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Designing Furnace Lining/Cooling
Systems to Operate with a Competent
Freeze Lining

Hugo Joubert and Isobel Mc Dougall

Abstract The formation of a freeze lining on the hot face of furnace sidewalls to
increase campaign life is an accepted concept in industry today. This is achieved
through a well-engineered sidewall cooling system typically consisting of cooled
copper elements, either on their own or in combination with a refractory lining. The
design of the lining/cooling system to form and maintain a competent freeze lining
is discussed. Heat losses under normal operating conditions are calculated as an
input to the furnace energy balance. The lining/cooling system is evaluated under
extreme operating conditions as this ultimately determines campaign life. Variables
to be evaluated include freeze lining thickness and formation rate, copper element
temperatures, cooling medium used, and required cooling density and arrangement.
Steady-state and transient thermal FEAare used as tools to evaluate the lining/cooling
system design.

Keywords Freeze lining · Furnace cooling · Furnace integrity · Copper cooling ·
Heat transfer

Introduction

“Irrespective of the use of so called refractory materials, the best means of maintain-
ing the walls of the blast furnace is with cooling water.” These words were spoken in
1892 by Burteaux et al. [1], a well-known iron blast furnace operator from the late
nineteenth century. Over the past century, the design of lining/cooling systems to
prolong furnace campaign life has developed significantly, first in the steel industry
and later in the base metals industry. Today an increasing number of furnaces used

H. Joubert (B) · I. Mc Dougall
Tenova Pyromet, Midrand Business Park, Building no. 4, 563 Old Pretoria Main Road, Halfway
House, Midrand 1685, South Africa
e-mail: Hugo.joubert@tenova.com

I. Mc Dougall
e-mail: Isobel.mcdougall@tenova.com

© The Minerals, Metals & Materials Society 2019
The Minerals, Metals & Materials Society (ed.), TMS 2019 148th
Annual Meeting & Exhibition Supplemental Proceedings, The Minerals,
Metals & Materials Series, https://doi.org/10.1007/978-3-030-05861-6_113

1181

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05861-6_113&domain=pdf
mailto:Hugo.joubert@tenova.com
mailto:Isobel.mcdougall@tenova.com
https://doi.org/10.1007/978-3-030-05861-6_113


1182 H. Joubert and I. Mc Dougall

for base metal slag cleaning [2], primary platinum smelting [3–7], base metal flash
smelting [8–10], top submerged lance primary smelting and fuming [11–13], and
top submerged lance converting [14, 15] are designed and equipped with sidewall
copper cooling elements. The copper cooling elements operate either on their own
or in combination with a refractory lining. In all cases, the intent is for the copper
cooling elements to reduce the lining/cooling hot face temperature sufficiently to
prevent or reduce the wear of the furnace sidewall [16].

In the case where refractory material is used in combination with the copper cool-
ing elements, the intent is to reduce the refractory hot face temperature sufficiently
to either limit the rate of thermal, chemical and/or mechanical attack, or to freeze
a layer of material (typically slag) on the refractory hot face and prevent or limit
further wear due to the direct contact between the refractory material and molten
bath [7, 17]. The frozen layer of slag is generally called a ‘freeze lining’. In the case
where copper cooling elements are used on their own or with a limited sacrificial
refractory layer for furnace start-up, the intent is to establish and maintain a freeze
lining that will prevent wear of the sidewall and limit heat losses [2, 18]. Theoreti-
cally, the freeze lining, if maintained, should extend the furnace sidewall campaign
life indefinitely, or at least for an extended period [16]. Whilst the freeze lining will
protect well-designed copper cooling elements against thermal and mechanical wear
mechanisms, there are examples of chemical wear of the copper cooling elements
taking place even behind the freeze lining. In particular, sulphidation corrosion of
copper cooling elements has been observed and well documented in the platinum
industry [19, 20].

The paper focuses on the design of the furnace sidewall lining/cooling system to
establish andmaintain a protective freeze lining on its hot face. The scope is limited to
heat transfer modelling and consideration of some macroscopic process parameters.
The sensitivity of the freeze lining thickness and formation rate to various parameters
and properties including assumed slag freezing temperature, bath to sidewall heat
transfer coefficient, thermal conductivity, freeze lining to lining/cooling system hot
face contact resistance, and the cooling system design are explored. Finally, the paper
explores the importance of these parameterswhen designing a sidewall lining/cooling
system and in particular copper cooling elements.

