 x 293.15

= 1.18 X 10~ tmol/s (3.2)

The corresponding total mass flow rate of the mixed gas exiting the burner tip is given by:

Thtotal = ThCH4 + moz = flCH4 X 16 + floz X32=471X% 10_3kg/5 (33)

where Vg, and V), are the volumetric flow rate of methane and oxygen respectively,

12



Nncya and 1y, is the molar flow rate of methane and oxygen respectively,

P-y4 and Py, is the absolute pressure of methane and oxygen respectively,

Tcua and Ty, is the temperature of methane and oxygen respectively,

R is gas constant,

Meya Mo, and my,qq; are the mass flow rates of methane, oxygen, and total gas mixture,

respectively.

13



Tables

Table 3.1 Experiment data flow rate and pressure [2]

Measured flow rate Measured flow rate Gauge pressure Gauge pressure
(SCFM) (m®s) (PSI) (kPa)
Oz 6 6.97x10™ 45 310.30
CH, 7.5 2.20x10° 9 62.06

14



Figures

Figure 3.2 Preheating experiment setup side view"

15



Measured gas temperature (oC)

800 i . - . T . T R N R RN R R N
0 10 20 30 40
Distance from SEN center (mm)

Figure 3.3 Measured gas temperature 197mm below SEN top at steady state

T T T T T T T T T T T T T ]
1400%‘“‘“"““1 ——TC1]| |
] TC2| |
1200 - —=—TC3|
e —e—TC4| |
@ 1000 - TCS| |
2 ——TC6
@
g °%° J-Preheat e———cool-down ——
E o] -
- |

[— — T 1 * LA B — T
0 50 100 150 200 250 300 350 400
Time (min)
Figure 3.4 Transient temperature measurements®

16



r324°C

249°C

174°C

91°C

-23°C

Figure 3.5 Infra-red photo of SEN outside wall?

17



References

3.1  R. Nunnington, Magnesita Refractories, private communication, Jun, Aug 2012

3.2  Magnesita Refractories, PB10 SEN Temperature Data for CCC Heat Flow Model, Report,
York, March 31st, 2010

3.3  Magnesita Refractories, AG_DG thermal data Feb 2011, Material properties
measurement, 2011

3.4  ESAB welding torch W-300 Rosebud, available online at:

http://esab.ca/esab/dbReplacement/pdf/17563 1143820097.pdf

3.5  Magnesita Refractories, HT_Project_Test 2 (DG28).xls, 2011

18


http://esab.ca/esab/dbReplacement/pdf/17563_1143820097.pdf

Chapter 4. Combustion Model

4.1 Introduction

A two-dimensional, axisymmetric model of non-premixed methane / oxygen / air
combustion is developed for incompressible flow using FLUENT 13.0 [4.1]. The first simulation
is performed to validate this model with conditions matching the experimental measurements,
which include the stand-off distance of 97mm (97mm Validation Case). Then, to demonstrate a
model application on torch configurations, a second simulation was performed for the same
conditions, but increasing the stand-off distance to 147mm (147mm Case). And then, to
demonstrate the effect of insulation layer, a third simulation was carried out for the same
condition as 97mm Validation Case, but adding insulation layer at SEN outer wall (Insulated
Case). At last, a fourth model was executed for the same condition as 97mm Validation Case,

except using different refractory thermal properties (High-Conductivity (k) Refractory Case).
4.2 Governing Equations

The governing equations for the current 2D axisymmetric combustion model include the
continuity equation (4.1), the momentum-conservation equation (4.3, 4.4), the turbulence
equation (4.5-4.8), the energy conservation equation including chemical reactions (4.9-4.14), and

the species transport equation (4.15).

Continuity equation:

L9 + 0 =0 4.1
——(rpv) + = (pv,) = (4.

where v, and v, are velocity (m/s) in the radial and axial directions, r and z. The gas density, p,

varies pressure and temperature from the ideal gas law:

PM

P
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where p is density (kg/m®),
M is the molecular weight of the gas mixture (kg/mol),
R is the universal gas constant (8.314 J/Kmol),
v, is radial velocity (m/s),

v, is axial velocity (m/s).

Axial (z) momentum conservation equation:

d 10 6P avz av,
&Cm}lvl) +;a(rpvzvr) - 02 rar [’ueff< Or ar 0z )]
- [ THess (2 Pz 2 (\7 v))] +pg  (43)
Radial (r) momentum conservation equation:
MY L PN 611 )
o (2% -3 9)] = 2heyy S5+ LW 9) (4
where P is static pressure (Pa),
ey is effective dynamic viscosity (Ns/m?).
Turbulent kinetic energy k:
vk + 13 ko) = o (1am +222) T +

rar

(#lam + M) ak] + Gy + Gp — pe (4.5)

Turbulent dissipation energy ¢:

6( )+1 ( ) = 6[( +,utub)ae+
o0z pvzE TpEDy 0z Higm o, 9z

16[( +“t“”)ag]+c ‘¢ e 4.6
rarrﬂlam O-s ar 1£k 2£pk ()

kZ
Uett = Higm T+ .utupry = (4.7)
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Htub = pC _ (4-8)

where k is turbulence kinetic energy (kg m%/s?),
¢ is turbulence dissipation energy (m%/s®),
am @nd we,,, are laminar and turbulent viscosities (Ns/m?),
Gy, represents the generation of turbulence kinetic energy due to the mean velocity
gradients (kg m?/s°),
G, represents the generation of turbulence kinetic energy due to buoyancy (kg m?/s),
O 0g, Cyy, Cg, Cye are constants, 1, 1.3, 0.09, 1.44 and 1.87 respectively [4.2].

Energy conservation equation:

0 10 0 oh 10
E (Uzh) + ;E (rvrh) = 5 (Dh E) + _6 (T‘Dh ar ) + Srad (49)
Z e + - (4.10)
k
hy = j CpedT + M) (Tref i) (4.11)
Trefk
Syqqa = aG — 4aocT* (4.12)

where Dy, is thermal diffusivity (m?/s),

S,qq 1S a radiation source term (W/m®),

Y, is the mass fraction of gas species Kk,

hY (T k) is the formation enthalpy (J/kg) of species k at the reference temperature
Trerx(K),

a is the absorption coefficient (1/m),

G is the incident radiation (W/m?),

o is the Stefan-Boltzmann constant (5.67x10° W/m?K?).
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P-1 radiation model has been applied, which is given by the following transport equation
for incident radiation:
V-(yVG) —aG + 4acT* =0 (4.13)

1
- (3(a+ 0,) — Coy)

y (4.14)

where gy is the scattering coefficient (1/m),
C is the linear-anisotropic phase function coefficient, set to zero value here, for isotropic
scattering, which is equally likely in all directions.

Species transport equations:

] 19 ] oy 10 ay :
5, (v Yi) +——(rpv.Yy) = — (PDk a—zk) +-- (TPDk a—rk) + wy (4.15)
where Y, is the mass fraction of species K,
Dy is the mass diffusion coefficient of species k (m?/s),

@y, is the rate of generation of species k (kg/ms).
4.3 Model Domain, Mesh and Boundary Conditions for 4 Cases

In the experiment, the mixed gas ejects from multiple small orifices in the burner tip,
where the pressure drops down to atmospheric pressure in a very short distance. To avoid the
complications of locally-supersonic flow and mesh refinement problems, the model combines
these two steps and simply assumes that the mixed gas exits the burner tip at atmospheric
pressure, through a single, annular- shaped port with larger area of 4mm inner radius and 8mm
outer radius, which is shown in Figure 4.1. The simulated area of the ports, 150 mm?, is three
times bigger than the actual, 48.7mm? [4.5], to account for un-modeled gas expansion through
the burner tip. Moreover, the two exit ports of this bifurcated SEN are simplified as a single ring-

shaped axisymmetric port in the combustion model. The SEN port area is 11102 mm? [6], and
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the assumed port length is 23mm with the 76mm outer radius. A steel can is assembled outside
SEN. Due to very high heat conductivity of the steel, the can is eliminated in this model.

Figure 4.2 shows the model domain including SEN dimensions [4.6] for the 97mm
Validation Case, and High-k Refractory Case. The domain has 1100 mm axial length and 400
mm radius. The commercial meshing software GAMBIT 2.4.6 [4.7] was employed to create the
computational domain and to generate grids of quadrilateral cells. As shown in Figure 4.3, non-
uniform grid spacing is used with finer grids near the burner tip, the SEN top, the port, and near
the SEN wall and glaze layers. The minimum grid spacing is 0.25 mm in the glaze layers. (a)
shows the mesh of 97mm Validation Case, which has the same mesh as High-k Refractory Case,
containing 88843 cells. For the 147mm Case (b), the model domain is extended 50mm upward
above the origin (z=0) in the axial direction, and contains the same number of cells. For the
Insulated Case (c), the model domain is the same as 97mm Validation Case, and the mesh is
finer, containing 93308 cells.

Four kinds of boundary conditions are employed in the model.

e Burner tip inlet: The boundary condition at the burner tip is defined as a mass flow inlet.
The mass flow rate is calculated based on oxygen / natural gas volumetric flow rates from
the measurement. The operating absolute pressure at the burner tip is 101325 Pa, and the
temperature is 3104.67°C. The distance from the burner tip to where the combustion
starts is very short, and can be neglected in the fluid flow model. The inlet gas
compositions are 33.33% methane and 66.67% oxygen, with the mass flow rate of 4.7 g/s.
Emissivity of the gas mixture at the burner tip inlet is taken as 0.0351 [4.8].

e Burner side wall and SEN internal walls: Standard no slip condition for fluid flow. Heat

transfer at internal walls is by conduction, which involves coupling the boundaries of the
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flowing gas and solid glaze regions of the domain, and by radiation, using emissivity of
0.925[4.9].

e Domain top, bottom, and right side: All domain boundaries where air can enter or leave
are defined as pressure outlets, where the oxygen mole fraction is 21.01% and the
nitrogen mole fraction is 78.99%. Constant temperature 26.85°C is specified at these
boundaries for the atmospheric air, which entrains into or flow out of the domain. In the
atmosphere, the air emissivity is very small, so emissivity 10™* is chosen. The operating
absolute pressure at the burner tip is 101325 Pa.

e Domain left side: This axisymmetric boundary represents the centerline axis of the SEN.

4.4 Material Properties

The temperature-dependent enthalpy of each gas species, mixture densities (PDF),
specific heats of mixing, and reaction kinetics are provided via the thermodynamic database,
thermo.db [4.10] file in FLUENT. The average gas viscosity 9.32x10™ kg/m s and thermal
conductivity 2.7006 W/m K are based on the weighted-average properties of the fuel, air and
reacted gases from [4.11]. The composition-dependent absorption coefficient needed in the P1
radiation model is calculated using the weighted-sum-of-gray-gases model (wsggm). Isotropic
scattering with the scattering coefficient set to zero is assumed, and the refractive index is 1. The
radiation at the gas mixture burner tip is mainly non-luminous, which occurs from product
species such as CO, and H,O. The emissivity of the gas mixture at the burner tip (inlet) is
calculated as 0.0351 [4.8], according to the calculations in References [4.8] and [4.16].

