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ABSTRACT

Coal gasification in a slagging gasifier unit is an efficient
process in converting coal into economic gaseous fuel. In the
gasifier, the operating temperatures are high with simultaneous
presence of highly corrosive slags and gases. A refractory lining
system is usually adopted as a thermal barrier to maintain the high
operating temperature in the gasifier and as a potective layer for the
gasifier vessel against corrosion attack. The refractory linings are
generally in the form of composite cyclindrical walls composed of
layers of bricks, mortar joints and cooling systems. Due to critical
design conditions that exist in the gasification environments, a safe
and economic design of the lining system and the determination of
proper operational control involve challenging engineering problems
which require a thorough understanding of the lining behavior in the
high temperature, highly corrosive environments.

Generally, high-AZ20 3 and high-Cr203 refractories have been
considered as candidate materials for the primary layers of the lining
systems in the slagging gasifiers. These materials have relatively
high resistance to corrosion and thermal attack. The material and
systems behaviors of the linings adopting these materials are quite
complex, and a thorough behavioral understanding is essential for
achieving an optimal design and for the determination of proper
operational schemes. It is the purpose of the present work to develop
predictive material models and analysis capability to study the lining
system behavior in gasification environment, and through
analytical/numerical simulations to reach specific guidelines for the
design and the operation of the lining systems.

Temperature dependent material models are developed to represent
the thermophysical and thermomechanical behaviors of the candidate
refractory materials. Special emphasis is on the development of a
time-independent, damage-type constitutive model for brittle materials.
This model adopts the bounding surface concept in stress space to
characterize material strengths in various stress paths, and, in
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conjunction with the adoption of a damage parameter in strain space, to
represent the material degradation due to damage accumulation. This
model is general, and has the capability to predict the material
response to multiaxial, nonproportional, and cyclic loads.

In addition to the time-independent constitutive model, a creep
model, a conductivity model for cracked media, and polynominal
representations of thermophysical properties are proposed for the
candidate materials. A special finite element program incorporating
these models is developed. The computer package developed provides a
unique and powerful tool for the thermomechanical analysis of
refractory lining systems.

A predictive corrosion model is proposed to study the long-term
corrosion process of lining systems in slagging gasifiers. The
corrosion process is considered as the interactive results of different
corrosion mechanisms (dissolution and spalling), and temperature
distribution in the lining systems. Based on this model, sensitivity
study, including various lining materials, lining geometries, and
operating conditions, is performed to identify the important factors
characterizing the long-term corrosion behavior of the linings.

In high-temperature environments, the transient heat-up period
represents a critical structural stage in the lining system. During
thit period the linings experience severe structural conditions, due to
the high temperature gradient, high confining stresses, and the less
effective stress relaxation. A proper design and operational control
in reducing the damage in the lining during the heat-up periods is of
great concern. In the present work, the thermomechanical behavior of
linings with various combinations of lining material and lining
geometry (single layer, multiple layer, and the adoption compressible
layers and expansion joints) , and under various heating schemes
(various combination of different heating rates, and holding periods)
is studied. The results from these studies provide a basis for the
determination of proper design and operational control for the linings
in slagging gasification.

Finally, based on the findings from the thermomechanical and
corrosion analyses, recommendations are made for the design and
operation of reliable and durable lining systems.

Thesis Supervisor: Dr. Oral Buyukuzturk
Title: Associate Professor of Civil Engineering
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volumetric strain, its increment, and its plastic
component
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temperature

critical temperature for slag penetration
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temperature in the gasifier
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element
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CONVERSION FACTORS

English to SI Conversion

Length:

Mass:

Temperature:

Density:

Pressure, Stress

Specific Heat:

Thermal
Conductivity:

in = 25.4 mm

lb = 435.9 g

("F) = (9/5) T (@C) + 320F

(°F) = (9/5) T (*K) - 459.7"F

lb/in 3 = 2.768 x 10-2 g/mm3

lb/in 2 (PSI) = 6895 Pa (N/m2)

Btu/lb-°F = 1.055 Cal/g-*C

1 Btu/hr-in-°F = 2.077 x 10- 2 Watt/mm-°K

Prefixes most often used with SI units

109  giga

106 mega

103 kilo

10-3 milli

10- 6 micro

Parameter



CHAPTER 1
INTRODUCTION

§1.1 COAL GASIFICATION - A REVIEW

Coal gasification is the process of manufacturing gas from coal by

heating the coal while reacting it with air, hydrogen, steam, and other

various mixtures. The early process of producing coal-gas can be

traced back to late 18th century when the gas was obtained by heating

coal in the absence of air [69]. In the early 19th century, when

coal-gas producers started distributing their product for lighting in

London, it became widely adopted in Europe and U.S. In fact, nearly

every major city in the eastern U.S. once had its gashouse where gas

was manufactured for lighting and cooking.

The early methods of coal gasification involved a destructive

distillation process and a gasification process [69j. In the

distillation process, the coal was heated until it decomposed

chemically, releasing gas with a heating value of from 475 to 560

Btu/cft (B.T.U. per cubic foot). In this step over 70 percent of the

original coal remained as a solid residue, and as a result, a second

stage gasification process was adopted to further utilize the coal. In

the gasification process the solid residue reacted with air, oxygen,

and steam to produce a gas consisting essentially of a mixture of

hydrogen and carbon monoxide. The heating value of this final gas was

only about 300 Btu/cft.

- 27 -
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The technology for producing gas from coal has improved

substantially since the 19th century. The use of coal-gas declined

after World War II due to the emergence of low-cost, high heating-value

(1000 Btu/cft) natural gas. Natural gas is clean, easy to distribute

by pipelines, and convenient to use, and therefore has become the

preferred candidate for residential and commercial use.

In recent years the shortage of natural gas and petroleum made the

prospect of commercial production of synthetic fuels from coal

attractive once again. In the United States, for example, the energy

generated by the use of available coal would exceed that of all forms

of petroleum and natural gas combined. With the improved gasification

technology for producing high-Btu gas and improved technology for

building durable gasifier vessels, the installation of commercialized

gasification plants seems feasible.

In general, there are two broad categories of coal gasification:

low and medium-Btu gasification (200 ~ 400 Btu/cft), and high-Btu

gasification (about 1000 Btu/cft) [64J. The low and medium-Btu

gasification processes inexpensively produce gases with carbon monoxide

and hydrogen. However, gases produced this way can be used

economically only on site, either for electric power generation or by

industrial plants. On the other hand, high-Btu gasification can

produce gases consisting mainly of methane, which can be distributed

economically to consumers via the same pipelines used to deliver

natural gas. They are considered as a substitute for natural gas (SNG)

accordingly. Furthermore, the high-Btu gasification process has

potential, with further processing of its by-products, for providing

industrial feedstocks for the manufacture of other synthetics.
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Several approaches have been proposed for high-Btu gas

production. The most updated technologies, which employ the concept of

"hydrogasification" and the process of "shift conversion" and

"methanation", can efficiently produce high-Btu gases with minimal gas

and heat loss [32,641. These processes can be summarized in the

following major steps (Fig. 1.1).