Normal Operating Conditions and Heat Loss

For a typical continuously fed, batch tapped smelting furnace the operating conditions
that impact the sidewall integrity can be described as normal when:

• Bath temperature is within the target range;
• Feed rate is stable;
• Feed composition is within specification;
• Slag chemistry is under control and well defined;
• Bath levels are measured, well controlled and within the targeted range;
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• Energy input,whether by feed source, fuel or electrical, is stable andwithin targeted
energy balance.

A well-designed sidewall lining/cooling system must ensure the formation of a
stable freeze lining on its hot face under these normal operating conditions. The
freeze lining thickness may vary slightly as the bath temperature and slag chemistry
fluctuate within defined target ranges and as the bath-level changes due to batch
tapping. Even so, as long as there is a fairly stable freeze lining in place, the heat
load on the sidewall will be a function of the process parameters and not the sidewall
lining/cooling system design. The heat load on the sidewall is the product of the bath
to freeze lining heat transfer coefficient and the bath (normally slag) superheat as
per Eq. (1). Linear (one dimensional) heat transfer is considered here for illustrative
purposes.

qin � hbath�T � hbath
(
Tbath − T f reezing

)
(1)

where

qin heat flux (kW/m2)
hbath bath to sidewall/freeze lining heat transfer coefficient (W/m2K)
Tbath bath temperature (K or °C)
Tfreezing estimated slag freezing temperature (K or °C).

The slag freezing temperature refers to the bath-freeze lining interface temper-
ature, and can alternatively be described as the freeze lining hot face temperature.
It is common practice to set the slag freezing temperature equal to the bath (slag)
liquidus temperature [21]. It has been reported in more recent work by others that the
local slag freezing temperature at the bath-freeze lining interface can differ from the
bath liquidus temperature due to the solidification rate and the microstructure of the
freeze lining at the interface during formation, and that the slag freezing temperature
at the interface varies between the so-called glass transition temperature and the bath
liquidus temperature, with the glass transition temperature typically estimated as
two-third of the liquidus temperature [22, 23]. From Eq. (1) it follows that the lower
the selected slag freezing temperature relative to the bath temperature, the higher
the heat load on the sidewall lining/cooling system will be, and the harder it will
be to maintain a stable freeze lining. For design purposes, Tenova Pyromet uses a
relatively conservative slag freezing temperature equal to the average of the liquidus
and solidus slag temperatures as per Eq. (2) [18]. This is in part to approximate the
effect of the so-called “mushy zone” or higher viscosity layer present close to the
freeze lining hot face [24]. This value needs to be evaluated on a case by case basis
and will depend on the actual slag composition. It may be more practical to select a
slag freezing temperature closer to the slag liquidus temperature in some cases.

T f reezing � Tliquidus + Tsolidus
2

(2)
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Determination of the heat transfer coefficient between the bath and the freeze lin-
ing, hbath, is important as it directly affects the sidewall heat load estimation.Methods
for the estimation of this heat transfer coefficient include the use of physical experi-
mentation, empirical relations and computational fluid dynamics (CFD) analysis. In
most cases, a combination of thesemethods is employed. Kang [25] combined exper-
imental and modelling work to develop an empirical relation for the heat transfer
coefficient between an electric furnace slag bath and sidewall. The relation is based
on natural convection heat transfer as shown in Eq. (3), from which the heat transfer
coefficient can be calculated. Critical to the accuracy of this method is the estima-
tion of slag properties, including density, viscosity, volumetric expansion coefficient,
specific heat and thermal conductivity [26, 27]. A description for estimating the bath
to sidewall heat transfer coefficient using this method was previously published by
Joubert et al. [18]. The heat transfer coefficient has been found to range between 100
and 300 W/m2K for molten bath submerged arc furnace applications.

Nu � C(Gr Pr )m (3)

for 8 × 106 < Ra � Gr Pr < 1011

where

Nu Nusselt number
Gr Grashof number
Pr Prandtl number
Ra Rayleigh number
C 0.32
m 0.3.

