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ABSTRACT
Mathematical model for the thermal state of a steel ladle
Ilpo Mäkelä
University of Oulu, Master’s Programme of Process Engineering
Master’s thesis 2021, 56 pp.
Supervisor(s) at the university: Ville-Valtteri Visuri, Docent, D.Sc. (Tech.), Aleksi
Laukka, D.Sc. (Tech.) & Riku Mattila, M.Sc. (Tech.)

The aim of this thesis was to form a dynamic one-dimensional mathematical model for
the thermal state of a steelmaking ladle. The model is to be used as a design tool, and to
predict the melt temperature drop after tapping.
The ladle thermal state model is based on the conservation of energy. In this thesis, the
key energy transfer mechanisms, and routes are covered. The ladle gets its energy from
the melt, preheating and processes. Energy is lost from the ladle surfaces through
radiation and convection. The model was formed using Python programming language,
and has three calculation modes: empty ladle, filled ladle and ladle in heating. The
calculation is performed using the implicit Euler method.
During this thesis, a measurement campaign was conducted at Outokumpu Tornio melt
shop 2. During the campaign, the mantles of multiple steel ladles were imaged using a
thermal camera. These images could then be used to measure the mantle temperature drop
during teeming.
The formed model was capable of recognizing the mantle temperature drop, however the
predicted time of this change was incorrect. Ways to improve the current model are
covered in this work. The model can with relative ease be used for ladles of different sizes
and materials.

Keywords: steelmaking, ladle metallurgy, modeling, heat transfer
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List of abbreviations and symbols

𝐴

area [m2]

Bi

Biot number

𝐶

heat capacity [J/K]

𝑐𝑝

specific heat capacity [J/(kg∙K)]

𝐷

diameter [m]

𝐹𝑖𝑗

view factor from surface i to surface j

Gr

Grashof number

𝑔

gravitational acceleration [m/s2]

ℎ𝑐

convective heat transfer coefficient [W/(m2∙K)]

𝑘

thermal conductivity [W/(m∙K)]

𝐿

height [m]

𝐿𝑐

characteristic length [m]

𝑚

mass [kg]

Nu

Nusselt number

𝑃

Perimeter [m]

Pr

Prandtl number

𝑄

heat flow [W]

𝑅

thermal resistance [K/W]

Ra

Rayleigh number

Re

Reynolds number

𝑟

radius [m]

𝑇

temperature [K]

𝑢

fluid flow speed [m/s]

𝑥

length [m]

𝛼

thermal diffusivity [m2/s]

𝛽

inverse of the fluid film temperature [1/K]

𝜀

emissivity

𝜈

kinematic viscosity [m2/s]

𝜎

Stefan-Boltzmann constant [W/(m2∙K4)]

𝜌

density [kg/m3]
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1 INTRODUCTION
Originally steelmaking ladles were used as transport vessels between the processing steps.
However, in modern steelmaking, ladles are also used as reactor vessels for refining and
homogenizing of the melt.
Ladle thermal state models are motivated by their versatile use as process control and
design decision tools. By modeling the thermal state of the ladle, process operators can
get better approximations for the temperature drop of the molten steel as it is tapped into
the ladle, and as it is held there for extended periods. In design work, thermal models can
be used when making decisions for lining materials and their thickness.
The aim of this thesis was to develop a 1D ladle wall thermal state model using finite
difference methods. While the model focuses on the ladle wall, the outlined methods and
equations can easily be applied to extend the model to consider other parts of the ladle or
to be used in other works of a similar type.
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2 STEEL LADLE
2.1 Secondary metallurgy
Modern steelmaking can be divided into primary and secondary metallurgy. In primary
metallurgy, the steel is melted, and primary refining and alloying is done. Refining steps
taking place in a steel ladle are called secondary metallurgical processes. These processes
aim to improve the properties of the steel as well as to improve the productivity of the
plant. The unit processes comprising the secondary metallurgy vary from plant to plant
and depending on the requirements of the steel grades produced However, in general,
secondary metallurgy can be summed up as processes that remove impurities, alloy and
homogenize the melt, and optimize the temperature for continuous casting. (Stolte, 2002,
pp. 13-15)
Secondary metallurgy can be divided into processes using vacuum technology and those
that do not use vacuum technology. Vacuum treatment processes are recirculating
degassers – most importantly of the Ruhrstahl-Heraeus (RH) type – and tank degassers,
while nonvacuum processes include ladle furnaces, chemical heating stations, and ladle
treatment stations. The produced steel grade and overall plant process flow play a role in
choosing the best secondary metallurgical processes for the steel mill. (Stolte, 2002, pp.
13-17) Our model is not meant to consider the thermal state changes caused by melt
refining. Therefore, we will not further explain these refining processes. For our model,
the process steps that we are most interested in are pre-heating, tapping, teeming, idle
period, and holding times.
Pre-heating, usually done with gas burners, is used to prevent thermal shocks and to
minimize melt heat losses during tapping, where molten steel is poured from the converter
vessel. Pre-heating is used when the time between teeming and next tapping has been too
long, or when a newly lined ladle is taken into use. (Glaser, Görnerup, & Sichen, 2011b;
Tripathi, Saha, Singh, & Ajmani, 2012)
Tapping is the transfer of the melt from a furnace into the steelmaking ladle. During
tapping, deoxidation and alloying additions can be made depending on the steel grade. A
sample and a temperature measurement are taken at the end of tapping. The tapping
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temperature tends to be around 1650 – 1710 °C. After tapping the ladle is transferred to
melt refining. (Stolte, 2002, p. 25; Tripathi, Saha, Singh, & Ajmani, 2012, p. 1592)
After the melt refining steps, the ladle is sent to the continuous casting machine, where
it’s put on hold until the previous ladle is done teeming. During the holding and teeming
a ladle cover is recommended to prevent unnecessary heat losses. (Tripathi, Saha, Singh,
& Ajmani, 2012)During teeming the molten steel flows through the ladle nozzle into the
tundish and finally into continuous casting. The teeming temperature needs to be within
±8 °C or in some cases even ±3 °C of the optimal teeming temperature. (Stolte, 2002, p.
170) As such, precise control over the temperature is a must when making high quality
steel.
When the ladle is empty its inner lining is exposed and radiates heat to its surrounding
through the open top. This is also when the ladle enters its idle period, where it can be
worked on and prepare it for the next process cycle. To keep heat losses to a minimum,
this step should be as short as possible. (Tripathi, Saha, Singh, & Ajmani, 2012) Excessive
cooling caused by long idle periods can also induce stronger thermal stresses on the lining,
causing excessive refractory wear (Turkdogan, 1996, p. 245).

2.2 Structure of a steel ladle
Steel ladles are refractory lined vessels, used to transport and refine the steel melt.
Transfer ladles are used to transport the melt between refining stations and are simple
holding vessels. Teeming ladles are used during melt composition and temperature
homogenization and refining. (Karassaari, 2008, p. 13) Teeming ladles differ structurally
in that at the bottom they have porous plugs used for gas bubbling and a plug used to teem
the melt through the tundish into the mold (Stolte, 2002, p. 168; Turkdogan, 1996, pp.
249-251). Steel ladle linings consist of multiple lining layers and areas, made of different
materials to meet different requirements. Understanding the structure and material
properties of the ladle is important when considering the thermal state of the ladle.
Typically, the lining is divided into three layers: the working layer, the permanent layer,
and the outer steel shell. The lining can then be divided into three areas: the slag line, the
metal line, and the bottom of the ladle. (Heinen, 1997, pp. 163-167; Santos, et al., 2018)
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The refractory corrosion is most notable on the slag line, and therefore the working lining
in that area is made of magnesia-carbon bricks or other corrosion-resistant materials.
Meanwhile, the metal line and the bottom of the ladle usually consists of high alumina or
carbon-bonded dolomite materials. The bottom of the ladle can also have an “impact
zone” meant to protect the area of impact during tapping. (Heinen, 1997, p. 163; Szekely,
Carlsson, & Helle, 1989, p. 85)
The permanent lining is not in direct contact with the melt and is mainly made of high
alumina, dolomite, or basic materials. There can also be a relatively thin layer of dolomite
or magnesia mass between the working layer and the permanent one to absorb the thermal
expansion of the lining. Since high alumina and basic refractory materials have a
relatively high thermal conductivity and heat capacity, it is common to apply an insulating
layer on the inside of the steel shell to reduce heat losses. (Heinen, 1997, pp. 163-165)