(1) Gasification process:

(a) Hydrogasification: The coal is initially reacted

with a hydrogen-rich gas to form substantial amounts of

methane directly:

2CHO.8 + 1.2 H2 * CH4 + C

C + 2H2 * CH4

(b) Oxygen-gasification: Some of the coal is burned to

supply the required heat for the reaction process:

C + 02 + CO2

(c) Steam-gasification: The reaction takes place

at a relatively high temperature (above 2000*F) to

produce hydrogen and carbon oxides:

C + H20 + CO + H2

(2) Shift conversion process: The amount of methane in crude gas

produced from the gasification process is low and further

conversion of the crude gas is necessary to increase the

methane content (methanation). To provide the required
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Figure 1.1 Coal Gasification Process [32]
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hydrogen in the methanation process, the process termed shift

conversion is performed by interacting crude gas with steam:

CO + H20 + CO2 + H2

(3) Methanation process: The crude gas is further reacted

with hydrogen to produce more methane:

CO + 3H2 + CH4 + H20

During the above mentioned processes, some intermediate steps such

as gas/tar clean up and gas purification, are required to achieve the

necessary steps. The above mentioned processes of coal gasification

are outlined in Fig. 1.1 [32). For more details the reader may refer

to Refs. 32 and 64.

In addition to the above outlined chemical processes, the coal

gasification processes also involve various mechanical systems [32,69).

These mechanical systems can be classified in several ways: by the

method of supplying heat for the gasification reaction (internal

heating or external heating); by the method of achieving contact

between the reactants (fixed bed, fluidized bed, entrained bed, or

molten bath bed); by the flow of reactants (current or counter

current); and by the method of residue removal (slagging or

non-slagging). Briefly, in a fixed bed system a grate supports lumps

of coal through which the steam or hydrogen is passed; in a fluidized

bed system gas flows through the coal, producing a lifting and boiling

effect; in an entrained bed system the coal particles are transported

in the gas prior to introduction into the reactor; and in a molten bath

bed system the coal particles and gas are dispersed in a liquid.
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Non-slagging (dry-ash) gasifiers have been used for a long time.

The non-slagging gasifier usually operates at a relatively low

temperature (less than 2000°F); in these gasifiers, the non-volatile

constituents in the coal (i.e., ashes) are present as dry solid

particles. These dry ashes need to be removed from the gasifier

periodically. On the other hand, a slagging gasifier usually maintains

a portion of the gasifier volume at temperatures above the melting point

of the coal ashes (typically above 2500°F). The coal ashes in the

slagging gasifier are present in a liquid form (molten slags) which can

be removed easily and continuously, resulting in sterile, inert ash

products for disposal. This type of gasifier offers several primary

advantages over non-slagging (dry-ash) gasifiers, such as greater gas

production capacity for a unit of given size, lower steam consumption,

absence of tars and oils in the product steam, and relatively easy

removal of ashes during operation. Examples of such slagging gasifiers

[71 are: (1) for the fixed-bed system: British Gas-Lurgi gasifiers,

and GFERC pilot plane; (2) for the entrained-bed system:

Koppers-Totzek, Texaco, Shell and C-E gasifiers.

The present work deals with the thermomechanical behavior and

corrosion effects associated with these slagging gasifiers. In the next

section specific problems in this respect will be summarized.

§1.2 RESEARCH PROBLEMS ASSOCIATED WITH THE LININGS OF SLAGGING
GASIFIERS

In slagging gasifiers, operating temperatures of the order of 2500

to 3300°F are maintained, and the ash is present as molten slag. This

slag generally runs down the walls of the gasifiers, and goes through a
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slag tap to a quench tank from which it can be removed as a granular

material. The molten slag is corrosive to the vessel shell. To

maintain a high operating temperature and to protect the vessel shells

from corrosion attack, refractory-brick lining systems (Fig. 1.2) are

usually used. Such lining systems are generally in the form of

composite cylinders primarily composed of layers of bricks in

vertical (axial) and radial directions. The bricks are usually

connected to adjacent bricks with jointing materials, such as

mortars, for improving the system integrity and stability. Cooling

systems are frequently adopted to fulfill certain requirements of

temperature control during operation.

During the lifetime of a refractory-brick lining in a slagging

gasifier, two general categories of failure may be observed [34]: (1)

cracking, spalling, and joint failure due to thermal attack and (2)

material degradation and mass loss due to corrosion attack by the slags

and gases.

The refractory lining is subjected to heat flux at the interior

face (hot face) of the vessel and generally is cooled from the exterior

face (Fig. 1.2). The adoption of a cooling system may reduce the

hot-face temperature, enabling a stable layer of slag to form on the

inside hot face [36]. This layer may protect the refractory lining

from exposure to the corrosive gases and molten slags. Moreover, the

cooling system can reduce the shell temperature to a level that the

corrosive agents on the shell are not active [30]. On the other hand,

if the temperature differences across the lining thicknesses are large,

a critical stress combination of tensile, compressive, and shear
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stresses may arise in the lining. Such critical stress states may

cause cracking, and spalling problems in the bricks, and failures of

the joints between the bricks. Furthermore, heat accumulation due to

the reduction in thermal conductivity at locations across the cracks

together with the possible degradation of the brick material due to hot

slag penetration may accelerate the deterioration of the lining,

leading to eventual damage to the vessel shell.

In both acidic and basic coal slags, high-alumina and high-chromia

dense refractories are usually used to reduce corrosion attack. Water

cooling at the exterior face of the lining also gives a beneficial

effect. Substantial slag corrosion of the linings is still observed,

however, due to its exposure to high-temperature gasification

environments during the life time of the system [303. The corrosion

process involves three mechanisms: dissolution, penetration, and

erosion. The chemical process of dissolution and penetration has been

extensively studied for certain candidate refractories for slagging

gasifiers [45,49,50,51,90]. Dissolution in a slag-refractory system is

the chemical reaction between the slag and the refractory, by which the

refractory is gradually dissolved in the slag composite. The slag

penetration can result in the changes of chemical and mechanical

properties of the refractory. A common mechanical effect is the

formation of numerous microcracks in the refractory and the resulting

strength degradation. Erosion itself is not a problem for high-alumina

and high-chromia bricks in slags. However, when it is accompanied by

slag penetration and thermal stresses, it can result in significant

spalling problems [65]. Such a spalling mechanism is not well
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understood. More studies toward a better understanding of this type of

deterioration process are needed. W

An optimum design and operational control will reduce the

corrosion and thermal-attack problems in the lining system. In order

to achieve a safe design and determine the optimum operational schemes,

a thorough understanding of the behavior of lining systems in slagging

gasification environments is required. Such a behavioral understanding

will involve both thermomechanical material and system behavior, and

corrosion behavior, as well as their interaction in the gasification

environment. The present work is an attempt to accomplish these

objectives, with the aim to provide an analysis and design methodology

for achieving reliable and durable lining systems. It is hoped that

the results of this study will benefit the coal-gasification industry.

§1.3 REVIEW OF THE PREVIOUS MIT WORK

Over the past several years, comprehensive analytical and

experimental studies have been undertaken at MIT dealing with the

thermomechanical behavior of monolithic refractory concrete linings

[19,20,70,88).