The SEN is mainly doloma-graphite with 16% porosity [4.12], but has some ZrO,
inserted in the lower part, shown in Figure 4.2. Its inner and outer walls are coated with a glaze

layerto prevent oxidation. The exterior may be insulated with kaowool flex-wrap. The densities
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of 16% porosity doloma-graphite, glaze and insulation are 2330 Kg/m®, 2000 Kg/m®, and 1920
Kg/m®, respectively [4.14]. The glaze emissivity is 0.925[4.9]. Complete thermal properties of
these solid SEN materials, density, thermal conductivity and specific heat are listed in Table 4.1
to 4.4 for doloma-graphite, glaze, and insulation, including the glaze emissivity needed for

surface radiation.
4.5 Numerical Detalils

Combustion is modeled in this work using a turbulent, non-premixed species model with
a steady flamelet state relation and non-adiabatic energy treatment. The conservation equations
for mass, momentum, species and energy for steady, incompressible, turbulent reactive flow in
axisymmetric cylindrical coordinates (r, z) are discretized and solved with the Finite VVolume
Method using the commercial computational fluid dynamic software FLUENT-ANSYS 13.0
[4.1]. A pressure based solver with operating pressure of 101325 Pa is applied. Gravitational
acceleration in the axial direction (z) is included to model buoyancy effects. The standard k-
turbulence model with enhanced wall treatment is used to describe the turbulent flow, using
constants from [4.2] for turbulent flows with combustion, listing in Table 4.5. Steady laminar
flamelet approach is applied to simplify the turbulent flame brush. P1 radiation model is applied.
Second order upwind schemes and SIMPLE algorithm for pressure-velocity coupling are used to
discretize the governing equations. To simulate natural gas combustion with oxygen and air,
GRI-Mech 3.0 [4.15] natural gas combustion mechanism is applied, which is an optimized
chemical reaction mechanism and best representation of natural gas flames at this time. This
mechanism contains 325 reactions and 53 species. It is essentially a list of elementary chemical
reactions used in calculating the species mass balances, and associated rate constant expressions

for calculating wy. The rate constants are calculated by the modified Arrhenius equation. The

25



convergence criterion for residual errors is 10 for the continuity, velocity, turbulence, energy

and P1 radiation equations.
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Tables

Table 4.1 16% porosity Doloma-Graphite thermal conductivity [4.13]

Temperature (°C) Thermal conductivity (W/m K)
26.85 10.11
226.85 7
426.85 5.23
626.85 3.84
826.85 3.2
1026.85 3.08
1226.85 3.26
Table 4.2 16% porosity Doloma-Graphite specific heat
Temperature (°C) Specific heat (J/Kg K)
25 1350
500 2210.4
750 2329.2
1000 2448
1500 2665.8
Table 4.3 Glaze thermal conductivity and specific heat [4.14]
Temperature (°C) Thermal conductivity (W/m K) Specific heat (J/Kg K)
25 0.9 821
200 1.2 1035
550 1.67 1281
1075 1 1611
1425 0.4 1836
Table 4.4 Insulation conductivity and specific heat [4.14]
Temperature (°C) Thermal conductivity (W/m K) Specific heat (J/Kg K)
260 0.06 1030
538 0.1 1130
816 0.14 1192
Table 4.5 Standard k-¢ turbulence model constants of the Combustion Model [4.2]
Symbol / Definition value
Ok 1
O¢ 1.3
C, 0.09
Cie 1.44
Cys 1.87
Energy Prandtl Number 0.7
Wall Prandtl Number 0.7
PDF Schmidt Number 0.7
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Table 4.6 High-k Case (nearly 0% porosity) thermal conductivity and specific heat [4.14]

Temperature (°C) Thermal conductivity (W/m K) Specific heat (J/Kg K)
25 26.5 750
500 21.8 1228
1000 17.7 1360
1500 14.6 1481
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Chapter 5: Model Validation

The Combustion Model was validated by comparing predictions of the 97mm Validation

Case and Insulated Case with the corresponding experimental measurements.
5.1 Temperature across SEN

Figure 5.1 compares measured and simulated temperature profiles across SEN, including
SEN inner bore, and SEN wall.

Firstly, in the nozzle inner bore, the simulated gas temperature matches the measurements,
after correction with Equation 5.1. This correction accounts for the error caused by heat loss
from the thermocouple junction due to radiation (to a colder environment) and the accompanying
convection heat loss (due to the junction being colder). Conduction loss along the wire can be
neglected for wires over Imm long [5.1]. Equation (5.1) is used to calibrate the measurement.

T, =T, + 0T /h (5.1)
where T, is the corrected thermocouple temperature (°C),

T,, is the measured thermocouple temperature (°C),

o is Stefan-Boltzmann constant (W/m?K?),

€ = 0.14 is probe emissivity (recommended for uncoated platinum Type B thermocouple),

h = 750 W/m?K is convection coefficient for gas flowing over probe.

Secondly, temperature profiles calculated across the coated SEN wall by transient heat
conduction model are compared with the measurements of thermocouples embedded in the
refractory. The nozzle wall includes an “Inner Glaze” layer, the “Refractory wall”” and an “Outer
Glaze” layer. Due to the lower conductivity of the glaze, the temperature drops sharper at the

inner and outer wall surfaces. The transient model predicts that the SEN wall heat transfer almost
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reaches steady state after ~50minutes of combustion preheating. The model accurately predicts

thermocouples Nos.3 and 5, but over-predicts Nos. 4 and 6.

5.2 Transient Wall Temperatures

Transient temperature predictions and measurements in the SEN wall are plotted in
Figure 5.2. The trends agree, but the simulation over-predicts the temperatures at thermocouple
No. 3, 5, 4, and 6 by 25°C, 32 °C, 45°C, and 83 °C respectively. Three possible reasons could
explain this slight mismatch. First, the properties of porous refractory material that contains a
significant fraction of high-conductivity graphite are hard to be measured accurately. Secondly,
Zirconia inserts used in the lower part of the SEN near TC4 and 6 to prevent slag corrosion, may
cause lower temperature there. Thirdly, contact resistances between the thermocouple tip and the
SEN wall may cause lower temperature.

A sensitivity study [5.2] in Appendix C was conducted to investigate the importance of
20 different parameters affecting the temperature distribution in the nozzle wall. From this study,
the contact resistance caused by the contact-resistance gap between the tip of the thermocouple
and the drilled hole in the SEN wall emerges as a likely explanation of the discrepancy between
the predicted and measured temperatures.

5.3 Flame Shape

Thirdly, the predicted flame shape is compared with a close-up of the experimental flame
photo in Figure 5.3. The 1600 °C temperature contour line lies on the flame rim in the photo, and
shows that the predicted and observed flame shapes roughly match, although the prediction

exhibits slightly more expansion along the length of the flame above the SEN.
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5.4 SEN Outer Wall Temperature

Finally, Figure 5.4 compares the predicted SEN outer wall temperature contours with the
infra-red photo. Both images show the same region of the SEN outer wall from the top of the
SEN to 360mm below the top. The temperature contours show similar trends, where the lower
region (~150mm to ~320mm below SEN top) is hotter, due to reattachment of the flame inside
the nozzle. Quantitatively, the model over predicts the outer wall temperatures by ~150° C.

Overall, for the 97mm Validation Case, the model predictions are very consistent with

the measurements, so the model is reasonably-well validated.
5.5 Insulated Case

Another experiment was performed with all the same conditions, except the SEN was
wrapped with 6mm thick insulation at outer wall. The insulation material properties are listed in
Table 4.4. The insulation layer emissivity is 0.855[5.3]. Figure 5.5 shows simulated temperature
across SEN, including SEN inner bore, SEN wall, and insulation layer, comparing 2D
Combustion-Model predictions and measurements at 2-hour, and also showing predictions after
4-hour of preheating. The simulation matches well with the measurements at TC 3 and 4 at 2-
hour, but over predicts temperature at thermocouple Nos. 5 and 6 by 42 °C, and 143 °C
respectively. From the sensitivity study in Appendix C, the contact resistance caused by the
contact-resistance gap between the thermocouple tip and the drilled hole in the SEN wall
emerges as a likely explanation of the discrepancy.

Figure 5.6 shows SEN wall transient temperatures comparisons between the model
predictions and the measurements. The model predictions show a relative constant heating up
rate compared with the measurements. From the beginning of the preheating to ~45mins, the

measurements show a faster heating up rate, which is equivalent to the heat flux, and from
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~45min to the end of the preheating, the measurements show a slower heating up rate. Several
possible reasons could explain this mismatch during transient stage, such as insulation thermal
properties inaccurate measurements, and possible issues with the radiation model. For example,
the Combustion Model assumes constant emissivity for the inner and outer surfaces of the SEN.

However, the emissivity is temperature dependent in the experiment.
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Chapter 6: Results and Discussion

Further results from the validated model are presented: species concentration, fluid flow,
gas temperature and SEN temperature. Then, a parametric study of three new cases is performed
to investigate the effects of increasing the nozzle stand-off distance above the SEN, the addition
of an insulation layer, and an increase of the thermal conductivity of the refractory wall material,
comparing the 97mm Validation Case, 147mm Case, Insulated Case and High-k Case. Table

6.1compares the different model inputs for each case.
6.1. Species Concentration

For the 97mm Validation Case, mole fraction contours of the main species are shown in
Figure 6.1. Oxygen mole fraction (a) is 67% at the burner tip inlet boundary, defined by the
stoichiometric gas / fuel mixture. As combustion progresses, oxygen and CH,4 are consumed and
almost depleted in the flame, as shown in (c). However, entrained air drawn into the SEN top via
the Venturi effect diffuses and causes oxygen to increase to 13%~20% further down the nozzle.
Nitrogen fraction (b) also indicates the effect of the entrained air. Although there is no nitrogen
at the burner tip, the air drawn into the SEN increases Nitrogen to over 50%, which distributes
evenly by diffusion towards the SEN bottom. Carbon monoxide fraction (d) increases in the
flame region during combustion to a maximum of 15% in the flame just above the SEN. Carbon
dioxide fraction (e) increases to almost 6% and then decreases, initially in a similar manner to
CO. As the flame expands and air is entrained, products such as CO, CO,, and H20 become
diluted with distance down the SEN, as indicated by their decreased mole fractions. Towards the
SEN bottom, the gas temperature decreases, which causes CO to transform into CO,. Thus, the
CO, mole fraction increases towards the SEN bottom. Water fraction (e) increases during

combustion to reach a maximum of 19% above the SEN top. It decreases due to diffusion and air
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dilution but later increases slightly towards the SEN bottom as other non-equilibrium products
such as H, OH and H; finally near completion of their oxidation reactions. The species contours

evolve in a similar manner for the other 3 cases.
6.2 Fluid Flow Results

Figures 6.2 shows velocity vectors for all four cases. The flow exiting from the burner tip
is always the fastest, due to the rapid expansion that accompanies combustion. The fast jet flow
into the top of the SEN entrains air from the surroundings. As turbulent flow diffuses the jet
momentum, the velocity profile across the nozzle becomes more uniform with distance down the
SEN.

Direction arrows (a) in the whole domain show the flow directions of entrained air,
especially at the top, bottom and right side boundaries. For the 3 cases with 97mm stand-off
distance, the air enters into the domain vertically at the top boundary, and changes direction
towards SEN inner-wall gradually due to the Venturi effect. In 147mm Case, the increased stand-
off distance changes the gas flow distribution, especially the entrainment of air. The flame
spreads more before entering the SEN, so less air is entrained. But, some air outside the SEN
near the outer wall is drawn upwards and continues to flow upward past the torch. Below the
SEN, flow is generally downwards, except for the Insulated Case, which has a stronger jet that
causes reversed flow beneath the SEN. The mesh has been made finer in the Insulated Case, than
the other three cases. It is possible that this may change the shape of the jet exiting the nozzle in
this case. This shows how these results are very sensitive. Velocity vectors inside the SEN (b)
show that the velocity of the entering entrained air is much smaller than the fuel stream velocity

near the burner, which decreases to ~60m/s by lower in the SEN. In both figures, zoom-in
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vectors near the SEN top (c) show how the flow near the SEN top changes according to the

entrained air flow, as it enters the high-velocity flame.

6.3 Gas Temperature

Figures 6.3 (a), (b), (c) and (d) show gas temperature profiles across the SEN inner bore
at different distances below the SEN top for the 97mm Validation Case, 147mm Case, Insulated
Case, and High-k Refractory Case, respectively. For all cases, the temperature drop across the
SEN from the center to the inner wall is the largest at the SEN top, where cold air drawn into the
top edge of the SEN causes lower temperature near the SEN inner wall. With distance down the
SEN, however, the gas temperature near the wall increases due to radiation from the hot inner
gases. As the gases mix, temperature profiles flatten with distance down the SEN. Towards the
lower part of the SEN, some heat is released due to delayed combustion of CO into CO,,
especially towards the walls where there is slightly more oxygen, due to the air entrained down
the inside walls. Thus, the average temperature at 341mm below SEN top at TC4-6 is slightly

increased.

Compared with the 97mm Validation Case (a), the 147mm Case (b) shows slightly lower
temperature entering the center of the SEN top because the flame is colder with the farther stand-
off distance. Inside the SEN, however, the 147mm Case shows higher and more uniform gas
temperatures, owing to less air entrainment and heat lost to that air, as discussed in detail in the

next section.

Compared with the 97mm Validation Case (a), the Insulated Case (c) shows overall

higher gas temperatures, due to less heat loss through the SEN wall.
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Near the SEN inner wall, the High-k Case (d) shows similar gas temperatures with the
97mm Validation Case (a). However, the higher refractory conductivity means lower thermal
resistance through SEN wall, which increases heat losses through the SEN wall. Therefore, near

the SEN inner wall, the gas temperatures show slightly sharper temperature gradient.

