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Abstract

In metallurgical reactors, the thermal stress field of refractories always changes with the
heat transfer conditions at the hot-face. It is suggested that ‘thermally induced refractory
cracking’ is often the primary cause of in-service refractory failure but quantitative support for
this is lacking. The current work is focussed on studying this aspect by developing an
experimentally validated thermomechanical model that considers refractory strength degradation

under repeated thermal cycling.

A thermo-mechanical model has been developed with ABAQUS to predict thermal stress
and damage in a refractory specimen subjected to thermal cycling. An experiment based on the
“contact-conduction method” that uses a hot/cold metal block to heat/cool a refractory specimen
was carried out to validate the model. The experiments were run for up to 3-cycles starting from
cold- and hot-refractory specimens. Thermocouples were used to gather temperature data from
refractory and steel block. An inverse heat conduction model was developed to predict the heat
flux applied to the refractory specimen by the steel block based on the temperature history from
the steel block. Ultrasonic testing was carried out on the refractory specimens before and after

the thermal cycling tests.

The contact-conduction method was successful in creating significant thermal gradients
in the refractory specimens. Thermocouples on refractory located at lcm from the
steel-refractory show temperature variation of about 500°C and 575°C for cold- and

hot-refractory specimen, respectively after 3-cycles.
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The model was capable of predicting the temperature changes and damage in the
refractory material after multiple cycles. Ultrasonic velocity tests show significant change in the
sound velocities in the areas experiencing thermal cycling, indicating significant micro-cracking
damage in those areas. It was seen that with multiple cycles the damage penetrated further into

the specimen, however the magnitude of the damage does not increase significantly.

Application to an example tundish operation indicated that the model was capable of
analyzing an ideal preheating schedule and was capable of predicting the effect of idle time and
multiple thermal cycles on the damage in refractories. However, to predict thermal spalling more
precisely, an integrated model that considers the effect of thermal gradients, chemical reactions

and mechanical loads is needed.
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Lay Summary

In the metallurgical reactors, a special type of insulting material known as “refractory” is
used in the furnace-lining. While in service, refractories undergo alternate heating-cooling
schedules due to the rotation of the furnace, charging-discharging and so forth. This process
induces stress, known as “thermal stress” in the material that is considered to be one of the

reasons to cause cracking in refractories. This work is focussed to study this aspect.

A new computer-based modeling methodology is developed to predict when and where
the refractory material will crack while in service. A novel experimental technique is designed to
create industry-like operating conditions to physically test the material in the lab and to validate

the model. The results indicate that the model is successful in predicting cracking in refractories.

When applied, this mathematical model can be used to provide a guideline for the furnace

operation so that refractory losses are minimized.
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1. Introduction

1. Introduction

Refractory materials are used to line the interior of metallurgical furnaces, reactors and
other processing units because of their insulating capabilities. Ideally, refractory materials are
chemically inert in the environment they are used in, as well as, being capable of withstanding
the thermal shock at the temperatures that they are subjected to without losing their structural

integrity during service.

The worldwide refractory consumption is significant because of their widespread use in
various industries such as steel and non-ferrous alloy production, glass manufacturing, waste
incineration, and lime / cement production. The largest consumer of refractory materials is the
steel industry [1]. Today, advances in refractory technology have reduced refractory
consumption in the steel industry to almost 1/3™ of that required thirty years ago. Still for every
ton of steel produced, 10 kg of refractory is consumed. For every ton of glass and non-ferrous
metals produced 4 kg and 2.7 kg of refractory is consumed, respectively [2]. The global demand
of refractory materials is significant: ~$28 billion or ~45 million tons (for the year 2012) and it is

expected to grow [1].

Even though the global refractory production is less than that of the other industries
(e.g. steel industry), the role of the refractory materials is immensely important. High-quality
steel production is now possible because of the developments in the secondary steel-making. One
of the major developments in this area has been improvements to the gas purging / injection
systems that employ high-quality refractories in the gas-purging cones. The weight of these

cones is ~30 kg, which is significantly smaller than the total weight of the ladle (~600 tons) with
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250 tons of steel-making capacity [2]. Thus, refractory components that represent only ~0.01%
of the weight of the ladle greatly improve steel quality. It is therefore important to understand

refractory failure.

Metallurgical reactors especially used for the smelting operations expose their refractory
linings to hostile environments that challenge their survival. Refractory degradation originates
from a variety of mechanisms, e.g., mechanical abrasion, chemical attack and phase instabilities.
These phenomena are superimposed on thermally induced stress/strain fields caused by
differential thermal expansion (macroscopic scale) or local mismatches in the coefficient of
thermal expansion (CTE) between the grain and matrix materials. Thermal gradients in the
refractory will also induce a state of internal stress. When significant, thermal gradients as well
as local mismatches in CTEs can cause cracking. Transients occur in the thermal stress field
when the surface heat-transfer conditions change. Batch processes involving distinct charge-tap-
rotation events result in thermal cycling on the hot-face and impose a transient stress field on the
underlying ‘steady-state’ condition of the refractory, i.e., the residual effects of bringing the

refractory up to temperature and the prevailing thermal gradient between the hot and cold faces.
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Figure 1.1: Thermal cycling in Peirce-Smith (P-S) Converter Lining (a) Schematic of
P-S converter (b) Different positions of the converter [3].

An example of a process exhibiting transients related to batch processing is the
Pierce-Smith converter used for copper converting. As shown in Figure 1.1(b), during the
blowing phase of operation, a portion of the refractory lining is under the bath while air is
injected in the matte. When the reactor is rotated for tapping, the refractory previously
submerged beneath the bath is exposed to the converter gas or even ambient conditions via
radiative heat transfer through the converter mouth, i.e., cooling conditions. After tapping, the
converter is recharged before it is returned to the blowing position and the hottest section of the

refractory is again under the bath, i.e., subjected to heating conditions. Each cooling-heating
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cycle results in a thermal stress cycle and repeated cycling can cause progressive damage

accumulation and eventual failure of the refractory.

Excessive refractory loss can lead to complete refractory lining failure resulting in metal
breakout due to the direct contact between the molten metal and the steel shell of the process
vessel. Apart from the safety issues, the introduction of refractory materials into the melt can
cause undesirable chemical reactions and can interfere with the predetermined chemistry of the
molten metal. This can cause inclusions in the material altering the mechanical properties of the

final product.

When refractory loss is significant, reactor operation is stopped to allow for relining. Due
to differences in reactor type and the refractory being used, the lining life varies. For example,
the lining life for an oxygen steel-making furnace (BOF) is about 1500-15000 heats, whereas for
an argon oxygen decarburization reactor (AOD), it is about 30-50 heats for small (<50 tons)
vessels and is about 120 heats for large (>90 tons) vessels [4]. Wear of the refractory lining is

often the sole factor dictating the campaign life of the reactor [4].

From an economic point of view, refractory loss is detrimental in two ways: 1) frequent
relining reduces the furnace availability affecting productivity and 2) increased consumption of
refractory increases the cost of production. In order to improve the lining life of a reactor it is
important to understand the factors that lead to failure during cyclic heating/cooling. The goal of
this thesis is to study the thermal cycling of refractories through experiment and mathematical

modeling. The next chapter focuses on the previous work in this area.
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Refractory degradation in pyrometallurgical reactors is a significant problem. The fact
that thermal stress and thermal stress cycling plays a role in degradation of these materials is
acknowledged but quantitative understanding of the phenomenon remains incomplete. To
understand the thermally-assisted mechanisms of refractory failure, it is crucial to know the
temperature history of the refractory, the associated stress response and the eventual damage in
the material. With that in mind, previous work in the areas of thermal modeling, thermal stress

modeling and refractory damage will be reviewed in this chapter.

1) Thermal modelling of the refractory: Investigations in this area focus on the thermal
cycling experienced by the lining during operation. The investigations include
mathematical models of the heat transfer occurring within the refractory subject to
specified thermal boundary conditions. Although, these models are largely un-validated,
they provide insight into the thermal conditions in the refractory lining during the

operation.

2) Thermal stress modelling of refractories: These investigations quantify the thermal
stresses generated in the lining for several reactors by means of finite element based

models and laboratory scale experimentation.

3) Damage in refractories: Previous work in this area includes theoretical and analytical
work to understand the fracture and the mechanical behaviour of refractories. Various

experimental and modeling techniques have been used to study the damage.
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2.1 Heat Transfer in Refractories

2.1.1 Thermal Cycling in Refractory Linings

Thermal cycling of the refractory hot-face occurs in reactors operating in ‘batch’ mode
due to charging, discharging, tilting, rotation, etc. Bustos et al. [5] developed a mathematical
model for the refractory in the Peirce-Smith converter to quantify the cooling occurring during
the 1idle time of the reactor between the two operating cycles known as the
out-of-stack time. Figure 2.1 shows the predicted temperature profiles of the lining in front of the
converter mouth for several out-of-stack times. It is evident that significant cooling of the surface
occurs while out-of-stack. As is typical of transient heat transfer conditions, the steepest thermal

gradients occur initially at the hot-face and the gradient declines over time.
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Figure 2.1: (a) Tuyere locations in the Pierce-Smith converter (b) Temperature profiles inside the
lining of a tuyere in front of the converter mouth for different out-of-stack times [5]

The low thermal diffusivity (~5 x 107 m%s) of the refractory material means that

transient effects require significant time to penetrate beyond the hot-face, i.e., at one hour the

‘thermally active zone’ is only about 10cm. When the converter is returned to service, the

temperature profile returns to the initial quasi-steady-state, but in doing so the hot liquid matte

will subject the hot face to aggressive heating conditions.

When the free expansion due to uneven temperature distribution within the material is

restrained, the so-called thermal stress is induced in the material. Due to this thermal cycling,

thermal stress cycling also occurs [6] throughout the thermally active zone. Origin of the thermal

stress 1s discussed in details in section 2.2.1.
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It should also be noted that at Os the magnitude of the thermal gradient is constant and
would result in a steady-state thermal stress state. Upon cooling and heating, the magnitude and
direction of the thermal gradient changes within the thermally active zone. Thus, thermal cycling
not only generates steep thermal stress gradients but it also changes the direction of the thermal

stresses.

Wang et al. [7] developed a finite element based mathematical model for the heat transfer
in the wall of the stack region in a blast furnace. The model was validated by comparison to
temperature data measured with thermocouples at four locations around the circumference of the
lining, i.e., at 0° 90°, 180° and 270° (denoted by ‘East’, ‘North’, ‘West’ and ‘South’
respectively.). Figure 2.2 summarizes the results generated by Wang et al. and clearly highlights
the significance of the thermal gradients in the radial direction. The temperature changes ~100°C

within a distance of just 50 mm (thermal gradient of about 2 °C/mm).
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Figure 2.2: Measured and predicted temperature distributions in the radial direction of the blast
furnace wall of the stack region [7]
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Studies for various pyro-metallurgical reactors show that the thermal gradients during
operation are significant in almost all of major reactors. Nieckele et al. [8] developed a
mathematical model for an industrial aluminum melting furnace. Simulation of the oxy-fired
combustion process showed a refractory hot zone in the region of the flame and strong localized
thermal gradients. Khoei et al. [9] developed a 3-D mathematical model of an aluminum scrap
melting rotary furnace to study the effect of thermal cycling on the lining due to the furnace
rotation. Shubin [10] analyzed the one-dimensional heat flow in the radial direction of the

refractory lining for a rotary cement kiln furnace to study thermal spalling.

Volkova [11] simulated the heat transfer in the lining of a steel ladle and incorporated the
effects of lining wear rates. Xia et al. [12] numerically investigated heat flow in the working
lining, safety lining, insulation layer and the outer steel shell of a steel ladle during the holding
period between the completion of ladle operations and the start of metal pouring into a tundish.
Zimmer et al. [13] quantified the heat losses through the refractory in a steel ladle during holding
and vacuum periods based on the thermocouples inserted at various locations in the refractory
lining. Hanifi et al. [14] simulated the thermal and thermal stress profiles in the refractory lining
of a steel ladle during casting and during idle time after casting and converter tapping. Fredman
[15] summarized the modeling and experimental work done in the refractory lining of a steel
ladle. In all of these investigations, the thermal profiles during heating-cooling events of the

lining show significant thermal variation.

In the above-mentioned investigations, various techniques have been used to quantify
temperature changes in the refractories investigated. Apart from the use of thermocouples to

track temperature changes, analytical methods have also been used. Since these techniques have
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limitations, numerical methods such as finite element method (FEM) and finite difference

method (FDM) appear to be the most commonly used.

Several investigations [16-18] have revealed the presence of significant thermal gradients
in the tuyere region of submerged injection systems due to localized gas-cooling of the
refractory. In summary, all of the investigations indicate that significant thermal gradients in the
refractory lining are common in all of the pyro-metallurgical reactors and that the magnitude and
direction of the thermal gradient changes during the operation. The effect of thermal gradients on

the development of thermal stress is discussed in the next section.

2.2 Thermal Stresses in the Refractories

2.2.1 Origin of the Thermal Stresses

Early wok by Kingery [19] was focussed on the conditions that lead to thermal stresses
and the parameters that influence their magnitude. Kingery suggested that, when the free
expansion of each small unit volume of a material is restrained, thermal stresses arise in the
material due to the differences in the thermal expansion within various parts of the body. In the
material with thermal gradients, the difference in thermal expansion is due to differences in the
temperature within various parts of the body. In an isothermal body of heterogeneous material,
thermal stress arise due to expansion / contraction differences between the various components
of the material (grains, phases, crystals and so forth). Kingery pointed out that in refractories,

thermal stress can be the result of both inhomogeneity of the refractory material and the presence

10
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of thermal gradients. On a microstructural level, refractories consist of different phases with
variations in the grain size, reinforcing particles, etc. When the material is uniformly heated (or
cooled), thermal stress arises due to differences in the expansion (or contraction) behaviour of
these microstructural components. Kingery attempted to explain how thermal gradients generate
thermal stress in the material with the help of Figure 2.3. The figure shows the typical stress
distribution within a slab during (a) cooling and (b) heating. During cooling, the surface tries to
contract and the sub-surface material resists the contraction. As a result, tensile stress occurs near
the surface and compressive stress within the interior. The direction of stress is reversed during
heating. In the case of refractory materials, the formation of tensile stress at the surface during
cooling or in the lining during heating can lead to failure due to the low shear strength exhibited

by refractories [19].
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Figure 2.3: Schematic representation of the temperature profile and the direction thermal stresses
in a slab during (a) cooling and (b) heating [19].
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2.2.2 Influence of Thermal Gradients

As mentioned in the previous section, heating and cooling induces thermal stress in
refractories. The distribution and severity of the stress also depends on the severity of heating
and cooling. Tsibin et al. [6] explained this with the help of a schematic diagram (Figure 2.4) that
shows a refractory material going through three different rates of heating. This situation is
similar to the typical preheating of refractory lining. Figure 2.4 (a) shows the schematic

representation of the temperature gradients generated in a lining when subjected to a convective

boundary condition. 7;, 7, and 7; indicate the times for which the convective heat flux is
applied. It can be seen that the thermal gradient gets steeper from 7, to7,. Figure 2.4 (b-d)

shows the thermal stress profiles corresponding to the times?,, 7, and7;. Zone I and Zone III
are regions which exhibit compressive stresses, whereas, Zone II is a region with the tensile
stresses. As the thermal gradients (at 7,, 7,or7;) are small going away from the hot face, the
magnitudes of the thermal stress (compressive or tensile) are also small, away from the hot face.

The largest temperature change was observed for time 7, and this corresponds to the highest

magnitude of thermal stresses among all three cases (7,, 7, and 7;).

12
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Figure 2.4: Schematic representation of the thermal stress distribution in a concrete lining with
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stress distribution corresponding to times; (b)7;, (¢)7,and (d) 7,
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Chang et al. [20] developed a two-dimensional mathematical model based on the finite
element method for a refractory brick. They considered the case where a refractory brick was
being heated from one end. The results of this work are shown in Figure 2.5, which shows the
temperature distribution and the associated longitudinal and transverse stress distribution after
3000s of heating. It can be seen that a biaxial state of stress is formed near the heated face of the
brick. The locations of the maximum tensile stresses indicate regions of the possible crack
formation. Figure 2.5 also indicates that the magnitude of the maximum longitudinal tensile
stress (11.1MPa, See Figure 2.5(b)) is larger than the magnitude of the maximum transverse
tensile stress (9.1MPa, See Figure 2.5(c)). Thus, if a crack formed, it would most likely
propagate in the transverse direction. This study also showed that the stress distribution changes
at shorter times when the temperature profile is steep. The transverse tensile stresses are higher
than the longitudinal tensile stresses at shorter times indicating that if a crack formed it would

most likely propagate in the longitudinal direction.

The magnitude of the thermal stress also depends strongly on the material properties
[18, 21]. In the above-mentioned analysis, the material was assumed to be homogeneous and the
material properties were assumed temperature independent. The thermophysical properties, i.e.,
conductivity, thermal diffusivity, density and specific heat affect the thermal profile in the
material. Ganguly et al. [21] suggested that in refractory materials, temperature has a stronger
effect on the thermal conductivity than the other material properties such as Poisson’s ratio,
modulus of elasticity and coefficient of thermal expansion. With the help of an analytical
solution they showed that the thermal stress field is strongly dependent on the variation of

thermal conductivity with temperature. The effect of heating and cooling on the Young’s

14
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modulus was studied by Joliff et al. [22] for a bi-phase material of spherical aluminum inclusions
in a glass matrix. They reported an appreciable change in the Young’s modulus when heated and

then cooled down.
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(c) Transverse stress distribution [20].
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2.2.3 Thermal Stresses Experienced in Industrial Operations

In industrial practice, heating and cooling conditions are aggressive and lead to very high
thermal gradients in reactor linings. These aggressive thermal conditions are commonly known
as ‘thermal shock’. Thermal shock is particularly problematic when heating refractory from a
relatively low temperature by contact with hot liquid metal. Aggressive cooling occurs when the
hot-face is exposed to a ‘cold’ environment with correspondingly high rates of convective and
radiative heat transfer. Refractory materials, due to their inherently brittle nature, are susceptible
to cracking under conditions of high heat transfer rates or rapid variations in heat transfer. To
avoid the refractory failure, it is important to know the magnitude of thermal stress when

refractories are subjected to the industrial operating conditions.

A significant amount of work has been done on quantifying thermal stress in lining
materials for various reactors. Nikiforov et al.[23] attempted to specify safe heating rates for
periclase-carbon refractory linings for steel ladles based on thermal and thermal stress
calculations. They experimentally investigated the thermal variation on the inner surface of the
lining during heating and numerically calculated the temperature variation through the lining
thickness. The thermal stresses were calculated based on this temperature profile, assuming

linear-elastic material behaviour with temperature independent material properties.

Figure 2.6 shows the calculated thermal and thermal-stress profiles along the thickness of
the lining. The numbers over the curves show the time (in “h:min” format) after the start of the
heating. Under these conditions, the stresses are compressive near the hot end and transition to

tensile stresses moving away from the hot end. Assuming the tensile and compressive strengths

17
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of the material are 25 MPa and 40 MPa, respectively, the authors predicted that cracking would

take place in the material once the stresses exceed these limits.
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Figure 2.6: Predicted temperature and stress profiles in the refractory lining of the steel ladle at
various times [23].

Gruber et al. [24] developed an FEM based axisymmetric mathematical model for a blast
furnace lining that employed Ram Mix'. They assumed temperature dependent material
properties and used a Von Mises plastic failure criterion for the Ram Mix and the Drucker-

Prager plasticity model for the shaped refractory. Their work showed that the thickness and

! “Ram Mix” is a ready-to-use mixture of refractory aggregates and clay sold in a damp
granular form that can be shaped with a pneumatic hammer or mallet to form a part of the
refractory lining. Ram Mix is usually used as backup insulation behind the “working lining” that
is in contact with the melt.
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compressibility of the Ram Mix are key parameters for minimizing the compressive stress in the

corundum bricks of the working lining that is in contact with the molten iron.

Liang et al. [25] attempted to quantify the transient stresses in the lining of a black liquor
gasifier considering thermal and chemical factors. In their work, they assumed elastic-plastic
material behaviour for the alumina refractories used in this application and predicted the

influence of various process related factors on the refractory stress distribution.