For certain furnace applications such as top submerged lance furnaces, Pierce
Smith converters and zinc fuming furnaces (box fumers) amongst others, the bath
dynamics are such that forced convection takes place between the bath and the fur-
nace sidewall. Estimation of the forced convection heat transfer coefficient between
the bath and sidewall depends greatly on the actual bath velocities and velocity
profiles adjacent to the sidewall. Scholey et al. [24] estimated the heat transfer coef-
ficient between the bath and the steel cooling jacket for a zinc fuming furnace as
1100 W/m2K. The estimation was based on using actual heat loss and bath tempera-
ture measurements during a furnace heating stage and following the dislodgment of
the frozen slag layer (freeze lining) from the jacket hot face. The slag bath was in
direct contact with the steel jacket hot face during this period. Using the Reynolds
number analogy for turbulent flow over a flat plate and estimated slag velocity and
properties, the heat transfer coefficient was found to be within the same range.
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Steady-State Freeze Lining Thickness

Under steady-state conditions the heat loss through the furnace sidewall must be
equal to the heat load or input from the furnace bath. Assuming linear heat transfer,
the heat flux through the sidewall must be equal to the heat flux into the sidewall, as
indicated in Eq. (4).

qout � qin � Tbath − T f reezing

Rbath
� Tbath − T f reezing

1
hbath

(4)

In turn, the heat flux through the sidewall is equal to the temperature gradient
divided by the sum of the thermal resistances as per Eq. (5).

qout � T f reezing − Tcooling
R f reeze + Rlining/cooling

� T f reezing − Tcooling
x f reeze

k f reeze
+ 1

h f c
+ 1

hlcs
+ 1

hc

(5)

where

Tcooling bulk temperature of cooling medium i.e. water (K or °C)
xfreeze freeze lining thickness (m)
kfreeze freeze lining thermal conductivity (W/mK)
hfc heat transfer coefficient representing contact resistance between freeze lin-

ing and lining/cooling system hot face (W/m2/K)
hlcs effective lining/cooling system heat transfer coefficient (W/m2/K)
hc cooling medium heat transfer coefficient (W/m2/K).

For a furnace sidewall incorporating copper cooling elements with or without
refractorymaterial, a three-dimensional thermal finite element analysis (FEA)model
is used to calculate the effective lining/cooling system heat transfer coefficient
[18]. For high intensity sidewall copper cooling elements such as Tenova Pyromet’s
MAXICOOL™ copper cooling elements (Fig. 1) incorporating a monolithic refrac-
tory on the hot face, the effective lining/cooling system heat transfer coefficient is
approximately 100 W/m2K [2, 29]. For copper plate coolers installed in a refrac-
tory brick lining, the effective heat transfer coefficient has been estimated to be
70 W/m2K assuming the brick lining has uniformly worn back to the plate cooler
hot face position and depending on the plate cooler installation density.

Combining Eqs. (4) and (5) and solving for the freeze lining thickness we obtain:

x f reeze � k f reeze

[
T f reezing − Tcooling
Tbath − T f reezing

(
1

hbath

)
−

(
1

h f c
+

1

hlcs
+

1

hc

)]
(6)
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Fig. 1 Tenova Pyromet’s MAXICOOL™ copper cooling system [2, 29]

Equation (6) shows that the freeze lining thickness:

• Is directly proportional to the freeze lining thermal conductivity
• Increases as the bath superheat decreases due to a decreasing bath temperature
• Increases proportionally even more if the bath superheat decreases due to an
increasing slag freezing temperature

• Increases as the bath to freeze lining/sidewall heat transfer coefficient decreases.
• Increases as the overall lining/cooling system thermal resistance decreases.

The sensitivity of the freeze lining thickness to changes in each of the variables
will depend on the actual value and range of each variable. As an example, the typical
values and range for each variable are assumed as listed in Table 1.Most of the values
are typical for a molten bath submerged arc furnace such as a nickel slag cleaning
furnace. The typical value of 300W/m2K for the heat transfer coefficient representing
the contact resistance between the freeze lining and the lining/cooling system hot
face, hfc, has been proposed by Scholey et al. [24] for zinc fuming furnaces. It is
only applicable once the frozen freeze lining has been established. A maximum
value of 10,000 W/m2K is included to represent the case where extremely good
contact ismaintainedbetween the freeze lining and the lining/cooling systemhot face.
The range of cooling medium temperatures, Tcooling, and heat transfer coefficients,
hc, have been selected to cover various cooling mediums including water, Mono-
Ethylene-Glycol (MEG), synthetic oil and ionic liquids [30, 31].