6.4 SEN Temperature

Figure 6.4 shows temperature contours in the whole domain. For all four cases, the upper
part of the SEN wall temperature is low, until the flame jet spreads enough to touch the SEN
inner wall. After the flame diffuses and impinges the inner wall, the lower part of the SEN wall
is heated greatly. Figure 6.5 shows a close-up of the temperature contours from the burner tip to
the SEN bottom. For the 97mm Validation Case, temperature contours (a), show the hottest
temperature is 3229 °C at 26mm below the burner tip, and gas temperature at the port center
drops to 927 °C. For the 147mm Case (b) temperature is higher everywhere. Because the flame
jet from the burner tip travels a longer distance before entering the SEN, it spreads to almost fill
the SEN diameter, which reduces the air entrainment from 154% to 135%. This lessens the heat
lost to heating that air. Owing to its strong effect on air entrainment, the flame shape entering the

SEN is very important to temperature inside the SEN and thus to preheating efficiency.

For Insulated Case (c), the SEN wall temperature mostly stays ~1000 °C. At the TC 1-3-5
level, the temperature sudden drops from 1027 °C at insulation inner wall to 890 °C at insulation
outer wall. TC1-3-5 level means the vertical distance from the SEN top to the horizontal line
through TCs 1, 3, and 5. The High-k Case (d) shows a similar temperature distribution as 97mm

Validation Case.
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The goal of preheating the SEN is to prevent cracks caused by thermal shock during the
initial stages of casting. This requires heating to as close to steel temperature (over 1500 °C) as
fast as possible. This parametric study shows that all three effects investigated help towards
these goals. Choosing a stand-off distance such as the 147mm Case that achieves optimal flame
spreading lowers air entrainment and increases SEN temperature everywhere; adding an
insulation layer lowers heat loss and keeps SEN wall temperature higher (~1000 °C ); high
refractory conductivity decreases the temperature gradients and lessens the danger of thermal
shock during casting. From a practical view, a SEN positioned at a proper stand-off distance
from the torch, with proper refractory conductivity, and wrapped with insulation layer optimize

SEN preheating process.

Figure 6.6 compares the transient temperature histories of the 97mm Validation Case,

147mm Case, and High-k Refractory Case.

In Figure 6.6, for two stand-off cases, the SEN reaches steady state after ~ 60min for both
cases. However, moving up the burner from 97 to 147mm above the SEN top, increases wall

temperature by ~ 600 °C on average.

Figure 6.6 shows that the SEN in the High-k Refractory Case reaches steady state after
~30min, while 97mm Validation Case (lower conductivity refractory) takes about 2 times longer
to reach steady state. This is expected, owing to the higher diffusivity which controls the heat-up
rate. The higher conductivity causes higher heat losses through the SEN walls, which lowers
steady temperatures. For the same reason, the High-k Refractory Case shows less than half of the

temperature differences between TC3 and TC5 than 97mm Validation Case. The measurements
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in Figure 6.6 are from the measurement with 97mm stand-off distance without insulation layer.

97mm Validation Case simulates the best match with the measurement.
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Tables

Table 6.1 Differences in model inputs of four cases

Model Inputs 97mm 147mm Insulated High-k
Validation Case Case Case Case
Thermal conductivity Table 4.1 Table 4.1 Table 4.1&4.4 Table 4.6
Specific heat Table 4.2 Table 4.2 Table 4.2&4.4 Table 4.6
Stand-off distance 97mm 147mm 97mm 97mm
Insulation layer No No Yes No
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Chapter 7: Spreadsheet Models

7.1 Introduction

A spreadsheet model system, including a Steady-State Flame Temperature Model and a
Transient SEN Heat Conduction Model, was developed by V. Singh [7.1, 7.2]. This spreadsheet
model system is improved here by validating with experiment, 2D Combustion Model and Heat
Conduction Model by using FLUENT (Appendix A, B) [7.3,7.4].

The Steady-State Flame Temperature Model calculates adiabatic flame temperature by a
chemical equilibrium program, Gaseq [7.5], with given inputs of fuel, Oxygen Source Fraction,
Air Entrainment, reactants pressure and temperature. In addition, this Flame Temperature Model
provides gas-products properties, and convection coefficients at the SEN walls.

The Transient SEN Heat Conduction Model calculates SEN temperature histories by
solving the 1-D axisymmetric transient heat conduction equation discretized using an explicit
finite volume method. The inputs include SEN geometry, material properties, initial temperature,
and inner and outer wall heat transfer coefficients. The model outputs temperature distributions

across the SEN wall and transient temperature histories.

7.2 Steady-State Flame Temperature Model

Figure 7.1 shows the basic structure of Flame Temperature Model: inputs, Gaseq [7.5],
and outputs. Gaseq [7.5] is a chemical equilibrium program which can predict adiabatic
temperature and composition at constant pressure. With given inputs of fuel type, oxygen source,
oxygen source fraction, air entrainment, reactants pressure and temperature, Flame Temperature
Model predicts flame temperature, products pressure, species component, products properties,

and convection coefficients at the SEN walls.
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7.2.1 Definitions of Oxygen Source Fraction, Air Entrainment, and the Equivalence Ratio

Oxygen Source Fraction is defined here as the molar ratio of oxygen input with the fuel
relative to stoichiometric combustion reaction oxygen input requirement of 100%. Air
Entrainment is the molar ratio of extra outside air entrained relative to the amount of air that
would be needed for stoichiometric combustion, neglecting the Oxygen Source. In the
preheating experiment, Oxygen Source Fraction can be calculated from the pressure, the
temperature, and the volume flow rate of methane and oxygen respectively. However, the
amount of the entrained air can be hardly measured from the experiment. So the current 2D
Combustion Model is applied to simulate the preheating process, including an output of the air
entrainment.

Equations to calculate Oxygen Source Fraction and Air Entrainment are given in
Equations (7.1) and (7.2). For a fuel with the general compositionC,H,,, the stoichiometric

combustion reaction with a pure oxygen source is:
y y
CxHy + (x + Z)OZ = XCOZ + §H20

flOZ — mOZMquel — POZ . VOZ . Tfuel
(x + y/4)flfuel (x + y/4)mfuelMW02 (x + Y/4)Pfuel Vfuel TOZ

Oxygen Source Fraction =

(7.1)

For the same general fuel with compositionC, H,, the stoichiometric combustion reaction

with air is:

y W y y
CeHy + (x + Z) 0, +3.76 (x + Z) N, = XCO, +5 H,0 +376 (x+ Z) N,
Air Entrainment = Mair = Mair MWruer = E:
476 (x + %) ipuer 476 (x + %) tpueMWair 376 (x +3) e
_ N2 MW fyel . Nyox My 02MWpyg

(7.2)

3.76(x+%)mfuelMWN2 (x+%)ﬂfuel (X+Y /)M fue MW,
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where 7 is the molar rate (mole/s),

ng, is the molar rate of oxygen input in the gas mixture through the burner tip (mole/s),

Ny o2 IS the molar rate of oxygen input by entrained air (mole/s),

P is the absolute pressure (Pa),

V is the volume flow rate (m*/s),

T is the reactant temperature (K),

m is the mass flow rate (kg/s),

MW is the molecular weight (kg/mole).

Equation (7.2) indicates two methods to calculate the air entrainment from the results of
the combustion model. Method 1 assumes that the extra mass flow rate entering the SEN at its
top inlet surface is caused by the entrained air. Method 2 converts the nitrogen mass flow rate
across the SEN top inlet into the corresponding entrained air. Table 7.1 lists the steps and results
of both methods for the 97mm Validation Case, and they match well, considering numerical
errors.

The equivalence ratio is commonly used to quantify the extent that a fuel-oxidizer
mixture is fuel-rich, or fuel-lean, relative to the stoichiometric ratio. It is defined in Equation
(7.3).

fuel to oxidizer ratio Meyer/Mox Nyer/Mox Npyer/Mox

(fuel to oxidizer Tatio)st (mfuel/mox)st (nfuel/nox)st (nfuel/hox)st

(7.3)

where “oxidizer” is the total oxygen mole flow rate composed of the oxygen at the gas-mixture
inlet and the oxygen from the entrained air.
Noz = Oxygen source fraction X (x + y/4)Nyel

N4 o2 = Air entrainment X (x + y/4) Ny e
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In terms of the two parameters defined in Equations (7.1) and (7.2), the equivalence ratio
is the inverted sum of the Oxygen Source Fraction and the Air Entrainment:

Nryel/Nox  Npuel/(Mo2+N4+ 02) 1
(Mfuel/Mox)st Nryet/(X+Y /4N fyer) Oxygen Source Fraction+Air Entrainment

(7.4)

For the 97mm Validation Case, Oxygen Source Fraction is 100% and Air Entrainment is
154%, so the equivalence ratio is 0.397. For the 147mm Case, the equivalence ratio is 0.426.
7.2.2 Adiabatic Flame Temperature Model

For the 97mm Validation Case, 2D Combustion Model outputs, which are (total gas-
mixture) mass flow rate at the SEN top inlet, and Nitrogen mass flow rate at the SEN top inlet,
give 154% air entrainment (using Eq. 7.2). From the measured 100% oxygen source fraction,
19°C reactants temperature and 1 atm reactants pressure, the predicted flame temperature from
Flame Temperature Model is 1328°C. The average gas temperature at thermocouple No. 1-3-5
level is 1307 °C, which differs by only 21 °C from the Flame Temperature Model prediction. The
gas product compositions are listed in Table 7.5 for 97mm Validation Case.

For the 147mm Case, the 2D Combustion Model results give 135% air entrainment. From
the measured 100% oxygen source fraction, 19°C reactants temperature and 1 atm reactants
pressure, the Flame Temperature Model predicts a flame temperature of 1451°C. This increasing
trend is expected because increasing the stand-off distance gives a longer distance for the flame
jet to spread before entering the SEN, which lessens the Venturi effect, and thus allows less air
entrainment. With less air dilution, the gas temperature inside the SEN increases. The average
gas temperature at thermocouple No. 1-3-5 level is 1587 °C, which is even larger than the Flame
Temperature Model prediction. The gas product compositions are listed in Table 7.6 for 147mm

Case. Specifically, the Flame Temperature Model predicts mole fractions of 0.00136% CO and
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6.30620% CO,. The 2D Combustion Model predicts 2.04% CO and 4.33% CO, at the TC 1-3-5
level.

From Figures 7.5 and 7.6, the two models predict similar amount of gas products, but not
exactly the same, since two models use different reaction mechanisms. For the Flame
Temperature Model, equilibrium reactions are used. For 2D Combustion Model, non-equilibrium
reactions are applied. Compared with 97mm Validation Case, gas product compositions in
147mm Case show more CO; transforms into CO, predicted by Flame Temperature Model and
2D Combustion Model.

Thus, the simple spread-sheet model can predict the flame temperature approximately
without needing the sophisticated chemical reactions and thermal hydraulic models. The flame

temperature and corresponding heating inside the SEN is controlled by the air entrainment.
7.3 Transient Heat Conduction Model

7.3.1 Model set up

A spreadsheet model is developed to predict the transient temperature distribution in the
SEN, using a Finite Volume Method discretization. Since heat conduction in axial direction is
negligible, the heat conduction is simplified as 1D through the SEN wall in the radial direction.
This model is user friendly, as it allows users to change model inputs: SEN geometry (number of
layers and material for each layer); ambient, initial and gas temperatures; heat transfer
coefficients at inner and outer wall; preheat time; and material properties. Two further cases are
studied with this Heat Conduction Model: 97mm Validation Case and Can Case. Firstly, the Heat
Conduction Model is validated with experiment measurement. Then in the parametric study,
outer glaze layer is replaced with steel can to investigate the effect of steel can. The main

interface of this Heat Conduction Model is displayed in Figure 7.3.
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The governing equations and boundary conditions are listed in Equation (7.5)-(7.7). The
discretization equations for the cell at the interior, inner wall, and outer wall are developed in
Appendix A. This Heat Conduction Model has been validated with 3D heat conduction model,
with temperature dependent properties materials in each layer. The validation details are

represented in Appendix A and B.