Much of the above-mentioned work assumes simplistic (linear-elastic or elastic-plastic)
material behaviour for the refractories and attempts to capture the ideal process conditions to
avoid cracking based on the predicted magnitude of the thermal stresses. However, refractory
cracking depends on many factors. The next section discusses about the damage in refractory

material.

2.3 Thermally Induced Refractory Damage

Considering the productivity of any reactor, the main objective is to reduce the heating
or cooling time of the refractory lining without inducing large thermal gradients or thermal shock
in the lining that can cause cracking. Cracking, in any form in the lining, limits the refractory
life. However, cracks which are produced normal to the hot face of the lining are less fatal than
those produced parallel to the hot face. The parallel cracks are responsible for sudden loss of
refractory material. The distance of these cracks from the hot face determines the extent of

thermal spalling. Even though refractory materials are often capable of arresting the crack,
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thermal spalling is still prevalent. It is therefore important to understand the cracking process in

refractories.

A significant amount of theoretical and modeling work [25-38] has been done to
understand and avoid refractory cracking during thermal shock. The early work by Schwartz [26]
suggests that the resistance to cracking in refractories depends on the magnitude of thermal
gradients and the material properties. It is however, accepted that cracking in refractories

depends on two mechanisms:

1) Crack initiation

2) Crack propagation

Early design of refractories was based on increasing the resistance to crack initiation. The
idea was to make sure the magnitude of thermal stress does not exceed the tensile strength of the
refractories. The resistance to fracture initiation can be improved by increasing fracture strength,
thermal conductivity and by decreasing the Young’s modulus and the coefficient of thermal
expansion [26,30]. Work has been done to characterize the resistance to crack initiation based on

the bending strength after thermal shock using notched ceramic specimens [31].

However, increasing strength to avoid the initiation of fracture has a negative impact on
crack propagation as it increases the elastically stored energy in the material. Given the
heterogeneity and porosity in the refractory material, it is hard to resist the initiation of cracks in
the refractory materials. If a crack is initiated, the energy acts as a driving force for crack
propagation creating new fracture surfaces. If this energy is more than the total fracture energy

required to propagate the crack over an equivalent cross sectional area of the specimen, then the
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refractory experiences a catastrophic failure. If the elastic energy is less than the fracture energy,
the failure is non-catastrophic [30]. Refractories do not exhibit a high resistance to fracture
initiation, but they can possess a significant resistance to the crack propagation [27]. Therefore,
the resistance to crack propagation can be improved by reducing the elastic energy of the
material and can be achieved by decreasing the fracture strength and increasing the values of
Poisson’s ratio and the Young’s modulus [28]. Hasselman [27,29] suggested “resistance
parameters” in terms of material properties and thermal gradient target to control refractory
cracking and also proposed a unified theory [30] that combines the phenomena of crack initiation

and crack propagation.

Bradley et al. [34-36] developed a thermoelastic material model that employed the strain
energy criteria to predict safe heating and cooling rates accounting for the material properties and

the geometry of the specimen.

Significant efforts have been reported [38-44] that analyze cracking in refractories
following various experiments. Harmuth et al. [38, 39] employed a wedge splitting test in order
to have stable crack propagation. Fracture energy results were used to compare the resistance to
thermal shock for various refractories. Boccaccini et al. [40] used a chevron notched specimen to
determine the fracture toughness values of a refractory material after going through thermal
cycling. They also studied surface damage using an image correlation technique after every
thermal cycle. They considered three cordierite—mullite based refractory materials with varying
silica and alkali contents, which form glassy material phases. The refractory with the highest
amount of glassy phases showed the highest fracture toughness. Their work suggested that

improved resistance to thermal shock can be realized by enhancing the glassy phase responsible
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for crack bridging. Soboyejo et al. [42] observed cracking in a refractory specimen and
confirmed the visco-elastic crack bridging phenomenon due to the glassy phase. They observed
the fracture surface of the refractory specimen after thermal cycling with the help of an SEM.

Figure 2.7 shows the bridges of the glassy phase connecting the cracked surfaces.

Figure 2.7: SEM micrograph of the viscous glassy phase responsible for crack bridging in a
refractory specimen gone through thermal cycling [42].

The research work examined in this area focuses on understanding cracking in
refractories in terms of material properties, process conditions and the geometry of the specimen.
The majority of the experimental work has been aimed at thermal cycling of refractories and

calculating parameters to enhance thermal shock resistance [42-44].
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In an industrial operation, refractories experience repeated thermal cycling with
essentially one-dimensional heat flow. The next section will describe the various experimental

techniques used to carry out thermal cycling studies in refractories.

2.4 Thermal Cycling Experimentations

Due to their inherent brittleness, refractory materials are susceptible to catastrophic
failure due to the thermal stress experienced during thermal cycling in the pyrometallurgical
process conditions. It is therefore necessary to quantify the influence of material properties and
process parameters on thermally induced refractory failure. One of the ways to do that is to
subject the refractory material to thermal cycling and analyzing the material properties before,
during and after the experiment. This test is called a ‘thermal shock test’ in the refractory
literature. The analysis of such experiments is then used to compare various refractory materials
for their resistance to failure. The tests are typically classified into ascending (heating) and

descending (cooling) type of tests.

A large body of the early work in this area is concentrated on descending type of tests
where, the refractory specimen is heated to a temperature of interest and then quenched in a
quench media, most often water [23,43,45-52]. The retained strength after the quench is usually
measured by a three-point bending test. The temperature difference between the heated block and

the water at which the refractory loses a significant amount of strength is called the ‘critical
temperature difference (AT,)’, and is used as a measure of the thermal resistance of the material

[45].
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Singh et al. [45] conducted tests on alumina cylindrical rods with water and silicone oils

with varying viscosities as quenching media. They analyzed the heat transfer characteristics of
refractory samples immersed in the baths and studied the effect of bath temperature on AT.. AT,

was determined based on visible cracking and three-point bending tests on the specimen. They

found that baths with lower viscosity resulted in better heat transfer compared to high viscosity
baths. Due to this, there was an increase in AT, when the viscosity of the bath was increased. At
higher bath temperatures, the viscosity of the quenching medium (silicone oil and water) reduces

increasing the heat transfer coefficient and hence, reducing the AT, as shown in Figure 2.8a.
However, in the case of a water bath (2.8b), AT, decreases initially with the bath temperature, but

then increases after about 60°C. This is due to the occurrence of boiling phenomenon and the

formation of a surface film which reduces the heat transfer coefficient, increasing AT, .
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Figure 2.8: Effect of the critical temperature difference AT, for cylindrical alumina rods on the
bath temperature for (a) silicone oil bath (b) water bath [45].

24



2. Literature Review

Rendtorff et al. [50] attempted to study the effect of multiple thermal shock tests on
mullite-zirconia-zircon refractories with varying zircon content. They heated prismatic bars to
the temperature of interest, quenched in water and dried the refractory. They repeated this cycle
and experimentally calculated the change in elastic modulus with the number of cycles for each
type of refractory. They reported a reduction in the elastic modulus with an increase in the
quenching temperature difference AT . They also reported that the values of the elastic modulus
after each cycle that suggest the cracking in refractories is influenced by the number of
heating/cooling cycles. Figure 2.9 shows the fractional change in the elastic modulus after each
test cycle with the quenching temperature difference (A7) of 800°C. The severity of the
cracking increases up to 3 cycles for these types of refractories. Their work did not explain the

reason for this refractory degradation behaviour.
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Figure 2.9: Effect of the number of thermal shock cycles with AT =800°C on the fractional
change in the elastic modulus for the mullite-zirconia-zircon refractories with varying zircon
content [50].
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To find out the effect of refractory degradation and its link to thermal cycling, Posarac et
al. [51] studied the thermal shock resistance of a cordierite/silicon carbide composite material by
quenching in water from 950°C. The test was repeated multiple times. The effects of testing were
characterized using image analysis on the circular face of the cylindrical sample after every
cycle, shown in Figure 2.10. The number of cycles required to damage the surface by 50 % or
the total destruction of sample was considered as the criteria to judge the material. Their work

clearly shows the degradation of the refractory material with multiple heating/cooling cycles.

(a) Sample before testing (0 cycles) (b) Sample after 4 cycles

(c) Sample after 16 cycles (d) Sample after 36 cycles

Figure 2.10: Effect of the number of cycles on surface damage for cordierite/silicon carbide
composite material [51].

26



2. Literature Review

Significant modeling work has been performed to quantify thermal shock when the
refractory is subjected to quenching in water. To study the thermal shock resistance of
refractories under rapid cooling, Koksal et al. [52] developed a mathematical model of a
rectangular block of refractory to calculate the thermal stress formed during water quenching.
They considered cases where refractory materials were heated uniformly to three different
temperatures (400°C, 600°C and 800°C) and then quenched in the water. The predicted
temperatures, based on an assumed heat transfer coefficient of 5000 W/mzK, and the longitudinal
stresses at the center and surface are shown in Figure 2.11. These results show that due to
cooling, tensile stresses develop on the surface and compressive stresses are generated at the
center of the specimen. It is also evident that higher specimen temperatures result in higher

thermal gradients and higher thermal stress.
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Figure 2.11: Predictions of a thermo-mechanical model for a refractory material subjected to the
sudden cooling. Abbreviations ‘C’ and ‘S’ represent the results at the center and at the surface
respectively (a) Temperature changes with time at the center and at the surface, when
refractories of 400°C, 600°C and 800°C are quenched in water (b) The corresponding stress
distribution [52].

27



2. Literature Review

From the literature, it is evident that the critical quenching temperature difference AT,
appears to be the standard parameter used to quantify thermal shock resistance. However, results
may not be reproducible using this as criteria unless all the process parameters are specified. This
is especially true for the water quench tests where the phenomenon of boiling and steam
formation also depends on the surface condition (e.g., roughness) of the sample [45]. Therefore,
varying surface roughness etc. can cause varying thermal stress for the water based quenching
tests. In addition, it is difficult to quantify the spatially varying heat transfer coefficient and

reproduce the same conditions in the experiment.

Other quenching mediums have been used for these experiments. Soboyejo et al. [42]
used a salt bath to cool refractories samples. They used a sodium nitrate and potassium nitrate
containing salt solution with a melting point and a boiling point of ~275°C and ~550°C,
respectively. Andalusite based burned refractory samples of size 57mm x 57mm x 76mm were
thermally cycled. To carry out thermal cycling, the samples were heated to 1150°C or 1500°C in
the furnace and then quenched in the salt bath which was maintained at ~400°C. A thermocouple
was placed in contact with the specimen. The samples were quenched for ~7-10 min and then
cooled in air. The process was repeated to carry out the desired number of thermal cycles.
Although, the salt bath appeared to be a good quenching medium, a thermal analysis was not
done to precisely quantify the heat flux. In addition, after quenching in the salt bath, the

specimens needed to be cleaned in hot water because they absorbed salt (~40g).

Dambhof et al. [54, 55] used a molten aluminum bath to heat refractory specimens. They
used corundum refractory specimens with dimensions of 50mm x 50mm x 150mm in their

thermal cycling experiments and studied the damage. They developed an experimental set-up to
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create one-dimensional heat flow where one end of the specimen was quenched into the molten
aluminum bath maintained at 1000°C while the other surfaces were insulated. For cooling, the
specimen was exposed to the ambient air. Thermocouples were attached to the sample at various
distances from the quenched end. The thermocouples were used to record the transient thermal
changes at the specific locations on the specimen and the heat flux entering into the specimen

was not quantified.

Other methods to subject refractories to thermal cycling have also been reported [44,56-
58]. These methods have focused on disc shaped specimens. Tomba Martinex et al. [57] used a
high velocity air jet to cool cordierite-based disc-shaped specimens. They attempted to quantify
the thermal shock resistance following the critical temperature difference discussed earlier. Disc
shaped specimens of ~17.5mm in radius and ~2.67mm in height were micro-indented on the
surface. The specimen was heated in a furnace to the desired temperature and then cooled with a
high velocity (330m/s) air jet at room temperature. This procedure was carried out a number of
times by increasing the initial furnace temperature until cracks were visible. The difference
between the furnace temperature and the temperature of the air jet (room temperature) was
reported as the critical temperature difference to cause cracking. The issue with this method is
that the cooling rates achieved with the air jet were not as severe as experienced in quench tests.

Thus, higher furnace temperatures were required to cause failure of the specimen.

The disc shaped specimens were also used [44] to study crack initiation and propagation
in graphite using an arc-discharge technique for heating. Panda et al. [56] developed testing
equipment to carry out ascending type (heating) thermal shock tests on disc shaped specimens

using an oxy-hydrogen flame on one side and water-cooled copper blocks in contact with the
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specimen on the other side. Rogers et al. [58] developed a technique of using metal blocks
directly in contact with the disc shaped refractory specimen to carry out descending (cooling)
type thermal-shock tests. They heated soda-lime silicate glass specimens, 5.08cm in diameter
and 0.159cm in thickness, in a furnace to various temperatures ranging from 400°C to 550°C.
The center of the heated specimen was placed directly in contact with a brass rod of 2.5cm
diameter that induces uniform, biaxial tensile thermal stresses at the center of the disk. A
thermocouple attached to the center of the specimen opposite the brass rod was used to collect
temperature data during the cooling. Acoustic emission sensors mounted to the end of the brass
rod were used to record the cracking events in refractory specimen during the experiment (Figure
2.12). An FE model along with a statistical model of fracture was employed to predict the

probability of the failure as a function of time for various initial specimen temperatures.

To ensure the success of a modeling exercise, attention must be paid to ensure proper
quantification of the thermal boundary conditions. Even though this contact technique has only
been used for the cooling tests, its potential for controlled, and readily quantifiable, heat transfer

conditions makes it more attractive than the conventional quenching methods discussed above.

30



2. Literature Review

Firebrick holder

Refrasil insulation

Microcomputer

Glass disc specimen
—] Cold
Qil junction
' ice bath
Brass rod
Ooc l
7 po.dB L
| Transducer ampj l
o 40 dB Band pass AID converter
AC emgl‘ filter

Figure 2.12: Schematic representation of the thermal-shock test using the “contact-cooling”
method [58].

The refractory behaviour under thermal-shock conditions is connected to the complex
material degradation behaviour. The previous work indicates that there is no unique way to study
the thermal-shock behaviour quantitatively and extrapolate the results for the practical
applications. The analysis of such data is difficult because the results from the tests are usually
linked to the experimental details. Therefore, knowledge of temperature and the associated
thermal stress are necessary to understand the complex refractory degradation behaviour.
Numerical modeling could be an important tool to quantify the thermal stresses in the
refractories going through the thermal-shock conditions. The next section is devoted to the

numerical modeling to study the refractory damage.
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2.5 Modeling Refractory Damage

Refractories are categorized as a special class of materials called “quasi-brittle materials™.
The other materials in this category are structural ceramics, paper, coal, ice, rock and stiff clays.
The “quasi-brittle” classification indicates that the material is not completely brittle and that
linear elastic fracture mechanics (LEFM) do not apply. A significantly larger fracture zone
occurs in quasi-brittle materials compared to that of brittle materials. Figure 2.13 shows a

schematic of the stress distribution along a crack in these materials.

The area within the ellipse is called the fracture process zone in which the stress
decreases non-linearly with increasing deformation (i.e. softening) until eventually complete
fracture occurs (i.e. stress reaches zero). This zone is surrounded by (at the boundary of the
elliptical surface) a zone of hardening where the stress increases non-linearly or remains constant

with deformation. These two zones constitute the non-linear zone.

Linear-Elastic

Softening

Nonlinear Hardening

Figure 2.13: Schematic representation of the stress distribution along the crack in a typical quasi-
brittle material. Adapted from [59].
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In brittle materials (for which LEFM can be applied), the non-linear zone is very small
and tending to be concentrated to a point. In ductile materials, the size of the non-linear zone is
significantly larger than that of the brittle materials. Even though the fracture process zone is still
very small, the hardening zone is large. In quasi-brittle materials, the hardening zone is often
very small but the fracture process zone is large due to the damage associated with micro-

cracking, voids and so forth [59].

Various approaches have been used to model damage accumulation in refractory
materials. Andreev et al. [60] simulated cyclic thermo-mechanical behaviour of a single
refractory brick based on conditions found in the steel industry. They employed a fictitious crack
model for the tensile behaviour to simulate cracking. The initial linear portion of the stress-strain
curve was modelled by assuming linear-elastic material behaviour. The non-linear portion was
modelled by assuming an imaginary crack with cohesive forces acting between the crack
surfaces. Since refractories exhibit plastic deformation when loaded in compression, the
Drucker-Prager yield criterion was employed. They developed a 2-D model with a computation
domain of 225mmx 165mm, applied a heat flux boundary condition to generate 1-D heat transfer

conditions and analysed the cracking pattern assuming no mechanical constraints on the brick.

33



2. Literature Review

1500
1 1] Y Vil
1400 1
)
= £ 1300 -
= 3
= w
= = E= = 5 1200 -
== == == f=
== = = = = § 1100 -
160 L ==i = E= == = F
X - E = = S=S = s = 1000 -
(1 = T = f: == - :‘ f:.
1111 Ll Ll =.=:HU = e = i - ELF 900 T T T T T T T T T T T
Part A 1 1 1 1 1 1 T 71500 74000 76500
Time point | n n [\ % Vi VIl VIl Time, sec
@ (b)

Figure 2.14: (a) Modeling results of the cracking pattern developed in refractory material with
the cyclic thermal loading and (b) Temperature of the hot face [60].

Figure 2.14 (a) shows the predicted cracking pattern at specific times during a series of
thermal loading cycles and Figure 2.14 (b) shows the hot face temperature. It was observed that
even though the range of thermal cycling is constant for each cycle, damage in the form of cracks
accumulates during each cycle. Initially, at stage I (in Figure 2.14) the cracks are opened due to
tensile stresses. When a part of the brick is under compression in the next stage, the crack does
not completely close due to the irreversible strains. During this stage, additional crack formation
occurs near the hot surface because of thermal stresses induced by cooling. Again, in the next
stage of heating, these cracks do not close in the areas loaded in compression due to the

irreversible strains and thus the crack formation continues with additional number of cycles.

Gasser et al. [61] simulated cracking in refractories using a ‘smeared-crack model’ for
tensile conditions to model the softening behaviour. Their results indicate that the first thermal

cycle causes significant damage to refractory linings.
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Approaches based on continuum damage mechanics (CDM) have been used by various
researchers to model damage [62-64]. In the CDM approaches, damage, related to
microcracking, porosity etc. is locally represented by a damage variable ranging from 0 (for
undamaged material) to 1 (for a completely damaged material). The value of the damage variable
is expressed in terms of a measurable physical quantity; usually it is the fractional loss in the

elastic stiffness relative to the undamaged material.

Liang et al. [62] employed a CDM approach to model the failure associated with a
cylindrically shaped black liquor gasifier lining. They considered the effects of thermal cycling
as well as the effects of chemical reaction between melt and the refractory lining. The time and
temperature dependent strain induced by the chemical reaction was included as an inelastic strain
in the finite element formulation within ABAQUS. Their model, shown in Figure 2.15,
considered a radial 2-D strip consisting of different layers of refractory bricks and the outer
fibre-steel support. They applied a constant temperature (950°C) boundary condition at the inner
surface of the lining and assumed the outer surface loses heat to the surrounding environment by

natural convection and radiation. The outer steel shell was constrained in the radial direction.

The damage predicted by the model for conditions representing 3 months of operation is
shown in Figure 2.16. The highest values of damage are 0.39 and 0.014 in compression and
tension, respectively. The highest value of tensile damage occurs near the joints. The hot face of
the lining also shows a high value of damage indicating cracking. Although, the predicted
damage parameters were not validated against any experimental data, this model gives a general

understanding about the possible locations of the cracks.
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Figure 2.15: Schematic of the computation domain for the black liquor gasifier model [62].
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Figure 2.16: Predicted damage of the refractory lining after 3 months of operation [62]
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Dambhof et al. [54] developed a CDM-based finite element model that was capable of
incorporating the thermal stresses in a coarse-grained material. They incorporated strains
associated with the thermal gradient as well as the strains due to the external mechanical
constraints on the refractory. The variables related to the microstructural inhomogeneity were
assumed and later fit with the results from the thermal shock experiment. They considered a case
where one end of a refractory bar initially at 20°C is suddenly immersed into the molten
aluminum at 1000°C. Temperature data were obtained from thermocouples inserted along the
centerline of the refractory bar at varying distances from the hot-face. Figure 2.17 shows the
computation domain with the boundary conditions and the predicted damage evolution after 10 s
of heating. Figure 2.17 (b) shows the contour plot of the damage variable. It shows that the
maximum value of the damage parameter, ~0.4, occurs near the heated end on the surface. The
value of the damage parameter indicates a 40% loss of stiffness compared to the undamaged

material. This region indicates cracking after 10 s of heating.
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Figure 2.17: (a) Computation domain and boundary conditions used for the damage analysis and
(b) Damage contour after 10 s of heating [54].