2.3 Refractory wear
The working lining which is in direct contact with the molten steel and slag, is degraded
over its working life. This degradation can happen either due to chemical reactions or
thermo-mechanical wear. Chemical wear is caused by reactions between the refractory
material and the melt, which produce components that subsequently dissolve into the
melt. When the refractory surface is subjected to rapid temperature changes, the dilation
of the surface tends to differ from that of the underlying refractory material. This causes
mechanical stress at the refractory surface leading to thermo-mechanical wear. In reality,
refractory wear is caused by a combination of chemical and mechanical effects. (Poirier,
et al., 2017, pp. 1-18)
Refractory wear rate plays a role in ladle thermal state modeling. As the refractory
thickness decreases, so do its insulation capability. However, the refractory lining also
has less mass to store heat, potentially reducing the amount of heat lost from the melt
during tapping.
The campaign life of refractory can differ drastically depending on its use. For teeming
ladles, this campaign life can be from 15 heats to 250 heats (Poirier, et al., 2017, p. 11).
For our use case an approximation of 55-70 heats is more realistic (Ilpoinen, 2019, p. 17).
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2.4 Melt temperature control
With longer ladle refining, the melt holding times between the furnace and continuous
casting have increased causing the melt to cool more. One solution is to superheat the
melt in the furnace, which causes complications affecting the quality of the steel.
Therefore, steelmakers have installed heating devices between the furnace and the
continuous casting, enabling better temperature control. These heaters use either electric
energy, like ladle furnaces or chemical energy, like CAS-OB. (Stolte, 2002, p. 99)
Ladle furnaces, henceforth referred to as LF, are widely used both in electric arc furnace
shops and oxygen blowing converter plants. The working principle of an LF is similar to
that of an electric arc furnace, with electrodes supplying the energy to the melt. They can
also be equipped with an alloying chute, a wire feeding machine, a powder blowing
device, and sampling devices. The melt is mixed using the porous plug at the bottom. The
LF can also be combined with a tank degasser enabling simultaneous degassing
operations. (Stolte, 2002, pp. 99-100)
Chemical heaters use oxygen blowing to react dissolved elements mainly aluminum, in
exothermic reactions. CAS-OB (Composition Adjustment by Sealed argon bubbling –
Oxygen Blowing) is a chemical heating process where a bell is lowered into an open eye
formed into the top slag. The aluminum is fed into the melt through the open eye and
burned using oxygen blowing. CAS-OB can also be used as a ladle treatment station,
enabling exact alloying and quick homogenization of the alloys. (Stolte, 2002, pp. 116119)

2.5 Gas stirring and open eye formation
Gas stirring is used in secondary metallurgy to homogenize the melt alloying elements
distribution and temperature. It also intensifies the rate of reactions and promotes
inclusion removal. With high gas flow rates, mainly used during desulphurization and
alloying, the top slag cover can be broken forming an open eye, where the melt is directly
exposed to the open air. (Ramasetti, 2019, pp. 17-18) The top slag absorbs reaction
products and works as a chemical and thermal insulator between the melt and the ambient
air. It has been shown that a top slag cover of 5-15 cm is very effective at reducing heat
losses from the melt. However, when the top slag cover is disrupted, the heat losses from
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the melt are increased. It has been reported that during unagitated holding the heat losses
are around 1°C/min, while gas bubbling doubles this, and solid injection even triples the
heat losses. These heat losses are also affected by the size of the ladle, with smaller ladles
generally having higher heat losses. (Szekely, Carlsson, & Helle, 1989, pp. 68-69, 107)
Some of these heat losses can be contributed to the open-eye formation, where the melt
is exposed and radiates directly to the environment.

2.6 Material additions
During melt refining, alloying elements and fluxes are added to the steel melt, affecting
its temperature. The total effect consists of the heat needed to dissociate the master alloy
into its component elements, raising the individual alloy elements from the room- to bath
temperature, and finally their dissolution into the liquid steel. The steel melt temperature
change associated with the addition of a certain wt.-% of the alloy is called the “chill
factor” and is often reported for 0.1-1 wt.-% additions, translating to 1-10 kg addition to
a ton of steel melt. (Kubaschewski, Alcock, & Spencer, 1993, pp. 208-209; Turkdogan,
1996, pp. 245-255)
Chill factors can be used to approximate the heat losses caused by the additions. However,
if the additions react in the melt, for instance with oxygen in chemical heating, the
reaction enthalpy needs to be accounted for to get practical results. Understanding these
combined effects of material additions is important when modeling the effects of refining
processes on the melt temperature.

2.7 Thermal stratification
During unagitated holding, the thermal conduction through the side walls can cause
natural convection in the melt. This causes the cooling melt to move downwards to the
bottom of the ladle, while the hotter portion of the melt rises to the top. This is called
thermal stratification, and the temperature difference between the bottom and the top of
the melt can be for example 20 °C, for an 80-ton ladle after only 5 minutes of holding.
The rate and extent of thermal stratification depend on the thermal state of the refractories
and the heat losses from the steel surface. Thermal stratification is however quite easy to
mitigate by gentle agitation with gas bubbling or by induction stirring. (Szekely, Carlsson,
& Helle, 1989, pp. 67-69, 135)
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Thermal stratification can affect how much different parts of the melt lose heat. As the
bottom of the melt is the coldest, it can be assumed that the bottom part of the ladle lining
is also colder than the ladle wall. Thermal stratification also induces an axial temperature
gradient on the surface of the wall lining, where the top part of the wall is hotter than the
lower parts. Lastly, the top part of the melt, where heat losses are caused through the slag
layer and from thermal radiation from the free melt surface, is the hottest. Therefore, it
should be noted that thermal stratification can affect the thermal model performance. With
adequate stirring, however, the melt temperature can be assumed to be close to a uniform
temperature. Some model calculations have indicated that the temperature difference
between the hot bulk and the melt close to the wall is only around 10 °C when stirred
adequately (Szekely, Carlsson, & Helle, 1989, p. 67).
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3 HEAT TRANSFER IN A LADLE
When forming the model, we need to consider the heat conduction through the ladle walls
and bottom, the convection and thermal radiation from the steel shell, and the inner lining
while the ladle is empty. We also need to consider the total heat capacity of the modeled
ladle. In this chapter, we will explain some of the most important aspects and equations
for our model formation. Note that the ladle wall and bottom act very differently
compared to one another. While the ladle wall is considered a vertical cylinder or a plate,
the bottom is considered a horizontal plate. Also, the bottom part of the ladle can be in
such positions that thermal radiation and convection from the outer surface are reduced
or practically nonexistent.

3.1 Conduction
We will simplify the steel ladle to be a cylindrical multilayered object. The thermal
resistance of a cylindrical object can be calculated using Equation (1) (Jokilaakso, 1987,
p. 90):

𝑅=
where

𝑙𝑛(𝑟2 /𝑟1 )
2𝜋𝐿𝑘

,

(1)

𝑅 is thermal resistance between r1 and r2 [K/W]
𝑟1 is the radius of the inner surface [m]
𝑟2 is the radius of the outer surface [m]
𝐿 is the height of the cylinder [m]
𝑘 is the thermal conductivity of the material [W/(m∙K)].