In Table 1 the freeze lining thickness is first calculated from Eq. (6) considering
the typical values for all the variables. Second, the effect of the anticipated minimum
and maximum values for each variable on the freeze lining thickness is calculated
whilst maintaining the typical values for all the other variables. It is important to note
that the estimated freeze lining thicknesses are an average across the lining/cooling
systemhot face and in practice the thicknessmay differ across the hot face in response
to local differences in thermal conditions, and depending in particular on the copper
cooling element design. For example, for an effective lining/cooling system heat
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Table 1 Typical values and range for variables affecting freeze lining thickness as for a nickel slag
cleaning furnace

Variable Units Typical
value

Variable range xfreeze
Typical
(mm)

xfreeze Range
(mm)

xfreeze
Sensi-
tivity
(%)

Minimum Maximum Variable
Min

Variable
Max

kfreeze W/mK 0.75 0.5 1.5 24 16 47 50

Tbath °C 1350 1300 1450 38 11 54

Tfreezing °C 1180 1100 1250 11 51 64

hbath W/m2K 150 100 250 40 10 60

hfc W/m2K 300 100 10,000 19 26 17

hlcs W/m2K 100 70 100 20 24 7

hc W/m2K 9,000 530 12,000 22 24 3

Tcooling °C 35 25 80 24 22 4

transfer coefficient of 70 W/m2K that is representative of a copper plate cooler
design, there will likely be areas of the lining/cooling system hot face with no freeze
lining present, and further wear of the refractory bricks in these areas are likely.

Percentage values listed in the last column of Table 1 indicate the relative sensi-
tivity of the freeze lining thickness to the expected range of values for the various
variables included in Eq. (6). The relative sensitivity is calculated as per Eq. (7).

Sensi tivi t yx f reeze �
Absolute(x f reezemax−x f reezemin)

2
x f reezemax+x f reezemin

2

% (7)

The process parameters and slag properties have the greatest influence on the
freeze lining thickness. This includes the effect of varying freeze lining thermal
conductivity, kfreeze, a changing slag superheat due to changes in either the bath
temperature, Tbath, or the slag freezing temperature, Tfreezing, and changes in the bath
to sidewall heat transfer coefficient, hbath. The values for these parameters are, in
turn, affected by other process parameters such as feed composition, slag chemistry,
energy balance, throughput as well as operating practices. The sidewall heat transfer
coefficient can, in addition, be affected by the furnace design and dimensioning [28,
32–34]. As discussed previously, the slag freezing temperature, Tfreezing, is influenced
by the freeze lining microstructure. The freeze lining thermal conductivity, kfreeze, is
affected by both the slag composition and the freeze lining microstructure [26, 27,
36, 37].

As noted Eq. (6) determines that the freeze lining thickness is directly proportional
to values for kfreeze. In this evaluation, a maximum value for kfreeze of three times that
of the minimum value results in a predicted maximum freeze lining thickness three
times higher than the minimum thickness. The ratio between the maximum and
minimum freeze lining thermal conductivities selected for this evaluation compare
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well with ratios that have been reported for other slag systems based on experimental
results [36, 37], even though the absolute thermal conductivity values measured for
these slag systems are substantially different and higher compared to the values
used in this evaluation. The freeze lining thickness values will, however, increase
with increasing freeze lining thermal conductivity even though the ratios will remain
similar.

Whilst the selected values in Table 1 for both the bath temperature, Tbath, and the
slag freezing temperature, Tfreezing, affect the slag superheat equally, Eq. (6) indicates
that the freeze lining thickness is more sensitive to the slag freezing temperature than
the bath temperature. For example, a lower slag freezing temperature will increase
the slag superheat, which will result in a thinner freeze lining, assuming that the bath
temperature remains unchanged. In addition, the lower slag freezing temperature
implies a smaller dT across the freeze lining and thus a thinner freeze lining. The
lower dT across the freeze lining is incorporated in the Tfreezing − Tcooling term in
Eq. (6).

As is the case for the heat loss from the furnace, once a freeze lining has been
established and reasonably steady state conditions achieved, the effect of chang-
ing the lining/cooling system design parameters is insignificant in its effect on the
freeze lining thickness in comparison to the effect of changing the process param-
eters. The importance of the lining/cooling system design as well as the selected
cooling medium is to ensure that a stable and uniform freeze lining is established
and the integrity of the sidewall and furnace as such are maintained. This becomes
apparent when evaluating the lining/cooling system design under extreme operating
conditions.