A more recent investigation by Henneberg et al. [65] in this area was targeted on

compared to shorter duration heating (i.e. 0.1s).

incorporating fracture mechanics into the CDM approach in same the model. Their work
provides a methodology to incorporate microcrack initiation and propagation phenomena into the
CDM model. They simulated pulsed heating of a refractory specimen using an FE based model.
Although, the results were not validated against experimental data, their simulation provides
useful insights about the refractory cracking behaviour and indicates that longer duration heating

causes damage effects to penetrate further into a specimen and also causes larger overall damage
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2.6 Summary

The previous work in the area of thermally induced refractory failure is summarized by the

following points.

Investigations in the area of heat transfer and thermal modeling highlighted that thermal
cycling and the associated thermal gradients in a refractory lining during industrial
operations can be severe. This is due to the very low value of thermal diffusivity of the

refractory materials.

Research considering the thermal stress in refractories indicates that during a single
heating-cooling cycle both the direction (tensile versus compressive) and magnitude of
the associated thermal stresses fluctuate. During heating compressive stresses are
introduced near the surface and tensile stresses are introduced during cooling.
Refractories exhibit lower strength in tension than in compression, therefore, tensile
stresses are critical when considering thermal failure during the operation. Most of the
modeling work reviewed has focused on a single heating or cooling event using FEM

with the assumption of a linear-elastic material behaviour.

Theoretical and analytical work in the area of refractory failure indicates that refractories
have a low resistance to fracture initiation, but a significant resistance to the crack
propagation. Parameters that predict crack initiation and propagation in terms of the
material properties have been proposed. The bulk of the studies on refractory failure has

concentrated on studying or estimating these parameters.
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Various experimental techniques were used to introduce sudden thermal cycling in
refractories to study their failure behaviour. Most of the experiments reviewed involved
quenching specimens in various media, which possesses issues related to quantifying, as
well as, controlling the boundary conditions. In addition, most of these studies
concentrated on only one heating or cooling event with multidimensional heat flow in the
refractory specimen. Thus, these conditions diverge from the thermal conditions that are
usually experienced during industrial operation. Experiments using a cold metal block in
contact with a hot refractory specimen enable quantification and control of the thermal

conditions.

Due to their large fracture process zone, refractories are classified as “quasi-brittle
materials” and the assumption of linear-elastic material behaviour does not apply to for
characterizing damage. Approaches based on fracture and damage mechanics have been
used to model damage in refractory materials. The CDM approach appears to be an
effective means to quantify damage in laboratory scale experiments if the damage can be
expressed in terms of a relatively easily quantifiable material properties such as elastic

stiffhess.
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3. Scope and Objectives

The literature review indicates a need for quantifying the thermal degradation of
refractories when subjected to multiple thermal cycles. One of the ways to do this is to develop
an experimentally validated thermomechanical model that considers refractory strength
degradation under the repeated thermal cycling that is typical of pyrometallurgical and other high

temperature processes.

Considering the damage evolution in an entire lining would be difficult due to many
factors. The design of the refractory lining varies from furnace-to-furnace as well as
campaign-to-campaign. To develop a mathematical model of an industrial application, one
would need to know the details of the design as well as the spatial and temporal boundary
conditions that apply during operation. This data is difficult to acquire and not available in the
literature. Additionally, simulating an entire lining with a damage-based thermomechanical
model would be computationally expensive. Parameters such as size and shape of the refractories
and the presence of refractory joints can complicate the analysis. Additionally, the data required
to validate a thermal and thermomechanical model of an entire lining is difficult to acquire. A
single refractory specimen has the distinct advantage of bypassing the
above-mentioned issues. In addition, it allows one to consider the underlying refractory

behaviour in the absence of complicating factors such as the brick installation pattern and joints.

Considering these factors, the overall objective of this thesis is to develop an
experimentally validated thermomechanical model capable of predicting refractory degradation

during thermal cycling. To accomplish this objective following tasks have been identified:
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Design an experimental set-up such that multiple thermal cycles can be induced on a
single refractory specimen while controlling and quantifying the heat transfer conditions;
Conduct thermal cycling experiments on refractory specimens and assess the thermally
induced damage before and after the experiments;

Develop a one-dimensional inverse heat conduction model to quantify the heat flux
experienced by a refractory specimen during the thermal cycling experimentation.
Develop a 3-D thermo-mechanical model with ABAQUS as a platform to predict
transient thermal and thermal stress fields and damage accumulation accompanying both

single and multiple thermal cycles.
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4. Experimental Methodology

An experiment has been designed to perform thermal cycling (thermal shock) on the lab-
scale. The experiment is used to study the thermomechanical response of a refractory material to
thermal cycling. The first section of this chapter details the development of the experimental set-
up and the second section provides the details of the instrumentation and characterization

techniques used during and after the experiments.

4.1 Laboratory-Scale Thermal Cycling Experiments

The primary aim of the experiments performed in this work is to validate a damage based
thermomechanical model for a single refractory specimen for conditions relevant to industrial
operation. The experiments can also be used independently to study the damage resistance of
refractory materials subjected to thermal cycling conditions. The experimental methodology was
to be designed to promote one-dimensional heat flow in the refractory specimen. In addition, it
was intended that the magnitude of the induced thermal stresses be large enough to cause
damage in the refractory specimen. As discussed in the Literature Review, the technique of using
hot and cold metal blocks to heat and cool the refractory specimen is a simple and effective

methodology.
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4.1.1 Experimental Procedure

In the initial form of the experiment, the baseline methodology was to place a hot
(~1000°C) metal block in contact with a cold (room temperature) refractory specimen. After a
specified amount of heating time the hot metal block would be replaced with a cold (room
temperature) metal block. This procedure would be repeated for multiple heating / cooling
cycles. The schematic of the “contact thermal cycling” experimental setup is shown in

Figure 4.1.

Metal Block

(preheated in a furn acﬂ\

-—I—r\

Cold Metal Block

Refractory Specimen / Brick holder

Figure 4.1: Schematic of the “contact thermal cycling” experiment

The experimental setup employs metal blocks for heating and cooling, as well as, other
ancillary components to facilitate the testing. Various factors were considered in choosing the
materials for the refractories and the metal blocks. These factors will be discussed in the next

sections.
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4.1.2 Choice of a Refractory Material

A refractory materials is defined as, “any non-metallic material capable of withstanding
elevated temperatures, without destruction or deterioration (by fusion, sublimation,
chemical-decomposition or physico-chemical transformations) so rapidly as to preclude its use in
the construction of vessels, linings, furnace walls, flues etc., subjected to high temperatures
[66].” These materials may be further classified into various categories. The classification can be
based on the chemical composition (basic, acidic and neutral refractories), the operating
temperature range, the method of manufacturing (power pressed, dry pressed, electrocast, wire
cute etc.), or their physical appearance (shaped or unshaped). However, irrespective of the type,
a refractory should possess adequate strength, resistance to mechanical and/or chemical attack
and good insulating properties. Therefore, it is important to assess refractories to ensure they
provide adequate properties relevant to their intended use. A significant amount of work has
been done to investigate the thermo-physical properties of refractories. The testing methods are
fairly well established and documented in the literature [67]. Hence, the data for thermo-physical
properties for many refractories is readily available or easily acquired by testing. However, due
to brittle and inhomogeneous nature of refractories, mechanical testing of refractories is difficult
to perform. Gripping of the specimen (especially for tensile tests) requires special set-up.

Furthermore, testing at elevated temperatures adds significant complexity.

To model the progressive damage that occurs in refractories during thermal cycling,
cyclic mechanical testing at elevated temperatures is necessary. Acquiring this data is very
difficult due to the factors mentioned above. Cyclic, uniaxial loading-unloading tests in tension
as well as in compression at room temperature and at elevated temperatures are needed.
Researchers at the Groupe d'Etude des Matériaux Hétérogénes (GEMH) lab in Limoges, France
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have developed the equipment and methodologies necessary to perform these tests. Only a few
refractories, tested with this methodology, have been reported in the open literature. The choice
of the refractory material for this study was based on the availability of data for a high
temperature refractory suitable for lining a metallurgical vessel. The material used for the current
work was andalusite-based refractory concrete, manufactured by TRB Refractories, France
(TRB). This material is being widely used in the secondary steel-making reactors. The same
material from TRB has been tested and the damage-related property data is available in the

literature.

The material studied in this work is a silica-aluminous refractory with low cement
content. The material consists of ~7% high alumina cement (trade name “Secar 21”°) and ~93%
aggregates of the andalusite mineral. The overall composition of this material is 58% ALO;3,
37.5% Si10,, 2.3%Ca0, 0.9% Fe,Os and traces of impurities. The open porosity in the material is
6%. Figure 4.2 shows the microstructure of the material consisting of andalusite grains of
0.3-1.6mm in the cementitious matrix. Andalusite is an alumino-silicate mineral that typically
contains 54-60% Al,O3 and 37-42% SiO,, as well as traces of impurities such as Fe,O;, CaO,
Ti0,, MgO, Na,0 and K,O. It exhibits high thermal shock resistance at temperatures as high as

1250°C.
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~d’andalousite
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Figure 4.2: Microstructure of andalusite-based refractory concrete [67]

The matrix contributes to about 37.5% of the material by mass and maximum grain size is about
200um. The matrix consists of 20% cement (Secar 21), 20% calcined alumina, 12.5%
microsilica, 40% kerphalite (same composition as andalusite), 7.5% cyanite and traces of other
impurities. The thermo-mechanical properties of this material are discussed in Chapter 6 as part

of the model development.

4.1.3 Choice of a Material for Metal Blocks

The material selected for the metal blocks to heat and cool the refractory specimens was

based primarily on the thermal diffusivity. Initially, copper blocks were considered due to

copper’s high diffusivity (o =1.12x10"*m* /s). However, two concerns were identified with

the use of copper: 1) at high temperatures (~1000°C) deformation of the copper via creep may be
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significant and 2) copper will oxidize significantly at high temperatures, which would affect heat

transfer to the refractory specimen.

In order to minimize the creep and oxidation issues, the use of stainless steel was
considered. Since stainless steel has a lower thermal diffusivity (o =~1.1x10"m?/s) than

copper (a=~1.1x10"m?/s), it is important to assess the effect of this material choice on the
resultant refractory thermal profile. A 2-D thermal model was developed in the commercial finite
element software, ABAQUS. A contact interface boundary condition, assuming an interfacial
heat transfer coefficient of 1000W/(m’K), was applied to allow a qualitative comparison of
different heating block materials. The computational domain and the boundary and initial
conditions used in the model are shown in Figure 4.3. The material properties used for copper,

stainless steel and refractory material used for the simulation are shown in Table 4.1.

Thermal Condu_‘ctauce
(ho=1 000 Wm-K

=1000°C q=0 = 256°C

_ﬁﬁlm o

/oo -

q=0 q=0

Metal Block Refractory Specimen

Figure 4.3: Schematic of the computational domain and the boundary conditions for a thermal
model used to assess candidate heating block materials.

The model was run to predict the temperature profile in the metal heating block and the

refractory specimen considering metal blocks manufactured from copper and steel. The initial
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temperature of the metal blocks was assumed to be 1000°C. The resulting temperature profiles of
the refractory specimen are plotted after 10min of heating for both the copper and steel blocks in
Figure 4.4. The maximum difference (~70°C) between the two profiles is observed at the
interface. However, the difference decreases with increasing distance from the metal-refractory
interface. At 3cm from the interface, the temperature difference has decreased to about 30°C.
Although the value of the interfacial heat transfer coefficient was assumed, the same value was
applied for both candidate materials to facilitate a direct comparison. A larger value of the
interfacial heat transfer coefficient implies more efficient heat conduction across the metal-
refractory interface. It was observed that the difference between the thermal profiles was larger
when larger values of the interfacial heat transfer coefficient were used. However, the
differences showed less sensitivity when the interfacial heat transfer coefficient was above
~1000 W/m”K suggesting that heat transfer becomes limited by heat conduction through the

refractory specimen for these conditions.

Table 4.1: Thermophysical material properties used in the 2-D thermal model

Material
Property Units Copper Stainless Steel Refractory
Thermal Conductivity, k Wm/K 385 14.7+0.0127T 1.9
Density, p kg/m® 9860 7800 2650
Specific heat, C, J/kg/K 390 490 960

These results suggest that using stainless steel blocks to heat the refractory specimens
will not significantly affect the overall thermal profile in the refractory. This is due to the very
low value of the thermal diffusivity of the refractory (~7.5 x 10~ m?/s). This model also shows
that using stainless steel blocks it is possible to create significant thermal gradients in refractory

specimens.
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Figure 4.4: Predicted thermal profile of the refractory specimen after 10 min of heating when
copper and steel blocks were used.

4.1.4 Design of the Thermal Cycling Experiments

In order to finalize the design of the thermal cycling experiments, the dimensions of
refractory specimen and steel block as well as the duration of the heating / cooling cycles need to
be defined. These parameters were defined by considering the instrumentation factors as well as

the thermal response of the refractory and steel blocks.

Ultrasonic testing can be used to determine velocity of sound in a material and a
reduction in the velocity of sound indicates cracking or damage in the material. The refractory
specimens used in this work were characterized both before and after thermal cycling in an effort
to measure the damage development. To carry out these tests, two transducers, acting as a

transmitter and a receiver, are used. A 54kHz ultrasonic transducer (manufactured by TICO),
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which is ~5cm in diameter, was used for these measurements. Considering the size of the

transducer, the width of the refractory sample and that of the steel block was fixed to 6¢cm.

The 2-D thermal model presented in Section 4.1.2 was used to assess the effect of the
refractory specimen and the steel block lengths. Initially, the model was run with steel blocks of
various lengths. The temperature distributions in the refractory block were analyzed after 10min
of heating time for each block length. The results showed that the thermal profile of the
refractory did not change appreciably when the length of the steel block was changed.
Additionally, when various lengths of the refractory specimen (within 10 - 20cm) were
implemented in the model, the thermal profile of refractory specimen did not change

significantly.

The heat loss from the steel blocks was used as a criterion to choose their size. Small heat
loss would ensure that the steel block could be reheated in the furnace in a short period of time
and be used for multiple heating-cooling cycles. To estimate the cumulative heat loss from the
steel block, the change in the average temperature was used as an indicator. The nodal
temperatures along the longitudinal direction of the steel block were averaged and the resultant
average temperatures were plotted against time in Figure 4.5 for four different lengths of steel

block.

The results show that the average temperature change from the initial condition (1000°C)
at 600s decreases with increasing length of the steel block. The temperature drop is significantly
for the lengths smaller than 15c¢m. For instance, the temperature drop for a 10cm steel block is
~170°C compared to ~90°C for the 15cm steel block. Increasing the length of the steel block

more than 15cm does not reduce the average temperature drop significantly. In the experiments,
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which involve manually manipulating these hot steel blocks, it was desirable to have a smaller
block size due to the difficulties in handling heavy and hot steel blocks. Based on the above-

mentioned factors, the length of the steel block was chosen 15cm.

1,000
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Figure 4.5: Predicted average temperature history of steel blocks with various lengths.

In the thermal cycling experiments, the refractory specimens will go through multiple
heating-cooling cycles. The 2-D thermal model was used to determine an acceptable cycle time.
Ideally, smaller cycle times were desired to ensure high heat flux across the interface throughout
the experimentation. However, the experimental procedure involves replacing the steel blocks
with others (either hot or cold depending on the stage in the experiment) and this could consume
time. Considering this time lapse, a minimum cycle time of 10 min (5 min for both the cooling
and heating stages) was proposed. The thermal model was run with various cycle times to

determine the effect on the refractory thermal profile. The lengths of the steel block and the
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refractory specimen were 15cm. The simulation was run for five heating-cooling cycles with
total (heating and cooling) cycle times of 10, 20 and 30min. The results, shown in Figure 4.6,
indicate that the location of the peak temperature moves away from the interface with increasing
cycle time but the magnitude of the peak temperature increases only slightly. Therefore, a cycle
time of 10min was selected due to the expected small increase in the corresponding thermal

stress with the higher cycle times.
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Figure 4.6: Predicted thermal profiles of refractory specimen after 5 cycles with various heating
(or cooling) times.

4.2 Instrumentation

An instrumentation plan was developed to collect data before, during, and after the each

experiment. The goals for the instrumentation plan were to monitor the temperature changes in
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refractory specimen and the steel block during the experiments and measure the damage

accumulation in the refractory specimens due to thermal cycling.

4.2.1 Thermocouples

During the experiments, the temperature of the steel block was measured. A type-K
thermocouple was spot welded at a location lcm from the steel-refractory interface at the
geometric center of the steel block cross-section. Similarly, a thermocouple was inserted in the
refractory specimen lcm from contact interface on the centerline. The thermocouples from the
refractory specimen and the steel blocks were connected to a DAQ system (a National
Instruments cDAQ-9171). Temperatures were recorded every 0.2s or 0.5s. The temperature data
from the steel block was used in inverse heat conduction (IHC) analysis to calculate the heat flux
conditions at the contact interface. The temperature data from the refractory was used to validate

the thermal model of the refractory specimen.

4.2.2 Ultrasonic Testing

As discussed earlier, an ultrasonic testing device can be used to measure the velocity of
sound in a material. The direct transmission technique was used in this work. An ultrasonic pulse
is produced by the transducer to generate a longitudinal sound wave in the material. The sound
wave is transmitted through the refractory material to the other side of the specimen where it is
measured by another transducer. Based on the time of travel and the distance between the
transducers, the velocity of the sound wave is calculated. When a material is damaged, the

velocity of sound in the material will be less than when the material is undamaged. The velocity
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of longitudinal sound wave in a material can be used to determine the modulus of elasticity using

the following equation [68]:

_ pvi(a+v)(1-2v)

E (1-v)

(4.1)

where E is the modulus of elasticity, p is the density, v is the velocity of sound in the material,
and v is the Poisson’s ratio. Employing this equation, the percent reduction in the modulus of

elasticity (or percentage damage, “D”’) can be calculated using the following equation:

D=2"2x100 (4.2)
0

The speed of sound in the refractory specimens was measured using two ultrasonic
transducers (model TICO operating at 54kHz) placed opposite to each other on either side of the
specimen being measured as shown in Figure 4.7. An effort was made to ensure that the
transducers were exactly opposite each other while testing to make sure the distance between
them is the width of the refractory specimen (6cm). As mentioned earlier, the transducers were
circular shaped with a diameter of Scm. The system was calibrated using a steel sample for
which the value of the velocity is known. Measurements were performed at room temperature
before and after the thermal cycling experiments. Since the elastic modulus is directly
proportional to the square of velocity, the percentage damage is calculated directly from the
velocity values. Three readings were performed at each location and the average value was
reported. The variation in the measurement at one location on a refractory sample was within

+75m/s of the average value.
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Figure 4.7: Locations of the ultrasonic measurements on refractory specimen.
4.3 Experimental Set-up

Considering the experimental parameters and the instrumentation discussed above, a
set-up for the experiments was developed. The components used in thermal cycling experiments

are shown in Figure 4.8.