The bottom of the ladle is a circular plane wall, and therefore its thermal resistance can
be calculated using Equation (2) (Incropera & DeWitt, 1996, p. 76):
𝑥

𝑥

𝑅 = 𝑘𝐴 = 𝑘𝜋𝑟 2,
where

𝑥 is the thickness of the bottom [m]
𝑟 is the radius of the bottom [m].

(2)
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For objects with multiple layers, thermal resistances of individual layers can be summed
to get the total thermal resistance of the object. Stationary heat conduction through a
multilayer object can be calculated using Equation (3) (Jokilaakso, 1987, p. 90):

𝑄=
where

(𝑇1 −𝑇2 )
𝑅𝑡𝑜𝑡

,

(3)

𝑄 is the heat flow [W]
𝑇1 is the inner surface temperature [K]
𝑇2 is the outer surface temperature [K]
𝑅𝑡𝑜𝑡 is the total thermal resistance of the multilayer object [K/W].

In composite systems, there may be a noticeable temperature drop across the interface
between the two materials. This is attributed to thermal contact resistance, which exists
mainly because of surface roughness. This surface roughness causes the interface to have
gaps that are mainly filled with air. Contact resistance can be altered by introducing fillers
to the interface, or by altering the contact area with joint pressure. Although there are
theories for predicting contact resistance, most reliable results are obtained
experimentally. (Incropera & DeWitt, 1996, pp. 79-81) Some previous studies modeling
ladle thermal state have assumed the contact interfaces to be ideal, with negligible contact
resistance (Glaser, Görnerup, & Sichen, 2011b; Glaser, Görnerup, & Sichen, 2011a),
while others have suggested the use of “dummy layers” that work as insulators, but don’t
store any heat (Fredman & Saxén, 1998).

3.2 Convective heat transfer
Convective heat transfer can be divided into two distinct categories. Forced convection is
caused by external forces, for example, a pump or a fan. Free or natural convection is
caused when a body force (gravitation) acts on a fluid that has a density gradient, most
commonly caused by a temperature gradient. (Incropera & DeWitt, 1996, p. 482;
Jokilaakso, 1987, p. 97)
To determine the dominant convection mechanism, we need to examine Equation (4)
(Incropera & DeWitt, 1996, p. 487):
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Gr
Re2

where

(4)

,

Gr is the Grashof number
Re is the Reynolds number.

Grashof number is a dimensionless parameter and can be calculated using Equation (5)
(Incropera & DeWitt, 1996, p. 487):

Gr =
where

𝑔𝛽(𝑇𝑠 −𝑇∞ )𝐿3𝑐
𝜈2

,

(5)

𝑔 is gravitational acceleration [m/s2]
𝛽 is the inverse of the fluid film temperature [1/K]
𝑇𝑠 is the surface temperature of the mantle [K]
𝑇∞ is the temperature of the ambient air [K]
𝐿𝑐 is characteristic length [m]
𝜈 is the kinematic viscosity of the fluid film [m2/s].

The Reynolds number is also a dimensionless parameter and is calculated using Equation
(6) (Incropera & DeWitt, 1996, p. 320):
Re =
where

𝑢𝐿𝑐
𝜈

,

(6)

𝑢 is the velocity of the fluid flow [m/s].

When the result of the Equation (4) is >> 1 natural convection is dominant. When the
ratio is << 1, forced convection is dominant. And when the ratio ≈ 1, combined natural
and forced convection effects must be considered. (Incropera & DeWitt, 1996, p. 487)
Forced convection is in our case mainly caused by winds. Since the smeltery is in a
closed-off building, wind can be assumed to change very little, and based on experience
the fluid flow has been approximated to be 1.5 m/s. In Figure 1. we can see the results of
Equation 4 on a temperature range with a fluid flow speed of 1.5 m/s, and ladle height of
4.5 m. As we can see, on the expected mantle temperature range of above 100 °C Equation
(4) determines that natural convection is the dominant convection mechanism.
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Figure 1. Value of Equation (4) as a function of temperature

Before diving deeper into convection calculations, we must first define an appropriate
geometry for the modeled ladle. Based on the literature, ladle walls tend to be slightly
inclined, which varies around 1-5° (Volkova & Janke, 2003; Tripathi, Saha, Singh, &
Ajmani, 2012). This inclination is so small that we will, for now, assume the ladle to be
a vertical cylinder. Later, we will look at the effect of this inclination. For free convection
calculations, vertical cylinders can be assumed to be vertical plates, when the boundary
layer thickness is considerably smaller than the diameter of the cylinder. This condition
can be satisfied through inequality (7) (Incropera & DeWitt, 1996, p. 494):
𝐷
𝐿

where

≥

35
1

,

(7)

Gr4

𝐷 is the diameter of the cylinder [m]
𝐿 is the height of the cylinder [m].

For a ladle 4.5 m of height and with a diameter of 4 m the left side of the inequality (7) is
0.8888. Based on the results of the right side of the inequality (7) shown in Figure 2. , we
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can see that the ladle satisfies the condition at all mantle temperatures. Therefore, we will
be using equations derived for vertical plates when calculating convective heat losses.

Figure 2. Value of right-hand side of the inequality (7) for a range of temperatures.

Another factor that needs to be accounted for is the laminarity of the flow. This can be
estimated using the Rayleigh number that can be calculated using Equation (8) (Incropera
& DeWitt, 1996, p. 492):

Ra = Gr ∙ Pr =
where

𝑔𝛽(𝑇𝑠 −𝑇∞ )𝐿3𝑐
𝜈𝛼

,

(8)

Ra is the Rayleigh number
Pr is the Prandtl number
𝛼 is the thermal diffusivity of the fluid film [m2/s].

For vertical plates the critical Rayleigh number is Ra ≈ 109, and the flow is turbulent when
Ra is higher than the critical value. Figure 3. shows Rayleigh number for a ladle 4.5 m of
height on the mantle surface temperature range. As we can see Ra is always above the
critical value. Therefore, we will be using equations valid for turbulent flow.
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Figure 3. Rayleigh number for the mantle surface on a range of temperatures.

Free convective heat flow from a surface can be calculated using Newton’s law of cooling
(9) (Incropera & DeWitt, 1996, p. 495; Jokilaakso, 1987, p. 97):
𝑄 = ℎ𝑐 𝐴(𝑇𝑠 − 𝑇∞ ),
where

(9)

ℎ𝑐 is the convective heat transfer coefficient [W/(m2∙K)]
𝐴 is the area of the surface [m2].

The convective heat transfer coefficient is calculated using Equation (10) (Incropera &
DeWitt, 1996, p. 492):
ℎ𝑐 =
where

Nu∙𝑘
𝐿

,

(10)

Nu is the Nusselt number
𝑘 is the thermal conductivity of the fluid film [W/(m∙K)].