Constitutive models have been developed for both dense and

insulating monolithic refractory concretes applicable to coal

gasification vessel linings. In the development, experiments were

performed on refractory concrete plate specimens subjected to biaxial

compression at various temperatures. Based on the test results, a
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general hypoelastic model was developed for the thermomechanical

constitutive behavior of refractory concretes. The essential features

of the model include a temperature dependent failure surface, elastic

modulus and stress-strain curve. Within certain limitations the model

can be used to model behavior under cyclic thermal loadings. A

temperature dependent creep model based on the concept of

thermo-rehologically simple material was also developed. The creep

model incorporates a transient delayed elastic strain component and a

nonlinear irreversible flow component. These models were incorporated

in a three dimensional thermo-mechanical finite element program for

predicting the behavior of dual-component, monolithic refractory

concrete lined coal gasification vessels. A finite difference solution

was used for the analysis of transient heat transfer analysis through

cracked, layered media, and incorporated in the three-dimensional

nonlinear finite element computer program for the stress analysis.

The experience from this previous experimental and analytical work

at MIT has been applied to the current research. However, special

materials, systems, environmental conditions and related problems

encountered in the current work required substantial new developments

in modeling and analytical/numerical procedures. New material models

for the refractory bricks, structural models, a preliminary model for

corrosion prediction, and analysis capability have been developed.

With these new tools, the general behavior of a refractory lining

system in a slagging environment can be extensively studied.
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§1.4 CURRENT RESEARCH OBJECTIVES AND APPROACH

The general objectives of the present study are (1) to develop

predictive material models and an analysis capability to study the

system behavior of refractory-brick linings in high-temperature,

high-corrosion environments, and (2) through analytical/numerical

simulations to reach specific guidelines for the design and operation

of the lining systems.

The specific objectives of the study are:

(1) based on the available test data, to develop general time-

dependent, temperature-dependent material models. These models,

when implemented in finite element program, will predict the

thermomechanical behavior of linings in a transient heating

process;

(2) to develop a general methodology and analysis capability (finite

element program) for studying the reliability of lining systems in

gasification environments;

(3) through simulation and parameter studies, to assess the governing

effects of different design factors and operational schemes on the

lining behavior;

(4) to develop an analytical model for studying the long-term

corrosion behavior of the linings, and through simulation, to

understand the corrosion behavior of the linings with

different lining materials, and in various operating conditions

in the slagging gasifiers;

(5) based on the analysis results, to provide specific guidelines for

the design and operational control of the lining systems in

slagging gasifiers.
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In the determination of a proper configuration and operational

scheme for a lining system, the designer usually faces many trade-offs

before a final optimal solution is reached. Examples of these

trade-offs exist in materials selection (corrosion resistance, strength

at elevated temperatures, and thermal conductivity); in operational

procedures (levels of pressure, temperature, gas velocity, etc.); in

the lining geometry (number of layers, thicknesses, etc.); in the

heating scheme, and in the use of a cooling system. Such trade-offs

can be assessed through accurate prediction of the overall lining

performance in a gasification environment. The final optimal solution

can be determined on an economic basis, comparing the total cost of

lining materials, labor, construction, replacement (material, labor,

and down-time loss) due to possible damage in the lining systems, to

projected benefits. Such an optimization process requires a broad

knowledge covering materials science, mechanical engineering,

structural engineering, chemical engineering, the manufacture of

refractories and gasifiers, and many other fields. Hence, an important

aspect of this work is the integration of results with results obtained

from other sources to provide a complete characterization of the lining

system.

The approach used to conduct this research may be summarized in

the following steps:

(1) Collect and evaluate material data for hot refractory bricks

and mortar. For different temperature levels the data

includes compressive strength, stress-strain curves, modulus

of elasticity, strength under multiaxial loading conditions,
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creep curves, thermal conductivity, thermal expansion

behavior, and corrosion rate.

(2) Based on the available data and a general knowledge of

refractories, develop constitutive models for refractory

materials. Compare and verify predictions from the models

with experimental data.

(3) Study the long-term corrosion behavior of refractories in

slag. Develop analytical methods to predict residual lining

thickness and to evaluate long-term reliability of a lining

system.

(4) Study the effect of corrosion on the thermomechanical

properties of refractories. Modifications in

thermomechanical properties of refractories due to slag

corrosion will be included in the thermomechanical analysis

of the lining systems.

(5) Develop a conductivity model for cracked media. Perform

transient heat transfer analyses and examine the local

effects of heat accumulation and stress concentration.

(6) Implement the developed material models into a finite element

program. Develop special elements for mortar and brick.

Simplify the structural model and define appropriate boundary

conditions.

(7) Perform thermomechanical analyses of linings using the

developed models. Predict stress-strain distributions within

the brick-mortar linings. Detect crack formation, spalling,

and joint failure by analysis.
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(8) Perform parameter studies to assess the effects of different

designs of the linings and different heating schedules on the

thermomechanical behavior and reliability of the lining

systems. Optimize operational procedures and lining

designs.

(9) Complete evaluation of analytical/numerical results.

Make design and operational recommendations.

(10) Based on the analytical/numerical results, recommend future

needs for experimental and analytical research.

§1.5 ORGANIZATION

A review of the lining systems and candidate materials used in a

slagging gasifier is given in Chapter 2. The chapter includes the

description of the gasification environment, the typical factors

destructive to a refractory lining, the conceptual design of a lining

system and the selection of candidate lining materials for slagging

gasifiers. In Chapter 3 the material behavior, including

thermophysical and thermomechanical behavior, of the candidate

materials is summarized. Associated temperature-dependent material

models are proposed for implementation in the finite element program.

These include the conductivity model, the time-independent constitutive

model, and the creep model.

In Chapter 4, the slag corrosion behavior of refractory linings is

studied. The typical corrosion mechanisms in a slag-refractory system

are reviewed first. Analytical models for predicting residual lining



- 42 -

thicknesses are proposed. Based on these models, the deterioration

behavior of the linings in corrosive environment is studied.

In Chapter 5 the finite element formulations for the heat-transfer

analysis and for the stress analysis are summarized. The finite

element implementation of the interaction between heat transfer and

stress resultants is presented. The modeling of the mortar-refractory

joint behavior is included, and the implementations of the effects of

slag-penetration and spalling are also described. In Chapter 6

extensive parameter studies are performed. Different combinations of

refractory materials, number of layers, layer thicknesses, and heating

schedules are studied. The results of these parameter studies

constitute the basis for the determination of an optimal design and

operational scheme.

Recommendations on conceptual design and operation of a refractory

lining system for slagging gasifiers are given in Chapter 7. Finally,

in Chapter 8 a summary of the study, conclusions, and future research

directions are presented.



CHAPTER 2
LINING SYSTEM AND
LINING MATERIALS

52.1 GASIFICATION ENVIRONMENT

The slagging gasifier is conceptually a leading candidate for coal

gasification. It offers several primary advantages over other types of

gasifiers. These include greater gas production capacity for a given

size unit, lower steam consumption, absence of tars, oils, and

condensable hydrocarbons in the product steam, and relatively easy

removal of ash during operation. However, this highly efficient

conversion process is generally accompanied by high operating

temperatures and pressures, complex gaseous composites, and molten

slag. This results in an extraordinarily severe environment for the

structural components of the slagging gasification system.

Increasing temperature and pressure in the gasifier can usually

increase operational efficiency and reduce the size of gasifier [64].