Radiation Shield

Top Cover ——
~__Steel Block
Stainless Steel Shell -
_Refractory Block
Base Castable
i -~ Metal Frame

-

(@) (b)

Figure 4.8: Set-up for the thermal cycling experimentation: (a) Schematic representation (b)
Photo of the set-up.
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During the thermal cycling tests, the refractory test specimen was placed on a base made
from a castable refractory material to minimize thermal losses from the bottom end of the
refractory specimen. In order to achieve one-dimensional heat flow, the refractory specimen and
the steel block were enclosed in a cylindrical cover made from stainless steel with a polished
inner surface to minimize the heat loss through the radiation. A cap, also made from stainless
steel, was used to cover the top of the steel block. To support the cylindrical cover, a stand was

fabricated from steel.
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5. Methodology of Thermal Modeling

The design of the experimental apparatus assumes that the stainless steel blocks
contacting the refractory specimen are initially isothermal. By alternating contact with hot
(~1000°C) and ambient temperature blocks, the refractory specimen will experience thermal, and
consequently thermal-stress, cycling. In designing experimental set-up, it was assumed that all of
the heat that is transferred from or to the steel block is equal to the heat gained (or lost) by the
refractory specimen. Considering the experimental design for this study and the potential for
deviation from the assumptions on heat flow, it was crucial to quantify the heat flux from the
steel block to the refractory specimen. Two types of thermal models were developed to do this:
an inverse heat conduction (IHC) model and a 3-D thermal model in ABAQUS. The IHC model
was developed to calculate the interfacial heat flux using the temperature data measured in the
steel block. The 3-D thermal model was developed with predicted flux values from the THC
model as a boundary condition and was needed to provide the input temperature field for a 3-D

thermal stress model.

5.1 Inverse Heat Conduction Analysis

An THC analysis was performed to predict the heat loss from the steel block during the
experiments based on the measured steel block temperatures. The predicted heat flux from the
IHC analysis (interfacial heat flux) was then used to in a forward heat conduction (FHC) model
of the refractory specimen to predict the temperature distribution for comparison with
measurements. The IHC analysis could not be performed directly on the measured temperature
data from the refractory specimen of the very low thermal diffusivity (of the order of 10" m*/s) of

the refractory materials, which causes numerical conversion issues. Instead, it was applied to the
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steel block temperature data and then a FHC model was used to check the results in the

refractory specimen.

IHC analysis can be used to quantify the transient heat flux variation at locations where
the temperature data is available. The IHC method employs a heat conduction model to
numerically calculate a sensitivity matrix with respect to time by perturbing the heat flux
boundary conditions. The measured temperature data and the sensitivity values together are then
used to estimate the heat flux value for a time increment. In the current analysis, an FEM based
heat conduction model was developed in FORTRAN to predict the temperature changes in the
steel block. This section describes the development of the inverse heat conduction analysis, its

validation, and the application to the current experimentation.

5.1.1 Forward Heat Conduction Analysis

To predict the temperature evolution in the steel block, a FHC model was developed.
This model predicts the temperatures in the steel block based on the input heat flux (hence the
term “forward”) as opposed to the IHC analysis where the heat flux that is driving the model is
predicted based on the temperatures at a known location. The governing equation for transient

heat conduction that is solved in this model is:

18T 82T  8%T . 62T
— = 1
a ot S5x2 t Sy? T 5z2 -1)

where T is temperature, x,y and z are the spatial variables in the Cartesian co-ordinate system

and «a is the thermal diffusivity of the material given by:
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a=— (5.2)

where p C,, k are the density, specific heat and thermal conductivity of the material. The left

hand side of equation (5.1) describes the rate of increase in the internal energy per unit volume

and the right hand side relates to the heat conducted in the material per unit volume.

In order to solve this transient heat transfer problem numerically, an
FORTRAN code was developed using a Finite Element Method (FEM) formulation. Even
though the heat transfer in the current experimental design is one-dimensional, the analysis was
performed with 2-D elements, as the code was readily available. The size of both the steel block
and the refractory specimen used in the experiments was 15¢cm x 6cm x 6cm. Due to
one-dimensional heat transfer conditions that were assumed to prevail, a temperature gradient
was expected to develop in the longitudinal direction (along the length of the specimen) only and
with no gradient in the transverse directions (along the width of the specimen). To reduce the
computational load (number of elements), the model domain was reduced to 15cm x lem. The
domain was divided into 10 elements of varying sizes in the longitudinal direction as shown in
Figure 5.1. For this model, changing the number of elements within the range of 6-20 did not
alter the results. The material properties used in the model for the steel block are given in
Table 5.1. In model, a constant heat flux boundary condition has been to the edge of the domain

consistent with the location where heating or cooling occurs.
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Figure 5.1: Boundary condition and the computation domain for the forward heat conduction

model.

Table 5.1: Material properties used in the forward heat conduction model for the steel block
[69, 70]

Material Property Unit Value
Thermal conductivity (k) W/m/K 14.7+0.012T
Density (p) kg/m’ 7800
Specific heat (C, ) J/kg/K 490

5.1.2 Validation of the Forward Heat Conduction Model

The forward heat conduction model used in the IHC analysis was validated by comparing
the temperature predictions from the model to an analytical solution for a simple 1-D problem.
The 1-D problem selected was the transient heating of a semi-infinite solid via a constant surface

heat flux. The analytical solution for this problem is given by [71]:

_ 2q(at/ )"? —x’ _gx x
T(x,t)=T + Z exp[ ot ] . rfc(—z@j (5.3)

where & = (k/ pC p) is the thermal diffusivity of the material, 7(x,?) is the temperature at location

x at time ¢ after applying a heat flux of ¢ and 7; is the initial temperature of the material. An
initial temperature of 900°C was selected for the model. The thermo-physical properties for steel,

summarized in Table 5.1, were employed except for k which is assumed to be constant for this
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analysis with a value of 25W/m/K. Since, the interfacial heat flux values for the current
experimental work are unknown, a range of values from 0.1 - 1 MW/m” were considered to test
the model with the expectation that this will cover the possible heat flux values experienced in

this study. The results for the heat flux value of ~150kW/m? are discussed here.

The forward heat conduction model was run for 1500s. The predicted temperatures at
nodal locations corresponding to x = 1, 5, 10 and 15cm were selected for comparison with the
analytical solution. The temperatures calculated with the analytical solutions at these locations
for 1500s, using Eq. (5.3) are compared with the model predictions in Figure 5.2. It can be seen
that for each location, the agreement is excellent in the initial period (~400s) and then the
predictions diverge from the analytical solution where the semi-infinite solution is not valid. The
model was also tested for other material properties that are consistent with the refractory
materials. Overall, the model predictions are in a good agreement with the analytical solution
when semi-infinite conditions exist in the model domain. This exercise shows that the forward
heat conduction model is capable of accurately predicting temperature for conditions relevant to

the current study.
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Figure 5.2: Comparison between the model prediction and the analytical solution for a
semi-infinite geometry with the constant surface heat flux boundary condition.

5.1.3 Inverse Heat Conduction Analysis

In the forward heat conduction analysis (FHC), the temperature distribution within the
model domain is predicted using a known boundary condition. By applying an IHC analysis, an
unknown boundary condition can be determined using measured temperatures. In an THC
analysis, the temperature distribution within the domain is NOT known a priori, rather the IHC
analysis determines a boundary condition that replicates the (measured) temperatures at locations

in the domain (or at a single point if the problem is 1-D). As part of this analysis procedure, a
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FHC model is used to predict the temperature distribution in the domain. The schematic

representation of these two problems is shown in Figure 5.3 [72].
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Figure 5.3: Schematics of the forward and the inverse heat conduction problems [71].

In order to understand the algorithm for the inverse analysis, consider a 2-D
representation of the computation domain used for the current work shown in Figure 5.3. The
thermocouple location and the boundary conditions are also shown in Figure 5.4. This domain
represents the steel block in contact with the refractory material. The refractory specimen is
assumed to be on the right hand side of the steel block and q(t) is the transient heat flux
occurring across the interface with the refractory specimen. Since the steel block is enclosed in a
radiation shield, the heat loss to the surrounding from all surfaces except the one in contact with

the refractory specimen was assumed to be zero.
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Figure 5.4: Schematic representation of the computation domain and the boundary conditions for
the inverse analysis.

As shown in Figure 5.4, a time dependent heat flux, g(¢), is applied to the steel block at
x =0. The temperature data is available at location 1cm from the interface at time intervals of

A0 . The aim of the problem is to calculate the unknown heat flux g(¢) based on the knowledge

of temperature history at x =1cm and the thermo-physical properties of the material.

In order to solve the problem, the unknown heat flux ¢(7) is discretized into a series of
heat fluxes,q;, using the time intervals of A@. Note that the time interval A€ is based on the
available temperature data being used with the inverse analysis and is different than Az, the
“time step” used in the forward heat conduction analysis. The heat fluxes are calculated to
minimize the differences between the calculated (T;) and measured (7,") temperature values at

each time interval.

base

For any time, i.e. £ =7,, an initial value of the heat flux, ¢"“*“, is applied and the baseline

base

temperature, 7", is calculated after the time interval of A@ using the FHC model. q is

1

then increased by a small amount Ag (g™ = ¢"**+ Aq) and the FHC model is re-run from
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t = i to predict a modified temperature, 7,"°**’ . A sensitivity parameter can then be calculated

according to:

modified base
— a_q _ 4 — 4
i aT - ]-;modiﬁed _ 'base

1

(5.4)

Using the sensitivity parameter, the heat flux, ¢;,, corresponding to the measured

temperature, 7", can be calculated as:

q_ — qbuse+xSi(7—;m _]wibase) (55)

1

The numerical solution of the IHC analysis can have difficulty converging because of the
non-linear heat transfer conditions resulting from the temperature dependent materials properties.
To avoid or limit solution instability, a relaxation factor x is introduced. The value of the
relaxation factor lies between 0 and 1. Suitable values of x are chosen based on the convergence

behaviour of the problem being investigated. For the current analysis, 0.2 was found to be a
suitable relaxation factor value. The calculated heat flux,q;, is then applied in a forward model
step and the temperature T is calculated. If the temperature difference (7" —T7;) is smaller than a
specified tolerance limit (7" —7, < Tolerance), then the calculation has converged. Ideally, the

tolerance limit should be small in order to approach the exact solution. However, if too small a
value is used, convergence issues or a physically unrealistic solution occur. In this analysis, the

tolerance limit was chosen to be 5°C.

In this instance, the nodal temperatures of the domain are updated and the calculations are

carried out for the next time interval ¢, (#,, =t +A@). If the condition 7" — T, < Tolerance is
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base

not satisfied, then the calculations are repeated with ¢"““ = g, until the condition is satisfied. The

temperatures are then updated and the calculations are carried out for the next time interval ¢, .

The flow chart for the inverse analysis is shown in Figure 5.5.
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Figure 5.5: Flowchart for the inverse heat conduction analysis
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5.1.4 Validation of the Inverse Heat Conduction Model

In the current work, the temperature data from the steel block will be used to calculate the
heat flux experienced by the steel block at the contact interface. The heat flux at the interface is
expected to vary with time as the steel block cools and the refractory heats up. Thus, the ability
of the IHC model to calculate a time varying heat flux was used as a test problem to validate the

IHC analysis methodology.

As a first step in this validation process, the transient temperature variation in a steel
block subjected to a time varying heat flux was predicted with the forward conduction model.

The predicted temperature data was then input to the IHC model to back-calculate the heat flux.

A known heat flux, g(¢), based on a sinusoidal curve given by Eq. (5.6), was applied to

the forward model.

() =50+ {103 sm(%ﬂ (5.6)

where ¢ is the time in seconds and ¢(¢) is in kW/m”. A time step of 0.2s was used for both the
FHC and THC models. The initial temperature of the domain was 25°C. The 10-element mesh,

shown in Figure 5.1, with varying element size was employed.

The forward model was run for 250s. The temperature data at a node, located
1 cm from the hot end, with a constant interval of 5s was extracted. This data was used as an
input to the IHC model and the heat flux values were back-calculated. Consistent with the
temperature date, a 5s time interval was used in the IHC analysis. The input and predicted values

of the flux are compared in Figure 5.6.
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Figure 5.6: Comparison between the input and the predicted values of the heat flux using a
10-element mesh.

Overall, Figure 5.6 shows good agreement between the input and the predicted values of
the heat flux. However, at the center of the curve, at about 125s, the calculated heat flux deviates
from the input. This was attributed to the coarse mesh used for the simulation. The domain was
refined to 100 elements with a gradually increasing mesh size. The results with the refined mesh

show a very good agreement as shown in Figure 5.7.
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Figure 5.7: Comparison between the input and the predicted values of the heat flux using a
100-element mesh

This exercise shows that the IHC model is capable of predicting the heat flux entering

into the refractory specimen using the temperature data from the steel block.

5.2 3-D Thermal Model

The heat fluxes calculated using the IHC analysis were used as input to a 3-D thermal
stress model developed with ABAQUS. The thermal stress model was developed as a
sequentially coupled simulation where a thermal model is run first and used as input to a stress
model. The 3-D thermal model was developed using the interfacial heat flux values as a
boundary condition. The predicted temperature data from the thermal model was used as an input
to a 3-D stress model developed separately using the same mesh as the thermal model. The
computational domain, shown in Figure 5.8, was based on the refractory specimen geometry.
Due to symmetry only a quarter section of the geometry (15¢cm x 3cm x 3cm) was simulated. The
domain was divided into elements (ABAQUS heat transfer element designation is DC3D8) of
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varying sizes as shown in Figure 5.8. The thermal properties of the Andalusite-based refractories

used in this study are summarized in Table 5.2.

6cm

Figure 5.8: Boundary conditions and the computation domain for the 3-D thermal model.

Table 5.2: Thermal properties of refractory used in this study [73,75].

Material Property Unit Value
Thermal conductivity (k) W/m/K 1.9 (573 K)
1.8 (873 K)
1.7 (1273 K)
Density (p) kg/m3 2600
Specific heat (C, ) J/kg/K 980

It should be noted that refractories are heterogeneous materials with two or more phases and porosity.
Furthermore, the properties change with direction as well as the temperature. The values of the thermal
conductivity at various temperatures is available however, the data for density and specific heat at

elevated temperatures are not available. Therefore, these properties were assumed to remain constant at
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elevated temperatures. It was also assumed that the material under consideration is homogeneous and

isotropic. The effect of damage on the value of conductivity and density was assumed negligible.

5.2.1 Model Validation

A heat flux of 150 kW/m? was applied to the refractory specimen, which started at an
initial temperature of 20°C. The simulation was run for 300s and a contour plot of the
temperature predictions is shown as Figure 5.9. The results show that a sharp thermal gradient is
developed initially near the surface and that the gradient gradually decreases moving away from
the surface. At ~Scm from the surface, there is no change in the temperature. The FHC model
discussed in section 5.1.1 was used to simulate the same thermal conditions in this refractory
material. The predicted temperature distributions as a function of depth into the refractory
specimen from the FHC model and the 3-D thermal model were compared at various times. The
results are shown in Figure 5.10. The results show that the results from the FHC model and 3-D
thermal model predict the same temperature distributions at each time. Hence, the 3-D model is
reliable and its temperature predictions can be used to carry out the 3-D thermal stress analysis.

The methodology of thermal-stress modeling is discussed in the next chapter.

NT11

Figure 5.9: Contour plot of temperature after 300s from the 3-D thermal model.
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Figure 5.10: Comparison of the prediction temperature distributions from the FHC model and the

3-D thermal model.
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6. Thermal-Stress Model Development

A thermal-stress model has been developed to predict the stress development in the
refractory specimens during thermal cycling. Since, the stress in the refractory is dependent on
thermal field but not vice-versa, a “sequentially coupled” model has been developed with
ABAQUS, where a standalone thermal analysis is first conducted followed by the thermal-stress
analysis. The predicted temperature data from the 3-D thermal model discussed in chapter 5 was

employed as input to the thermal-stress model for the refractory specimen.

6.1 Computational Domain and Boundary Conditions

Taking advantage of symmetry in the refractory specimen, only a quarter section of the
geometry was considered in the thermal stress simulation. The mechanical boundary conditions
and computation domain applied to achieve symmetry and to constrain the specimen are shown
in Figure 6.1. The same mesh that is used in the thermal analysis (Figure 5.8) is used for the

stress analysis.
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Figure 6.1: Schematic representation of the computational domain and the boundary conditions
of the thermal-stress model.

The temperature of the refractory measured before the start of the thermal cycling
experiments was specified as an initial condition for the model. The temperatures throughout the
refractory block, calculated with the 3-D thermal model, were used as input to the thermal-stress
model. The mechanical behaviour of the refractory specimen in the thermal-stress model was
based on the ‘concrete damaged plasticity (CDP)’ model available in ABAQUS for describing ,
quasi-brittle materials. Details of CDP material property formulation for describing the refractory

material used in this work are discussed in the next section.

6.2 Theory of the ‘Concrete Damaged Plasticity’ (CDP) Formulation

The CDP model was originally developed to describe the effects of alternating stress on

concrete, but it can be readily applied for other quasi-brittle materials such as refractories. To

76



6. Thermal-Stress Model Development

describe the behaviour of the quasi-brittle materials, isotropic damaged plasticity was employed.
To predict the irreversible damage associated with cracking, non-associated hardening plasticity
and isotropic damaged elasticity were combined. The model also allows the user to describe the
elastic modulus recovery during the change of the state of stress and can be defined to be
sensitive to the strain rate. Since refractories behave differently in tension and in compression,
the stress-strain relationship must be described both in tension and in compression along with the
damage. More specifically, the material properties related to the elastic response and damage
behaviour need to be specified. The elastic behaviour of the material is defined by specifying the
Young’s modulus and the Poisson’s ratio. In the presence of a tensile force, the model assumes a
linear elastic behaviour for the material followed by softening due to damage accumulation.
Within ABAQUS, the damage behaviour is defined by specifying the stress, cracking strain, and

damage parameter at various points along the stress-strain softening curve in tension, like Point

‘X’ in Figure 6.2. In Figure 6.2, 0,, indicates the peak tensile stress, £ and &° represent the

cracking strain and the elastic strain of an undamaged material, respectively. £, represents the

Young’s modulus of the undamaged material and £ represent the Young’s modulus of damaged
material that has been loaded to point ‘X’. When the material is unloaded to point ‘A’ and loaded

again, it follows the path ‘AX’. By calculating the slope of ‘AX’, the Young’s modulus of the
damaged material, £ is determined. The elastic strain & of the undamaged material (‘BC’) is
calculated by knowing the stress at point ‘X’ and the elastic modulus of the undamaged material,

E,. The cracking strain g,"k (‘OB’) is calculated by subtracting the elastic strain (‘BC’) from the

total strain at point ‘X’ (‘OC’). The damage parameter in tension, represented by d,, is a
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fractional change in the elastic modulus of the undamaged material. It is calculated based on the

undamaged and damaged Young’s moduli as shown in the following figure.

Gyt 4
Oto|" """ "7~
E, X E
dt= 1-—
I,’,., Eu
P
# (|
// K |
& |
// ,i :
(/’ f 1
,» 1
i ] E 1
AE ;oo .
o] A B C o
ck 2 | : St
—— Sot
z:tpl i_:fl

Figure 6.2: Parameters defining the tensile damage behaviour in the concrete damaged plasticity
(CDP) model [74].

The thermo-mechanical properties of the refractory material employed in this work have
been extracted from the stress-strain curves reported in the literature [75,76] from experimental
loading-unloading tests of the same material. The necessary parameters for this material in

tension were calculated based on the curves shown in Figure 6.3 at various temperatures.
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Figure 6.3: Tensile loading-unloading curves of the refractory material used for the current study

at various temperatures [75]

It can be seen from the Figure 6.3 that the material exhibits non-linear behaviour with

increasing temperature. It can also be seen that the strength (peak stress) and the Young’s

modulus decrease at elevated temperatures and that the material shows elastic-viscoplastic

behaviour above 800°C.

Similar to the tensile loading conditions, the elastic response of the material is defined by

the Young’s modulus and the Poisson’s ratio for compressive loading conditions. In the presence

of a compressive force, the material will respond in a linear-elastic manner initially, followed by

a behaviour that resembles hardening in ductile materials due to the consolidation of
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micro-porosity and finally the damage due to crushing as shown in Figure 6.4. In Figure 6.4, o,

and o, represent the elastic limit and the peak stress in compression, respectively. When the

material is unloaded from point ‘X’, &” and & represent the inelastic strain and the elastic

strain of an undamaged material, respectively, and d_ is the damage parameter in compression.
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Figure 6.4: Parameters defining the compressive damage behaviour in the concrete damaged
plasticity (CDP) model [74]

The necessary parameters were extracted from the experimental loading-unloading
curves in compression that are published in the literature [76]. The data is only available for
room temperature conditions. Figure 6.5 shows the loading-unloading curve of the two samples
tested. Compared to the tensile loading-unloading curves (Figure 6.3) it can be seen that the peak

stress in compression (Figure 6.5) is about an order of magnitude more than that of in tension.
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Figure 6.5: Compressive loading-unloading curves of the two samples of the refractory material
used for the current study at room temperature [76].