For turbulent flow on a vertical plate Nusselt number can be calculated using Equation
(11) (Incropera & DeWitt, 1996, p. 493):
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Nu = {0.825 +

2

0.387Ra1/6
8/27

[1+(0.492/Pr)9/16 ]

} ,

(11)

This equation uses only dimensionless parameters and can be applied over the entire range
of Ra with accuracy appropriate for most engineering calculations. There also exists
another very similar equation that can be used for laminar flow with slightly better
accuracy. Prandtl number (Pr) is the ratio between the momentum and the thermal
diffusivity of the fluid film. This can be calculated using its own equation. However, the
Prandtl number is also a table value that has been calculated for the most common gasses
for a wide temperature range. (Incropera & DeWitt, 1996, pp. 493, 320)
Finally, we will examine the effect of the inclination, by calculating how much it would
affect an inclined plate. The inclination is accounted for by multiplying gravitational
acceleration with cos(θ), where θ is the inclination of the wall. This method is valid for
an inclined wall where the “bottom” surface is heated or the “top” surface is cooled, and
when 0 ≤ θ ≤ 60. (Incropera & DeWitt, 1996, pp. 496-497) For a wall with an inclination
of 5°, cos(θ) = 0.9962. This directly reduces Rayleigh number to 0.9962 of its original
value. Then calculating the ratio of Nusselt numbers for a vertical and an inclined plate,
we see that the Nusselt number reduces at most by 0.0628%. Looking at Equations (10)
and (9), it should be obvious that the convective heat transfer then also reduces by 0.0628
%, which is quite insignificant. Therefore, it is safe to use calculations meant for a vertical
plate.
For the outer surface of the ladle bottom, the Nusselt number is calculated using Equation
12 (Incropera & DeWitt, 1996, p. 498):
Nu = 0.27 ∙ Ra1⁄4 ,

(12)

Equation 12 is valid for the Rayleigh number range of 105 < Ra < 1010. However, here we
need to note that the characteristic length 𝐿𝑐 which in previous equations was the height
of the ladle, is now expressed according to Equation (13) (Incropera & DeWitt, 1996, p.
498):
𝐴

𝐿𝑐 ≡ 𝑃,

(13)
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where

𝐴 is the area of the bottom surface
𝑃 is the perimeter of the bottom surface.

Heat transfer between the ladle inner surface and the steel bath is also caused by natural
convection (Volkova & Janke, 2003). However, the precise heat transfer mechanism
doesn’t matter, which will become apparent in Chapter 4.2.

3.3 Thermal radiation
Thermal radiation is thermal energy radiated through space by all objects above the
absolute zero temperature. However, single and two atomic symmetric gases such as N2,
O2 and He neither absorb nor emit significant amounts of thermal radiation (Jokilaakso,
1987, p. 119). Therefore, the effect of gases is completely neglected, and we will focus
on thermal radiation as a surface phenomenon. Thermal radiation, henceforth referred to
as radiation, is divided into two subcategories: black body radiation and gray body
radiation. Black bodies are perfect radiators, however, in the real world most objects are
modeled as gray bodies with a specific emissivity. We will consider the modeled ladle to
be a gray body that radiates into a surrounding black body. The equation for this heat
transfer is (14) (Davood, Yaser, & Amin, 2018, pp. 106-109):
𝑄 = 𝜎𝐴𝜀(𝑇14 − 𝑇24 ),
where

(14)

𝑄 is the heat flow [W]
𝜎 is the Stefan-Boltzmann constant [W/(m2∙K4)]
𝐴 is the area of the radiator [m2]
𝜀 is the emissivity
𝑇1 is the temperature of the radiator [K]
𝑇2 is the temperature of the black body, or the environment [K].

However, when a surface radiates heat to multiple other surfaces and in some cases to
itself, it is necessary to define a view factor for the heat exchange. View factor is defined
as the “fraction of the radiation leaving surface i that is intercepted by surface j”.
(Incropera & DeWitt, 1996, p. 718) In our case, the view factors need to be defined for
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the inside surfaces of a conical ladle. Special interest is placed on the view factors relating
to the open top.
There exist two important relations that can be used when defining view factors, first of
which is the reciprocity relation, shown in Equation (15) (Incropera & DeWitt, 1996, p.
719):
(15)

𝐴𝑖 𝐹𝑖𝑗 = 𝐴𝑗 𝐹𝑗𝑖 ,
where

𝐴𝑖 is the area of surface i [m2]
𝐴𝑗 is the area of surface j [m2]
𝐹𝑖𝑗 is the view factor from surface i to surface j
𝐹𝑗𝑖 is the view factor from surface j to surface i.

The second important relation is the summation rule, which applies to enclosed surfaces
and is shown in Equation (16) (Incropera & DeWitt, 1996, p. 720):
∑𝑁
𝑗=1 𝐹𝑖𝑗 = 1,
where

(16)

𝑁 is the number of surfaces.

This rule is based on the conservation of energy, and states that all radiation leaving
surface 𝑖 must be intercepted by the other surfaces of the enclosure (Incropera & DeWitt,
1996, p. 720). In our case the open top of the ladle is considered a surface through which
radiation leaves the system.
The open top and the bottom of the ladle are essentially two coaxial parallel disks, for
which the view factor can be determined using Equation (17) (Incropera & DeWitt, 1996,
p. 723):

1

𝐹𝑖𝑗 = 2 {1 +

1+(𝑟𝑗 /𝐿)
(𝑟𝑖 /𝐿)2

2

− [(1 +

1+(𝑟𝑗 /𝐿)
(𝑟𝑖 /𝐿)2

2

2

1/2
2

) − 4(𝑟𝑗 /𝑟𝑖 ) ]

},

(17)
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where

𝑟𝑖 is the radius of the radiating disk surface i [m]
𝑟𝑗 is the radius of the receiving disk surface j [m].

This equation works for defining the view factor from the ladle bottom to the open top
and vice versa. However, once one of the view factors has been obtained, the rest can be
calculated using Equations (15) and (16).
In Table 1 we have calculated all the view factors for a certain ladle. Numbers 1, 2, and
3 refer to the open-top, ladle wall, and ladle bottom, respectively, and are better visualized
in Figure 4. View factors F11 and F33 are zeros because they are flat surfaces and therefore
don’t radiate back to themselves.
Table 1. View factors (Fij) between different ladle surfaces.
Radiating surface (i)
1
2
3

Receiving surface (j)
1
2
3
0
0.8889
0.1111
0.1874
0.6536
0.1590
0.1284
0.8716
0

Figure 4. Visualization of the ladle geometry and radiating inside surfaces.

Sum
1
1
1
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3.4 Heat capacity
One area of interest for us is the heat capacity of the steel ladle. During tapping, the
temperature of the molten steel will drop as some of the heat is absorbed by the ladle
lining. As previously explained steel ladles are made of different materials in multiple
different areas, which must be accounted for.
The heat capacity of a specific area of the ladle can be calculated using Equation (18)
(Jokilaakso, 1987, pp. 94-95):
𝐶 = 𝑐𝑝 ∙ 𝑚,
where

(18)

𝐶 is the heat capacity [J/K]
𝑐𝑝 is the specific heat capacity of the material [J/(kg∙K)]
𝑚 is the mass of the material [kg].

The specific heat capacity of a material is temperature-dependent and is usually calculated
using polynomial functions defined for the specific material at a specific phase. The
polynomial function can be in the form of Equation (19) (Kubaschewski, Alcock, &
Spencer, 1993, pp. 164-167, 258):
𝑐𝑝 = 𝑎 + 𝑏 ∙ 𝑇 + 𝑐 ∙ 𝑇 −2 + 𝑑 ∙ 𝑇 2 ,
where

(19)

𝑎, 𝑏, 𝑐, and 𝑑, are phase-specific coefficients.

To calculate the change in energy stored within the material between a temperature range,
Equation (19) needs to be integrated over this temperature range.