6(CT)_16<k6T) 7
ot P T Tar o (7:5)
k 0
T3 (rT) = hin(Thutk,, — Tin) (7.6)
T=Rin
k 0
T or (rT) = hout(Tbulkout - Tout) (7.7)
T=Royut

where R;, is the SEN inner radius (m),

R, IS the SEN outer radius (m),

h;,, is the internal heat transfer coefficient (W/m?K), including radiation and convection
heat transfer coefficients),

h,,e 1S the external heat transfer coefficient (W/m?K), including radiation and convection
heat transfer coefficients),

Thuik,,is the SEN inner bulk temperature (°C),

Thuik,,, 1S the SEN outer bulk (air) temperature (°C),

T;y, is the SEN inner wall temperature (°C),

T, IS the SEN outer wall temperature (°C).
7.3.2 Model input

In the 97mm Validation Case, the Heat Conduction Model inputs, given in Table 7.2 and
Table 7.3 are from the 97mm Validation Case experiment and the 2D Combustion Model, such

as air entrainment prediction, internal and external heat transfer coefficients (HTC), average
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inner gas temperature. Internal and external heat transfer coefficients (including the effect of
radiation) at TC 1-3-5 are taken from 2D Combustion Model output profiles along the SEN wall
shown in Figure 7.4. At the TC 1-3-5 level, which is 197mm below SEN top, the inner wall HTC
is 112 W/m?K, and the outer wall HTC is 66 W/m?K. At the TC 4-6 line, which is 341mm below
SEN top, the inner wall HTC is 107 W/m?K, and the outer wall HTC is 67 W/m?K. Table 7.2
lists main inputs, and SEN geometries and number of nodes in each layer are listed in Table 7.3.
Material properties are the same as listed in Tables 4.1-4.4.

Inner gas bulk temperature at TC 1-3-5 from 2D Combustion Model is calculated based
on Equation (7.8) as 1307°C.

YreR2mrTdr

T = 7.
mR? (7.:8)
where r is the SEN radius (mm),
T is the gas temperature (°C) from Combustion Model at corresponding radius (r),

R is the SEN inner bore radius, which is 37.5mm in measurement.

The convergence criterion used to define the time step size in this 1D explicit Heat
Conduction Model is given in Equations (7.9), 0.48, which is smaller than 0.5, is used in
Equation (7.10) . In the 97mm Validation Case, the smallest cell size is 0.14mm at glaze layer, so
the time step is 0.014s. Modeling 115min of preheating with the Heat Conduction Model takes

2mins to run on 4GB 64-bit Operating System.

Dnde 1 7.9
d.d, 2 (7.9
d, = 0.48D,, d? (7.10)



where Dy, is thermal diffusivity (m?%s),
d, is time step (s),
dy is smallest cell size (m).
7.3.3 Model output

Figure 7.5 shows SEN wall temperature histories predicted by the Heat Conduction
Model in 97mm Validation Case. Since TC 3 and TC 4 are closer to SEN inner wall,
temperatures at TC 3 and TC4 are about 650°C, about 200°C higher than TC 5 and 6. The same
inner gas temperature is used for TC 1-3-5 level and TC 4-6, but due to higher HTC at the TC 1-
3-5 level at steady state, TC 3 and TC 5 are hotter than TC 4 and TC6, by 13°C and 8°C
respectively.

Figure 7.6 compares SEN wall temperature from the Heat Conduction Model with the
measurements in 97mm Validation Case. Overall, the Heat Conduction Model over predicts SEN
wall temperature. The Heat Conduction Model predicts similar heating rates for the beginning
~40mins. Then the model temperature increases faster, finally over-predicting at steady state.
The largest over-prediction is 98°C at TC 4 and the smallest is 24°C at TC5. Many uncertainties
can cause error at that range, such as refractory material property variations, heat transfer
coefficient differences, emissivity of the inner gas and outer wall (which are not inputs to the
Heat Conduction Model, but are outputs from the 2D Combustion Model), etc.

Figure 7.7 shows SEN wall temperature comparison between Heat Conduction Model
and Combustion Model (FLUENT) in 97mm Validation Case97mm Validation Case97mm
Validation Case . Both models show similar heating up rate at transient stage before 40mins.
Heat Conduction Model predicts higher TC 3 and TC 4 temperatures, but predicts lower TC 5

and TC 6 temperatures.
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7.3.4 Parametric study

A simulation was conducted to investigate the effect of the outside steel can, typically
used to protect the nozzle in service. Conditions are the same as the experimental case, listed in
Table 7.2, except that the outer glaze layer is replaced with a 3mm-thick steel layer to represent
the can. The domain geometry including number of nodes in each layer is listed in Table 7.4.
Figure 7.8 shows SEN wall temperatures predicted by Heat Conduction Model in Can Case.
This figure shows that replacing the outer glaze layer with a steel can causes SEN refractory
temperatures to decrease overall. TCs 3 and 4 are about 250 °C lower, and TCs 5 and 6 are about
75 °C lower. The Can Case takes ~30mins to reach steady state, which is less than the 97mm
Case (~40mins). This case shows that the glaze layer is very influential, by raising the steady

state temperature of SEN wall.
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Tables

Table 7.1 Air Entrainment of 97mm Validation Case calculated from Combustion Model Results

Method 1 Method 2
Mass flow rate at the burner tip 4.71 g/sNitrogen mass flow at the burner tip 04gls
Mass flow rate at the SEN top inlet 29.66 g/s|Methane mass flow at the burner tip 0.94 g/s
Entrained Air mass flow rate 24.96 g/s|Nitrogen mass flow rate at the SEN top inlet 19.15 g/s
Air Entrainment 153.7%]JAir Entrainment 154.4%

Table 7.2 Heat Conduction Model Main Inputs of 97mm Validation Case97mm Validation
Case97mm Validation Case97mm Validation Case

Heat Conduction Model Value
Input Conditions

Initial temperature 19°C
Inner gas temperature 1307°C
Ambient temperature 19 °C

Internal HTC at TC1-3-5 112 Wim*K
External HTC at TC 1-3-5 66 W/m’K
Internal HTC at TC4-6 107 W/m*K
External HTC at TC 4-6 67 W/m’K
Emissivity of inner glaze 0
Emissivity of inner flame 0
Thermal properties Table 4.1-4.4
Preheat time 115 min

Table 7.3 Heat Conduction Model Domain of 97mm Validation Case97mm Validation
Case97mm Validation Case97mm Validation Case

Layer Material Thickness (mm) Number of
Nodes
1 Material Glaze 0.7 5
2 Material Doloma Graphite 37 58
3 Material Glaze 0.7 5
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Table 7.4 Heat Conduction Model Domain in steel Can Case

Layer Material Thickness (mm) Number of
Nodes
1 Material Glaze 0.7 5
2 Material Doloma Graphite 37 58
3 Steel 3 5

Table 7.5 Gas Compositions Calculated for 97mm Validation Case (154% Air Entrainment)

Compositions (%)

Product Flame Temperature Model 2D Combustion Model
N, 65.48254% 63.54%
0, 17.34764% 17.34%
H,O 11.3146% 9.20%

CO; 5.66185% 4.42%
NO 0.17373% 0.18%
OH 0.01854% 0.03%
0] 0.00061% 2.75%
CO 0.00027% 0.02%
H, 0.00018% 0.70%
H 0.00001% 1.83%
CH, 0.00000% 0.00%

Table 7.6 Gas Compositions Calculated for Insulated Case (135% Air Entrainment)

Compositions (%
Product P (%)

Flame Temperature Model 2D Combustion Model
N, 63.89589% 62.66%
o) 16.88163% 16.57%
H,O 12.59121% 9.25%
CO; 6.30620% 4.33%
NO 0.27434% 0.23%
OH 0.04621% 1.34%
0] 0.00233% 1.58%
CO 0.00136% 2.04%
H, 0.00078% 0.55%
H 0.00005% 1.45%
CH, 0.00000% 0.00%
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Figures

Fuel type Flame/Products temperature
Oxygen source Products pressure
Oxygen source fraction Species component

Gaseq -
Air entrainment Products properties
Reactants temperature Force convection coefficient
Reactants pressure Free convection coefficient

Figure 7.1 Flame Temperature Model basic structure
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Figure 7.2 Flame Temperature Model main interface

67



Clear

Outer Radius of Refractory 76 mm
MNumber of layers 3
Emmissw\:‘ils\:r 0 Assign Refractory
Properties
[ Peheat ]
Ambient Temperature 19 HE
Initial Nozzle Temperature 19 R
SEN Inner Gas(bulk) Temperature (TC 1-3-5) 1285 aE
Internal _heat transfer Coefficient (TC1-3-5) 112 Wim?K)
External_heat transfer Coefficient (TC 1-3-5) 66 Wim2K) Preheat Simulation
Preheat Time 80 min.
Time Step 0.014 s View Preheat Plots
Time interval between printing 0.5 min.
Times to plot from start of preheat (min.) 1 3 10 | 30 | 120 |
Points to plot temperature, Distance from outer surface (mm) 0 10.76 32.16 | 40.7 | 41.4 |
[ Cooldown ]
Ambient Temperature (Qutside) 19.0 °C
Ambient Temperature (Inside) Embed in code HE
Internal heat transfer Coefficient 7.54 Wf(mfl(} Cooldown Simulation
External _heat transfer Coefficient 7.24 WHmK)
Cooldown Time 10.0 min.
Time Step 0.00 5 View Cooldown Plots
Time interval between printing 0.5 min.
Times to plot from start of cooldown (min.) 1 2 5 [ 10 [ 15 |
Puoints to plot temperature, Distance from outer surface (mm) 0 10.76 32.16 [ 40.7 [ 41.4 |
[ Casting ]
Pour Temperature 1550.0 qE X X
Saolidification Temperature 1525.0 °C Assign Steel Properties
Ambient Temperature (Outside) 19.0 HE
Internal heat transfer Coefficient 33594.11 Wf(mfl(} Casting Simulation
External _heat transfer Coefficient (free) 66.0 WimK)
Casting Time 120.0 min.
Time Step 0.00 s View Casting Plots
Time Interval between printing 0.50 min.
Steel Layer thickness 10.0 mm
Steel Layer mesh size 0.5 mm
Times to plot from start of casting (min.) 0.5 1 1.5 [ 2 [ ] |

Figure 7.3 Heat Conduction Model main user interface
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Figure 7.5 SEN wall temperature of Heat Conduction Model (VBA) in 97mm Validation Case

69



700

| ""|||llllllllll
— 600 - SpEBEEBBEBBEBEEERBBEEH
@) lB S 600066000000066660064
o
> 500 & b -
= !ee UQr,oooOooooooooooo_
§ 400 - 29 OOquy@@@@@@@@@@@@@@@@@@@@@
8 ':OO@@@ = TC3VBA

£ 300 ¢ & o * TC4VBA §
— I ® TC5 VBA
- g0 o
© 200 | o) o TC6 VBA

= ¥ 5 TC3 MEASURE

< 100 _:)Q TC4 MEASURE |
7 I TC5 MEASURE

I ® TC6 MEASURE
1 " 1 " 1 " 1 " 1 1 1 1

0
0 10 20 30 40 50 60 70 80 90 100 110
Time (min)

Figure 7.6 SEN wall temperature comparison between
Heat Conduction Model (VBA) and measurement in 97mm Validation Case
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Chapter 8: Conclusions

In this work, a 2D axisymmetric model of nozzle preheating is developed using FLUENT

with GRI-Mech 3.0 and includes 325 non-equilibrium chemical reactions with 53 species to

simulate methane combustion. The finite-volume computational model simulates steady-state

fluid flow, heat transfer, and combustion in the gas and transient heat conduction in the SEN

walls. Simple user-friendly spread-sheet models to predict flame and SEN temperature are

validated and improved.

The model predictions match experimental measurements of a methanae torch preheating
experiment, including the temperature profile across the flame, temperature histories
measured inside the SEN wall, the flame shape, and the SEN outer wall temperature
distribution.

Heat Conduction Model can predict SEN wall temperature histories has been validated,
with the ability of changing SEN materials, geometries, initial conditions, and boundary
conditions by users.

The validated model was then applied to investigate the effects of stand-off distance,
insulation, and wall conductivity.

Moving the burner further above the SEN top, to give the flame enough distance to
spread to fill the SEN diameter, leads to higher SEN temperature and shorter preheating
time, due to less air entrainment.

Adding an insulation layer causes higher SEN wall temperatures and milder temperature
gradients.

Increasing refractory conductivity causes milder gradient at SEN.
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e To optimize preheating, a proper stand-off distance, stoichiometric fuel composition,
proper refractory thermal properties , and insulation layers are recommended.
e A simple spread-sheet model of the adiabatic flame temperature is shown to accurately

predict the gas temperature inside the SEN, based on knowing the air entrainment.