The CDP model implementation in ABAQUS is capable of incorporating the
phenomenon of strain hardening in compression. It can also accommodate the variation in
material properties due to variation in the strain rates and temperature and considers recovery in

the Young’s modulus when the state of stress changes from tensile to compression.

The accuracy of a model employing this material description critically depends upon the
availability of material testing data that can be used to tune the various material parameters
employed in the model. The algorithm used by ABAQUS for the ‘concrete damaged plasticity

model (CDP)’ is not accessible to the user, therefore, a series of simple example problems were
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used to verify the material parameter selection and material model implementation prior to

applying the model to the simulate the thermal cycling experiments.

6.3 Implementation of the ‘Concrete Damaged Plasticity’ (CDP) Material
Model

In this section, the complexity and capability of the thermal-stress model will be
developed gradually using a series of cases. The CDP model was employed to simulate the
deformation of a block of concrete material. Initially, the case of a concrete material undergoing
uniaxial tensile and compressive loading has been simulated. The boundary condition complexity
has then been gradually increased to simulate the case of cantilever bending of the block and
finally the case of a material experiencing an alternating state of thermal-stress has been

considered.

The main differences between the cases that will be examined are the changes in loading
conditions. In each case, the material being considered is damageable and the data related to
damage evolution must be specified as an input. In ABAQUS, this refers to discrete points
specifying stress, the corresponding cracking or inelastic strain (or the displacement) and the
damage parameter. The values of material parameter between the two discrete points, is linearly
interpolated during the analysis. The specific details of the material parameters will be discussed
in the next sections. Thermo-mechanical properties employed for the thermal-stress model are
given in Table 6.1-6.3 based on the Figures 6.3 and Figure 6.5. It should be noted that since, the
raw data for the loading-unloading tests represented by Figure 6.3 and Figure 6.5 is not available
in the literature; the data was graphically extracted from the figures and was prone to small errors

associated with the measurements.
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Since, the temperature dependence of damage variation during the compressive loads has
not been studied for any refractories, the room temperature data was employed. It should be
noted that due to porosity, various phases, and the presence of aggregates, refractories are very
inhomogeneous materials. In order to employ these material properties in the CDP model, it has
been implicitly assumed that the material is homogeneous and these properties do not vary
spatially within the material. It was also assumed that the properties do not change with the
thermal history of the material. The thermo-physical property data for the current refractory

material is presented in Tables 6.1-6.3.

Table 6.1: Modulus of elasticity values employed in the thermal-stress model [74].

Temperature Elastic Modulus
(°C) (GPa)
15 68.0
250 50.5
500 45.0
800 31.0
900 18.0
1000 19.0

Table 6.2: Compressive damage properties employed in the thermal-stress model [75].

Compressive Stress Inelastic Strain Damage
(MPa) (<107%)

70.0 0 0

86.0 4.94 0.25
26.0 20.31 0.19
13.0 34.98 0.15
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Table 6.3: Tensile damage properties employed in the thermal-stress model [74].

Temperature  Tensile Stress Cracking Strain ~ Damage
(°C) (MPa) (x 107)

15 10.3 0 0
500 6.7 0 0
500 8.6 4.6 0.02
800 1.0 0 0
800 5.0 20.2 0.05
800 5.6 22.1 0.03
900 2.0 0 0
900 34 264.8 0.08
900 3.0 406.6 0.12
900 2.5 581.5 0.14
900 1.8 794.7 0.19
1000 3.7 0 0
1000 3.8 82.3 0.14

Table 6.4: Thermophysical material properties used in the thermal-stress model

Property Units Refractory
1.9at573 K
Thermal Conductivity, k W/m/K 1.8at873 K
1.7 at 1273 K [73]
Density, p kg/m® 2600 [74]
Specific heat, C, J/kg/K 980
Co-efficient of Thermal 4 x 10™* at room temperature
m/(mK)

Expansion (CTE)

Poisson’s ratio, v

6x10°at 1273 K
0.19
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6.3.1 Uniaxial Tensile and Compressive Deformation

The CDP model was used to simulate the uniaxial tensile and compressive loading of a
concrete block. The computational domain and the boundary conditions used for the simulation
are shown in Figure 6.6. It can be seen that the displacements in all the three directions, are
pinned (uy, uy, u, = 0). Velocity of 0.1cm/s in the x-direction was imposed on the free-end of the

specimen.

The values of longitudinal stress and longitudinal strain were examined at a node in the

geometric center of the block (See X in Figure 6.6).

'Fixed' End
u .u = ] ]
iz .D 10 em Frfae End
Z . 2cm
. V. =0.1cm/s
X 1-::ml _K__________;} _________ _ 2 em >
Y Center Node *t
Ul =0 g o

5cm

Figure 6.6: Schematic representation of the specimen geometry and the corresponding boundary
conditions for the uniaxial tension example problem. Point ‘X’ shows the geometric center of
the block where the results were analyzed.

To simplify the problem initially, the strain-damage correlation in tension and in
compression was assumed to be linear and material properties consistent with a concrete material

[76] were selected. The elastic behaviour was defined by specifying the Young’s modulus and
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the Poisson’s ratio. The inelastic and damage behaviour in tension was defined by specifying the
stress, corresponding cracking strain and the damage parameter based on the four discrete points
shown in Figure 6.7. The damage parameter used in this model indicates fractional loss in the

elastic modulus of the material.
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Figure 6.7: Material properties used in the model to simulate the uniaxial tension.

Initially, a boundary condition consistent with uniaxial tensile loading was applied. With
the tensile damage behaviour defined, the material should exhibit softening behaviour as damage

1s accumulated.

To examine the deformation in compression, the direction of the displacement boundary
condition was reversed to generate uniaxial compressive loading. The material property data for
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compression, which exhibits hardening behaviour, was entered as four discrete points (See

Figure 6.8)
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Figure 6.8: Material properties used in the model for the elastic-plastic and damageable material
employed to simulate the uniaxial compression.

The predicted variation in the damage parameter with strain was extracted for each
loading case and is compared with the calculated variation based on the input data in Figure 6.9.
These results show that the model predictions are in a good agreement with the input data. The
effects of changing the rate of deformation and magnitude of deformation were considered with
the model and the results remain unchanged. This indicates that the model was computationally

stable and results were not compromised even at the higher loads.
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Figure 6.9: Comparison between the input stress-strain data and predictions by the model for the
elastic-plastic and damageable material (a) Material behaviour under tension exhibiting softening
in inelastic part of the stress-strain curve (b) Material behaviour under compression exhibiting
hardening in inelastic part of the stress-strain curve.

It should be noted that the predictions from this model have not been compared against
an analytical solution, as one does not exist for this type of material behaviour. This exercise was

conducted to build confidence in the material properties implementation in the CDP model.
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6.3.2 Cantilever Bending

In this case, a concrete block, subjected to bending, has been simulated in an effort to
assess the effect of a more complex stress state than uniaxial tension or compression (discussed
in the previous section) on the capability of the CDP model to predict the mechanical response of
the material. Same computation domain as shown in Figure 6.6 was employed. The boundary
conditions employed in this example are shown in Figure 6.10. The CDP model with the
combined tensile and compressive behaviours defined in Section 6.3.1 was employed. Since the
load is applied normal to on longitudinal surface near the end of the cantilever, the stresses on

that surface are expected to be tensile and the stresses on the opposite surface are expected to be

compressive.
Load
'Fixed' End T000N 'Free' End
2
"2 cm
X % 7
Y % ﬁfm

I 10 em

Figure 6.10: Schematic representations of the cantilever deflection and the boundary conditions.

The results of this model were compared with the model that assumes the material to be
purely linear-elastic (and non-damageable). The same elastic modulus, 68GPa and Poisson’s

ratio, 0.16 as the CDP model were used to define the linear-elastic material. The longitudinal
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stress for both cases are compared in Figure 6.11, along with the damage prediction from the
CDP model. It can be seen from the figure that the stresses predicted by the linear-elastic
material model (Figure 6.11 (a)) are higher than those predicted by the CDP model (Figure
6.11(b)). This is due to the fact that when the material is damaged due to cracking, the stresses
are relieved. The effects of damage are not captured by simple material models such as the
linear-elastic model. The CDP model considers damage due to tensile and compressive stresses

hence, the predicted stresses are lower in Figure 6.11(b) than in Figure 6.11(a).

It can also be seen from Figure 6.11(b) that the magnitude of the peak tensile stress (red)
is lower than that of the peak compressive stress (blue). Since, refractories are more susceptible
to damage in tension than in compression, the red area in the figure must have experienced
damage that resulted into lowering the stresses. Figure 6.11(c) shows the damaged prediction.
The maximum value of the damage variable is 0.47 indicating a 47% loss in the Young’s

modulus.
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Figure 6.11: Contour plots for the cantilever bending problem (a) longitudinal stress distribution
predicted by the linear-elastic material model, and (b) longitudinal stress distribution predicted
by the CDP model, and (c) variation of damage variable predicted by the CDP model.

This example shows the difference between predictions by the simple models such as
linear-elastic model and the CDP model. It also shows that the CDP model is capable of

predicting more complex stress states such as those observed in a cantilever.
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6.3.3 Thermal-Stress

As the final step in developing the thermal-stress model for this study, the model has
been modified to calculate the stresses generated when a refractory material is subjected to
alternating heating and cooling cycles. The thermal gradients resulting from the heating and
cooling cycles cause thermal stress in the material. It is important to examine the mechanical
response of the material in the presence of thermal gradients to assess the behaviour of the CDP

model.

In this case, a model was developed for the situation in which a block of refractory
material is subjected to a 1-D heat flow. The predicted temperature data from a thermal-only
model was used as input to a thermal-stress model. The boundary conditions and computational
domain used in this case are the same as those implemented in the current study (Figure 6.1).
Two material models were considered; linear-elastic and CDP model. The thermo-mechanical
property data used in the CDP model were based on the refractory material used in the current
study (refer to Table 5.2 and Table 6.1). The linear-elastic material model does not consider
damage in the material and the material behaviour was defined with a temperature dependent
modulus of elasticity (given in Table 6.1) and a Poisson’s ratio equal to 0.19. The same input
thermal data was used to examine the thermal-stress response with linear-elastic and CDP

material behaviour.

The heat transfer conditions employed in this case assumed a flux of 150kW/m?* was
applied to one end of the specimen for 100s. The temperature distribution and stress in the

longitudinal direction after 100s for both the CDP and the linear-elastic models are shown in
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Figure 6.12. The temperature plot (Figure 6.12(b)) shows that the heat has penetrated only up to
~1/4 of the length specimen however, the associated thermal stress is experienced further into the
specimen (Figure 6.12 (c-d)). The stresses experienced by material vary depending upon the
choice of the material behaviour. In the case of linear-elastic material (Figure 6.12(c)) the stress
accumulates in the absence of any damage. As mentioned in Chap. 2, refractories do not behave
in a linear-elastic manner especially, at elevated temperatures. They undergo damage in the form
of cracking and as a result, the stresses are reduced. The CDP model accounts for this behaviour,
hence the magnitude of stress observed in the case of CDP model (Figure 6.12(d)) is lower than

in the case of linear-elastic model (Figure 6.12(c)).

By observing the magnitude of the stresses in Figure 6.12(c), it is apparent that, in the
absence of any damage mechanism, stresses are well above the strength of the refractory material
(See Figure 6.3 and Figure 6.5). This indicates that damage due to the mechanical fatigue which
results from an alternating stress that is well below the strength of the material must be
negligible. Due to this reason, fatigue was not considered as a failure mechanism in the current

model.
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Figure 6.12: (a) Schematic of the computation domain, and (b) the temperature distribution, (c)
longitudinal stress distribution predicted by the linear-elastic material model, and (d) longitudinal
stress distribution predicted by the CDP model.

The damage predicted by the CDP model at the end of 100s is shown in Figure 6.13. The

damage has accumulated in areas that experienced both compressive and tensile stresses. The
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maximum value of the damage variable is about 0.37, indicating 37% reduction in the stiffness

value due to cracking.

Damage
Variable

Figure 6.13: Damage distribution predicted by the CDP model.

As mentioned in the literature review, a state of alternating compressive and tensile
stresses is introduced in the material in the transverse direction during heating and cooling stages
of the cycle. However, when the material is damageable with temperature dependent Young’s
modulus, the state of stress is complex. To illustrate this, the transverse stress distribution at the
centerline of the refractory specimen has been plotted for the linear-elastic and CDP models at

various times during heating.

Figure 6.14 shows that the stress distribution for the linear-elastic model at 50s and at
300s is in a state of compression at the surface changing to tension in the interior of the sample.
The CDP model predicts that with damage, the magnitude of stress is smaller than that of the
linear-elastic model. It shows that the surface is in compression at 50s, however, at 300s, the
surface stress has become tensile. This is due to the fact that as the surface temperature increases
significantly, the elastic modulus of the material at the surface decreases whereas the subsurface
material that is at lower temperatures has higher moduli. As the “sub-surface” material tries to

expand, the rest of the material resists the expansion causing the surface material to change the
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state of stress from compressive to tensile. In the absence of temperature-dependency of the
Young’s modulus (i.e. the case of linear-elastic material considered in this particular example),
the resultant stress on the surface (due to expansion of the “sub-surface” material) is relatively

small. Hence, the surface stress is compressive in nature.
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Figure 6.14: Transverse stress distribution along the centerline of refractory specimen for the
linear-elastic and CDP models at various times.

The cases presented in this chapter indicate that the CDP model is capable of reproducing
the stress-strain response and the accumulation of damage for refractory materials for both
simple or more complex stress states. Although, the models could not be validated against any
analytical solutions, this exercise proves that the model implementation for refractory blocks

experiencing mechanical and thermo-mechanical loading is reliable. This model can now be used
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to analyze the complex states of stress and evolution of damage that develops in the thermal

cycling experiments.
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7. Thermal Cycling Modeling and Experimental Results

Two types of thermal cycling experiments were conducted. In the first type of experiment
(referred to as a “cold-refractory” experiment), refractory specimens, initially at room
temperature, were subjected to thermal cycling by alternating contact with steel blocks heated to
1000°C and room temperature. In the second type (referred to as a “hot-refractory” experiment),
refractory specimens were heated to ~1000°C before thermal cycling with cold and hot steel

blocks. In this chapter, the results from both types of experiments are discussed.
7.1 Material Preparation and Instrumentation Set-up

Prior to testing, each refractory sample was dried in a furnace held at 110°C for a period
of 24 hrs. A hole was drilled into the refractory specimen at the mid length and 1 cm from one of
the ends along the centerline of the specimen to insert the thermocouple. The surface which
would be in contact with the steel block was polished with SiC abrasive of grit size 1200 to
reduce the roughness and enhance the contact heat conduction. The refractory specimen was then

characterized using the ultrasonic testing method described in section 4.2.2.

After  the  ultrasonic  tests, Inconel  sheathed, K-type thermocouple
(OMEGA, INC-K-MO-062) was inserted into the refractory specimen. The location of the

thermocouple mounted in each specimen is shown in Figure 7.1
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Figure 7.1: Thermocouple locations on steel block and refractory specimen.

As seen from Figure 7.1, every steel block was also instrumented with a thermocouple. A
K-type thermocouple was spot welded at the base of a 3 cm hole on the centerline located at 1cm
from the steel-refractory interface as shown in the figure. To spot weld the thermocouple, the
thermocouple sheathing was removed to expose approximately 4 cm of thermocouple wire. The
thermocouple wires were passed through a ceramic insulating sheath and then were spot-welded
to the bottom of the hole. To ensure that movement of the block on and off the refractory sample
does not dislodge the thermocouple during the experiments, the thermocouple wire was held in

place on the steel block with the help of screws (locations shown in Figure 7.1).

Prior to testing, the hot steel blocks were soaked in a resistance furnace with a target
temperature of 1000°C. Three sets of experiments distinguished by the number of heating-
cooling cycles (i.e. 1, 2 or 3) were conducted with different refractory blocks. The surfaces of the

steel blocks were polished after each experiment to remove any surface oxidation.
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It should be noted that more than one attempt was required to successfully perform each

experiment due to unexpected experimental issues. The issues that occurred were:

1) Occasionally, the spot-weld connecting the thermocouples to the steel block would fail
while in the furnace or during the transfer operation from the furnace to the specimen
(or vice versa). The thermocouple wires were spot-welded at the base of 3-cm hole and
attempts to improve the reliability of this weld were unsuccessful.

2) As mentioned previously, thermocouple wires were fixed by the screws on the steel
block. Due to high temperatures, these screws, as well as the threads in the holes where
screws fit in, oxidized during the experiments and the screws had to be replaced after
each experiment. The threads were sharpened after every 3-4 heating cycles. In addition,
the thermocouple wires were compressed under the screws, which occasionally led to

failure during the handling of the hot steel block.

7.2 Experimental Results

7.2.1 Cold-Refractory Experiments

Experimentation commenced with a single heating-cooling cycle starting with a room
temperature refractory specimen. The steel block was soaked for a minimum of 20min in the
furnace heated to 1000°C. Once the centerline thermocouples reached a steady-state temperature,
the steel block was taken out and placed on top of the refractory specimen. During the time
required to remove the steel block and transfer it to the testing apparatus, the temperature of the

block decreased (~40°C based on the thermocouple measurement) due to the heat loss to the
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surrounding environment. After Smin of contact with the refractory specimen, the hot steel block
was removed and replaced with a room temperature steel block. The refractory specimen was
then cooled for 5 min. After 5 min of contact cooling, the steel block was removed and the

specimen was allowed to cool to room temperature in air.
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Figure 7.2: Measured temperatures in the hot and cold steel blocks and refractory specimen
during a single heating and cooling cycle during a cold-refractory experiment.

The temperature history measured in the refractory specimen and in the hot and cold steel
blocks during one heating-cooling cycle are shown in Figure 7.2. During the heating portion of
the cycle, the temperature of the refractory specimen increased from ~20°C to ~460°C in 300s.
The idle time between the heating and cooling stage was ~11s. During contact cooling, the
temperature of the refractory specimen decreased to ~160°C. The temperature of the hot steel

block decreased by ~240°C whereas the temperature of the cold steel block increased by only
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~90°C indicating higher interfacial heat flux during refractory heating than during refractory

cooling.
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Figure 7.3: Measured temperature history in the hot and cold steel blocks and the refractory
specimen during two cycles of heating and cooling during a cold-refractory experiment.

The temperature variation during the 2-cycle cold-refractory experiment is shown in
Figure 7.3. The refractory temperature profile shows that after 2 heating and cooling cycles the
overall refractory temperature has increased. The temperature at the end of the second heating
cycle is ~65°C higher than the temperature at the end of the first heating cycle. It can also be
seen that there is a time delay between the end of first cooling cycle and the start of second

heating cycle. This is due to the time taken to replace the cold steel block with the hot one. It is
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also noted that the temperature change in the steel block during the first refractory-heating cycle
is higher in this experiment than in the 1-cycle cold-refractory experiment (see Figure 7.2). In
addition, the temperature increase in refractory is lower than in 1-cycle experiment. This

indicates that the heat transfer during this experiment was not as efficient as during 1-cycle

experiment.
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Figure 7.4: Measured temperature history in the hot and cold steel blocks and the refractory
specimen during three cycles of heating and cooling during a cold-refractory experiment.

The temperature changes for a 3-cycle cold-refractory experiment, shown in Figure 7.4,
exhibits similar trends to that of the 1 and 2-cycle experiments where the temperature of

refractory at the end of heating cycle increases with each cycle. It should be noted that due to an
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experimental error the second cooling cycle was extended to 520s resulting in extended cooling

of the refractory. Additionally, due to the significant delay in changing the cold steel block with

the hot one after 2™ cooling event, there is a significant temperature loss from the refractory.