The adopted temperatures and pressures in a slagging gasifier generally

depend on the specific gasification process, the reactivity of the

coal, and the fluidity of the slag. The operating temperatures are

usually in the range of 2500*F - 3300*F, and gas pressures are generally

in the range from one atmosphere to 600 psi, but can be above 1000

- 43 -
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psi. The high temperatures are not permissible for the vessel shell

of the gasifier, and thus the shell is generally protected by a

refractory lining system.

Gases typical to a slagging gasifier primarily consist of H20

(steam), H2, CO and CO2. Small amounts of CH4, N2, NH3, and H2S may

also exist. These processing gases can attack the refractory lining and

vessel shell in various ways, and the level of damage by gas attack is

generally temperature and pressure dependent. The steam can oxidize the

iron-containing metal shell and cause cracking and spalling problems in

the shells during heating cycles [2]. Such problems become very severe

at high temperature levels. At elevated temperatures steam can affect

refractory materials by causing the extraction of soluble oxides or

hydroxides, resulting in the reduction of refractory strength and

erosion resistance [40]. Hydrogen attack to the steel shell can be

significant at temperature levels above 600oF, leading to loss in

material ductility and toughness [631. At high temperature levels

(>1700°F), hydrogen can remove silica and solid S102 from refractories

and result in weight loss from the refractories [31]. CO disintegration

of refractories, which causes the spalling of iron-containing materials

and the corrosion of silicate refractories, is also an important factor

in the lining design. In the consideration of the abovementioned gas

attacks, the design of a gasifier usually adopts (1) a controlled low

shell temperature (<650°F) with a protection layer (usually, made of

chromium oxide) for the shell surface, and (2) dense, low

silica-containing refractory materials for the lining.

The high temperature in the slagging coal gasifiers melts the coal

ashes into fluid slags. Slags run down the wall, flow over the bed of
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the gasifier, go through a slag tap to a quench tank and are removed as

a granular material. This scheme conceptually provides an easy method

for waste disposal and creates minimal environmental problems. However,

the molten slag is corrosive to the vessel shell of the gasifier.

Hence, a lining system is designed not only as thermal barrier, but also

as a protective system for the containment shell. Linings made of

refractory bricks, with proper mortar joints and cooling systems, are

usually adopted for these purposes.

The interaction between slag and the refractory is complex. It

depends on the chemical compositions of the slag and the refractory, the

slag temperature, and the slag viscosity. Usually the coal ash slags

are very corrosive to most refractories. They are basically mixtures

of various oxides, such as SiO 2, A0203, FeO, CaO, MgO, Fe203, MnO,

Na203, k20, Ti03, Ti02 and P205 . In general, one can conveniently

categorize both the refractories and the slags into three classes,

acid, neutral, and basic, through the definition of a "Bases-to-Acids

Ratio"(B/A Ratio):

Bases-to-Acids Ratio = (CaO + MgO + FeO + Fe203 + MnO

+ Na20 + K20)/(Si02 + A020 3 + Ti0 3 + Ti0 2 + P20 5)

This ratio can be evaluated either on a molar or a weight basis. Ratios

greater than 1 are considered basic, less than 1 acidic, and neutral if

equal to 1. An acidic refractory will resist an acidic slag but will be

attacked by (or dissolved in) a basic slag, and conversely. For each

individual type of coal 'slag, theoretically, there is an optimum

refractory with a minimum corrosion (dissolution) rate at certain

temperatures. For corrosion resistance, high melting point and high
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softening temperature (refractoriness) are required in addition to high

strength. It has been shown by extensive laboratory tests

[6,17,42,43,45,50,51,90) that those refractories consisting mainly of

Cr203 , A-203 , and MgO are sufficiently resistant to attack by most US

coal slags.

The penetration of slags into refractories depends on the porosity

and the temperature of the refractories. The penetrated slags cause

differential volumetric change between the refractory matrix and the

slag, which may introduce local cracking, crushing, and the degradation

in strength of the slag-penetrated refractory. Combined with thermal

loadings and slag errosion, slag penetration finally creates serious

spalling problems and weight loss of the refractory [65). For this

reason dense fusion cast refractory bricks are generally superior to

high-porosity refractories, such as porous sintered refractories.

A slag layer may form on the face of the refractory lining due to

the adhesion of molten ash at temperatures lower than the critical

value marking the transition between viscous and plastic behavior of

slag. Part of this layer will eventually flow down the lining surface

under its own weight. The steady state thickness of this layer depends

on the density and absolute viscosity of the slag, the amount of slag

flowing per unit width, the hydraulic gradient, and the slag

temperature [7,30,43]. This slag layer is desirable in the sense that

it forms a protective layer for the refractories from hot slag

penetration, and gas corrosion [14). Such a protective layer can be

obtained by reducing the slag temperature on the hot face of the

refractory lining to a level below the critical temperature mentioned
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previously. When the operational temperature in the gasifier is fixed,

one may reduce slag temperature on the hot face of the refractory

lining using high conductivity refractories and cooling systems, or

reducing the heat transfer coefficient on the hot face by reducing

operating pressure or gas velocity.

§2.2 FACTORS DESTRUCTIVE TO THE REFRACTORY LINING SYSTEMS

In a severe gasification environment the refractory lining

system can deteriorate in a variety of ways [30,34,43], followed by a

loss in required performance. In the present work the major factors

considered to be destructive to the refractory lining systems include:

(1) Degradation in the strength of refractorites at elevated

temperatures;

(2) Thermal-stress induced cracking, crushing and spalling of

refractories, and failure of mortar joints;

(3) Slag dissolution;

(4) Slag penetration and errosion.

The mechanical properties of refractories, including compressive

strength, tensile strength, initial Young's modulus, creep rate, and

stress-strain relationship, are primarily temperature and load history

dependent. The typical trends of strength (tensile or compressive) in

monotonic loading at elevated temperatures [26,39] are shown in Fig.

2.1. As the critical temperature is reached, refractories lose their

strength. This critical temperature depends on the melting point and

refractoriness of the materials. The strength loss results in

excessive deformation and the loss of load-carrying capability with the
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TEMPERATURE

Figure 2.1 Typical Uniaxial Strength - Temperature Curves
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consequent loss in integrity of the lining system. This problem is

especially severe on the hot face of the lining during the heat-up

process (e.g., spalling), and on the roof section (e.g., sagging).

Hence, high strength refractories with high melting point are desirable

for the lining material used in the slagging coal gasifiers. Other

changes in the mechanical properties cause less damage, and some of

them, such as creep, such as creep, may be helpful to the integrity of

the lining system.

The variations of temperature in a refractory lining may cause

cracking and joint failure due to differential thermal expansion and

boundary confinment. Joint failure is usually found near the cold face

(outer face) of linings and cracking near the hot face (interior face)

during heating cycles. Furthermore, excessive compression combining

with slag erosion may cause spalling problem on the hot face. One

example from Ref. 16 is shown in Fig. 2.2, in which severe spalling

from the face of a lining was found at an advanced stage during

operation. In the present work temperature induced failure mechanisms

are extensively studied, and more detailed discussions will be

presented in later chapters.