75



Appendix A

A. Discretized governing equation in 1D Heat Conduction VBA Model

This appendix is to develop discretized governing equations for 1D Heat Conduction
VBA Model in the SEN wall with multiple layers using the VBA macros in MS excel, and
validate it by comparing with FLUENT 3D Transient Model. Finite Volume Method is used to
derive discretized governing equations on the interface cell of two different material, interior cell
and boundary cells. Based on the derived governing equations, the code in Heat Conduction
VBA Model is changed. The results from Heat Conduction VBA Model are compared with
FLUENT Transient Model, with constant material properties in three layers, and match within
0.5% error.
Method

Preparation:
e risthe radius of a sector;

e zisthe thickness of the sector;
e wand e are located on the boundary of cell P;
e W and E means the center point of the west cell and east cell of cell P;

1
e The volume of a sector = Erchz;
e Heat conduction direction cross section area = r¢z;
1
* Te=Tp+507pg;
1 :
. rw=rp—55rpw,

ref9z  rwlez
.

e The volume of P cell =
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Fig A.1 Notation of Finite Volume Method
1. Finite Volume Equation for Interface Cell

Interface Interior Boundary
cell cell cell

o | o |0 | 0| 0|
Refractory, 7 nodes

lte >.4T >
Inside glaze Outside glaze
3 nodes 3 nodes

Fig A.2 Cells schematic map on 1D Heat Conduction VBA Model
Derivation

Heat conduction governing equation:

i} 10 oT
Finite Volume method derivation:
t+At a t+At 1 a aT
jt (fw a(pCpT)dV)dt—ft (jw S (kS dv)dt (4.1)

Gauss’s Divergence theorem:
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f div(ﬁ)def 7 @ dA
cv A
In cylindrical coordinate:
div(@) = 10
v(a) =——= (ra)
f L (L P f div(k2E) av = f nka—TdA
oy T OT or 6
= (k5 )= (k57 4
or or lw
T
( Chrw |ere§0 ) (kwa_rlwrwgaz)

L L
= eEIereQDZ_ wa_rlwrw(PZ

Tg-T
€ &rp

Tp—Tw
W Srpw

=k

re<pz—k Tw @ Z

Integrate from t to t + At:

t+At
f T e = (0T84 (1 — 0)TH) A
t
0 = 0 is explicit method, 8 = 1is fully implicit method.

T means temperature at t, T?H means temperature at t + At.

The right side of Eq. (A.1) is equal to:

t+At
TE - TP TP - TW
k -k ) dt
(p th ( e SrPE re w arPW rW

(6T + (1 — O)TFY — (8Tp + (1 — O)THFY) Lk (6Tp + (1 — OTHY) — (0T + (1 — TR

= k - At
(p 4 ( e 5rpE e w 6rPW rW)
ker, kwm kyt
— 7z At 9( Tn+1 -ee qn+l1 _ _WwW Tn+1 + Tn+1) +
-¢ ( Arpg £ Arpg TPE P Arpy P Arpy v
Kot kete kwhw kym
1-6 T - r— Th+ 22T
( VG TE Arop P T By P T Arpy w))

The left side of Eq.(A.1) is equal to:
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t+At
d
f <f E(p@,T)dt) dV=f pC, (T3 —T’ﬁ»)dV=f pCpT’ﬁﬂdV—f pC,TpdV
cv t

cv cv cv

2 2 2 2
r, —71 r, —r
p w e p
= ¢z IpWCpWT;“ ( > > + p,CpeTh" < » )l -

r2 — 2 re — 2
s (B52) o (255

r — e 12 — 1}
= ¢z [pwcpw <%) + PeCpe < - 2 £ )] (TE* —T3)

From figure A.1, it is clear that

n _ pn
Tw=Tp1
n _ mn
TE=Tps1

Set 8 = 0 for the explicit method. Let right side to be equal as left side of Eq.1.The discrete

finite volume equation comes out after arranging as following.

kv, rrm k,r n
IR I (THy —T0) - - = TP_l)] At
T =T

14

P 72 _ 12 72 _ 12
ot (B77) 0.0 (P77

Eq.2 is the governing equation of the interface node, which also can apply for interior cell.

(A.2)

p (density) and C,, (heat capacity) is the material properties of the cell. For interface cell, p and
C,, should be the average value of the two material in the same cell.

2. Using Finite Volume Method for interior cell

Because there is only one material of the interior cell, k,, = k.,
Te =rp+%5r,rw =rp—%6r , 0Tpg = O1pyy = O = Ar.

Simplified interior governing equation is derived by plugging the above four equations into Eq.2.
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2ait 1 1 1 1
n+1 __ _ e n = n e T n
T, = <1 2 )Tp + aAt [(Arz 2rpAr> T,_1+ (Arz + erAr> Tp+1] (A.3)

Where = 2= .
pCy
3. Using Finite Volume Method for inside boundary cell

Interface Interior Boundary
cell cell cell

e o | o |0 | 0| o]

Refractory, 7 nodes

3l

Inside glaze Outside glaze
3 nodes 3 nodes

FigA.3 Schematic of inside boundary

Heat balance for inside first cell:

9] aT
pCpVE = _kAZ E IZ + thlATll

rAr TM — TP Ary\ (T} —T] N

pC,pz > At = koz (r + 7) B + hyr@z(Tyes — T1')
pe g ZKAC L An T T 2Athy (Tyes = T1)
! v pe,rAr 27 Ar pC,Ar
T (1 2kAt ( N Ar) 2Athy N 2Athy N 2kAt ( N Ar) T 49
1 U= \TT5 )~ 1 2 T+ = -
pC,rAr? 2/ pcAr pC,Ar pC,rAr? 2) 9%

Eq.(A.4) is the inside boundary governing equation derived by finite volume method. h,

is the inside convective heat transfer coefficient and T, is the gas temperature.
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4. Using Finite Volume Method for out boundary node

Interface Interior Boundary
cell cell cell

1—)‘—2

Refractory, 7 nodes

> l&
>

Inside glaze Outside glaze
3 nodes 3 nodes

3l
I< Zal )

Fig A.4 Schematic of outside boundary cell

Assume the last node number is m. Heat balance for outmost cell:

oT oT
PCpVE = k4 ar |1 — haA2AT|,
rAr TR — T Ar (TR_, — T}

pCp 2 - At == k(r - 7) (mA—rm> - har(T#L - Tair)
Tn+1 —T" 4+ 2Atk r— ﬂ (T;ln—l B T:ln) + 2Ath, (T g — T:ln)

m ™ pc,rAr 2 Ar pC,Ar

2Atk Ar 2Ath 2Atk Ar 2Ath

T = 1——<r——>— a T"+—<r——>T"_ +=er (A
" ( pC,,rArz 2 pC,Ar) ™ pCprAr2 2) T pe,Ar (4.2)

Eq (A.5) is the out boundary governing equation derived by finite volume method. h, is
the outside convective heat transfer coefficient and T,;, is the air temperature outside the nozzle.

Eqg.(A.1) is the governing equation to solve the transient heat transfer process. Based on
this governing equation, using finite volume method, we can get the Eq.(A.2) to Eq.(A.5), which
conclude interface, interior and inside outside boundary cells. The basic idea of finite volume
method is the heat goes into the cell should be equal to the heat comes out the cell. In the one

dimension project, we can only consider the heat flux on r direction.
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Inputs and Results

Two cases are performed in this study. In Case 1, the nozzle is only made by refractory,
which shown in Table 1 Case 1(glaze has the same properties as refractory). In Case 2, glaze
layer is coated at nozzle inner and outer wall, listed in Table 1 Case 2. For 1D Heat Conduction
VBA Model and 3D FLUENT Transient Model, the same nodes numbers are applied as listed in
Table A.1. All inputs for both cases are listed in Table A.2. Comparing transient temperatures,
the error is less than 0.5%. Temperature comparisons for two models at SEN inner and outer wall

are plotted in Figure A.5 and A.6 for Case 1 (only refractory) and Case 2 (3 layers).

VBA and FLUENT Model nodes
inner glaze coating layer 4
wall refractory 37
outer glaze coating layer 4

Table A.1 Nodes numbers for 1D Heat Conduction VBA Model
and 3D FLUENT Transient Model

Test conditions Input value
Initial temperature 20°C
Inside temperature 600 °C
Outside temperature 20 °C
Inside heat transfer coefficient 70 W/m°K
Outside heat transfer coefficient 20 W/m’K
Inside radius 38 mm
Thickness of glaze layer 1 mm
Outside radius 76 mm
Heat conductivity 20 W/im K
Refractory | Density 2460 kg/m®
Specific heat 1500 J/kg K
Case 1 Case 2
Glaze Heat _conductivity 20 W/m K3 1 W/mK 5
Density 2460 kg/m 2400 kg/m
Specific heat 1500 J/kg K 1000 J/kg K

Table A.2 Input conditions
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Conclusion

The complete finite volume cell equations for 1-D cylindrical transient heat conduction
with layers of different materials and temperature-dependent properties that have been
implemented into the final Excel/\VBA model are presented.

The model is tested for SEN preheating with 3 layers with different constant properties.
The VBA Model results match with FLUENT using an identical mesh within 0.5% error for two
cases.

Nomenclature

Symbol Variable Unit
Vv volume m°
t time S
At time step S
r radius m
T, west node radius m
T, east node radius m
Ar neighbor node distance m
Arpg east side node distance m
Arpy, west side node distance m
T temperature °C
p— temperature o_f node p at o
P new(n+1) time step
- temperature of node p at o
P old (n) time step
Tyas inside gas temperature °C
Tyir outside air temperature °C
p density kg/m®
C, specific heat J/kg K
k heat conductivity W/m K
k, west side cell conductivity Wim K
k, east side cell conductivity Wim K
hyg inside gas convective W/m*K
coefficient
h, out air convective W/m°K
coefficient
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Appendix B

B. Heat Conduction VBA Model comparison with FLUENT UDF Model in

preheating and cool down process (Considering temperature dependent properties)

The purpose of this appendix is to validate VBA heat transfer model with FLUENT([1]
model with temperature dependent properties in both preheating and cool down processes.
Because both processes are considered, the User Defined Function(UDF) is used in FLUENT
model to change inner SEN gas/air temperature and heat transfer coefficient in two processes.

Method

Please check “Yonghui VBA Model Governing equation 20120412.docx™ file for the
theory of VBA heat transfer model. Use Run 2 conditions (inner SEN gas/air) to compare
FLUENT and VBA heat transfer Model.

The code of UDF FLUENT model:

/ skestesteseskesieiokeskekeskeskeslesketeioioekskekskeieskeototeskekekekosiekeskekekeketetkekokoskekeskekesieskotokeskeskoekekoskekekeskekeketetokekoskeskeskeskekesk
UDF makes time dependent inner temperature of SEN in preheating process (t<115min) and
cool down process( 115min<t<392min)

#include “udf.h”
f#tdefine TIMEPRE 6900
DEFINE PROFILE (inner temperature, thread, i)
{
real x[ND_ND]J;
real y;
real t=CURRENT TIME;
face t f;

begin f loop (f, thread)
{
F CENTROID (x, f, thread) ;
y=x[1];

if (t<TIMEPRE)

F PROFILE (f, thread, i)=1673. 15;

else

F PROFILE (f, thread, i) =293. 15+126%exp (-0. 000292 (t—-TIMEPRE) ) ;

1
end f loop (f, thread)
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}

DEFINE PROFILE (heat transfer coefficient, thread, i)

{
real x[ND_ND];
real vy;
real t=CURRENT TIME;
face t f;

begin f loop (f, thread)
{
F_CENTROID (x, f, thread) ;
y=x[1];

if (t<TIMEPRE)
F PROFILE (f, thread, i)=400;
else
F_PROFILE (f, thread, i)=20;
}

end f loop (f, thread)
}

Input
Preheat Cool down
Inner gas temperature(k) | 1673.15 T=20+126exp(-0.000292(current time —preheat
time))
Outer air temperature(K) 293.15 293.15
Inner h_convection (W/m’K) | 400 20
Outer h_convection(w/m’K) | 400 20
Initial temperature(K) 293.15 293.15

Table.B.1 Run 2 conditions

* From “temperature plot for five experiments.xIsx”

Material Glaze
Density 2000 kg/m®
Properties used in VBA || Temperature(degC) | Thermal conductivity Specific Heat
(W/m K) (J/kgK)

25 0.8555 835.0425
200 1.2926 1031.0565
550 1.5409 1345.6037
1075 0.8312 1768.4251
1425 0.0119 2130.1868

Properties used in

k(T)=-0.4856+0.0059T-(5¢-6) T+(e-9)T°

FLUENT Cp(T)=406.77+1.6781T-0.0009T*+(3e-7)T°
(SI unit)
Table.B.2 Inner and outer layer of SEN
Material Doloma Graphite
Density 2330 kg/m®
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Properties used in VBA Temperature(degC) Thermal Specific Heat
conductivity (J/kg K)
(W/m K)
25 26.4528 753.3534
500 21.8180 1252.3953
750 19.7412 1360.4835
1000 17.9143 14229122
1500 15.0106 1598.2917
Properties used in K(T)= 29.823-0.0119T+(2e-6)T*
FLUENT Cp(T)=125.61+2.6275T-0.0019T*+(5e-7)T°
(SI unit)
Table.B.3 Middle layer of SEN
Location Radius
inner glaze 38mm
Inner DG 39mm
Outer DG 75mm
Outer glaze 76mm

Table.B.4 Geometry
In order to simulate preheat first and cool down process later, the User Defined Function

is used for the inner gas/air temperature (wall boundary) and heat transfer coefficients.