7.2.2 Hot-Refractory Experiments

Hot refractory experiments were carried out with refractory specimens that were heated

to ~1000°C prior to thermal cycling. Initially, a hot refractory specimen was cooled with a steel

block starting at room temperature and then heated with a hot steel block at ~1000°C. Three

experiments were carried out with 1, 2, and 3 cooling-heating cycles.
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Figure 7.5: Measured temperature history in the cold and hot steel blocks and the refractory

specimen during a single cooling and heating cycle during a hot-refractory experiment.

The temperature variation in the cold and hot steel blocks and the refractory specimen for

a l-cycle hot refractory experiment are shown in Figure 7.5. During the cooling stage, the
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refractory temperature decreases ~350°C and the cold steel block is heated by ~150°C. During
the heating stage, the refractory is heated by ~200°C and the steel block cools by ~190°C. This
experiment indicates that the cooling stage is more effective in achieving significant thermal

cycling than the heating stage.

The results for 2-cycle and 3-cycle experiments are shown in Figure 7.6. It can be seen
(from Figure 7.6(a)) that during the second cooling stage of the 2-cycle experiment, there was a
small perturbation in the temperature. This is attributed to a small adjustment of the steel block

needed during the experiment.

It can also be seen from Figure 7.6 that the first cooling stage is the most severe, showing
the largest change in temperature among all subsequent stages. Therefore, high thermal stresses
are expected during the first cooling event. It is also observed that with increasing number of
cycles the refractory temperature drops, this trend is opposite to the temperature changes in the
cold-refractory experiments where the refractory temperature is increasing. The temperature
change from start-to-finish of the experiment is about 575°C for the 3-cycle hot refractory
experiment whereas it is about 500°C for the 3-cycle cold-refractory experiment. Due to the
increased temperature difference, higher thermal stresses are expected in the 3-cycle hot-
refractory experiments. In addition, refractories have a higher susceptibility to accumulate
damage at elevated temperatures suggesting that the overall damage should be higher in the case

of hot-refractory experiments.
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Figure 7.6: Measured temperature history in the cold and hot steel blocks and the refractory
specimen during a) 2-cycle and b) 3-cycle hot-refractory experiments.
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The experimental results discussed in this section are consistent with expectations. The
temperature variations during the 1-cycle experiments are similar to the variation in the first
cycle for the 2- and 3-cycle experiments during both the hot- and cold-refractory experiments.
The results also show that the experimental set-up was capable of inducing significant thermal
cycling in the refractory specimen. The thermal modeling results are discussed in the next

section.

7.3 Thermal Modeling Results
The IHC model was run using the temperature data from the steel blocks. The techniques

required to complete this analysis and the results are discussed in this section.

7.3.1 Cold-Refractory Experiments

The temperature variation in the hot steel block during the heating stage of the single
cycle cold refractory experiment are shown in Figure 7.7. The heat fluxes predicted by the IHC
analysis of the raw thermal data (refer to Figure 7.7) are shown in Figure 7.8. The calculated heat
fluxes exhibit significant instability, ranging from high positive to low negative values (350 to -
50 kW/m?®), starting at ~90s. The instability coincides with low-level noise observed in the

thermal data.
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Figure 7.7: Measured temperatures in the steel block during refractory heating for the single
cycle cold-refractory experiment.
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Figure 7.8: Heat fluxes calculated using IHC analysis with the raw input steel block temperature
data for the refractory heating stage of the single cycle cold-refractory experiment.
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To reduce the noise in the input temperature data, a spline function was used in

MATLAB to smooth the

data. The smoothed temperature data is compared with the raw

measured data in Figure 7.9 over the range of 90s-200s where the noise is significant. The

smoothing process has reduced the short-range noise in the data but has not altered long-range

temperature variation.

850
840
830
820

810
Temperature
(°C)

800
790
780
770
760
750

T {eeeeee Measured

Smoothed

90 110 130 150 170 190
Time (s)

Figure 7.9: Comparison of the smoothed and raw measured temperature data of the steel block
for the heating stage of a single cycle cold-refractory experiment.

The smoothed temperature data was then used to calculate the heat flux values. As seen

from Figure 7.10, there is a significant reduction in the noise in the calculated heat flux values.

Compared to Figure 7.8, Figure 7.10 shows that noise prevalent in the 90-200s has been

eliminated. It can be seen that the heat flux values at the start of the heating process are higher

than that at the end. The maximum heat flux value observed is about 250kW/m? which reduces
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to about 120kW/m?. This observation is consistent with expectations where the maximum heat
flux should occur when there is the largest temperature difference between the steel and the

refractory (i.e. upon initial contact).

Based on the improvements observed in the calculated heat fluxes, the smoothing
procedure was applied to the measured steel block temperature data set from the heating and

cooling stages of each experiment.
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Figure 7.10: Heat fluxes calculated by IHC analysis using smoothed input steel block
temperature data for the refractory heating stage of the 1-cycle cold-refractory experiment.

The calculated heat fluxes during refractory-heating based on the smoothed steel block
temperature data were then employed in a 3-D forward heat transfer analysis (discussed
previously in section 5.2) to predict the temperature of the refractory specimen at 1 cm from the
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steel-refractory interface. The predicted temperature history in the refractory specimen was then
compared with the measured refractory specimen temperature at the same location. The results
for the heating stage of the single cycle cold-refractory experiment, shown in Figure 7.11,
indicate a substantial difference between the predicted and measured behaviour, especially after

150s.
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Figure 7.11: Comparison of the measured and predicted temperature profiles in the refractory
specimen during the refractory heating stage of the 1-cycle cold-refractory experiment.
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The differences between the measured and predicted temperatures may be due to one or

both of the following two factors:

1) The experiment is designed to ensure that the heat flow in the steel block as well as the
refractory specimen is 1-D by minimizing the heat loss from them to the surrounding.
However, the heat loss from the steel block to the surrounding could be significant
because of its higher conductivity compared to the refractory. Since this heat loss is not
accounted for in the inverse analysis, the resultant heat flux values could be different
from the actual ones.

2) The heat loss through the sides of the refractory specimen could be significant causing
deviation from the 1-D heat flow. In that case, the measured temperature would be lower

than the expected assuming a purely 1-D heat flow.

To check whether the heat flow in the refractory specimen is 1-D or not, an experiment
was carried out by inserting two thermocouples in a new refractory specimen. Thermocouples
were placed 1 cm from the end on the centerline and 2.5 cm from the centerline of the specimen,
as shown in Figure 7.12. The temperatures measured at both locations during a single cycle cold-
refractory experiment are plotted in Figure 7.13. The temperature difference between the two
locations is less than 10°C during the test. This suggests that the heat loss from the refractory

specimen to the surrounding is not significant and the heat flow in refractory specimen is 1-D.
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Figure 7.12: Locations of thermocouples inserted into a refractory specimen to check the heat
loss to the surrounding. The thermocouples are 3cm deep into the specimen.
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Figure 7.13: Temperature profiles at two different locations on refractory specimen for
1-cycle cold-refractory experiment.
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Based on this result, it was deduced that there must be significant heat loss from the steel
block to the surrounding environment. The output of the IHC model (i.e. the heat flux calculated
from the temperature data gathered at 1 cm from the steel-refractory interface) is based on the
assumption that 1-D heat flow conditions were achieved in the steel block. If heat flow
conditions are not 1-D, the heat flux, and corresponding temperature change 1 cm from the
interface, would be different than that expected with the 1-D heat flow. In this case, the heat flux
experienced by the steel block during the experiment (g, ) consists of two components: 1) heat
flux due to the heat loss to the surrounding (q;,ss) from all the surfaces of the steel block except

the one in contact with the refractory specimen and 2) heat flux to the refractory specimen

(Qrefract)- ie.

Qexp = Qioss t Qrefract (7.1)

Assuming these fluxes result in differences in temperature at the thermocouple location and cool

from an initial temperature, an equation describing the different contributions is:

(Tinit - Texp) = (Tinit - Tloss) + (Tinit - refract) (7-2)

where Ty, is the initial temperature of the steel block and Ty, is the experimentally measured
temperature of the steel block during the experiment. Tjy;; and Ty, are known temperatures
measured by the thermocouple in the steel block. Ty.efrqcr Tepresents the temperature that would

be measured by a thermocouple if there were no heat loss to the surrounding. This is temperature
that needs to be known in order to calculate the correct heat flux entering into the refractory

specimen and can be thought of as a “correction” to the experimentally measured temperature.
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For the sake of simplicity Tyefrqce Will be referred as the “corrected” temperature (Teor). Tioss 1S
the temperature of the steel block due to heat loss to the surrounding environment when there is
no heat transfer between the steel block and the refractory specimen. Rearranging the above

equation yields:
Teor = Tinie + (Texp — Tioss) (7.3)

As seen from the equation, only T}, is unknown. To calculate this, a 3-D heat transfer model of
the steel block was developed in ABAQUS. In this “heat loss” model, convective and radiative
boundary conditions were applied to all the surfaces of the steel block except the one in contact
with the refractory specimen as shown in Figure 7.14. Boundary conditions were selected based
on those used in the 3-D refractory model. A convection heat transfer coefficient consistent with
natural convection conditions equal to 10 W/m’K was assumed. An emissivity of 0.08 was
assumed for the polished steel surface to define the radiative boundary condition. A room

temperature reading at the time of experimentation was used as the ambient temperature.
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Figure 7.14: Computation domain and the boundary conditions of the “heat loss” model for steel
block.
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The simulation started with a uniform temperature in the steel block equal to Tj,;; and
was run for 300s (i.e. for the refractory-heating period). The temperature at the thermocouple
location (i.e. Icm from the interface at the centerline) is equal to T},ss. Teor 1S then calculated
using Equation (7.3). Figure 7.15 shows the variation of Teyp,, Tipss, and Tg,, during a
refractory-heating experiment. It can be seen from the figure that T,,, is higher than the T,y,,.
The difference between T¢,, and Tey, increases with time and at the end of 300s, it is about
90°C. Based on T,,,-, the IHC model was run again to calculate corrected heat flux values that
taken into account the heat loss from the steel block and represents the actual heat flux entering
into the refractory specimen from the steel block (for the heating stage). The comparison of the
two heat fluxes; the corrected heat flux and the heat flux based on thermocouple temperature
data is shown in Figure 7.16. As heat is lost to the surrounding environment with time, the
corrected heat flux values deviate from the heat flux values based on the thermocouple

temperature data.
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Figure 7.15: Variation of experimental and corrected temperature values during
refractory-heating of 1-cycle experiment.
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Figure 7.16: Comparison of the original and corrected heat fluxes, calculated using IHC analysis,
for the heating state based on the original and corrected temperature values of the steel block for
a single cycle cold-refractory experiment.
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Based on the corrected heat flux values the forward model for refractory specimen was
run again to predict the temperature history in the refractory. Figure 7.17 compares the predicted
and measured values, revealing that the predicted temperature variation follows the same trend as

the measured values and the maximum temperature difference between the two values is ~60°C.
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Figure 7.17: Comparison of the experimental temperature variation and the predicted
temperature variation that accounts for the heat loss from the steel block to the surrounding
during the refractory-heating event.

It should be noted that at the end of each refractory-cooling or refractory-heating
event, there is a delay when the steel block is being replaced. During this idle time, the refractory
specimen loses heat to the surrounding. The idle time at the end of the heating stage is small and
hence the heat loss is not significant. However, the idle time and the associated heat loss at the

end of cooling stage is significant. Due to the absence of thermocouple data during the idle time,
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quantifying heat flux to the refractory specimen was based on assumed boundary conditions. The

boundary conditions employed during the idle time are shown in Figure 7.18.
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Figure 7.18: Thermal boundary conditions for the idle times during cold-refractory experiments.

As discussed previously, the heat flow in the refractory specimen during the
cold-refractory experiments is 1-D and the heat loss from the “side” faces is not significant.
Therefore, during the idle time, heat loss is expected only from the surface that is in contact with
the steel block. Therefore, the boundary conditions are applied only on this surface. The choice
of the parameters of the boundary conditions was based on assuming natural convection and
values of thermal emissivity of refractory brick materials. A heat transfer coefficient of
15W/m’K was assumed. Since, the emissivity of refractory materials varies from 0.4 to 0.95[78],

the simulation was run with the emissivity value of 0.9.
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Turning now to the cooling stage of the single cycle cold-refractory experiment,
Figure 7.19 and Figure 7.20 show the measured temperatures in the steel block and the
calculated heat fluxes occurring during the refractory cooling stage of the experiment. It can be
seen that the heat fluxes during the cooling stage of the experiment are lower than the ones
observed during heating. The heat loss from the steel block to the surrounding environment is
expected to be negligible due to the lower temperature of the steel block. For the cooling portion
of this analysis, the heat flow in the steel block may be approximated as 1-D and there is no need

to correct the steel block temperature.

120 -
100

80

Temperature g

(°c)
40
20
0 T T T T T 1
0 50 100 150 200 250 300
Time (s)

Figure 7.19: (a) Measured temperature in the steel block during the refractory cooling stage of
the 1-cycle cold-refractory experiment.
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Figure 7.20: calculated heat flux during the refractory cooling stage of the 1-cycle
cold-refractory experiment.

The heat flux values calculated from the IHC analysis during the heating and cooling stages were
combined to predict the temperature in the refractory specimen for one complete (heating-
cooling cycle) of 600s. The corrected heat flux values from the heating stage were applied for the
first 300s and the heat flux values from the refractory-cooling stage were applied for the next
300s. The predicted and experimental temperatures of the refractory specimen for the 1-cycle
cold-refractory experiment are shown in Figure 7.21. The results indicate that the predicted

temperatures are within 60°C.
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Figure 7.21: Comparison of the measured and predicted refractory specimen temperatures for the
1-cycle cold-refractory experiment.

The analysis procedure was then used to analyze the 2-cycle cold-refractory experiment.
The temperature data for the hot steel block was corrected for each cycle. As discussed
previously, it was determined that the heat loss from the steel block during the heating stage (in
both cycles) was higher than observed in the previous 1-cycle experiment. In order to achieve
acceptable agreement (~60°C) between the measured and predicted refractory temperatures, the
magnitude of the radiation heat losses were increased. The assumed value of the surface
emissivity of the steel block was increased to 0.2. The increase in the value of emissivity is
attributed to the fact that even though the oxidized steel surfaces were polished after the first
experiment, the surface finish had deteriorated. The process of oxidation causes an increase in

the surface emissivity [78].
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Figure 7.22 shows the difference in heat flux values calculated with the original boundary
conditions (emissivity equal to 0.08) and the modified boundary conditions
(emissivity equal to 0.2). During the refractory-cooling stage of the cycle, the heat loss from steel
block is not significant owing to the lower temperature of the steel block compared to
refractory-heating stage. Therefore, the heat flux correction is not needed. It can be seen that
during the refractory-heating stage the heat flux variation with modified boundary conditions
shows a lower heat flux magnitude than the one with original boundary conditions due to higher
heat losses from the steel block. The figure also shows fluctuations in the calculated heat flux
curves during the heating and cooling stages that are associated with the noise in the

thermocouple temperature data of the steel block.

123



7. Thermal Cycling Modeling and Experimental Results

300 5

250 1 = = Cooling

200 e eeeee Heating- Original BCs

Heating- Modified BCs

150

100

Heat Flux
(kw/m?)

200 400 - =600 800 1000
7 A
-50 - ” v

-100 - 1

-150 + !

-200 -
Time (s)

Figure 7.22: Predicted heat flux during the heat stage of 2-cycle cold-refractory experiment. The
cases with original BCs and modified BCs are based on different boundary conditions applied to
the hot steel block to correct the temperature data. For the case of original BCs, h=10W/m’K,
€=0.08 and for the case of modified BCs, h=10W/m2K, e=0.2.

The values of the heat transfer coefficient and refractory surface emissivity were assumed
to be 10W/m°K and 0.7, respectively, during the idle time of the 2-cycle cold-refractory
experiment. Figure 7.23 shows the measured temperature profile and the predicted temperature
profile for 2-cycle cold-refractory experiment. It can be seen that the agreement between the

measured and predicted temperatures is good, suggesting that the modifications to the boundary
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conditions on the steel block during heating were warranted. The refractory-heating during the

first cycle is not as severe as that in 1-cycle experiment (Figure 7.21).
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Figure 7.23: Comparison of the measured and predicted temperatures (based on corrected steel
block temperatures during heating stage) of the refractory specimen for a 2-cycle cold-refractory
experiment.

Next, the 3-cycle cold-refractory experiment was analyzed. In this experiment, due to an
experimental error, the second refractory-cooling period was extended to 520s. The values of the
heat transfer coefficient and refractory surface emissivity that apply during the idle period were
assumed to be 15W/m’K and 0.95, respectively. The predicted refractory temperatures are within

45°C of the measured temperatures, as shown in Figure 7.24.
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Figure 7.24: Comparison of the measured and predicted temperatures (with corrected steel block
temperature during refractory-heating) of the refractory specimen for the 3-cycle
cold-refractory experiment.

The temperature variation during each experiment (shown in Figures 7.21, 7.23 and 7.24)
show that at a distance of 1 cm from the steel-refractory interface, the refractory material
undergoes significant thermal cycling (= 300°C) with time. Figure 7.25 shows the predicted
temperature variation in the refractory specimen with distance from the contact interface at the
end of each heating and cooling stage for the 3-cycle experiment. It should be noted that due to
the longer cooling duration of the second cycle, the temperatures near the interface are lower
than expected. The temperature distribution after the heating stages shows that the interfacial
surface temperatures of the refractory reach up to ~800°C and that the temperatures drop to

~200°C within 3cm from the interface indicating the presence of a large thermal gradient.
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Overall, the thermal modeling results show that a significant thermal gradient is introduced

across the length of the specimen during the thermal cycling experimentation.
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Figure 7.25: Predicted temperature distributions in the refractory specimen at the end of each
heating and cooling stage for the 3-cycle cold-refractory experiment.

The results from the thermal cycling experiments on cold-refractory indicate that

1) Despite the heat loss from the steel block to the surrounding, the experiments were

capable of inducing 1-D heat flow in the refractory specimen.
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2) The modeling methodology was capable of quantifying the heat flux occurring in the
refractory specimen. Based on the assumed boundary conditions, the predicted
temperatures of the refractory specimen were within ~60°C of the experimental values.

3) The thermal cycling was significant enough to produce large thermal gradients across the

length of the specimen.

7.3.2 Hot-Refractory Experiments

In the hot-refractory experiments, the refractory block (at ~1000°C) was taken out of the
furnace with a thermocouple attached to it, placed in the apparatus, and then a cold steel block
was placed over it. During the cooling stage of the 1-cycle hot refractory experiment, the
temperature of the refractory, measured using the thermocouple, decreased by ~116°C and the
temperature in the steel block increased from room temperature to ~160°C. As in the previous
tests, the noise in the temperature data was reduced using the spline function in MATLAB. This
procedure was followed for all the data from the steel blocks during all the experiments starting
from the hot-refractory. The temperature variation in the steel block after reducing the noise for
the cooling stage of the 1-cycle hot-refractory experiment is shown in Figure 7.26. The IHC
analysis was performed with this temperature data and the corresponding heat flux variation is

shown in Figure 7.27.
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Figure 7.26: Temperature profile of the steel block during the cooling stage of the 1-cycle hot-
refractory experiment.
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Figure 7.27: Predicted heat flux values during the cooling stage for the 1-cycle hot-refractory
experiment.
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The heat transfer model was run for the refractory using these heat flux values. The
temperature predictions are compared with the measured temperatures in Figure 7.28. The results

show a reasonable agreement (within 25°C).
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Figure 7.28: Comparison of the experimental and the predicted temperature profiles of the
refractory specimen during the refractory cooling for 1-cycle hot-refractory experiment.

After cooling the refractory for 300s, the cold steel block was replaced with a hot one
from the furnace. While positioning the steel block, the temperature of the block dropped from
~1000°C (furnace temperature) to ~880°C. With minor modifications in the experiments, this

drop in temperature was decreased in the subsequent experiments.

The 3-D heat transfer model was run to correct the heat loss from the hot steel block
during the heating stage. To simulate thermal conditions during the idle time of the heating stage

of the 1-cycle hot-refractory experiment, the emissivity of the refractory and the heat transfer
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coefficient were assumed to be equal to 0.5 and 10W/m?K, respectively. When values for the
convective heat transfer coefficient, ambient temperature and the emissivity of steel surface of
10W/m?K, 11°C and 0.15, respectively, were assumed, the agreement between the predicted and
the measured temperatures was found to be within ~40°C. The comparison of measured and

predicted temperatures during the 1-cycle hot-refractory experiment is shown in Figure 7.29.
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Figure 7.29: Comparison of the measured and predicted temperature profiles in the refractory
specimen during a single cycle hot-refractory experiment after correcting for heat loss from the
steel block.