Slag corrosion, in addition to gas corrosion, is of primary

concern in choosing a suitable refractory for a slagging-gasifier

lining. With respect to corrosion, the damage caused by the slag to

the refractories can be classified in two major ways:

(1) Refractories exposed to slag might be dissolved in slag. This

causes continuous loss in mass and thickness of the

refractory linings. Fig. 2.3 shows the general trend of the

thickness loss in the lining during its lifetime [11,38].
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Figure 2.2 Cracking and Spalling of Refractory Lining at
Advanced Stage [16]
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(2) Slag may penetrate into refractories, especially along the

grain boundaries. This creates local microcracking, reduces

material stiffness, and causes cracking and spalling problems

in the refractories.

Extensive corrosion experiments have been carried out at Argonne

National Laboratory. Ref. 50 presents the mole percentage chemical

composition of some refractories exposed to high iron oxide acidic coal

slag at a temperature 2870*F (Figs. 2.4 to 2.7). Large amounts of

FeO-substitution can be found which form spinal layers near the face of

refractories exposed to coal slag. In Fig. 2.8 the dissolution rate of

various water-cooled refractories exposed to high iron oxide acidic

coal slag for 500 hours at 2870*F is shown. Most of the refractories

experience severe loss in thickness. Although these results cannot be

directly extrapolated to the linings in an actual gasifier, they point

out the important role of slag corrosion on the evaluation of the

long-term reliability of lining systems.

Slag erosion itself is usually not a governing destructive factor

in most gasifier linings. However, when it is accompanied with the

change in physical and chemical properties of refractories subjected to

slag penetration and. thermal attacks, the erosion problem becomes more

significant.

The abovementioned factors destructive to refractory linings in

high temperature, high corrosion gasification environments will be

studied further in later chapters. The corrosion behavior of linings

adopting particular candidate refractory materials is studied in

Chapter 4, and in Chapter 6 the effects of thermal attack on linings

with different designs and operational controls are assessed.
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§2.3 CONCEPTUAL DESIGN OF A LINING SYSTEM

A rational design for lining systems of coal gasification vessels

should optimize the material resistance to corrosion attack by gases

and slags, and to thermal attack. It should also consider heat losses

through the linings, difficulties in installation and replacement, and

long term reliability of the entire system. The final choice of an

optimum lining system should be based on an economic analysis which

reflects the total cost of a lining system over the life time of the

containment vessel. A preliminary estimation of the cost of the

refractory lining reveals the importance of such an economic analysis,

since the lining system may represent more than fifty percent of the

total cost of the entire gasification reactor [43]. This cost

evaluation includes the initial cost, the cost of all subsequent

relines during the life time of the containment, and the indirect cost

of down time.

In general, there are two major types of refractory lining

design:

(1) Thick wall, or hot wall design;

(2) Thin wall, or cold wall design.

The major function of the thick wall design is to insulate the

vessel shell from the high operating temperatures. The lining designed

in this way is commonly composed of either a single layer of one type

of high corrosion-resistance refractory brick, or two layers of

refractories, including one layer of high corrosion-resistance

refractory brick and one layer of back-up material with low thermal
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conductivity, such as porous brick or refractory concrete (see Fig.

2.9). Such lining systems may be several feet in thickness and the

effects of cooling systems are minimal.

Slag and gaseous corrosion are usually the major factors in

determining refractory lining life for the thick wall design, because

of its high hot-face temperature. As a consequence, refractories which

are not soluble in slag, containing large grains to reduce the area of

grain boundaries, and having low porosity to minimize free surface and

slag penetration, are required for eliminating slag/gaseous attack.

Candidate materials for this purpose are rare, since most refractories

are prone to dissolution in slag at high temperatures. More

importantly, linings designed in this way induce relatively high

thermal stresses in the lining, which tends to spall and crack when

subjected to sudden changes in temperature.

The idea of a thin wall design is to lower the hot face

temperature so that the corrosion rate can be reduced and an

equilibrium layer of (viscous-solid) slag may form along the hot face

of the lining. Accordingly, the resistance of the refractory lining

against corrosion attack is increased. The expected life of such a

thin wall lining is 1 to 2 years. A thin wall design usually adopts

refractories with relatively high thermal conductivity and uses an

effective cooling system. One layer of refractory with high corrosion

resistance and high thermal conductivity can be used. Multiple layers

of refractory including one inner (primary, interface, or working)

layer of refractory with high corrosion resistance and outer (secondary

or permanent) layers of refractory with high conductivity, usually,
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with high strength can be another alternative (See Fig. 2.10). The

interface between the lining and shell can either be in contact, left

as a gap, or filled up with additional back-up layers of refractory

concrete, mortar, or compressible material. The back-up layers release

excessive confining pressure from the vessel shell caused by the

expansion of the lining.

Thin wall design offers certain advantages over thick wall design,

such as a smaller size of gasifier vessel, lower initial cost, and

longer lining life. Brick and castables have been chosen as candidate

materials for thin wall linings. Brick is probably the more economical

material to use over the long run, due to its high corrosion resistance

and strength at elevated temperatures. Compatible mortars and cooling

systems (see Fig. 2.11) are generally available for thin-wall-design

lining systems.

Good control of the construction process, proper design of support

systems and minimization or reuse of heat lost through the lining

system should also be considered in the design of a thin-wall lining

system.

In the present study only thin-wall linings composed of bricks,

mortars, compressible materials, and cooling systems are considered.

§2.4 SELECTION OF REFRACTORY LINING MATERIALS

As mentioned in previous sections, the lining systems of coal

gasifiers experience very severe environmental conditions during

operation. This makes the selection of an optimum material very

demanding. In general, the main consideration is the corrosion
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(b) Studded Membrane Wall in Slagging Coal Gasifier [43]
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resistance to the slags and gases in the gasifier [30]. Extensive

studies on the chemical reactions between slags/gases and refractories,

in addition to numerous tests which can closely simulate refractory

behavior under corrosion attack during the gasification process, are

necessary.

Past efforts in this area generally focused on those refractories

consisting mainly of A0203, Cr203, and MgO due to their good corrosion

resistance. For slagging gasifiers the following two types of

refractory bricks have been considered:

(1) High-A0 2 03 Refractory Brick

(2) High-Cr203 Refractory Brick

90% A0203 and 80% Cr203 refractories have been developed by the

Norton Company, Worcester, Massachusetts. Corrosion tests, termed as

rotating sample slag tests (Fig. 2.12) have been conducted at the Norton

Company [901. This type of test can accelerate the rate of corrosion

without running the risk of possibly different chemistry and corrosion

mechanisms resulting from higher than normal temperature [59). Two

types of slag have been used: Black Mesa and Kentucky #9 (see Table

2.1) [621. The speed of rotation of the samples is 60 RPM with

temperatures controlled in the 1500-1600°C (2732 -2912*F) range. Each

test takes 70 hours. The corrosion rates for the tested materials are

shown in Table 2.2, where AX565 is a 90% A0203 + 10% Cr203 brick, and

Radex and TX591 are 80% Cr203 + 20% MgO bricks.

The results indicate that 90% A0203 brick has relatively poor

corrosion resistance and may not be suitable for long term applications

at high temperature in a slagging gasifier. 80% Cr203 offers much
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I ROTATING SAM,- I$LAG TEST PURJNACEI

Figure 2.12 Test Furnace for Rotating Corrosion Test in Molten Slag [90]
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Composition Black Mesa Kentucky #9

52.4

22.5

Si 02

A1203

Fe203Fe203

Ti02

CaO

MgO

Na20

K20

Mn304

P205

SrO

45.9

17.9

22.56.0

1.1

10.6

1.8

1.9

6.3

1.0

2.5

.03

BaO

SO
3

2.1

2.02.0

21.4 28
76.2

Slag Composition for Rotating Tests

Bases
Acids

33.1 .49
66.9

Table 2.1
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better corrosion resistance. High-A203 brick, however, has better

thermal shock resistance than high-Cr203 brick [34). In the present

study both of them will be considered as candidate materials for the

primary lining, but the final selection of the lining materials for a

gasifier should be based on the minimum total cost over the lifetime of

the gasifier.