Results
The following figures show temperature comparison of FLUENT model with VBA heat

transfer model.
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Fig B.2 Outer SEN temperature comparison of VBA and FLUENT Model
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Fig B.3 Temperature at Radius 70mm from centre of SEN VBA
and FLUENT Model comparison

Conclusion

From the figures, the VBA heat transfer model in temperature dependent properties has

been validated by FLUENT udf model in preheating and cool down processes.

89



Appendix C
C. Sensitivity Analysis Report of Preheat Process in SEN Nozzle at Steady State

This sensitivity study is necessary to know which parameter in Yonghui’s steady state
model affects the temperature inside the nozzle wall most. People often use sensitivity test
method to analysis the effect of parameters.

Method

The steady state model is set up in the thermal resistance method. These are the equations

being used in the steady state model as follows.

1
ZﬂRi(h_in_convect + h_in_radi)
1

277'-}?0 (h_out_convect + h_out_radi)

TR_in_total =

TR_out_total =

R out refractor
Ln(s2eres L4

R_in_re fractory

TR =
refractory 2T yefractory

R_in_re fractory
oy Se—
_in_glaze
277"kglaze

TR_in _glaze =

Rout laze
Ln S

R_out_refractory

27Tkglaze

TR_out_glaze =

T_in - T_out_air

B TR_in_total + TR_in_glaze + TRnozzle + TR_out_glaze + TR_out_total

q

_out_glaze — 10.67
R_in_re fractory

27Tknozzle

R
Ln(

TRpmeasure point —

Tmeasure point = T_in - q. (TR_in_total + TR_in_glaze + TRmeasure point)
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Figure.C.1 Schematic of Steady State Model
Arrows pointed the corresponding temperature are at the some surface. For example,
T _out_glaze is the temperature of the surface with R_out_glaze radius.

Approach of Sensitivity Analysis

1) Choose standard conditions of all variables to get standard result

2) For each variable, choose a reasonable engineering estimate of its most extreme value

3) For each variable, calculate a new result using its new value while keeping the same
constant standard conditions for all of the others

4) Compare the new results with the standard result

All standard conditions used in the Steady State Radiation Model are listed in Table.C.1.

Independent variable Standard condition
T in (°C) 1200

T out_air(°C) 20
h_in_convect(W/m°K) 70

h_out_convect 20

Gas emissivity 0.1

Emissivity for glaze and refractory 0.5
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k_refractory (W/m K) 20
k_glaze 1
R_in_glaze(mm) 36.6
R_in_refractory(mm) 37.3
R_out_refractory(mm) 77.3
R_out_glaze(mm) 78
T_in_wall(°C) 700
(quess for radiation calculation for uncoupled model)

T _out_wall(°C) 550
(guess for radiation calculation for uncoupled model)
R_measure point(mm) 67.2

Table.C.1 Standard conditions for Steady State Radiation Model in sensitivity analysis

Results:

Table.C.2 shows the effect of ~15 different variables on the measured TC temperature,

relative to standard conditions, which were chosen based on best estimates, but over-predict the

measurement by 160C.

Independent variable

Standard(618°C) Measured(458°C)

Diff Temp(°C) Diff Temp(°C)
_ Standard Estimated New
No. Xi ] o
uncertainty condition
1 T_in (°C) 1200 -500 700 -283 -123
2 T_out_air(°C) 20 -15 5 -4 +156
3 h_in_convect(W/m’K) 70 -50 20 -154 +5
4 h_out_convect(W/m’K) 20 -15 5 +115 +275
5 Gas emissivity 0.1 -0.099 0.001 -111 +49
6 Gas emissivity 0.1 +0.4 0.5 +152 +311
Emissivity for glaze and
7 0.5 -0.4 0.1 +120 +280

refractory
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Emissivity for glaze and

8 refractory 0.5 +0.4 0.9 -92 +68
9 k_refractory (W/m K) 20 +20 40 +12 +171
10 k_glaze 1 +1 2 +5 +165
k_glaze
11 (glaze is replaced by 1 +19 20 +10 +170
refractory)
R_in_glaze(mm)
12 (2.7mm inner-glaze 36.6 -2 34.6 -63 +97
thickness)
13 RAnglaze(mm) 366  +07 37.3 +24 +184
(no inside glaze layer)
14 R_in_refractory(mm) 37.3 +2 39.3 -45 +114
15 R_out_refractory(mm) 77.3 -2 75.3 +23 +183
16 R_out_glaze(mm) 78 -0.7 77.3 -6 154
17 R_measure point(mm) 67.2 +2 69.2 -3 157
18 R_measure point(mm) 67.2 -2 65.2 3 163
T_in_wall(°C)
19 (guess for radiation 200 3 203 ¥ 161
calculation for
uncoupled model)
T_out_wall(°C)
20 (guess for radiation - 2 57 10 +150

calculation for

uncoupled model)

Table.C.2 Sensitivity analysis for steady state radiation model

Notes and explanation on the above table:

1. The “standard-diff-temp” column in the above table means the difference between
standard result and new estimated variable result. The last column in the above table

means the difference between the new result and measurement.
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2. Variable No. 1. (row 1 of Table 2) The gas product temperature inside the nozzle, T_in,
ranges from 885-1432 C with 1262C average (from “Flame profile across SEN Bore at
1432degC” in LWB report. 500degC is chosen as the estimated uncertainty. The
sensitivity result shows that the difference between standard and new estimate is around
300degC. So the gas temperature inside the nozzle is a major variable.

3. The heat convection coefficients of the inside gas and outside air in No. 3 and No. 4 are
major variables.

4. | assume the product gas emissivity is quite low in No.5 and high in No.6. The same
assumption is made in No. 7 and No. 8. The reason why we cannot simply change gas
emissivity into zero is in the following equation, which used to calculate two body
radiation emissivity. The second to last column shows that all these four new estimate

variables cause around 100degC difference.
In long concentric cylinder, % =2andF, =1

2 T2
Emissivity equation ™
1
E12 =T T 7 ez 1 , Where ri=r;

a €2 T2
—
2 — P —l—P Refractory

Figure.C.2 Schematic of radiation inside the nozzle
5. No. 9, the reason for the new estimate of conductivity of refractory is 40 W/m K is AG
conductivity domain is from 18.2 to 35.5 W/m K. Small difference means that it is a very

small effect variable on sensitivity analysis.
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6. No. 11, considering the possible replacing glaze by alumina in mistake, | chose the new
estimate value of conductivity of glaze to be 20 W/m K. It causes about 10degC
difference from the standard result.

7. No. 12 is the case that the actual inside glaze is 2.7mm, 2mm thicker than it should be.
This case will cause the temperature at the measured point drops 63degC.

8. No0.13 is the case of no glaze at the inside wall, because glaze maybe melt in casting. The
difference is small.

9. No. 14 and No. 15 show that the thickness of the refractory is not a major variable.

10. No. 16 is the case that there is no glaze outside the nozzle wall. The difference is small.

11. No.19 and No.20 show the effect of depth of thermocouple. When the depth of the
thermocouple shallower or deeper 2mm, the difference between the standard results with
the new estimated value result is 3degC. So varying thermocouple depth is a minor effect
parameter.

12. No.19 and No.20 are the estimate of possible error in temperature of inside and outside

wall. The effect of these two is small.

Thermocouple contact problem sensitive analysis

Account for heat removal through the thermocouples and thermocouple wires, the adjust

temperature is given by %

(Tmeasured - Toutair)dgap\/ hnDkTC
\/EkairD/Z

Tadjusted = Tmeasured

where  Tqqjysteq IS the adjusted measured temperature (°C),
Trneasurea 1S the measured temperature (°C),

Tout air = 20°C is the ambient temperature,
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d., IS the approximate calibrated air gap thickness (m), assumed to be 0.5 mm.

k., i1s thermal conductivity of the air gap between the thermocouple tip and the drilled

hole, taken as 1 W/m K,

h =20 W/m? K is the heat transfer coefficient of the air along the TC,
k;c = 200W/mK is the copper-constantan thermocouple thermal conductivity,

D =4 mm is the thermocouple diameter.

The following is the table of sensitivity analysis for Thermocouple contact problem.

Independent variable
Standard(618°C) Measured(458°C)

Diff Temp(°C) Diff Temp(°C)

Standard Estimated New

No. X uncertainty condition
1 dgap(mm) 05 +0.5 1 +1194 +1354
2 Kgap(W/m K) 1 +9 10 +60 +219
3 h(W/m?K) 20 -15 5 +300 +458
4 krc(W/m K) 200 -190 10 +134 +293
5 Tams(°C) 20 +200 220 +397 +556

Table.C.3 Sensitivity analysis for Thermocouple contact problem
Discussion

From this sensitive analysis for contact problem of thermocouple, we can see that all

these variables affect the measured temperature largely, especiallyd_._, which is the size of the

gap’
gap between the thermocouple tip and the mold copper.
Conclusion
e From the table, the sensitivity analysis reveals that the most important variables
are: temperature of gas product inside the nozzle; inside gas product convection

coefficient; outside air convection coefficient.
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e The important variables are: emissivity of gas, emissivity of glaze and refractory
and contact problem of thermocouple.

e The unimportant variables are: temperature of the air outside the nozzle, thermal
conductivity of glaze and refractory, radius of inside and outside glaze, radius of
inside and outside of refractory, location of the thermocouple and the guessed

inside and outside wall temperature.
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Nomenclature:

h_in_convect: The convection heat transfer coefficient of the inside nozzle
h_out_convect: The convection heat transfer coefficient of the outside nozzle

h_in_radi: The radiation heat transfer coefficient of the inside nozzle gas

h_out_radi: The radiation heat transfer coefficient of the outside nozzle gas

h_in_total: The sum of convection and radiation heat transfer coefficient of the inside nozzle
h_out_total: The sum of convection and radiation heat transfer coefficient of the outside nozzle
T _in: The gas product temperature of the inside nozzle

T_out_air: The air temperature outside the nozzle

T_in_wall: The temperature of the inside wall of the nozzle

T _out_wall: The temperature of the outside wall of the nozzle

k_refractory: The thermal conductivity of the refractory

k_glaze: The thermal conductivity of the glaze

R_in_glaze: The radius of the glaze at the inside nozzle

R_in_refractory: The radius of the inside of the refractory

R_out_refractory: The radius of the outside of the refractory

R_out_glaze: The radius of the glaze of the outside nozzle

R_measure point: The location of the thermocouple
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TR_in_total: The thermal resistance of the convection and radiation inside the nozzle
TR_out_total: The thermal resistance of the convection and radiation outside the nozzle
TR_refractory: The thermal resistance of the refractory

TR_in_glaze: The thermal resistance of the inside of the glaze

TR_out_glaze: The thermal resistance of the outside of the glaze

TR_measure point: The thermal resistance at the measured point

qg: heat flux through the nozzle
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Appendix D

D. Transient Heat Transfer of Submerged-Entry Nozzle immersion during

Continuous Casting

The objective of this appendix is to investigate heat flux from molten steel to SEN inner
and outer wall and temperature distribution during casting, when SEN is submerged into molten
steel. A finite volume 1D conduction program is implemented to study heat flux at inner and
outer wall of SEN and temperature distribution. This study needs to answer the following
question: material properties (conductivity) difference effect on heat flux, freezing time;
preheating and cool-down time effect on casting heat flux; the correlation between steel
superheat and freezing time. In addition, heat flux in high velocity molten steel is compared with

low velocity one.

Background

SEN (submerged entry nozzle) is the passageway of molten steel pour down from tundish
to mold in continuous casting. So the thermal shock between hot steel liquid with the SEN at
room temperature is extremely high. This will cause crack of the SEN and much more impurities
enter into the liquid steel and decrease the quality of the steel product. In order to prevent this
happening and increase the lifetime of SEN, preheating of the SEN is widely used in industry.

Figure 1 shows preheating in experimental condition, which is similar in industry.