3.5 Material properties
Thermal conductivity, specific heat, and emissivity are all dependent on the temperature
of the material, and to make matters more complicated, these dependencies aren’t always
linear. (Incropera & DeWitt, 1996, pp. 46-51, 851; Volkova & Janke, 2003) In Table 2
we have tabulated thermal properties of some of the most common ladle materials. In
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Table 3 we have tabulated the emissivity of some of the most common radiating ladle
surface materials.
Refractory temperature may also affect the ladle geometry due to thermal expansion.
However, for typical refractory bricks, the expansion has been reported to generally be
under 1.5% between the temperature range of 0 – 1400 °C. (Technical association of
refractories, 1998) Therefore, it is safe to assume the effect of thermal expansion to be
negligible.
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Table 2. thermal properties of common ladle materials (Technical association of
refractories, 1998, pp. 523-525; Incropera & DeWitt, 1996, pp. 828-829; Glaser,
Görnerup, & Sichen, 2011a; Volkova & Janke, 2003).
Material
(1)

High-alumina
brick (Al2O3 =
99wt%)

(1)

High-alumina
brick (Al2O3 =
90wt%)

(1)

Magnesia-carbon
brick (C = 20wt%)

(1)

Magnesia-chrome
brick (MgO =
70wt%)

(4)

Thermal conductivity
[W/(K*m)]
100°C
6.7
500°C
3.8
1000°C
2.6
1400°C
2.7
100°C
3.3
500°C
2.5
1000°C
2.2
1400°C
2.3
300°C
26
700°C
22
1000°C
21
400°C
1400°C

Dolomite brick

Fireclay
insulating brick
(2)

Carbon steel,
plain carbon (Mn ≤
1%, Si ≤ 0.1%)

Stainless steel,
AISI 347

(3)

Molten steel

~3000

300°C
700°C
1000°C
300°C
700°C
1000°C
1400°C

1050
1250
1320
1000
1080
1150
1200

1030

1

Fireclay brick

(1)

(2)

3.1

1400°C

1.6

100°C
1400°C
125°C
325°C
525°C
725°C
125°C
325°C
525°C
725°C

0.25
0.65
56.7
48.0
39.2
30.0
15.8
18.9
21.9
24.7
40

Density [kg/(m3)]

~3300

4.0

100°C
(1)

3.4

Mean specific heat
[J/(K*kg)]

~3000

~2950

100°C
500°C
1000°C
1400°C

820
980
1080
1125

125°C
325°C
525°C
725°C
125°C
325°C
525°C
725°C

487
559
685
1169
513
559
585
606
787

~2100

7854

7978

7000
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Table 3. The emissivity of common ladle surface materials (Incropera & DeWitt, 1996,
p. 851).
Material

300K 600K 800K
typical, polished
0.17 0.19 0.23
typical, cleaned
0.22 0.24 0.28
Stainless
typical, lightly oxidized
0.33
steel
typical, highly oxidized
0.67
AISI 347, stably oxidized
0.87 0.88
alumina brick
0.40
Refractories
magnesia brick
0.45

Emissivity
1000K 1200K 1400K 1600K
0.30
0.35
0.40
0.70
0.76
0.89
0.90
0.33
0.28
0.33
0.36
0.31
0.40

As can be seen from Table 3, the emissivity of two typical refractory materials is around
0.3-0.4. However, based on measurement results from (Glaser, Görnerup, & Sichen,
2011b), the emissivity of the inside lining can be even as high as 0.88. While they don’t
disclose the material of the refractory, they do note that the lining is covered in a slag
layer.
Table 4. Common refractory material properties (Schmidt-Whitley, 1990).
Refractory

Material property
Inert to Atmosphere Hydration Thermal shock
steel
pollution
resistance
resistance

Basic slag
resistance

Price

Silica/fireclay

○

◑

●

●

○

●

Zircon

○

◑

●

●

○

●

High alumina

◑

●

●

●

○

●

Magnesite (unfired)

●

◑

●

○

●

○

Magnesite carbon

◑

◑

●

●

●

○

Magnesite-chrome

◑

○

●

◑

○

○

Synthetic dolomite

●

●

○

◑

●

○

Natural dolomite

●

●

○

◑

●

●

○ Bad

◑ Medium

● Good

While thermal properties of refractory materials are of special interest in this thesis, it’s
important to note that there are other important properties for ladle design. Poorly chosen
refractory materials may inhibit some processes, such as desulphurization and
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decarburization, or have negative environmental effects. (Schmidt-Whitley, 1990) We
have tabulated some common refractory material properties in Table 4.
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4 MODEL DESCRIPTION
In this chapter, we will explain the structure of the formed model, and examine the ladle
thermal state and processing steps from a practical model formation standpoint. We will
explain the reasoning behind certain assumptions and simplifications, that will also be
summarized in Chapter 4.7

4.1 Melt heat content
The temperature of the molten steel is measured during tapping, giving us an
approximation that we can use as a uniform steel bath temperature at the initial time. Heat
losses from the steel bath during holding are mainly caused by convective heat transfer
to the ladle lining and partly by radiation and convection from the open-top (Fredman &
Saxén, 1998). However, we are mainly interested in how the ladle itself affects the
temperature of the molten steel, and therefore radiation from the top of the melt is not
considered in this model. Also, material additions and effects of the heating processes are
not directly considered.

4.2 Lining heat content
As previously explained, heat transfer between the steel bath and the inner lining surface
takes place through natural convection. However, it can be assumed that the inner lining
surface is at the same temperature as the steel bath. This assumption is partly supported
by results obtained by (Volkova & Janke, 2003), which indicate that the inner surface
reaches the melt temperature in only two minutes of contact. This two-minute window is
quite insignificant when compared to the length of the rest of the process flow. With this
assumption, we also don’t need to consider the exact heat transfer mechanism between
the steel bath and the inner surface.
As the ladle lining is relatively thick and works as an insulator, it cannot be assumed to
have a uniform temperature. Therefore, to calculate the energy stored within the lining,
we must determine the temperature profile of the lining. As was previously mentioned in
Chapter 2.3, the refractory wear changes the thermal behavior of the lining. As the lining
thickness is reduced, it has less mass to absorb heat from the melt, but it also reduces its
insulating capabilities. Some previous studies (Tripathi, Saha, Singh, & Ajmani, 2012;
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Glaser, Görnerup, & Sichen, 2011a) suggest that the lining wear doesn’t significantly
affect the melt temperature drop. (Glaser, Görnerup, & Sichen, 2011a) Also suggest that
the heat flux through the refractory is limited mainly by the insulating layer.

4.3 Preheating
As explained in Chapter 2.1, preheating serves to minimize melt heat losses and the risk
of thermal shock. Multiple mathematical models for the preheating process have been
developed. (Glaser, Görnerup, & Sichen, 2011b) Developed a 2-D preheating model,
capable of predicting the temperature profile of the ladle, and gas flow inside the ladle.
Their results found that the level of preheating on the lining is strongly dependent on the
vertical position. The highest part of the lining, which is closest to the burner, is heated
the most, with a temperature difference of around 250 °C compared to the bottom of the
lining. This results in the bottom part of the lining causing most of the heat losses from
the melt. (Glaser, Görnerup, & Sichen, 2011b) With our 1-D model, accounting for the
vertical temperature gradient can be quite difficult. Therefore, a model, which calculates
the theoretical average temperature of the lining during preheating is suggested. The
model would assume that all the burner output is put towards heating the gas phase and
the area of the ladle lining. Motivated by (Glaser, Görnerup, & Sichen, 2011b) the lining
wall temperature is assumed to be the same temperature as the gas phase.

4.4 Tapping and teeming
During tapping and teeming the steel bath height changes, resulting in a vertical
temperature gradient on the lining wall. Inherently 1-D models made for radial heat
transfer are not able to account for this vertical temperature gradient and see tapping and
teeming as instantaneous events. This can be somewhat mitigated by placing the model
height at the mid-point of the ladle so that the model changes its mode of calculation at
the mid-point of the tapping and teeming process. This mode of operation is also
supported by (Fredman & Saxén, 1998), who also suggested using the 1-D model on
several heights to obtain better results.
In practice, the ladle bottom is always completely covered by the steel bath, or completely
exposed. Therefore, the ladle bottom doesn’t suffer from the same temperature gradient
problem as the wall. However, the ladle bottom is in contact with the melt from the start
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of tapping to the end of teeming. This can lead to the bottom being hotter at the start of
the idle period.