For secondary linings and back-up materials used in the lining

design, silicon carbide (Sic) bricks which provide high conductivity and

high strength [66), and refractory concrete which has good insulating

capability, are considered as candidate materials for different design

needs. Compressible materials are also used for the compressible

layers, if adopted.

In the present work, the afore-mentioned refractory bricks (i.e.,

90% A0203 + 10% Cr203, 90% Cr203 + 20% MgO, SiC bricks), and refractory

concrete are chosen as candidate materials for the lining in slagging

gasifiers. In the next chapter, their thermophysical and

thermomechanical properties are presented, and the associated material

models are developed based on available test data for the candidate

refractories. These material models can be implemented in a finite

element program and used in the thermomechanical analysis discussed in

Chapter 6.



CHAPTER 3
MATERIAL BEHAVIOR AND
MATERIAL MODELING

§3.1 INTRODUCTION

The selection of proper lining materials and the design of lining

configurations for high-temperature, high-corrosion gasification

environments require a thorough understanding of material and lining

system behavior. In this chapter, the thermophysical and

thermomechanical behavior of selected candidate lining materials is

studied. Corrosion and lining system behavior are discussed in Chapters

4 and 6 respectively.

The thermophysical behavior of lining materials is generally

temperature dependent. For the study of lining behavior in a heating

process, the following properties associated with the

temperature-dependent thermophysical behavior of the materials are

needed:

(1) Thermal conductivity;

(2) Density and specific heat; and

(3) Coefficient of thermal expansion.

The thermomechanical behavior of lining materials is complex. It

may be temperature, load history and time dependent. The characteri-

zation of such behavior through rational modeling is essential for

- 67 -
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accurate prediction of the lining behavior in a gasification

environment. With regard to time effects, such mechanical behavior can

be conveniently decoupled into

(1) Time-independent or instantaneous constitutive behavior; and

(2) Time-dependent creep behavior.

At this time, the available data is not sufficient to fully

characterize these material behavior, especially stress-strain

relationships of materials in generalized states of stress at elevated

temperatures. In the development of material models, some

extrapolations based on knowledge of similar materials are adopted

whenever the data for candidate materials is found inadequate.

In the remaining sections of this chapter the general material

behavior is first prescribed for each material property. The

associated models are then presented, followed by regression results of

model parameters for each material concerned. At the end of this

chapter, properties of steel are also listed for use in later

chapters.

D3.2 THERMOPHYSICAL PROPERTIES

The thermophysical properties of concern for the lining materials

discussed in this section include thermal conductivity, material

density, specific heat, and coefficient of thermal expansion.

§3.2.1 Thermal Conductivity

The thermal conductivity of refractory materials is temperature

dependent. At elevated temperatures, void changes, the reconstruction
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of structural components in the material matrix, such as aggregates and

bonding agents, and potential chemical reactions may significantly

modify the thermal conductivity of the refractories. Under uniform

temperature conditions and before the application of external loads,

the refractory materials can be assumed to be isotropic. The thermal

conductivity of this isotropic solid is represented by "Ks" herein.

For refractories under load, the possible separation between the

aggregates and the bonding agents, with the resulting potential crack

formation may modify the local thermal conductivity within the

materials. Modeling of this phenomenon is presented in Chapter 5.

The functional dependence of Ks of the candidate materials on

temperature (T) is well represented by a polynomial expansion. The

parameters of the polynomial may be obtained by fitting the test data

using the least squares method. For the materials under consideration,

the following cubic polynomial functions are adopted for Ks(T)

(1) 90% A203 + 10% Cr203 refractory:

The data developed by the Applied Technology Laboratories

(ATL) [62] on Norton AX565 refractory bricks is used for the

regression. The data values for Ks are in the temperature

range 200 to 1400'C. The results of the regression are shown

in Fig. 3.1. The best fit polynomial functions are:

Ks (Watt/m-°C) = 6.7779 + 9.5840x10-4T - 6.9043x10-6T2

+ 3.4805x10-9T 3  , T in *C

or Ks(Btu/hr-in-°F) = 0.3245 + 3.2292x10-5T - 1.0536x10-7T2

+ 2.8736x10-11T 3 , T in *F (3.1)
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(2) 80% Cr203 + 20% MgO refractory:

The data for Norton TX591 refractory bricks tested by ATL [62]

is used. The temperature range in the testing is 200 to 1400°C.

The data points and the results of the regression are shown in

Fig. 3.2. The best fit polynomial functions are:

Ks (Watt/m-'C) = 5.6541 -1.1981x10- 3T + 3.6673x10-7T2

-2.2522x10-10T 3 , T in *C

or Ks(Btu/hr-in-°F) = 0.2732 -3.2404x10-5T + 5.6285x10-9T 2

-1.4471x10-1 3T3 , T in °F (3.2)

(3) SiC refractory:

SiC bricks are commonly used as secondary lining materials in

the lining systems. In the present study, sintered SiC bricks

are selected for their high service temperature (up to 1700°C)

and high thermal conductivity, which are needed for linings

in slagging gasifiers. A regression fit of the data from Refs.

74, 85 and 89, (see Fig. 3.3) gives the following polynomial

functions:

Ks(Btu/hr-in-°F) = 1.8491 - 1.1036.10-3T + 3.6650x10- 7T2

- 5.4264x10-11T 3  , T in *F (3.3)

(4) Hydrogen (H2)

Hydrogen is an active gas in the gasifier at high

temperatures, and has the highest thermal conductivity among

all gases in the gasifiers. The penetration of H2 into the

cracks of refractories affects the local thermal conductivity
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of the materials, and this modification should be considered in

the heat transfer analysis. The use of the data from Ref. 86

leads to the following regression function for the thermal

conductivity of Hydrogen (see Fig. 3.4):

Kg(Btu/hr-in-°F) = 7.7498x10-3 + 1.0843x10-5T- 1.4166x10-9T 2

+ 3.3296x10-13T3  , T in *F (3.4)

in which Kg represents the thermal conductivity of the gas

considered (Hydrogen).

§3.2.2 Density and Specific Heat

Density (p) and specific heat (Cp) are assumed to be dependent on

temperature only. Cubic polynomial functions of T are adopted for the

product of P and Cp (PCp) .