After preheated by burning gas for around 2hours, the hot SEN will be transferred from

preheating spot to casting mode, which usually takes around 5 minutes. It is called cool-down

99



process. Then SEN will be connected with upper tundish nozzle with slide gate, finally casting

process starts. The schematic of continuous casting is shown in figure 2.

In the continuous casting process, clogging is caused by buildup of non-metallic
inclusion on the nozzle wall. SEN clogging decreases productivity, increases cost and decreases
steel quality. Previous research suggests that heat loss from the nozzle refractories is likely to
cause steel solidified in the nozzle [1, 2]. In Araromi [3] paper, he modeled and validated doloma

can be used in SEN refractory material to prevent clogging.

In order to improve the SEN quality and avoid clogging, a refractory company produces
new Doloma-graphite (DG) SEN instead of traditional Alumina-graphite (AG). But the DG
thermal conductivity is smaller (~4 W/mK) than AG. At the place where SEN submerged into
molten steel, higher thermal conductivity of SEN increases higher heat flux from the molten steel
into SEN wall, which may cause fluid pattern changed and hook structure formed at the short
beginning of casting. Lower thermal conductivity of the SEN has lower heat flux, which means
less heat loss from the steel at the first beginning, which also means longer time needed to reach
steady state of SEN. Then it may cause more steel in defects. In conclusion, it is concerned that
conductivity may change the flow pattern and cause steel defects. Other than conductivity of
refractory, preheating time, superheat of molten steel, and molten steel fluid velocity are main

concerns in casting process.

In order to help refractory designer to understand and improve heat transfer properties in
the whole process, the user friendly 1D heat transfer model by using Visual Basic Application
Macro code is developed. The model has features: changeable refractory material, changeable

SEN geometry and coatings, three processes (preheating, cool-down and casting) time and
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conditions control and so on. This model preheating and cool down processes was programmed
[4, 5] and validated with FLUENT software and experiment. The casting model is validated
with FLUENT in one test problem. Zero heat flux boundary conditions at centerline and outer

steel should be tested.

Molten Steel .
<+«—Tundish

Slide Gat
(Flow
Control)

+——Submerged Entry Nozzle
lane of Symmetry

Submerged Depth

Liguid Steel Pool

opper Mold

Solidifying Steel
= Shell

Continuous Withdrawl

Figure.D.1 Preheating experiment photole] Figure.D.2 Schematic of continuous casting tundish-mold part

Rough Scaling

In 2D heat conduction governing equation:

6( CT)— 16(k6T)+6<k6T>
ot Por ) = T\ Gr) T 92\ 52
Initial condition: T (t=0)=T1

Boundary conditions: T(r=0)=TO0; T(r=R)=TO0; T(z=0)=T0; T(z=L) =TO.

Scaling:r* = -,
R

101



. . CpRZ, 96 19
The governing equation can be reformed as: (%) == =5 (r
C

00 RZ, 9 (00

)t 63 ()

ar* L27 9z* \9z*
a0 1 0

R? : . a0 R2, 0 (00
p *
— then the governing equation is = = ——— (r 6r*) + ()5 (az*)'

pC

Lett. =

and outer wall of SEN can be transformed into a 1-D cylindrical coordinate computational model

R? 0 10 *ae)
If o <1 then preflietem (r o)

In my project, R is the radius of outer molten steel, around 120mm. And L is the length of SEN,

2
around 712mm. So % = 0.028 « 1. So the heat conduction in r-direction is important, and z-

direction conduction is neglected. In conclusion, the approximation of only 1D r-direction heat

conduction is reasonable in casting model.

Model Description

Governing Equation

The heat flux at inner and outer wall of SEN can be transformed into a 1-D cylindrical
coordinate computational model of transient heat conduction in an SEN wall using the VBA

macros in MS excel. Use the Finite Volume Method to discretize explicit governing equations.

Changeable geometry and multiple layers are two of the features in the VBA model.
Users expect glaze layers at the inner and outer of SEN refractory. The thermal properties of

SEN are temperature dependent.

The discretized equations [7] are listed as following.

Discretized equation for interface cell:
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ke, kym
a5, (Ther = T3) = gt (T3 = Th-1)]t

r2 — 12 r2 — 12
[.chpw<p 2 W>+peCpe(e 2 p)]

Discretized equation for interior cell:

+1
T3t =T +

Discretized equation for inner boundary cell:

2kAt Ar\  2Ath, 2Ath, 2kAt Ar
(r+5)- Ty T (v

7 ) + ?) Tsteel

Tn+1= 1— + +
! ( pc,Ar’t T pe,Ar T pe,rAr?

—(r+
2
pc,rAr

Discretized equation for outer boundary cell:

T,ﬁ“:(l— 2Atk ( _Ar) ZAtha>T 2Atk ( Ar) 2Ath,

—aa2\T— 5 ‘rﬁ 2\~ nT}L—l AL Lsteel
pc,rAr 2 pC,Ar pc,rAr 2 pC,Ar

Simplifying Assumptions

In order to simplify the problem to explore heat flux, several assumptions are made as following.

1) Only conduction in the radial direction

2) Moving liquid steel conductivity is 7 times of solid steel.

3) Inner and outer molten steel domain is far enough to set the boundary temperature as pour

temperature.

Initial Conditions

The initial conditions of casting model are from the end temperature distribution in cool-
down process. It is necessary to mention the preheating and cool-down schematic and domain,
boundary conditions. Force convection at SEN inner bore and outer air natural convection define

boundary conditions in both preheating and casting.
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r
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Figure.D.3 Schematic of preheating  Figure.D.4 preheating & cool-down model domain
nozzle

Boundary conditions at inner node: kg—: = hyAT

Boundary conditions at outer node: — k‘;—: = h AT

Initial conditions in preheating: T(r, t=0) = T_air (19degC)
Initial conditions in cool-down: T = T(r, t=preheating time)
The initial conditions in casting:

T_SEN=T(r, t=cool-down time); T_Steel = pour temperature.

Boundary Conditions

The boundary conditions in casting process are:

| T_inner = pour temperature (1550degC) | T_outer = pour temperature (1550degC) |

The “inner” and “outer” mean inner and outer boundary in casting model domain, which also
shows in Figure. D.5.

Inner Outer

T in=1550°C  §laze glaze T out=1550°C

[e[e[¢p]¢ [o|e|e]e]¢of¢|e]e
olten steel SEN Molten steel [yper radius
Inner radius r-direction _

L

Figure.D.5 Sketch of 1-D conduction casting model domain

Material Properties
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Material properties for SEN are listed in table D.1, 2, 3, and ones for molten steel are in Table

D.4.
Temperature(degC) | Thermal conductivity(W/m K) Specific Heat (J/kg K)
25 0.90 821
200 1.20 1035
550 1.67 1281
1075 1.00 1611
1425 0.40 1836
Table D.1 Glaze material properties (2000 kg/m”3)
Temperature(degC) | Thermal conductivity(W/m K) Specific Heat (J/kg K)
25 26.5 750
500 21.8 1228
750 19.75 1294
1000 17.7 1360
1500 14.6 1481
Table D.2 Doloma-Graphite material properties (2330 kg/m®)
Temperature(degC) | Thermal conductivity(W/m K) Specific Heat (J/kg K)
25 35.5 708
500 25.5 1282
750 23.2 1376.5
1000 20.9 1471
1500 18.2 1595
Table D.3 Alumina-Graphite properties (2460 kg/m®)
Density (kg/m”3) 7015
Thermal conductivity (W/m K) of liquid | 231
Thermal conductivity (W/ m K) of solid 33
Specific Heat (J/kg K) 682
Thermal Diffusivity (m”"2/s) 0.0055

Table D.4 Molten Steel material properties

Complete conditions for every run

VBA Input conditions Value Source
Initial temperature 19°C LWB measurements
885-432*Exp (-time in second/1066) | Concluded from gas temperature

Inner gas temperature

(°C) histories from experiment
Outer air temperature 19 °C LWB Experiment data
Inner h_convection 50.89 W/ m2K Combustion Model result
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Outer h_convection 35.25 W/ m*K Combustion Model result
Emissivity of outer glaze 0.82 LWB Emissivity Testing
Emissivity of inner flame 1 Black body of inner SEN

Thermal properties Table 4,5,6 LWB measurements

Preheat time 114.5 LWB Experiment data

Table D.5 VBA Preheating Model input conditions

VBA Input conditions

Value

Source

Initial temperature

Temperature at the end of preheating

Preheating VBA model

Inner gas temperature

20+126*Exp (-time in second*2.92e-4)
(’C)

Concluded from gas temperature
histories from experiment

Outer air temperature 19 (°C) LWB Experiment data
Inner h_convection 7.54 W/ m’K Churchill & Chu Equation[9] [10]
Outer h_convection 7.24 W/ m*K Churchill & Chu Equation
Thermal properties Table 4,5,6 LWB measurements

Cool-down time 4.5 min LWB Experiment data

Table D.6 VBA Cool-down Model input conditions

VBA Input conditions

Value

Source

Initial temperature

Temperature at the end of cool-down

Cool-down VBA model

Pouring temperature 1550 °C
Solidification Temperature 1525 °C
Outer air temperature 19°C LWB Experiment data
Thermal properties DG case Table 1,2,4 LWB measurements
AG case Table 1,3,4
Casting time 80 min Approximately
Time step 0.001s

Table D.7 VBA Casting Model input conditions
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The convergence criteria used in 1D conduction model is: thermal diffusivity*dt/(dx*dx)
<0.5. Due to small cell size in the glaze layer and explicit algorithm, the time step is 0.001s

approximately. Casting VBA Model 60mins process simulations took 10 min to run on 4GB 64-

bit Operating System.

Cell size Inner glaze Refractory | Outer glaze | molten steel time step
Preheating None 0.0015s
Cool-down 0.175mm imm 0.175mm 0.0016s

Casting 0.375mm 0.0010s
Table D.8 Cell size and time step for each process
Mesh Study

The cell size of glaze layers effect the results a lot. The least number of nodes in glaze
layer is 3, with this number; the preheating temperature is unreasonable, and far away from
validated result. While, when the nodes number is equal or larger than 5, the preheating
temperature matches with preheating experiment result. So the least number of node in glaze

layers is 5.

Inner glaze No. of nodes | Refractory No. of nodes | Outer glaze No. of nodes

Casel |5 38 5

Case?2 | 3 38 3

Table D.9 Mesh study in preheating process of DG
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Figure D.6 Temperature comparisons of case 1&2 for mesh study in preheating
Model validation
For the 1D heat conduction model, I will program by using Visual Basic Application
Micro in MS office excel, because the user friendly interface feature and light computation task

in one dimension.

FLUENT 3D transient model with same size and number of mesh, properties, and
conditions is used to validate VBA model. The initial temperature of the test problem is 500 °C
in whole domain except two boundaries. The FLUENT model has been validated in “glaze-
refractory-glaze” SEN heat conduction model with temperature dependent properties and
convection boundary conditions. The test problem conditions, mesh schematic and validated

results are listed as following.
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Test conditions Input value
Initial temperature 500°C
Inner steel temperature 1550 °C
Outer steel temperature 1550 °C
SEN inner radius 38mm
Thickness of inner glaze layer 1 mm
Thickness of refractory 36 mm
Thickness of outer glaze layer 1 mm
SEN outer radius 76 mm
Outer steel radius 114mm
Time step 0.001s
Time duration 1min
Heat conductivity 231 W/m K
Steel Density 7015 kg/m®
Specific heat 682 J/kg K
Glaze As Table 12.
Doloma-Graphite | As Table 11.

Table D.10 Test conditions for test problem in both FLUENT and VBA Model

Temperature(degC) Thermal conductivity(W/m K) Specific Heat (J/kg K)

25 26.45 753.35

500 21.82 1252.40

750 19.74 1360.48
1000 17.91 1422.91
1500 15.01 1598.29

Properties used in FLUENT k(T)=(2e-6)T"2- Cp(T)=125.61+2.6275T-
0.0119T+29.823 0.0019T%+(5e-7)T?

Table D.11 Doloma-Graphite material properties (2330 kg/m”3)

Temperature(degC) Thermal conductivity(W/m K) Specific Heat (J/kg K)

25 0.86 835.04

200 1.29 1031.06

550 1.54 1345.60
1075 0.83 1768.43
1425 0.01 2130.19

Properties used in FLUENT k(T)=-0.4856+0.0059T-(5e- Cp(T)=406.77+1.6781T-
(SI unit) 6)T?+(e-9)T* 0.0009T?+(3e-7)T?