Transient Freeze Lining Formation

Furnace operating conditions do fluctuate in practice, and steady-state conditions can
rarely be maintained over longer periods. The freeze lining thickness will fluctuate
due to fluctuating operating conditions. Sometimes the freeze lining may dislodge
completely from the lining/cooling system hot face in some areas for various rea-
sons. Following such an event, the molten slag bath will wash up directly against
the lining/cooling system hot face and the freeze lining will begin to reform. It is
important to understand how the lining/cooling system will react and perform under
these transient conditions. As steady state conditions do not exist anymore, Eq. (4)
does not hold and the heat load/input on the sidewall is no longer equal to the heat
output/through the sidewall. The new transient sidewall heat balance is described by
Eq. (8). It includes the latent heat of formation or fusion term used to describe the
heat removed to form the freeze lining or, when negative, the heat absorbed to melt
the freeze lining over time.

qout � qin + ρL
dx f reeze

dt
(8)
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Fig. 2 xfreeze and Tlcs during freeze lining formation for different values of kfreeze

where

ρ bulk density of slag (kg/m3)
L latent heat of fusion for slag (J/kg).

Using Eq. (8) the growth of the freeze lining can be calculated over time assuming
a zero starting point and otherwise steady state conditions. These conditions are
representative of what can be expected in a furnace following the dislodging of an
existing freeze lining with the bath washing over the hot face of the lining/cooling
system. In Fig. 2 the calculated change in freeze lining thickness, xfreeze, and the
average lining/cooling system hot face temperature, Tlcs, are graphically represented
relative to time passed. This is calculated for the same range for each variable listed in
Table 1. As was the case for the steady state calculations, it was found that changes to
the process parameters have a significantly greater effect on freeze lining formation
compared to the lining/cooling systemdesign parameters.Only the calculation results
relative to changes for the fourmain process parameters, namely kfreeze, Tbath, Tfreezing

and hbath, are shown. In each case all other parameters are kept at the typical values
listed in Table 1. The presented calculation results are limited to the first three hours
of freeze lining formation.

For all calculations, the heat transfer coefficient representing the thermal contact
resistance between the freeze lining and the lining/cooling system, hfc, is initially kept
very high and gradually decreased to the typical value of 300 W/m2K once a freeze
lining thickness of 5 mm has been achieved. This is to simulate initial good contact
between the freeze lining and the lining/cooling system before reaching the thermal
resistance expected under steady-state conditions. The calculated lining/cooling sys-
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tem hot face temperature represents an average temperature across the lining/cooling
system hot face. The hot face temperature may locally vary substantially depend-
ing on the lining/cooling system design. This is due to the same reasons previously
discussed for the potential variation from the calculated average in freeze lining
thickness across the hot face.

Figure 2 confirms that the freeze lining thermal conductivity, kfreeze, significantly
affects the freeze lining thickness as noted in Table 1 for steady state conditions.
Figure 2 further shows that the freeze lining thickness approaches its equilibrium
steady state value more quickly for lower freeze lining thermal conductivity values
and more slowly for higher thermal conductivity values. In addition, for the selected
values, the freeze lining thermal conductivity has a limited effect on the lining/cooling
system hot face temperature. This is due to the thermal resistance of the freeze lining
dominating that of a lining/cooling system consisting of intensive copper cooling
as assumed here. It can be shown that even for the higher freeze lining thermal
conductivities applicable to other slag systems [36, 37], the lining/cooling system
hot face temperature will become only slightly more sensitive to the freeze lining
thermal conductivity range and ratios.

Figures 3 and 4 indicate that the freeze lining thickness will approach equilibrium
more quickly for a higher bath superheat. This is more a function of the lower
equilibrium freeze lining thickness associated with a higher superheat as shown in
Table 1.The sameholds for Fig. 5,where the lower equilibrium freeze lining thickness
is approached more quickly due to a higher bath to sidewall heat transfer coefficient.
A thinner freeze lining simply takes less time to formand reach equilibriumcompared
to a thicker one. This analysis only considers the thermal solution using the latent heat
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of fusion as the rate-limiting variable. It has been shown by Crivits et al. [35] that the
freeze lining microstructure development, phase formation and crystallization path
may affect not only the final freeze lining thickness, but also the rate of freeze lining
formation.

Extreme Operating Conditions and Furnace Cooling Design

As discussed in section “Normal Operating Conditions andHeat Loss”, once a freeze
lining is established and maintained, the heat loss through the furnace sidewall is
a function of the macroscopic process parameters such as bath temperature, slag
freezing temperature and those affecting the heat transfer coefficient between the
bath and the sidewall. In addition, the microstructure of the freeze lining may affect
the heat loss through the furnace sidewall. The heat loss is not a function of the
lining/cooling system design once a steady state freeze lining has been established.
The same is true for the freeze lining thickness. As shown in Table 1, the freeze
lining thickness is more sensitive to the process parameters, slag chemistry and
freeze liningmicrostructure, than the design of the lining/cooling system.The furnace
operator, therefore, controls the long-term heat loss and the freeze lining thickness
by adjustment of operating parameters and slag chemistry.