4.5 Mantle heat losses
Heat losses on the mantle surface happen through convection and radiation. In Figure 5.
we can see the percentage of heat losses caused by convection for a cylinder 4.5 m of
height. The cylinder can in this case be considered a vertical plate. As we can see the
convection is most prominent around 80 °C, where it peaks at 44%. Radiation is at all
temperatures, the most prominent mechanism for heat losses, however convection should
not be considered negligible, at least on the mantle surface.

Figure 5. The portion of heat losses caused by natural convection at the mantle surface,
to the ambient temperature of 25 °C, starting from 30 °C.

4.6 Stages of heat transfer
As the ladle goes through different processing steps, its overall heat transfer mechanisms
change. Therefore, the model needs to be divided based on the different working periods.
These working periods have been explained in Chapter 2.1, and their modes of heat
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transfer will be listed here based on (Volkova & Janke, 2003), with certain modifications
to better fit our purposes.
During pre-heating period:
-

radiation and convection from the burner flame and hot gasses

-

conduction through the ladle lining

-

radiation and natural convection from the steel shell to ambient air

During the charged period:
-

natural convection from steel bath to the inner ladle lining

-

conduction through the ladle lining

-

radiation and natural convection from the steel shell to ambient air

During the empty period:
-

conduction through the ladle lining

-

radiation and natural convection from the steel shell to ambient air

-

radiation from the inner ladle through the open top to ambient air

4.7 Assumptions
From the viewpoint of the intended application of the model, it is neither possible nor
relevant to account for all the heat transfer phenomena, and certain simplifications need
to be made. These assumptions serve to simplify the model formation and reduce
computing times. However, these assumptions should be made such that the model still
accounts for most of the heat transfer phenomena and produces acceptable results. The
following assumptions have been made:
-

the steel bath is assumed to be completely mixed and of uniform temperature at
all times,

-

during holding the lining surface is considered to be at the same temperature as
the melt,

-

in the ladle wall, heat conducts only in the radial direction,

-

ladle bottom is currently ignored,
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-

heat losses from the inside surface are caused only by radiation,

-

the contact resistance between lining layers is assumed to be negligible,

-

mean specific heats of materials are temperature-dependent,

-

thermal conductivities of materials are constant,

-

when used, the lid is closed perfectly, and heat losses to the lid are not considered,

-

During pre-heating the lining surface is considered to be at the same temperature
as the gas phase inside the ladle, and

-

Tapping and teeming are modeled as instantaneous events.

4.8 The lumped capacitance method
Lumped capacitance method assumes that the thermal state of the modeled volume is
spatially uniform at every time instant. The temperature change of the volume can then
be modeled by formulating an overall energy balance equation for the whole volume.
(Incropera & DeWitt, 1996, pp. 212-213)
The validity of the lumped capacitance method can be estimated by inspecting the ratio
between the resistance to conduction withing the volume and resistance to convection
across the boundary layer. If the resistance to conduction withing the volume is much
smaller, than the resistance for heat leaving the volume, the temperature distribution
withing the volume can be assumed to be uniform. (Incropera & DeWitt, 1996, p. 215)
The equation used to assess the validity of the lumped capacitance method is (20)
(Incropera & DeWitt, 1996, pp. 215-216):
𝑅𝑐𝑜𝑛𝑑
𝑅𝑐𝑜𝑛𝑣

where

≡

ℎ𝑐 𝐿𝑐
𝑘

= Bi ,

Bi is Biot number
hc is convective heat transfer coefficient at the boundary [W/(m2∙K)]
Lc is characteristic length [m]
k is thermal conductivity within the volume [W/(m∙K)]
Rcond is thermal resistance within the volume [K/W]
Rconv is thermal resistance at the volume boundary [K/W].

(20)
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If Bi < 0.1, the error associated with using the lumped capacitance is small, and the
method is valid (Incropera & DeWitt, 1996, p. 216). As previously shown in Chapter 2.7,
thermal stratification tends to occur in unmixed steel melt. However, with proper mixing
thermal gradients can be mitigated, with the most noticeable differences occurring near
the lining surfaces. These temperature differences however are around 10 °C, and
compared to the rest of the melt, the area of this gradient is quite small. (Szekely,
Carlsson, & Helle, 1989, p. 67) Based on this, it should be safe to assume that the melt is
completely mixed and of uniform temperature. For the melt to be at a uniform
temperature, thermal resistance within the volume should be significantly smaller than
the thermal resistance at the volume boundary. This would result in a small Biot number,
which indicates that the use of the lumped capacitance method is valid.

4.9 Finite-difference methods
While analytical methods may be used to determine the temperature of any point in the
medium, numerical solutions solve the temperature only for discrete points. The
simulated medium is divided into small regions with a reference point in the middle. This
reference point is often called a node, and the network created by these nodes is a nodal
network, grid, or mesh. The temperature of a node represents the average temperature of
the discrete area. Solution accuracy can be improved at the cost of computing time, by
increasing the number of simulated nodes. (Incropera & DeWitt, 1996, pp. 173-180)
To calculate the temperature change within a nodal region, we can use the energy balance
method. This method is based on the conservation of energy and calculates how much
energy nodal region exchanges with its neighboring nodes. (Incropera & DeWitt, 1996,
pp. 175-180) For our model, there are four types of regions: the lining surface inside the
ladle, the bulk of the lining, the boundary between two refractory materials, and the outer
shell surface. These regions are visualized in Figure 6.
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Figure 6. Model regions of the ladle lining.

In explicit methods unknown nodal temperatures for the new time are determined using
the nodal temperatures of the previous time, making calculations straightforward.
However, explicit methods are subjected to certain stability requirements. If these
requirements are not met, the solution may be hindered by physically impossible
numerical oscillations. To prevent these oscillations, the system needs to fulfill a stability
criterion. This stability criterion is fulfilled when the coefficient of the previous
temperature at the node of interest is ≥ 0. The stability criterion is fulfilled by adjusting
the number of nodes and the size of the time step. (Incropera & DeWitt, 1996, pp. 248252)
Implicit methods use the new temperatures of the neighboring nodes to determine the new
temperature of the node of interest. As these temperatures are also unknown, all the
temperatures need to be solved simultaneously. The advantage of using the implicit
method is that they are unconditionally stable. This gives more freedom when choosing
an appropriate time-step and node density for the calculations. However, it should still be
noted that increasing the time-step and reducing the node density will lead to less accurate
results. (Incropera & DeWitt, 1996, pp. 256-257) A limitation of implicit methods is that
they aren’t inherently able to solve non-linear problems and require other methods to
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complement them. Currently, nonlinearities arise from the radiation and convection as
seen from Equations 14 and 9, and the nonlinearity of some of the thermal properties.
In addition to purely explicit and implicit methods, methods combining explicit and
implicit estimates have also been proposed. In the Crank-Nicolson method, the solution
is acquired by using the central difference at time t + ½. (Cheney & Kincaid, 2004, pp.
621-622) In more simplistic terms, the method uses the averages of the forward and
backward differences (Smith, 1978, pp. 18-20), and can be illustrated by Equation (21)
(Ames, 1977, p. 50):
𝑈𝑖,𝑗+1 − 𝑈𝑖,𝑗 =
1
2

where

[(𝑈𝑖−1,𝑗+1 − 2𝑈𝑖,𝑗+1 + 𝑈𝑖+1,𝑗+1 ) + (𝑈𝑖−1,𝑗 − 2𝑈𝑖,𝑗 + 𝑈𝑖+1,𝑗 )],

(21)

U is an approximate solution for some function at position i at time j.

Using Crank-Nicolson method naturally means that the required calculation time is
increased as we are in essence calculating both the implicit and explicit Euler methods.
This also doesn’t always lead to better results as is later practically demonstrated in
Chapter 6.1.