Table D.12 Glaze material properties (2000 kg/m”3)
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Figure D.7 Test problem mesh schematic in FLUENT
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Figure D.8 Comparison of FLUENT and VBA transient test problem after 1min

Results

Preheating results
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Figure D.9 AG Preheating Process Temperature History
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Figure D.10 DG Preheating Process Temperature History

Cool-down results
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Figure D.11 AG Cool-down process temperature history
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Figure D.12 DG Cool-down process temperature history
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Figure D.13 DG transient temperature distribution in casting
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Figure D.14 AG transient temperature distribution in casting

In Figure D.13 &14, the temperature changes rapidly at the beginning of casting, the
minimum temperature in SEN jumps from about 560degC to 1120degC in the first one minute
for both AG and DG material. Compared with difference of minimum temperature in DG SEN
from 2min to 5min, it only changes 152degC, from 1320degC to 1472degC. In addition,
temperature profile at 15min almost overlaps with 20min distribution, which means casting
process almost reaches steady state. From the casting VBA model results, all components in the
model domain reach pour temperature at 45mins for AG case, 42min for DG case. Moreover,
outer SEN tends to higher temperature during casting. This is because outer molten steel contains

more energy.
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Figure D.15 Heat Flux of DG SEN at inner and outer wall in casting
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Figure D.16 Heat Flux of AG SEN at inner and outer wall in casting
From Figure D.15 & 16, the maximum heat flux appears at the beginning of casting, and
decreases exponentially. The heat flux drops dramatically at the beginning of casting, then
decreases slows as time goes on. The heat flux at wall is calculated by two adjacent cells in glaze
layer. In DG case, after 42mins, the heat flux on both side walls reaches zero, which also means
casting process reaches steady state. While in AG case it will take 45mins. The beginning heat

flux of AG is 20KW/m”2 bigger than DG case.
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Figure D.17 Zoomed in heat flux of DG SEN at inner and outer wall

Figure D.17 shows after 15mins casting, heat flux at inner wall decreases to

1545.8W/m”2, outer wall is 1410 W/m”2. With the casting goes on, the difference between outer

and inner wall heat flux decreases. Finally, casting domain reaches steady state at 42mins.
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Figure D.18 Comparison of AG and DG SEN at inner and outer wall in casting

Figure D.18 shows the similar heat flux profile of AG and DG SEN.
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Figure D.19 Zoomed in heat flux at AG and DG SEN at inner wall

From Figure D.18, it displays that the heat flux of AG is larger than DG at inner wall all.
In the zoomed in figure 19, even at 15mins, the heat flux difference is 400 W/m”2. But both
material heat fluxes go to zero around same casting time, 42-45mins. So lower conductivity
material refractory cause lower heat flux at wall, but will not prolong time to reach steady state.
Parametric study
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Figure D.20 Heat Flux Comparison between inadequate
and steady state preheating of DG SEN
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In experiment conditions of AG, the preheating model reaches steady state at around
70mins. So 34.5mins preheating is inadequate. From Figure 20, the heat flux at inner wall of

inadequate preheating is larger than steady state one. In addition, the difference becomes smaller

with casting time increasing.
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Figure D.21 Zoomed in Heat Flux Comparison between inadequate
and steady state preheating of DG SEN
Zoom in the first 3mins heat flux comparison between 34.5mins and 114.5mins
preheating. From Figure 21, the biggest heat flux difference between inadequate and steady state

preheating is at the beginning of casting: 0.1min. The heat flux difference at 0.1min is around

50KW/m”2. After 3mins, the heat flux difference is 369 W/m”2, which seems tiny in this figure.
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Figure D.22 Temperature distributions at inner and outer
DG SEN wall and adjacent steel cell
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Figure D.23 Temperature distributions at inner and outer
AG SEN wall and adjacent steel cell

In Figure 22 & 23, temperature distributions at inner and outer DG & AG SEN wall and
adjacent steel node are plotted. In DG case, 37.5mm is inner SEN radius, 37.125mm is the inner

adjacent steel node, 75.11mm is outer SEN radius, and 75.485mm is the outer adjacent steel
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node. For AG case, the outer SEN radius is 75.11mm, and 75.485mm is the outer adjacent steel
node. Both inner and outer wall temperature increases dramatically from around 560degC to
about 1500degC in the first two minutes. And the adjacent steel temperature decreases first and

increases later.
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Figure D.24 Temperature distributions Zoom in DG SEN wall
and adjacent steel cell
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Figure D.25 Temperature distributions Zoom in AG SEN wall
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In Figure D.24 & 25, zoomed in temperature history at the first 1min of casting are
shown. For DG case, at 0.8mins, the temperature at outer wall adjacent cell reaches back to
1525.5degC, above solidification temperature. So the remelting happens at 0.8mins in DG case.
For AG case, at 0.9mins, the temperature at outer wall adjacent cell reaches back to 1525.7degC,
above solidification temperature. The pour temperature is 1550degC. For DG case, in order to
avoid freezing, 98degC higher temperature is needed. And for AG case, it is 101degC. Both AG
and DG cases, remelting happens before 1min in casting, and the temperature is always above

solidification temperature at the node of molten steel adjacent to inner wall.
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Figure D.26 Temperature distributions Zoom in AG SEN wall
and adjacent steel cell
In order to understand the material conductivity effect on remelting, Figure 26 is obtained
by running AG33 and DG18 material in the same conditions as DG. The material properties of
AG33 and DG18 are in appendices. These two materials are commonly used to make SEN
refractory. From these total four samples, the remelting time is always within 1min, for

conductivity at 1550degC at the range of 5-18.3W/m K.
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Superheat VS. Remelting time
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Figure D.27 Correlation between Superheat and Remelting time in AG and DG
Figure D.27 illustrates DG freezing time is slightly shorter than AG under same
conditions. The lower the superheat of molten steel, the longer time it takes to remelt. Take
35degC superheat as an example, with solidification temperature 1525degC, then the pour
temperature is 1560degC. The freezing time is around 0.53min. With 25degC superheat, the
freezing time is smaller than 0.9min. From 1degC to 5degC superheat, the freezing time drops
more than 5mins. But from 10degC to 15degC, the freezing time only decreases 0.5mins. So the

higher the superheat is, the less effect on shorting freezing time.
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High speed (liguid) steel VVS. Low speed (solid) steel
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By using the conductivity of solid steel under same conditions as DG case, temperature

Figure D.28 Low speed steel in DG case, with solid steel conductivity

history is obtained in Figure 28. The outer SEN wall temperature is much lower than pour

temperature. For example, in 1min casting, the outer wall temperature is around 200degC lower

than pour temperature. It is around 175degC lower than liquid steel (DG or AG) case.
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Cool-down time
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By changing cool-down time in DG case, casting temperature history comparisons
between 4.5min and 10min is obtained in Figure 29. From Figure 12, we could see clearly that
the temperature difference between two cool-down processes is around 20degC. Figure 29
illustrates that all corresponding sample time temperature profiles overlap. So the casting process

is not affected by cool-down time changed from 4.5min to 10min.

Discussions

From rough scaling, the assumption that only r-direction conduction needs simulating is

proofed. The mesh study is very important due to reveal the nodes number in glaze layers change

results a lot.
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Figure D.29 Comparisons of 4.5min Vs.
10 min cool-down process effect in casting temperature

123



From the preheating and cool-down temperature distribution, the temperature drops in the
inner and outer glaze layers are much bigger than refractory layer. The reason is much lower
conductivity (0.40W/m K at 1425degC) of glaze layer, compared with refractory conductivity
(14.6 W/m K at 1500degC), which makes higher thermal resistance. Then bigger temperature

drop is required to keep the same heat flux through each layer.

In the casting temperature history, the right side temperature is not symmetrical to the left
one. The reason is outer steel contains more energy than inner steel, due to difference on volume,

which will cause outer SEN receives more energy than inner part.

The heat flux at the beginning of casting is very large, around 120-140 KW/m K. The
heat flux drops in exponential pattern dramatically in the first 15mins. During this time, the steel

fluid pattern may be changed and hook structure may form.

The heat flux of AG case is larger than DG case. The conductivity of AG is larger than
DG, then the thermal resistant of AG SEN is smaller than DG. At the constant temperature
boundary conditions, the higher heat flux is in the AG case, shown in Figure 19. On average, AG
conductivity is 4 W/m K larger than DG. But both cases reach steady state in casting before
45mins. And also, the remelting time for both cases is below 1min. So lower conductivity SEN
has lower heat flux, with almost the same time needed to reach steady state in casting. If DG
SEN can prevent clogging better than AG, then DG material is highly recommended based on

my studies.

The inadequate preheating causes higher heat flux in casting process. For my study in

Figure D.20 & 21, half time of needed in preheating will cause 50 KW/m K higher heat flux than
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steady state preheating, which may cause hook structure. In order to avoid this, more than 1.5

hours preheating is recommended.

Based on Figure D.22-25, inner SEN wall and adjacent steel do not freeze all the time
during casting. While, the outer adjacent wall steel freezes from the beginning of casting to 0.8
or 0.9 min. From the reality, the inner SEN port is not freezing due to hot (close to pour
temperature) steel always coming. But the outer SEN steel may freeze a while due to lower
convection of hot steel and lost heat to SEN and shell. From Figure D.26, it shows freezing at the

outer SEN adjacent steel is not concerned with common range refractories.

Figure D.27 shows DG SEN freezing time is slightly shorter than AG case. And the
higher the superheat is, the less effect it is on shortening remelting time. In addition, it provides a
chart for casting operator to get the acknowledge of remelting time based on the superheat. In
order to predict more accurate on plant operation, the clogging of upper tundish nozzle and SEN,

the radiation, convection, heat loss from slide gate etc. are needed in this model.

The temperature of outer SEN steel is very peculiar. At the end of the outer steel, the heat
flux is not close to zero, then it is not reasonable to force the boundary condition to be constant
temperature. In order to fix this problem, two means are possible: the longer domain, heat flux

boundary conditions.

From Figure D.29, casting process is not effected by cool-down time changed from

4.5min to 10min.
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Conclusions

The heat flux from molten steel to SEN wall at casting process, from beginning to 15mins,
decreases from 120 KW/m”2 to 1600 W/m”2. It may cause significant effects on fluid
pattern.

The heat flux and temperature change faster at the beginning the casting process, and
reach steady state at around 45mins.

Lower conductivity refractory causes lower heat flux from molten steel to SEN wall.
Inadequate preheating (34.5mins) causes higher heat flux at the beginning of casting.
After 3mins, there is no significant difference between inadequate and steady state
preheating. The higher the preheating temperature is, the lower heat flux is.

Freezing only happens in the outer SEN wall, after 0.9mins, the freezing disappears in
both AG & DG cases.

Casting temperature is slightly changed by 4.5min or 10min cool-down process.

Implementation

Under the assumption that DG SEN can prevent clogging better than AG, DG material is
highly recommended based on lower heat flux and almost the same time to reach steady
state in casting.

More than 1.5 hours preheating is recommended. Insulation layer and outer box are
recommended to increase SEN temperature.

The conductivity of SEN refractory is not the main factor to change remelting time. But
lower conductivity needs shorter remelting time. So lower conductivity refractory SEN is

recommended.
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Future work
» The casting VBA needs to be validated with experiment data.
» Preheating with insulation layer need to be simulated, and the effect of insulation layer in
casting heat flux should be considered.
» Model domain can be extent to the mode.
» Heat flux boundary at centerline of SEN, and convection & conduction boundary

conditions at inner side of mode could be considered, and compare with current model.

Nomenclature

Symbol Variable Unit
Vv volume m°
t time S
At time step S
r radius m
Ty west node radius m
Te east node radius m
Ar neighbor node distance m
Arpg east side node distance m
Arpy, west side node distance m
T temperature °C
p— temperature of node p at o
P new(n+1) time step
- temperature of node p at o
P old (n) time step
Tyas inside gas temperature °C
Tair outside air temperature °C
p density kg/m®
Cp specific heat Jlkg K
k heat conductivity W/m K
Ky west side cell conductivity W/m K
ke east side cell conductivity W/m K
h, inside gas convective W/m?K
coefficient
g out air convective W/m°K
coefficient
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Appendices
Temperature(degC) | Thermal conductivity(W/m K) Specific Heat (J/kg K)
25 45.72 757
500 32.85 1330
750 23.99 1420
1000 15.13 1510
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1500 | 12.90 | 1600

Table D.1 Alumina-Graphite33 properties [8] (2500 kg/m®)

Temperature(degC) | Thermal conductivity(W/m K) Specific Heat (J/kg K)
25 9.28 808
500 5.83 1170
750 5.48 1230
1000 5.13 1290
1500 5.14 1360

Table D.2 Dolomite-Graphite18 properties [8] (2460 kg/m®)
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