However, whereas the normal operating conditions determine the long-term heat
losses from the furnace, the furnace campaign life ismore a function of the short-term
extreme operating conditions [16]. It follows that a design objective for the sidewall
lining/cooling system, and the copper cooling elements in particular, should be,
first, to extract sufficient heat to establish, re-establish and maintain a freeze lining
under all operating conditions, including extreme operating conditions. Second, the
design of the lining/cooling system needs to ensure the integrity of the furnace and
furnace sidewall under extreme operating conditions that may include the temporary
loss of the freeze lining. A key aspect of sidewall integrity is the integrity of the
copper cooling elements. Tenova Pyromet designs sidewall copper cooling elements,
such as the MAXICOOL™ high-intensity copper cooling elements, to operate at
maximum copper temperatures below 400 °C when subjected to extreme operating
conditions.This is to ensure that the structural integrity of the copper cooling elements
is maintained.

Tenova Pyromet employs thermal FEAmodels to evaluate and optimise the design
of copper cooling elements considering extreme operating conditions. This method,
aswell as the subsequent ability of awell-designed lining/cooling system to copewith
extreme operating conditions and re-establish a freeze lining has been documented
by Joubert et al. [2] for a platinum slag cleaning furnace.
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Conclusions

An increasing number of furnaces used for base metal smelting, converting and slag
are designed and equipped with sidewall copper cooling elements. The copper cool-
ing elements operate either on their own or in combination with a refractory lining. In
all cases, the intent is for the copper cooling elements to reduce the lining/cooling hot
face temperature sufficiently to prevent or reduce the wear of the furnace sidewall.

Under steady state conditions, the heat loss through the furnace sidewall is equal
to the heat load or input from the furnace bath. Under these conditions, the freeze
lining thickness

• Is directly proportional to the freeze lining thermal conductivity
• Increases as the bath superheat decreases due to a decreasing bath temperature
• Increases proportionally even more if the bath superheat decreases due to an
increasing slag freezing temperature

• Increases as the bath to freeze lining/sidewall heat transfer coefficient decreases
• Increases as the overall lining/cooling system thermal resistance decreases.

The process parameters (such as bath temperature, Tbath, bath to sidewall heat
transfer coefficient, hbath.) and slag properties (such as freeze lining thermal conduc-
tivity, kfreeze slag freezing temperature Tfreezing), have a considerably greater influence
on the freeze lining thickness than the lining/cooling system design parameters once
a freeze lining has been established and reasonably steady state conditions have been
achieved.

Should the freeze lining dislodge completely from the hot face of a well-designed
lining/cooling system, the molten slag bath will wash up directly against the lin-
ing/cooling system hot face and the freeze liningwill begin to reform. As steady-state
conditions no longer exist, the heat load/input on the sidewall is no longer equal to
the heat output/through the sidewall. The transient sidewall heat balance includes the
latent heat of formation or fusion term used to describe the heat removed to form the
freeze lining or the heat absorbed to melt the freeze lining over time.

As with steady-state conditions, the freeze lining thermal conductivity, kfreeze, sig-
nificantly affects the freeze lining thickness. The freeze lining thickness approaches
its equilibrium steady state value more quickly for lower freeze lining thermal con-
ductivity values than for higher thermal conductivity values. The freeze lining thick-
ness will approach equilibriummore quickly for a higher bath superheat and a higher
bath to sidewall heat transfer coefficient because of the lower equilibrium freeze lin-
ing thickness associated with a higher superheat.

Whereas the normal operating conditions determine the long-term heat losses
from the furnace, the furnace campaign life is determined by the extreme operating
conditions. The design objective for the sidewall lining/cooling system, and the
copper cooling elements in particular, is, first, to extract sufficient heat to establish,
re-establish and maintain a freeze lining under all operating conditions, including
extreme operating conditions. Second, the design of the lining/cooling system needs
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to ensure the integrity of the furnace and furnace sidewall under extreme operating
conditions that may include the temporary loss of the freeze lining. A key aspect of
sidewall integrity is the integrity of the copper cooling elements.
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