In the 1-cycle hot-refractory experiment, the emissivity of the steel block was assumed
0.15 to calculate the heat loss. This value is lower than the assumed emissivity value used in
other calculations. This has been attributed to the fact that since, multiple attempts were made to
conduct the hot-refractory experiments, the steel blocks accumulated oxide with multiple heating
events. Thus, the emissivity of the steel block was expected to vary slightly from block-to-block.
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The THC model was then applied to the remaining sets of data (for 2- and 3-cycle
experiments). The result of 3-cycle experiment is representative of the results for each of these
experiments. For this experiment, the emissivity of refractory and the heat transfer coefficient
were assumed to be 0.6 and 10W/m?K, respectively. The results for three heating-cooling cycles,
presented in Figure 7.30, show that the predicted temperatures are in agreement with the
measured temperatures. Even though the boundary conditions are assumed during the idle times,

the temperatures are still within a reasonable agreement (within ~80°C).
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Figure 7.30: Comparison of the measured and predicted temperature profiles for the refractory
specimen for a 3-cycle hot-refractory experiment.
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Thermal profiles along the length of the specimen at various times indicate that
significant thermal gradients develop which may lead to the formation of damage. The

thermo-mechanical predictions and their correlation to damage are discussed in the next section.

The experimental issues experienced with the hot-refractory test were similar to those
discussed previously for the cold-refractory tests. Additionally, the use of hot refractories posed
a problem with loosening of the thermocouple-refractory contact while taking the refractory out

of the furnace. As a result, multiple attempts were made to get the temperature data.

The results from the thermal cycling experiments on hot refractories indicate that

1) After considering the heat loss from the steel block the predicted results were in
agreement with the experimental data.

2) The thermal cycling was severe enough to produce large thermal gradients across the
length of the specimen. The magnitude of the gradients is larger than the ones observed
during the cold-refractory experiments indicating larger damage and significant damage

is expected.

7.4 Stress Modeling Results

The predicted heat flux values were used as an input to a 3-D thermal model of the
refractory blocks in ABAQUS using a FORTRAN based subroutine DFLUX. The temperature

predictions from this model were used to run the 3-D thermal-stress model.
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7.4.1 Cold-Refractory Experiments

The stress model was run using the data from each cold-refractory experiment (i.e. 1, 2
and 3-cycle) to assess the stress distribution and damage evolution. To describe the evolution of
thermal-stress and damage accumulation, a “3-cycle experiment” will be presented in detail,

while the results of the 1 and 2 cycle cases will be summarized.

To examine the effect of the heat flux on the refractory with time, contour plots of
temperature distribution are plotted for 100s, 200s and 300s into the first heating stage

(Figure 7.31).
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Figure 7.31: Contour plots of predicted temperature distribution during 3-cycle cold-refractory
experiment after (a) 100s (b) 200s and (c) 300s into heating.
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It can be seen from Figure 7.31 that the effect of surface heat flux penetrates deeper into
the refractory with time. At the end of the refractory-heating cycle of 300s, the temperature
effects have penetrated up to 1/3™ of the length of the specimen. Even though the heat flow is
one-dimensional, the state of stress is three-dimensional. Due to symmetry, the magnitude of the
stress in the two transverse directions is the same. The corresponding longitudinal and transverse
stress distributions are shown in Figure 7.32. At the start of heating, the surface of the refractory
in contact with the hot steel block tries to expand and the sub-surface material, which is lower in
temperature, hinders this expansion. As a result, in the transverse direction, compressive stresses
are introduced near the heated surface and tensile stresses are introduced in the material next to
the surface. The longitudinal stresses near the heated surface are negligible compared to the
transverse stresses. The material near the edge of the refractory block is less constrained than the
material at the centerline near the symmetry surfaces. Therefore, the transverse stresses are
significant at the centerline and not so significant at the edge. Due to the same reason, the
stresses near the edge are mainly longitudinal. The figure also shows that the longitudinal stress

is spread across a larger section of the material than the transverse stress.

As the effects of heat penetrate further into the specimen the zone of longitudinal
compressive stress (blue area) and the zone with longitudinal tensile stress (read area) penetrate
further into the specimen (see Figure 7.32). Similar effects are observed in the case of the

transverse stresses.

Since refractories exhibit higher strength in compression than in tension, it can be seen
that at 300s (Figure 7.32(d)) the highest compressive stress is ~78MPa and the highest tensile

stress is ~12MPa.
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Figure 7.32: (a) Schematic of the computation domain and mechanical boundary conditions.
Contour plots of predicted longitudinal and transverse stress distribution during a 3-cycle
cold-refractory experiment after (b) 100s (c) 200s and (d) 300s into heating.
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The scalar degradation (SDEG) variable indicates the combined damage accumulated due
to the tensile and the compressive stress history at each location in the domain. SDEG represents
the fractional loss in the elastic modulus. It can be seen from Figure 7.33 that most of the damage
has accumulated on the edge of the specimen where the maximum stresses were present in a

larger area than at the center indicating the possibility of the visible cracking.
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Figure 7.33: (a) Schematic of the computation domain and mechanical boundary conditions.
Contour plots of predicted distribution of the damage variable during 3-cycle cold-refractory
experiment after (b) 100s (c) 200s and (d) 300s into heating.

It should be noted that, SDEG is a scalar quantity; hence, the predicted damage does not

indicate the direction of cracking. However, during operation, failure of the refractory (thermal
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spalling) always occurs due to the cracks parallel to the hot surface. This indicates that refractory
failure is due to the stresses in the direction of the heat flow (longitudinal stress) and that
temperature changes in this direction should be controlled to minimize refractory losses.
Following this logic, the results of the stress analysis will be mainly focussed on the stresses in

the longitudinal direction.

As mentioned before, as the heat penetrates, the “compressive-tensile” zone moves
further into the specimen. This effect can be observed by plotting the longitudinal stress along

the centerline and along the edge at various times during the heating stage (Figure 7.34).
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Figure 7.34: Longitudinal stress along the length of the refractory specimen during the heating
stage predicted with the thermal-stress model at various times in the 3-cycle cold-refractory
experiment.
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Figure 7.34 shows that as heating progresses the magnitude of the maximum compressive
stress increases, however, the magnitude of the maximum tensile stress does not increase. This is
attributed to the fact that the damage in refractories occurs at lower stress in tension compared to

compression. The predicted damage profiles at these times are shown in Figure 7.35.
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Figure 7.35: Damage variable (SDEG) across the length of the refractory specimen during
heating predicted with the thermal stress model of a 3-cycle cold-refractory experiment.

Figure 7.35 shows that the damage penetrated further along the edge than along the
centerline. The damage along the centerline is smaller compared to along the edge. As the

heating continues the damage develops further into the specimen, however, the level of damage

does not change significantly with distance from the interface.
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In order to reveal the effect of the cooling during the first thermal cycle, contours of

temperature, stress, and damage are illustrated in Figure 7.36.
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Figure 7.36: Predicted results of the stress model for a 3-cycle cold-refractory experiment after
the first heating-cooling cycle (a) Temperature distribution (b) Distribution of the damage
variable (c) Transverse stress distribution (d) Longitudinal stress distribution

Figure 7.36(a) shows the thermal gradient in the material after one complete
heating-cooling cycle. Note that the temperature, stress and damage effects have penetrated
further into the refractory specimen compared to the results after the heating stage as shown in
Figures 7.31-7.32. It should also be noted from Figure 7.36(a) that the effects of the heat transfer
conditions are significant only up to about half the length of the specimen from the interface. The

temperature in the rest of the specimen (in blue) has not changed and is at room temperature.
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However, Figures 7.36(c-d) show that the stress effects have penetrated further than the
temperature as a response to the stresses in the material undergoing the temperature changes.
Comparing Figures 7.32 and 7.36(d), it can be seen that, because of cooling, another tensile-
compressive zone has developed next to the existing compressive one at the edge. A similar
effect can be observed along the centerline. This effect is also observed in the transverse stress
distribution in Figure 7.36(c). The extent of the damaged region in the refractory has also
extended further into the material (see Figure 7.36(b)), but the damage distribution is similar to

that shown in Figure 7.33.

With multiple heating-cooling cycles, the temperature effects penetrate further into the
specimen forming alternating zones of tensile and compressive stresses. The damage profile after
three heating-cooling cycles evolves as the thermal-stress effects penetrate into the specimen.
Figure 7.37 shows the variation of damage with length along the centerline and edge of the
refractory specimen after each cycle. It is observed that damage is more prevalent along the edge
of the refractory and that it extends further along the edge than the centerline of the specimen.
The results also indicate that at the center, the level (magnitude) of damage increases by a small
amount after each cycle up to 3 cm from the interface, however, it does not increase significantly
past 3 cm into the specimen. At the edge, the level (magnitude) of damage after each cycle does

not increase significantly. Additionally, the area of damage increases with the number of cycles.
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Figure 7.37: Predicted profile of the damage variable (SDEG) of the refractory specimen after 1,
2, and 3 heating-cooling cycles.

7.4.2. Ultrasonic Testing Results for Cold-Refractory Experiments

The results of the ultrasonic tests were compared with the model predictions of damage.
The ultrasonic test measures the overall damage, in terms of the reduction in the elastic modulus,
in the volume of material between the transducers. To facilitate comparison with this data, the
average value of the damage variable (SDEG) over the volume of material corresponding to the
location where the transducers were placed (i.e. 1/3" of the specimen) was calculated based on

predictions at the end of each cycle.

As mentioned earlier, multiple experiments were performed in order to produce the

thermal data necessary to analyze 1, 2, and 3-cycle cold-refractory experiments. The specimens
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produced during the tests where a thermocouple failed (i.e. thermal data was not be acquired, but
thermal cycling was performed) were also characterized with ultrasonic measurement. Table 7.2
shows the damage indicated by the ultrasonic testing and the predicted damage for all the three
experiments discussed above. The ultrasonic testing results in terms of velocities are given in
APPENDIX A. It can be seen that for the 1-cycle and 2-cycle experiments one extra sample was

tested.
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Table 7.1: Results of the ultrasonic tests and the predicted damage at various locations of the refractory specimens for the

cold-refractory experiments.

Damage (%)

1-Cycle Experiment

2-Cycle Experiment

3-Cycle Experiment

Distance from the Interface (cm) | Measured Measuged Predicted | Measured Measufed Predicted Measufed Predicted
“a” “c” “d” “e” “g”

0-5 ~12 ~12 ~14 ~21 21 ~21 ~26 ~23

5-10 0 0 0 0 0 ~4 ~12 ~6

10-15 0 0 0 0 0 0 ~3 ~0.5

Along the length of the specimen 18 ~4 ~5 26 ~14 ~8 ~18 ~10

" indicates the refractory specimens for which the thermal data is available.
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The damage (which indicates the percent change in the elastic modulus) is calculated as
the change in the square of the sound-velocity in the material because the elastic modulus is

proportional to the square of the sound-velocity in the material (See Eq. (4.1)).

It can be seen from the table that with additional cycles, the predicted overall damage in
the section closest to the interface (within 0-5cm from interface) does not increase significantly
after the second cycle. In this section of the specimen, the predicted values are close to the
experimental values for both samples following the 1-cycle and 2-cycle experiments and the
difference between the predicted and the experimental values is 3% for the 3-cycle experiment.
At the other cross-sections (5-10 cm and 10-15 cm from the interface), the model predictions are
in agreement with the tests carried out on both the samples for 1-cycle experiment. However, for
the 2-cycle experiment, the measured value shows no damage but the model predictions show
4% damage. In addition, for the 3-cycle experiments, the agreement exhibits a maximum

difference of 6% between the predicted and measured damage.

The results in the longitudinal direction show significant scatter. For the I1-cycle
experiment, the experimental value of damage for sample “B” (5%) is in agreement with the
predicted value (4%). However, the value for sample “A” is 18%. The same trend is observed in
the data from the 2-cycle experiments. In general, the measured values in the longitudinal

direction are larger than the predicted values.

There are various reasons for the discrepancies between the predicted and

measured damage values:
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1) Ultrasonic testing - The ultrasonic velocity measured at a particular location was
observed to vary within +75m/s. The damage variation associated with this could be as
high as 6% relative to the range of velocities observed in the current samples.

2) Thermal model - The thermal model is accurate to within ~60°C. Depending on the
corresponding stress, the associated variation in damage could be significant for a
temperature change of ~60°C.

3) Stress model — For compression, the material properties used for the damage model at
high temperature were assumed to be the same as that of room temperature. At high
temperatures, the propensity for damage in compression would increase, thus the
associated damage predicted by the model would increase.

4) Material inhomogeneity - The material properties applied in the model assume a
homogeneous material, however, uneven distributions of porosity, aggregates and various
phases makes it inhomogeneous. The inhomogeneity of the material could affect the

measured damage.

The results of the ultrasonic testing indicate that given the uncertainty in the factors
discussed above related to stress modeling of refractories, the model predictions are in a
reasonable agreement. The ultrasonic test only gives an idea about the magnitude of damage in
terms of the loss of elastic modulus. It does not specify the crack direction. Attempts to use
optical microscopy, image correlation and dye penetrant inspection were not successful in

revealing further details on the nature of the damage experienced by the specimens.
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7.4.3 Hot-Refractory Experiments

The predicted temperature and the longitudinal stress distribution after 3 thermal-cycles
starting with hot refractory samples are shown in Figure 7.38. It can be seen that the thermal
cycling has resulted in a temperature change in more than half of the length of the specimen.
However, the multi-axial stress distribution indicates that the effects of thermal cycling are
significant along the entire length of the specimen. The predicted damage is also significant
along almost the entire length of the specimen and the magnitude of the damage is larger than

that predicted for the cold-refractory experiments.
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Figure 7.38: Predicted results for a 3-cycle hot-refractory experiment after the

3 thermal-cycles (a) Temperature distribution (b) Longitudinal stress distribution (¢) Damage
distribution.

147



7. Thermal Cycling Modeling and Experimental Results

7.4.4. Ultrasonic Testing Results for Hot-Refractory Experiments

The damage predictions for each of the hot-refractory experiments are compared with the
ultrasonic measurements in Table 7.3. It can be seen from the table that the ultrasonic
measurements indicate that significantly higher damage has occurred in the refractory sample as
compared to that predicted. It can also be seen that for the 1-cycle experiment, even though the
thermal changes are significant only up to half the length of the specimen, the entire length of the
specimen has experienced some damage. The same trend can be seen in the 2-cycle and 3-cycle
experiments where the ultrasonic measurements indicate more damage than predicted. This
suggests that some form of uniform damage has occurred along the length of the specimen. One
potential cause of uniform damage may be high thermal gradients resulting from high rate of

heating in the furnace to the target temperature of 1000°C.

Table 7.2: Results of the ultrasonic tests and the predicted damage at various locations of the
refractory specimens for the hot-refractory experiments.

Damage (%)

. 1-Cycle Experiment | 2-Cycle Experiment | 3-Cycle Experiment
Distance from the Measured | Predicted | Measured | Predicted | Measured | Predicted
Interface (cm) ceg” o «wp
0-5 53 ~20 65 ~25 ~68 ~25
5-10 42 ~4 56 ~5 ~59 ~6
10-15 42 0 45 ~1 ~53 ~2
Along the l'ength 68 -8 ~64 ~10 ~71 11
of the specimen

In order to experimentally check if furnace heating is responsible for the high overall
damage in these refractory specimens, a heating test was conducted. The ultrasonic tests were

carried out before and after heating a refractory specimen to 1000°C in the furnace. The results
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show that the damage in transverse direction was ~39% (Vue=4210m/s, V,4=3280m/s) and the
damage along the length of the specimen was ~51% (Vu=4720m/s, V,3=3290m/s). This
confirms that the furnace heating was responsible for a significant damage. It should be noted
that even though the damage caused by heating in the furnace was significant, the ultrasonic
results show that the damage effects penetrate further into the specimen with increasing numbers

of cycles. This effect was also predicted by the model.

To conclude, the modeling results of the tests on hot refractories indicate that heating in
the furnace prior to thermal cycling caused significant damage in the refractory. However, the
predicted damage data shows an expected trend of increasing the length of damage penetration
with increasing number of cycles. Comparing to the overall experimental and predicted damage
values for the cold-refractory experiments in Table 7.2 with those in Table 7.3 it can be seen that
hot-refractory experiments show higher values. This is because of the expected reasons
mentioned in section 7.2.2 i.e. higher thermal cycling in the case of hot-refractory experiments
and also due to the fact that the refractories exhibit higher damage at higher temperatures for the

same amount of thermal stress.

In the next chapter, the application of the thermo-mechanical model presented here to the

industrial process conditions is discussed.
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8. Application to the Industrial Conditions

The thermal-stress modeling methodology developed in this work can be applied to any
refractory material used in the pyrometallurgical industry to predict the damage. The refractory
material considered in this work is used in the steel-industry. More specifically, it is used in
secondary steel-making vessels e.g. tundish as a safety lining. In this chapter, the thermo-

mechanical model is applied to predict damage in refractories used in a tundish application.
8.1 Thermal Conditions in Tundish Refractories

The tundish acts as a reservoir of molten steel transferred from the ladle furnace and
helps to facilitate smooth flow to the continuous casting machine (CCM). The thermal cycles
experienced by a tundish involves three steps, preheating, casting and idling before the next
operating cycle starts. The timespan for each of these steps varies from plant to plant. It is
therefore of interest to an operator to find the optimum processing conditions and times to
minimize refractory loss for their plant. Prior to normal operation, a tundish must be preheated to
between 500 and 1100°C, typically over a time period of 12 to 27 hours [77]. Preheating is
followed by casting where molten steel of ~1580°C is poured into the tundish and supplied to
CCM. Casting operations can take place for as long as ~15 hours, during which time, the liquid
metal in the tundish is periodically replenished. The tundish experiences an idle period thereafter
for 10 to 22 hours depending on the availability of the molten steel for the next cycle of

operation. During the idle time, the refractory lining loses heat to the surrounding environment.
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8.2 Effect of Preheating Conditions on Damage in Refractories

If the tundish is not preheated for long enough or does not reach a high enough
temperature, large thermal shock may occur in the refractory lining leading to subsequent
refractory cracking and losses. On the other hand, preheating for too long or to too high a
temperature results in large energy consumption. Depending on a variety of factors, the
preheating schedules that are followed can vary from plant to plant. As a result, the heating rates
during preheating also vary. Three types of preheating schedules similar to those shown in Fig.
8.1 are common. In schedule “A”, the refractory is preheated to a surface temperature of 1100°C
in 6 hours; in schedule “B”, the refractory surface is preheated to 500°C in 12 hours; and in
schedule “C”, 1100°C in 27 hours. After preheating, the casting stage follows in which, the
tundish is filled up with molten steel at ~1580°C causing the refractory surface temperature to
increase rapidly. For simplicity, this increase in temperature is shown as a vertical dotted line in

Figure 8.1.
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Figure 8.1: Preheating schedules in tundish operation followed by casting of 1580°C of molten
steel. (A) Heating for 6 hours to reach 1100°C (B) Heating for 12 hours to reach 500°C
(C) Heating for 27 hours to reach 1100°C.

The thermo-mechanical model described in Chapter 6 was used to predict the damage
caused by these tundish preheating schedules. The details of the tundish geometry and boundary

conditions are discussed in the next section.

8.2.1 Model Development

The refractory lining system of a tundish consists of three sections. The lining
immediately in contact with the molten steel is called “working lining”, which is applied as a
spray mixed slurry, and has a low thermal conductivity (20mm to 50mm in thickness). The next
section of lining is the “safety lining” (100mm to 160mm in thickness) made up of the refractory

material examined in this project. The next section is the “insulating lining”, which is made from
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a very low thermal conductivity insulating board (~10mm in thickness). The linings that make up
a tundish are supported by a steel shell of thickness ~25mm. The aim of the simulations

presented here is to predict the damage accumulation in the safety lining.