4.10 Ladle thermal model
Three models were built using the Python programming language. These models follow
the rules set in Chapters 4.6 and 4.7. The explicit model formed using forward difference
suffers from the instability that most of the time requires the model to use time steps
smaller than that of a second. Therefore, while this model has been formed, it is not
recommended to be used. The implicit model formed using backward difference, and the
Crank-Nicolson method-based model both are operational with reasonable time-step sizes
and node densities. These methods make use of the Newton-Raphson method in tackling
the problems arising from nonlinearities. The Newton-Raphson solver has been set to
terminate when the L2-norm of the residual between the last two solutions is less than 1e8. The equation for the L2-norm is shown in Equation (22) (Weisstein, 2021):
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2

𝐿2 = √∑𝑛𝑖=1(𝑇𝑖,1 − 𝑇𝑖,2 ) ,
where

(22)

L2 is the error value
n is the number of modeled nodes
Tn,1 is the old temperature calculated by Newton-Raphson for node n
Tn,2 is the new temperature calculated by Newton-Raphson for node n.

The model operation has been outlined starting from Figure 8. The main difference
between the modes of operation is how the innermost node is calculated. This is better
explained using Figure 7. During the empty state, the innermost node is the surface of the
ladle wall that is half the thickness of the rest of the nodes. This node is then cooling
according to gray body radiation (Qe) and conduction occurs between the inner nodes
(Qc).
During the filled state the innermost node is the lumped capacitance of the molten steel
combined with the innermost wall surface node. Here the innermost node loses energy
only through conduction happening through the ladle wall (Qc).
During heating, the innermost node is again a combination of the lumped capacitance and
the innermost wall surface. However, now the properties of the lumped capacitance are
that of the air. This innermost node is heated based on the burner power (Qg) until the
lumped capacitance reaches a predetermined maximum heating temperature where
heating cuts off until the temperature drops below this maximum temperature. The heat
is then transferred through the ladle wall (Qc), while the lid is ignored in the current
version of the model. The model is capable of considering refractory wear by reducing
the number of nodes, reducing the refractory thickness.

Figure 7. Model innermost node during different modes of operation.
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Figure 8. A schematic illustration of the employed Newton-Raphson solver.
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Figure 9. Model workflow for the cooling of an empty ladle.
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Figure 10.

Model workflow for the filled ladle.
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Figure 11.

Model workflow for ladle heating.
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5 MODEL VALIDATION
5.1 Measurement campaign
To collect validation data for the model, a measurement campaign was conducted at
Outokumpu Tornio stainless steel plant, melt shop 2. During the campaign, the ladle
mantle temperatures were automatically measured using a thermal camera pointed at the
turret. The imaged ladles had a capacity of 150 tons. The process step and camera location
are better visualized in Figure 12. and Figure 13. Using these thermal images, we were
then able to measure the mantle temperature change during teeming, which was then used
in the validation process.

Figure 12. Process flow from the electric arc furnace to casting machine, image
modified from (Metallinjalostajat, 2014, pp. 38, 41).

Figure 13. Camera location near the turret, imaging the ladle entering/leaving casting.
Schematic top-view of the system.
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The used camera had a resolution of 0.11 megapixels and a field of view of 18° by 14°.
The temperatures were given to the hundredth of a degree. To calibrate the camera, a
piece of generic carbon steel was fitted with a thermocouple and then heated to ⁓400 °C.
The camera could not be safely calibrated at the steel plant, which very likely led to the
measured temperatures not being quantitatively correct. However, the obtained data was
still deemed usable for our use case.
The thermal camera was set to automatically take images in four-second intervals
whenever a hot enough object was detected. The camera measured the temperatures of
each pixel, allowing us to port the data into excel, where it could then be formatted into
a recreation of the thermal image. This then allowed us to process the data using
commands readily available in excel. In Figure 14. a recreated thermal image is shown
along with an outlined area, from which an average temperature was taken. The area was
chosen by hand from the lower portion of the ladle. The images were chosen so that the
ladle would be in the same position before and after casting, making it easier to define
the same area for both images. The chosen area may vary in size and position between
image pairs. However, the area is generally the same shape and size, and in the same
general area as shown in Figure 14. The chosen area covers approximately 1.5 to 2 m2.
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Figure 14. Recreation of a thermal image from Excel data, along with an outlined
measurement area.

From the measurement data, 71 consecutive melts were chosen. This included 8 different
ladles. The images were chosen based on quality. The chosen melts had the best camera
positioning to capture only the ladle, and shaky images were ignored. More data could
have been processed, however considering how time consuming this was, it was not seen
necessary. The process history of the ladles was used to run the model and see how it
would predict the mantle temperature to change. The obtained results are discussed in
Chapter 6.2.
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6 RESULTS AND DISCUSSION
6.1 Sensitivity analysis of time integration
The effects of the node and time-step size on the model performance were studied. This
was performed by changing these parameters and then simulating three hours of heating
followed by three hours of melt holding and three hours of cooling. The temperatures of
the innermost and outermost nodes were logged and compared. The shown ΔT is the
temperature change, that occurs when the parameters are adjusted as shown in the
following tables.
The ΔT in the implicit model results is shown in Tables 5 and 6. Changing the node size
from 10 mm to 5 mm has a significant effect on the results, as does the change from 5
mm to 2 mm. However, the change from 2 mm to 1 mm only changes the results by 0.001
- 0.03 K on the outer surface, and at most by 0.42 K at the innermost node, where the
molten steel is.
At a glance, the difference in obtained results seems to halve, whenever the time-step size
is halved. For example, going from 20 seconds to 10 seconds has half the effect of going
from 40 seconds to 20 seconds. Halving the time-step size also approximately doubles
the required computation time, resulting to quickly diminishing returns. Going below 5second time-steps seems to have an effect somewhat comparable to the change from 2
mm to 1 mm node size, on the outer surface. Figure 15. better visualizes the combined
effects of time-step size and node size.
Looking at the results, it should be reasonable to use a node size of 2 mm, with a timestep size of 5 seconds. Using a PC with an Intel Core i5-8250U CPU at 1.60GHz to
1.80GHz, these settings result in simulation times of approximately one hour for 10
seconds of simulation. Using a 1 mm node size with a 1-second time-step would increase
the simulation times by 10-fold, with very little improvement in results.
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Table 5. Differences in implicit model results when changing the node size.
Node size change
10 mm to 5 mm
5 mm to 2 mm
2 mm to 1 mm

ΔT, Innermost node
Heating
Filled
Cooling
+0.135343 -2.07539 -0.85654
+0.037872 -1.25179 -0.51342
+0.005408 -0.41837 -0.17108

ΔT, outermost node
Heating
Filled
Cooling
-0.0278
-0.23034 -0.19561
-0.0078
-0.07837 -0.09974
-0.00112 -0.01615 -0.03033

Table 6. Differences in implicit model results when changing the time-step size.
Time-step size
change
60 s to 40 s
40 s to 20 s
20 s to 10 s
10 s to 5 s
5 s to 1 s
1 s to 0.1 s

ΔT, Innermost node
Heating
Filled
Cooling
+0.055438 -0.04631 +0.067547
+0.055391 -0.04636 +0.067879
+0.027695
-0.0232
+0.034047
+0.013857
-0.0116
+0.017046
+0.011102 -0.00928 +0.013645
+0.002503 -0.00209 +0.003071

ΔT, outermost node
Heating
Filled
Cooling
-0.02768 -0.07093 +0.090227
-0.02775 -0.07125 +0.090528
-0.0139
-0.03575 +0.045377
-0.00695
-0.0179
+0.022717
-0.00556 -0.01433 +0.018188
-0.00125 -0.00323 +0.004094

Figure 15. Contour plot of the implicit model results for the innermost node after
three hours of simulated heating, black dots represent the simulated points.