(1) 90% Ak203 + 10% Cr203  refractory:

The data used is that for Norton AX565 refractory bricks tested

by ATL [65] (see Fig. 3.5). The results of the regression

are:

PCp (Cal/cm3-*C) = 0.7179 + 5.9840x10-4T - 4.1825x10-7T 2

+ 1.5371x10-10T3 , T in °C

or

PCp (Btu/in 3-*F) = 2.5515x10-2 + 1.2340x10- 5T - 5.4506x10-9T 2

+ 9.5094x10-13T3 , T in OF (3.5)

(2) 80% Cr20 3 + 20% MgO refractory:

The data used is that for Norton TX591 refractory bricks tested

by ATL [62) (see Fig. 3.6). The regression results are:
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PCp (Cal/cm3-'C) = 0.7752 + 3.2278x10-4T - 2.1058x10-7T2

+ 6.6684x10-11T3  , T in °C

or

PCp (Btu/in 3-*F) = 7.8174x10"2 + 6.6212x10-6T - 2.3557x10"9 T2

+ 4.1255x0l-1 3T3 , T in "F (3.6)

(3) SiC refractory brick:

The data from Ref. 86 is used for regression (see Fig. 3.7),

and the following function is obtained:

PCp (Btu/in 3-*F) = 0.01188 + 1.6052x10 5-T - 8.0077x10-9T2

+ 1.4985x0l-1 2T3 , T in °F (3.7)

$3.2.3 Coefficient of Thermal Expansion

Data for coefficient of thermal expansion (a) of 90% A0203 +

10%Cr203 , 80% Cr203 + 20% MgO, and SiC bricks are drawn from the

afore-mentioned sources for Ks and PCp and Ref. 24. A quadratic

polynomial function in T is adopted to fit the data for linear expansion

and the derivative of that with respect to T is used to represent a .

The data is shown in Figs. 3.8 to 3.10 for three candidate materials.

The regression results are:

(1) 90% A1203 + 10% Cr203 refractory:

a (*F-l) = 5.0070x10-6 (3.8)

(2) 80% Cr203 + 20% MgO refractory:

a (*F- 1) = 6.435x10-6 + 2.310x10-9T , T in "F (3.9)

(3) SiC refractory brick:

a (*F- 1) = 2.1661x10-6 + 5.3986x10-10T , T in OF (3.10)
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§3.3 MODELING OF TIME-INDEPENDENT THERMOMECHANICAL BEHAVIOR

During the heating process, the materials in a lining system can

experience various loads, resulting in a possible multiaxial and cyclic

stress history. The time-independent material response to such loads

is generally nonlinear plastic deformation. The associated

constitutive behavior is typically load-history and temperature

dependent. In this section, the important features of such complex

behavior are reviewed, and associated constitutive models for the

selected lining materials are proposed.

§3.3.1 90% Alumina Refractory, 80% Chromia Refractory, and Concretes

(1) Room Temperature

Refractory materials and concrete have similar characteristics in

their structural composition. Both types of material are composed of

grains (or aggregates) and bonding agents. Hence, they share the same

type of time-independent constitutive behavior, and similar brittle

failure mechanisms under loads. In general, both materials contain

numerous microcracks even before the application of any external loads.

This is attributed to the void volume changes between various material

constituents such as grains and bonding agents. The void volume

changes are primarily caused by the change of water content during

manufacturing of the refractory bricks, and during the maturing period

of the concrete. The void volume change in the refractory bricks may

take place during the manufacturing process due to nonuniform

temperature distributions over the brick volumes, and'uneven thermal

expansion between the structural constituents.



- 84 -

The short-term stress-strain curves show that refactories and

structural concrete undergo nonlinear plastic deformations under loads

[18,22,23,41,48,56,68]. This is attributed primarily to the progression

of microcracks in the materials caused by the application of external

loads. Under loads, extension and widening of the microcracks [27,81]

results in the separation of the structural components in the material

matrix, and relative boundary slippage between these components occurs

[21,463. Morover, frictional interlocking over the crack interfaces and

local crushing may occur, resulting in further behavioral complexities,

such as dilatancy and compaction during load cycles. These phenomena

caused by the existance of microcracks and their propagation under loads

are termed here as "damage" to the materials.

Acoustic emission measurements [81] show that such a damage process

in concrete under uniaxial compressive loading is continuous, and starts

at very low levels of applied strain. The magnitude of damage increases

as strain increases. During subsequent unloading and reloading, the

damage is observed only when the maximum axial strain previously

experienced is exceeded. This suggests the use of a strain concept to

evaluate the damage in the gross material. It is feasible that in

multiaxial stress states a measure of damage might be based on a first

or higher order strain vector [47,55].

The damage process which starts at very low stress/strain levels is

often insignificant, and the overall stress-strain response may be

assumed to be linear. With increased loads and the resulting

microcracking, nonlinearity in the material behavior becomes more

evident. Further increase of the load eventually results in unstable
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fracture, after which the material cannot sustain further loading. This

stage is usually defined as failure of the material, and the associated

peak stress is referred to as ultimate strength. The stress

combinations corresponding to the ultimate strength of materials under

different monotonic loadings are usually represented by a so called

"failure surface" (Fig. 3.11) in stress space. Various functional forms

have been proposed for the failure surface for concrete (see e.g. Ref.

25) and refractories [1,5,80]. After this initial failure, the failure

surface shrinks in size consistent with the falling branch of the

stress-strain curves (Fig. 3.12), depending on the maximum damage (or

maximum strain) experienced by the material. Tests on concrete

materials [19,48,81] suggest that for a given damage level, failure

stresses for monotonically and cyclically loaded specimens approximately

coincide (Fig. 3.12). This suggests the existence of a unique innermost

envelope in stress space, corresponding to a specific damage level,

which encloses all the possible stress points and shrinks in size as

damage accumulates. This envelope called "bounding surface" in the

following plays an important role in characterizing material

properties.

A realistic representation of stress-strain behavior may be

achieved by decomposing the stress and strain into deviatoric and

hydrostatic components [41,53,54]. The constitutive behavior is then

formulated on the deviatoric plane and along the hydroaxis, i.e., a

three dimensional representation is possible in using octahedral shear,

and volumetric stresses and strains, respectively. Test results [23,77]

show that (a) purely increased volumetric stress (strain) does not
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Figure 3.11

0of

The Damage-Dependent Bounding Surface

Compressive Strain

Figure 3.12 Stress-Strain Relationship for Ceramic Materials in Uniaxial
Compression
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cause any change in the octahedral shear strain components except at very

high volumetric and octahedral stress states, and (b) the volumetric

strain is influenced not only by the change in volumetric stress but also

by the change in octahedral shear stress and strain. This coupling

phenomenon between volumetric and octahedral shear components is

generally interpreted as shear compaction and dilatancy. For a fixed

volumetric stress it is shown in Ref. 77 that proportional loading and

unloading on the deviatoric plane changes the volumetric strain.

Deviatoric loading causes both dilatancy and compaction, while unlaoding

and reloading up to the previous maximum deviatoric stress results only

in dilatancy.

(A) Definitions

In the development that follows in this section (§3.3.1) the

stresses aij (i,j=1,2,3) and strains eij are normalized with respect to

the peak stress (fp), and the associated strain (ep) from the uniaxial

compressive loading curve respectively. A positive sign is assigned to

compressive stress and to strain if it represents contraction.