Considering the entire refractory lining system as the computational domain is a complex
problem due to the presence of the mortar joints and spatially changing boundary conditions on
the surface of the refractory. Therefore, only a small section of the lining that is in contact with
the molten steel is considered for the simulation. The computational domain consists of a
composite strip of various sections of the refractory lining and the steel shell. The computation

domain and the boundary conditions are shown in Figure 8.2.
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Figure 8.2: Computational domain and the boundary conditions employed to study the effect of
preheating schedule on refractory damage.
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The following assumptions were made while developing the model:

In the refractories used for the pyro-metallurgical reactors, heat flow via conduction
occurs predominantly in the radial direction along the thickness of the lining. Hence,
one-dimensional heat flow was assumed.

Because of the lack of the data needed to describe the behaviour of the mortar joints, the
refractory lining was assumed continuous i.e., without any mortar joints.

The focus of the simulation was to predict damage due to the thermal stress in the safety
lining. In order to avoid any other stresses arising at the safety lining-working lining
interface and the safety lining-insulating lining interface, the mechanical properties of all
the refractories were assumed to be the same as those of the material used in this project
(i.e. the safety lining). Elastic-plastic material behaviour was assumed for the steel shell.
The thermophysical properties (conductivity, specific heat, and density) were assumed
because the exact data for the properties of the working and the insulating lining are not
available. The rationale for choosing these values is described below.

For the working lining, the commercial product “Basilite spray mix” (manufactured by
Vesuvius) with a density of 1400kg/m’ was assumed. The thermal conductivity of this
product is not available. Since, the working lining has lower thermal conductivity than
the safety lining, a thermal conductivity of 1W/mK was assumed. For the insulating
lining, the commercial product “HZ RCF Board” (manufactured by KT Refractories)
with density 350kg/m’ and temperature dependent thermal conductivity [78] was
assumed. The specific heats of the insulating and working linings were assumed to be the

same as that of the safety lining.
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A model of the composite section through the furnace was run for three cases following the
preheating schedules shown in Figure 8.1. The temperature distribution through the wall of the

furnace at the end of the preheat is plotted for each case in Figure 8.3.
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Figure 8.3: Predicted temperature profile of tundish sections (refractory linings and steel support)
following different preheat schedules.

Figure 8.3 indicates that, for each preheating schedule, the thermal gradients in the lining
vary with the preheating schedule and the thermal diffusivity of the various sections of the lining.
The highest thermal gradient is observed for schedule A, followed by schedule C and then

schedule B. Due to the increased duration of heating, preheating schedule C results in a higher
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average wall temperature than schedule A even though the temperature at the hot face is

approximately the same.

The existing model that considers only the preheating stage was extended to include the
casting stage that lasts for 15hours. During this stage, the heat transfer coefficient between the
metal and the lining and the temperature of molten steel were assumed to be 1000W/m’K and
1580°C, respectively. On the exterior surface of the support steel, which is exposed to the
atmosphere, the heat transfer coefficient and the atmospheric temperature were assumed to be
20W/m’K and 25°C, respectively. The predicted temperature profiles at the end of the casting
stage for the various preheating schedules do not show any significant difference (Figure 8.4).
This indicates that the thermal conditions existing during the casting operation and the duration
of this stage are sufficient to reach a thermal profile very close to the steady-state thermal profile

in the furnace wall, eliminating the gradients achieved during the preheat.
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Figure 8.4: Predicted temperature profile of tundish sections (refractory linings and steel support)
after different preheat schedules followed by the casting stage.

During the initial period of the casting stage, the thermal conditions are not close to the

steady-state conditions. Thus, prior to steady state conditions being reached, the thermal history

of the furnace lining will be dependent on the preheating schedule. Figure 8.5 shows the

temperature profile after Shr into the casting stage. It can be seen that the difference between the

thermal gradients is not as significant as the one observed after the preheating (shown in

Figure 8.3). Schedule B has the largest thermal gradient followed by schedule A that shows

slightly smaller thermal gradient than schedule B and then schedule C.
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Figure 8.5: Predicted temperature profile of tundish sections (refractory linings and steel support)
after different preheat schedules followed by Shr into the casting stage.

The profile of damage occurring in the safety lining after Shr into the casting stage is
shown in Figure 8.6. It can be seen that at distances greater than ~15cm from the hot face, the
damage is almost uniform (~25%) for all three cases. Even though, schedule B shows the largest
thermal gradient, the damage within ~15cm from the hot face shows that Schedule C experiences
the largest damage followed by Schedule A and then B. This is due to the temperature
dependence of damage in the refractory materials. Damage occurs more readily (i.e. at lower
stresses) at higher temperatures. Since the lining temperature after pre-heating with schedule C

has a higher average temperature than occurs with schedule A or B, higher damage results after
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casting following pre-heat schedule C. The results indicate that the influence of higher thermal

gradient in the cases of schedule A and B compared to schedule C is not as significant as the

influence of the higher average temperature in case of schedule C.
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Figure 8.6: Predicted damage profile of tundish safety lining after different preheat schedules
followed by Shr into the casting stage.

Figure 8.7 shows the predicted damage profile at the end of the casting stage. As

expected, the results show that the differences in the damage profiles for various preheating

schedules is negligibly small due to similar temperature profiles at the end of the casting stage

(shown in Figure 8.4). It can also be seen that as with the progress of the casting stage the effects

of temperature are penetrated further resulting into an increase in damage along the entire length

of the working lining.
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Figure 8.7: Predicted damage profile of tundish safety lining after different preheat schedules
followed by the casting stage.

The analysis indicates that the difference in damage for various schedules is initially
significant but it is negligibly small at the end of the casting stage. The choice of schedule is
important during the initial period. The results indicate that Schedule B shows the least damage

in the material. It is therefore desirable to follow schedule B.

One of the other ways to improve life of the lining would be to control the idle time
between two processing cycles. The next section discusses the effect of idle time on the

refractory damage.
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8.3 Effect of Idle Time on Damage in Refractories

The thermo-mechanical model discussed in the last section was used to predict damage in
the refractory safety lining while idle time of tundish operation. Three different idle periods of

10, 15 and 20hours were considered.

Considering the long duration (~15 hours) of the casting operation, steady-state
conditions were assumed to have been achieved at the end. The steady-state temperature at the
end of casting was used as the initial thermal condition to study the effect of idle time. For the
steady-state analysis, convective boundary conditions consistent with liquid metal in contact with
the interior surface of tundish were assumed. The heat transfer coefficient and the temperature of
molten steel were assumed to be 1000 W/m?°K and 1580°C, respectively. On the exterior surface
of the support steel, which is exposed to the atmosphere, the heat transfer coefficient and the
atmospheric temperature were assumed to be 20 W/m’K and 25°C, respectively. During the idle
time, the heat transfer coefficient and the atmospheric temperature were assumed to be 20W/m°K
and 50°C, respectively on the interior surface. The boundary conditions at the exterior surface

during the idle time were not changed.

The predicted temperature distribution through the thickness of the tundish is plotted for
various idling times in Figure 8.8. As expected, the results show that the highest thermal gradient
is observed for the case with a 10 hour idle time and the gradient reduces with increasing idle
time. The maximum thermal gradients for the case of 10 hour idle time is about 28°C/cm and
12°C/cm in the working and safety lining, respectively. For the cases of 15 hour and 20 hour idle

time, the maximum thermal gradients change to about 14°C/cm and 7°C/cm, respectively for the
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working lining but in the case of safety lining they change only to about 6°C/cm and 3°C/cm,
respectively. This shows that in the safety lining, the thermal gradient does not reduce as

significantly as that in the working lining with increasing the idle time.
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Figure 8.8: Temperature profile of refractory lining after different idling periods.

To further examine the effects of idle time, the variation of the damage variable across the length
of the safety lining is plotted in Figure 8.9. The variation of the damage variable across the safety
lining after 10hours does not change significantly with increasing idle time. This is attributed to

the fact that even though the magnitude of thermal gradient in the working lining reduces with
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idle time, the change in the magnitude is not significant enough to cause a significant change in

damage.

Safety Lining

0.70 - ~
0.65 - —a&— |dle time=0
=10 hours
0.60
= == 15 hours
0.55 -
------ 20 hours
0.50 -
Damage Variable .
(SDEG)
0.40 -
0.35 -
0.30 -
0.25 -
0-20 T T T T T T T 1
3 5 7 9 11 13 15 17 19

Distance from the Hot Face (cm)

Figure 8.9: Damage variation across the safety lining after different idling periods.

Even though in practice long idle times are avoided due to additional energy consumption during
the next preheating cycle, the results in this section indicate that increasing the idle time longer
than 10 hours does not cause additional significant cooling, nor any additional significant
damage in the lining. Since the tundish operates on a cyclic basis, the effect of multiple cycles on

the state of stress in refractories is discussed in the next section.
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8.4 Effect of Multiple Thermal Cycles

To see the effects of multiple cycles, a case where a tundish at room temperature
undergoes preheating followed by 3 thermal cycles is considered. Each cycle consists of a
casting stage followed by idle time. The casting time and idle time of 15hours were assumed.
The computational domain and boundary conditions are the same as the ones previously
discussed in this chapter. The simulations were run for the three cases of preheating schedules
shown in Figure 8.1. Since, the temperature profiles for the different preheating schedules after
the first casting stage are the same (Figure 8.4), the temperature profiles after following the idle
time and the subsequent cycles are also the same. For the sake of simplicity, the results of only

one preheating schedule (schedule A) are discussed.

The temperature profile of the tundish section at the end of each stage is plotted for
schedule A (Figure 8.10). It can be seen that the temperature profiles after the casting stage and

after the idle time does not change significantly with the number of cycles.

The damage profiles of the safety lining after the preheating and at the end of the idle
time of every cycle are plotted (Figure 8.11). It can be seen that the damage after 13cm into the
safety lining increases after the ond cycle. However, the damage does not increase further with
the subsequent cycles. This is attributed to the temperature changes shown in Figure 8.10. It can
be seen that at the start of the first casting stage, the material is at an elevated temperature due to
the preheating. However, due to the idle time after the first casting stage, the material is at a
lower overall temperature than the one after the preheating. Therefore, the second casting stage
involves larger temperature increase than the first one. This is the cause of an increase in damage

seen in Figure 8.11 after the 2™ cycle. Figure 8.10 also indicate that the temperature change for
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the third casting stage is the same as the one for second casting stage. Therefore, the damage

after the 3™ cycle is the same as the one after the 2™ cycle.
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Figure 8.10: Predicted temperature profile of tundish sections (refractory linings and steel
support) after various stages of the tundish operation.
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Figure 8.11: Predicted damage variation in the safety lining after 1,2, and 3 thermal cycles with
different preheat schedules.

To conclude, the analysis presented in this chapter shows that the modeling methodology
discussed in this project can be readily applied to industrial operating conditions to predict
damage occurring due to thermal stress in the refractory linings. This analysis could be used to
minimize the refractory loss due to the thermal stress by examining different operational

scenarios and materials.
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9. Conclusions and Future Work

In this chapter, the results are summarized and conclusions are discussed. The future

scope of this work is also discussed thereafter.

9.1 Summary and Conclusions

Previous work shows the need for analyzing refractory degradation due to thermal stress
by means of mathematical modeling because of its practical significance to the industrial
applications. Further work in this area from the modeling and experimental perspectives has been
hampered because: 1) precise material models require detailed material property data, which can
only be acquired with testing machines specifically designed for this purpose; 2) limited
experimental validation of models that have been developed. Additionally, the control and
quantification of the heat transfer conditions in thermal cycling experiments on refractories has
not been achieved successfully. The work done in this thesis provides a new approach to study
refractory degradation due to cyclic heating and cooling and attempts to provide a solution to the

above-mentioned issues.

The work presented in this thesis highlights some important aspects about refractory
behaviour during thermal cycling. In the last three decades of work on refractory performance
simulation, the assumption of the constitutive behaviour has changed. The initial work assumed a
simple “linear-elastic” material behaviour and more recent work considers more complex
“temperature-dependent damageable” material behaviour. The thermo-mechanical model

considered in this work predicts damage in terms of a material property (elastic modulus) which
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can be measured by the non-destructive testing (ultra-sonic testing). Although this model has
been used previously for refractories, it has not been validated against data from thermal cycling

experiments.

Thermal shock tests are commonly used as an approximate measure to test refractories
for their resistance to thermal cycling. Refractories are tested before, during and after the thermal
shock tests and the material properties are compared. In most of the tests, a hot or cold refractory
specimen is immersed in a liquid medium such as water, salt bath, oil and so forth. The control
of the heat flux and its quantification is very difficult in these methods. In this work, the
“contact” method of thermal cycling was employed to overcome these problems and, was used to
validate a thermal-mechanical model including “damage” behaviour. Use of this method also
appears to have the potential to become a standard thermal shock testing method for the
refractories due to the control over its thermal boundary conditions. These thermal cycling
experiments using the “contact” method were successful in inducing significant thermal
gradients in the refractory specimens. The start-to-finish temperature change was ~500°C for
experiments starting with cold (room temperature) refractory specimens and was ~575°C for
experiments starting with hot refractory specimens. However, these experiments did pose some
experimental issues such as detachment of spot-welded thermocouples, oxidation of the threads
in the steel block and so forth. Due to this, more than one attempt was required to perform each

experiment successfully.

The temperature data from the steel was used in the inverse heat conduction model to
calculate the heat flux entering into the refractory. The refractory temperatures were predicted

using the heat flux values. The predicted refractory temperatures during the heating stage in both
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cold- and hot-refractory experiments were significantly higher than the experimental values. This
could have been due to the heat loss to the surrounding either from the refractory specimen or
from the steel block. An experiment with multiple thermocouples attached to the refractory
specimen indicated that the heat loss from the refractory to the surrounding was negligibly small.
Hence, it was concluded that the heat loss must have been from the steel block. After
compensating for the heat loss from the steel block in the thermal model, the predicted
temperatures were within ~60°C of the experimental values for all thermal-cycling experiments.
The predicted refractory temperatures during the cooling stage were in agreement owing to
negligibly small heat loss from the steel block that is at low (room) starting temperature. The
thermal model also predicted that large thermal gradients develop across the length of the

refractory specimen during the experimentation.

The temperature data from the refractory specimen was used to run the thermal-stress
model that predicts thermal-stress and damage in terms of loss in elastic stiffness. The
model predicted the time variation temperature and thermal stress as they penetrate further into
the specimens during multiple thermal cycle experiments. It was also shown that the effects of
thermal-stress penetrate further into the specimen than the effects of temperature due to the
transmission of force. The model also shows that even though the temperature variation is
one-dimensional, the stress and damage variation is three-dimensional. The predicted damage
variation indicate that the magnitude of damage along the edge of the specimen is larger than that
at the center. With multiple cycles, the overall damage in the specimen does not increase

significantly, however, the damage penetrates further into the specimen with each cycle.
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To validate the predicted damage results from the thermal-stress model, ultrasonic testing
was carried out at various locations on the refractory specimen. The results of the tests indicate
percentage loss of elastic stiffness (damage) at those locations. Ultrasonic testing on specimens
that had experienced cold-refractory experiments indicates that the model was capable of
predicting the damage within a reasonable agreement. The small discrepancy in the agreement is
attributed to the factors such as heterogeneity of the refractory material, assumption of the
“damage” properties in compression at elevated temperatures, discrepancy of about 60°C in the
thermal model predictions, and the inherent error associated with the ultrasonic tests. Ultrasonic
testing on specimens that had experienced hot-refractory experiments exhibited significantly
higher damage than that predicted. This was determined to be due to the damage associated with
the high rate of preheating of the refractory material in the furnace prior to the thermal cycling

experiments.

These refractories are mostly used in the secondary steel-making operations. They are
widely being used in the tundish furnace. The current model was applied to examine the tundish
operations. Three preheating schedules that are commonly used in the tundish operation were
considered and the model was run to predict damage in the refractory. The models predictions
show that the schedule with preheating time of 12hours and temperature of 500°C will cause the
least amount of refractory damage during the early stages of casting. However, the damage after
the casting is the same regardless of the preheating schedule. This is due to the long duration
(15hours) of the casting stage that results near steady-state thermal profiles. The model also
considered other aspects of the tundish operation such as the effect of the idle time and the effect

of multiple operating cycles. The model predictions show that even though the idle time cause
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damage in refractories, the damage resulting from increasing the idle time by more than 15 hours
is not significant. When the model is run for multiple operating cycles, it was seen that the
increase in damage was significant only until the 2" thermal cycle. The damage did not increase
with multiple cycles after the 2nd cycle. The results show that this work can be applied to any
reactor with known heat transfer conditions and based on the results suggestions could be made

for the best operating practices.
9.2 Future Work

Current work provides tools to model refractory damage by means of a new modeling

and experimental methodology. However, areas remain that require further improvement.

1. Design of the experiment — The current work was the first and the only attempt so far to
use the “contact” method to carry out multiple thermal cycling experiments.
Experimental issues were experienced that were not anticipated. The experimental
results show that 1-D heat flow was achieved in the refractory specimen. However, 1-D
heat flow was not achieved in the steel block. In addition, thermocouples in the refractory
specimens as well as steel blocks were susceptible to breaking while heating in the
furnace. The thermocouple contacts had to be spot welded quite frequently. A
methodology to mitigate this issue needs to be developed.

2. Temperature dependent constitutive data that is used is crucial in the stress / damage
models. This data is available for a very limited number of refractory materials due to the
requirement of specially designed testing equipment. Further work is needed for

mechanical characterization of other refractory materials.
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9. Conclusions and Future Work

Apart from these points, this work also hints at other new areas of work, which should be

investigated.

To apply this modeling methodology successfully to industrial conditions, understanding the
thermal and mechanical boundary conditions is important. The stress experienced by a single
refractory originates from thermal as well as mechanical factors such the presence of mortar
joints, movement of molten metal due to the movement of reactor and so forth. Strains can arise
from the chemical reactions between the molten metal and the refractories, which may lead to
spalling of refractory material. Research has been done on individual mechanisms or the
combination of thermal and chemical factors however, there is a need to develop an integrated

model, which combines all the three factors (thermal, mechanical and chemical) together.
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APPENDIX A

Appendix A

This section shows the results of the ultrasonic testing used to calculate damage. The test
gives the velocity of sound through the material. The refractory specimens were tested before
and after the thermal cycling experiments. The results for cold-refractory experiments and

hot-refractory experiments are shown in Table A and in Table B, respectively.

Table A: Results of the ultrasonic tests and the predicted damage at various locations of the

refractory specimens after the cold-refractory experiments.

1-Cycle Experiment 2-Cycle Experiment 3-Cycle
Experiment
Distance from the
Interface (cm) Specimen Specimen Specimen Specimen Specimen
GEa,, “C” GCd” Gﬁe,’ G‘g’?
Vbef=4480m/s Vbef=6320m/s Vbef=4700m/s Vbef=6320m/s Vbef=6320m/s
0.5 V,=4200m/s | V,=5940m/s | V=4175m/s | V,=5610m/s V,i=5420m/s
5.10 Vai=4480m/s Var=6320m/s V.;=4700m/s Var=6320m/s Var=5940
1015 Vi =4480m/s | V,=6320m/s | V,=4700m/s | V.=6320m/s | V,;=6210
Along the length Vbef=4800m/s Vbef=5760m/s Vbef=4950m/s Vbef=5380m/s Vbef:5120
of the specimen | v —4340m/s | v,=5640m/s | V,=4250mis | V,=4980mis | V4640
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Table B: Results of the ultrasonic tests and the predicted damage at various locations of the
refractory specimens after the hot-refractory experiments.

Distance from the
Interface (cm)

1-Cycle Experiment

(1P 4]

Specimen “a

Vbef =4230m/s

2-Cycle Experiment

(P2

Specimen “c

Vbef =4480m/s

3-Cycle Experiment
Specimen “f”

Vbef =4380m/s

\]aft:2 890m/s Vaft:265 Om/s Vaﬁ=2460m/s
0-5
Vaft:3230m/s Vaﬂ=2970m/5 Vaﬂ=2790m/s
5-10

V.1 =3230m/s V.;=3310m/s

10-15 V.=3000m/s
—441 —421 —424

Along the length of the Vier =4410ms Voer=4210m/s Vier=4240m/s
specimen V=2500m/s V=2520m/s Vai=2300m/s
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