The ΔT of the obtained results for the model using Crank-Nicolson discretization are
shown in Tables 7 and 8. Changing the node size has practically the same effect as for the
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implicit model, and therefore it is reasonable to conclude that 2 mm node size would be
optimal for the same reasons as before.
The time-step size has practically no effect on the obtained results. The changes in
predicted temperatures are so small, that the thermal camera couldn’t even detect them,
and therefore time-step size choice is practically limited only by the stability of the
method. A short assessment of the stability shows that it would be recommended to use a
time-step size below 5 seconds when using a node size of 2 mm with this model. Figure
16. better visualizes the combined effects of time-step size and node size. The deviation
seen at 60 s and 1 mm is most likely caused by the instability of the model.
When comparing the results obtained by the fully implicit model and the model using the
Crank-Nicolson scheme, the results were almost identical. When using a time-step size
of 5 seconds the obtained results differed by only 0.014 K between the models, and using
a time-step size of a second, the difference was only 0.003 K. The implicit model is also
about 20% faster, making it the more reasonable choice, when using these settings,
especially since it’s always stable.
Table 7. Differences in the Crank-Nicolson model results when changing the node size.
Node size change
10 mm to 5 mm
5 mm to 2 mm
2 mm to 1 mm

ΔT, Innermost node
Heating
Filled
Cooling
+0.135298 -2.07536 -0.85627
+0.037833 -1.25177 -0.51334
+0.005374 -0.41837 -0.17108

ΔT, outermost node
Heating
Filled
Cooling
-0.02782 -0.23042
-0.1956
-0.00781 -0.07838 -0.09975
-0.00112 -0.01616 -0.03034

Table 8. Differences in Crank-Nicolson model results when changing the time-step size.
Time-step
size change
60 s to 10 s
10 s to 1 s
1 s to 0.1 s

ΔT, Innermost node
Heating
Filled
Cooling
+0.002603 +0.000381 +0.008149
+0.000543 +5.0E-05 +0.000341
+5.6E-05
+4.7E-06
+1.4E-05

ΔT, outermost node
Heating
Filled
Cooling
+0.000154 +0.000863 +0.00072
+3.4E-05
+8.3E-05
+5.8E-05
+3.4E-06
+7.1E-06
+4.6E-06
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Figure 16. Contour plot of the Crank-Nicolson model results for the innermost node
after three hours of simulated heating, black dots represent the simulated points.

6.2 Predicted surface temperature of the ladle
The model was run using data obtained from Outokumpu Tornio stainless steel. The
model results were around 100 °C lower than those obtained by the thermal camera,
however this can reasonably be assumed to be caused by the fact that the camera couldn’t
be properly calibrated. Some of the obtained results are shown in Figures 17 to 20. The
red marks represent the measured mantle temperatures, and the black line represents the
results obtained by the model. The model results had to be raised by 90°C, 100°C, 120°C
and 115°C to obtain these results. It would seem that the model, while somewhat capable
of recognizing the mantle temperature changes, is out of sync with the real-world data.
This could be caused by improperly defined parameters, or by improper input data.
Looking qualitatively, the model is able to recognize the temperature changes, and these
results should be seen as a proof of concept, on which the model could be improved upon.
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Figure 17. Model prediction compared to measured temperature, model result was
raised by 90 °C.

Figure 18.
Model prediction compared to measured temperature, model result was
raised by 100 °C.
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Figure 19.
Model prediction compared to measured temperature, model result was
raised by 120 °C.

Figure 20.
Model prediction compared to measured temperature, model result was
raised by 115 °C

6.3 Limitations and suggestions for improvements
1D models are used to model a single line, at a specific height, and therefore are of limited
accuracy when modeling something as large as a steelmaking ladle. This becomes
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apparent when considering tapping and teeming where the steel bath height changes, and
during preheating, where the bottom of the ladle is colder. With a single modeled height,
tapping and teeming will be modeled instantaneously. (Fredman & Saxén, 1998)
proposed improving this by using the 1D model at several heights, and by modeling the
bottom of the ladle separately. Using a 1D model at several heights still doesn’t account
for the axial heat conduction in the lining. In future studies, if the model is expanded to
be of the 2-D kind, the vertical temperature gradient can be a significant factor when
considering the melt heat losses.
The melt heat loss approximation would be significantly improved by including the ladle
bottom in the model. This increased melt temperature drop might not be significant
enough to be recognizable on the mantle surface temperature, and therefore more data on
the melt holding would be required to investigate this.
In the current model, while the existence of the ladle lid is considered in some forms, the
thermal state of the lid is ignored. The thermal state of the lid can significantly affect the
overall thermal state of the ladle lining. To model the effects of the lid more accurately,
one would have to make a separate model, which accurately follows the use of the lid.
This is made difficult by the fact that the used lid, and its thermal state change based on
the processing step. However, it could also be a good enough approximation to assume
the heat losses caused by the lid to be somewhat constant.
While the mean specific heat of materials was considered as temperature-dependent,
thermal conductivity was considered constant. This was done to simplify the model. The
effect of this might not be that significant on the inner refractory layers, where thermal
conductivity is around 3 – 4 W/(m∙K). However, in the insulating layer, where thermal
conductivity is around 0.2 – 0.5 W/(m∙K), even slight changes in conductivity can
significantly affect the mantle temperature. To accurately use temperature-dependent
thermal conductivity, the used function has to use the average temperatures of the nodes
between which heat is conducted as the variable.
One way to improve the model without increasing its complexity would be to further
investigate the used parameters and process data. By either obtaining more accurate data
on the used refractory materials or by adjusting the use of the process data, one could
achieve better results with the model. Another interesting idea would be to use intelligent
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algorithms to adjust the parameters to find whether or not it could be able to improve the
results.
While the thermal imaging data was acceptable and proved useful, improvements could
be made. Calibration could be improved by using the same type of steel as seen on the
ladle mantle, or by arranging a safe environment where a thermocouple could be attached
to the ladle mantle itself for the calibration process. By knowing the absolute mantle
temperature, adjusting the model parameters could prove easier. In total two weeks’ worth
of thermal imaging data were collected. The first week’s data could prove difficult to
handle due to difficulties in automating the imaging process. However, from the second
week’s data only around half was used in examining the model performance. Going
through the remaining data by hand would take around two to three days of work. If the
methods used here with the thermal imaging data were to be used more extensively in the
future, automating the data handling would be recommended.
The validation process could also be improved by drilling thermocouples into the
refractory itself, to measure the ladle temperature profile. However, such data collection
would be a significant undertaking, which would need to be carefully planned and
preferably connected with other data collection methods, such as thermal imaging, to get
as much useful data as possible.
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7 CONCLUSIONS
In this thesis, a mathematical ladle thermal state model was investigated and formed. Key
heat transfer phenomena were investigated and implemented into a mathematical model.
The investigated and implemented equations can be applied to other heat transfer
problems to either improve the model or to build other models, where heat transfer is a
core phenomenon.
The model outputs a one-dimensional temperature profile for the whole wall, potentially
making it a versatile tool. By changing material properties and refractory thicknesses, the
model could be used to make design decisions, and to investigate the effectiveness of
different refractory materials. Such material and dimensional changes can be tested with
relative ease in the current model. The model could also have potential in process control,
allowing the operators to predict the melt temperature drop.
While the formed model has limitations in its current state, it is a working proof of concept
on which to build on. For this, a list of potential improvements are suggested;
-

extension to a two-dimensional model

-

including the ladle bottom in the model

-

including the lid in the model

-

making thermal conductivity temperature-dependent

-

further investigating the used parameters, such as material properties

-

further investigating the used process data, for instance by investigating the
holding and processing times

A noteworthy result during the model sensitivity analysis was that changing the time-step
size used in the model using the Crank-Nicolson method, seemed to have little effect on
the observed model results. This would indicate that if the stability issue encountered
when using larger time-steps could be tackled, the model could outperform the implicit
model in calculation speed, while also keeping the error associated with the model rather
small.
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