Some definitions related to stresses and strains are summarized as

follows (the usual summation convention for repeated indices is

adopted):

I = first stress invariant, I1 = akk (k=1,2,3)

Sij = deviatoric stress, Sij = i - Sij I1 where 8.1 is the

Kronecker delta

J2 = second deviatoric stress invariant, J2 = SijSi (i,j=1,2,3)

J = third deviatoric stress invariant, J3 = SijSjkSki (i,j,k=1,2,3)

octahedral shear stress, o= . (ij=1,2,3)
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8 = angle in radians between the projection of the position

vector for principal stress and that of any tensile semiaxis on

the deviatoric plane (see Fig. 3.13)

=1 -1 -3 J5 J39 = --cos "1  ( 3 )
cos3 3/22J 2

v = volumetric strain, Sv = kk (k=1,2,3)

S= volumetric strain due to plastic response

eiJ = devatoric strain, eij = E -. _ 1 6&Sij 1 3 ii v

e = deviatoric strain due to elastic responseij
Peij = deviatoric strain due to plastic deformation

P = plastic octahedral shear strain

S= eij eij (ij 1,2,3)

(B) Damage Parameter and Bounding Surface

As discussed previously, concrete and refractories are subjected to

continuous damage during the loading process due to microcracking,

fracturing, crushing and other interactions between the constitutents.

Ultrasonic measurements on uniaxial cyclically loaded specimens [81]

suggest the use of the strain vector to evaluate accumulated damage. An

overall assessment of the damage, would be based on the plastic

volumetric strain, eP , and plastic octahedral shear strain YP

The coupling of these two effects is achieved through a shear

compaction-dilatancy factor.



- 89 -

r

ng

e

I

The Measure of Normalized Distance DFigure 3.13



- 90 -

Representation of the damage along the hydroaxis is relatively

trival since in this case, the damage can be measured primarily by a

scalar quantity, and can be taken as a function of either ,v or Il.

This can be implicitly included in the pure volumetric stress-strain

formulation (no volumetric-deviatoric coupling) and explicitly shown in

the degradation of tangent bulk modulus during loading. On the

deviatoric plane, it is proposed that damage accumulation to be

evaluated by the use of a "damage parameter", "K" , which is related to

Y . This damage accumulation, defined on the deviatoric plane, is
0

sensitive to the hydrostatic pressure and is stress path dependent.

Under higher confining stress states, the same increase in YP is
0

expected to produce less damage on the deviatoric plane than under

lower confining stress. Hence, it seems that a realistic modeling of

this damage accumulation under complex stress paths can be achieved by

defining K in an incremental form as

dYP
dK 0 (3.11)

and

K = dK (3.12)

loading
history

The function FI(I1,e) is chosen to be proportional to the plastic

octahedral shear strain at failure under monotonic loadings at

different 11 , and e . The proportionality factor is determined in

such a way that K reaches a certain value, say 1 , at failure under
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monotonic loading. Using the test data from Refs. 48,52,53 and 56, the

following regression forms are proposed:

For deviatoric loading

F1  { 0.23 (11 + 0.3) 2/F2  for 11 < 3.18 (3.13)
1.60 (I1 - 1.44)/F 2  for Ii > 3.18

and

For deviatoric unloading

F1 = 1.4 [0.85 - (I1 + 0 . 3 )/(I2,max + 0.3)] . F1,max/F2 (3.14)

where

F2  = (12 + 11 cos 3e)1/6

I1,max = maximum Il before recent unloading

Fl,max = maximum F1 before recent unloading

Definitions of loading and unloading are found at the end of this

section.

The bounding surface is defined as the innermost focus of stress

points which always encloses the current stress point, and is a

function of stress invariants and the damage parameter (see Fig. 3.11).

This surface is postulated to be unique and shared by both monotonic

and cyclic loadings. In the present study, the bounding surface (F) is

proposed to be a function of aij (or stress invariants) and Kmax , the

maximum value of K ever experienced by the material:

F(oij, Kmax) = 0 (3.15)
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The following function, which is obtained by modifying the failure

surface, proposed in Ref. 35 for monotonic loading, to include Kmax, is

chosen for F:

1.85(/* 2 + 0.378 J2 )(12 + 11 cos 38)1/6 40
F(ij, Kmax) = II + 0.3 max2 +39

max

(3.16)

As previously mentioned, the function F evaluated with Kmax = 1

represents the usual monotonic failure surface. This arrangement

allows adoptation of the formulation to different materials with

different failure criteria, if desired.

The bounding surface defined above will permit (i) a

characterization of the strength of the material at varying

stress/strain states, and (ii) the evaluation of material moduli by

measuring the distance from the present stress point to the bounding

surface along a certain direction. In the present formulation, the

distance between the stress point and the bounding surface is measured

along the Sij direction (Fig. 3.13). By this definition, octahedral

stress-strain behavior can be characterized. Moreover, since the

bounding surface on the deviatoric plane is Il dependent, a normalized

distance measure "D" is introduced.

D = r (3.17)

where r is the distance from the projection of the current stress point

to the devioratic plane to the hydroaxis, and R is the distance to

bounding surface from the hydroaxis along the Sij direction (see Fig.
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3.13). Thus, when D = 1 , the material is assumed to have failed.

This definition of D allows one to characterize material moduli through

a bounding surface.

The functional formulations of the proposed damage parameter and

bounding surface are primarily based on data and observations for

concrete materials. It is postulated that refractories share the same

set of functions in a normalized stress-strain space. However, in the

unnormalized stress-strain space, the associated formulas for each

refractory material can be obtained by scaling the proposed functions

with the appropriate fp and Ep.

Loading and unloading along the hydroaxis and on the deviatoric

plane are defined separately:

(i) Hydroaxis loading is defined as a process with dI1 > 0, and

unloading with dl1 < 0 .

(ii) Deviatoric loading is defined as a process with dD > 0 , and

unloading with dD < 0 .

Thus, any general stress path can be represented by the combination of

these loading and unloading conditions.

(C) Constitutive Model

It is convient to decompose the strain increment d"ij into its

deviatoric and volumetric components:

de k
kk

de.. = deij + 6 (k=1,2,3) (3.18)
1 13 ij 3

The deviatoric strain increment can be further decomposed into elastic
e p

and plastic components, deij and dij

e p
deij = deij + deij (3.19)
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The elastic deviatoric strain increment deij is related to the

stress increment by Hooke's Law.

deij - dS (3.20)13 He 13

e
where H is the generalized elastic shear modulus and dSij is the

deviatoric stress increment.

The plastic deviatoric strain increment deP is assumed to be

independent of any volumetric change, and the projection of deij

on the deviatoric plane 11 = 0 is assumed to be directed along the

projection of the position vector of the stress point. In other words,

deP is proportional to Sij. This propotionality yields

de dYd =-do (3.21)

and, assuming incremental linearity, one can write

dT
dYP= - 0 (3.22)H

where the generalized shear modulus HP , depends on the history of

stress and strain.

The effects of the incremental volumetric stress dl1 and the

incremental deviatoric stress dro on the volumetric strain increment

dekk are assumed to be decoupled, in which case the portion of dekk

caused by dl1, deok , is calculated as

dl
dekko d (3.23)

t

where tangent modulus Kt is assumed to be a function of II . The
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remaining portion of dekk, de~k, is directly associated with
P

deviatoric strain increment, dYo by the linear relationship
dPde = PdY (3.24)kk o

where the shear compaction-dilatancy factor B is function of stress

and strain.

de =deo + ded (3.25)kk kk kk

Combining Eqs. (3.18) to (3.24) and by expressing d 0o = To/•9mdakm =

Skm dakm/3¶o (k,m = 1,2,3) , one can obtain the following relationship

between deij and dai j

d .. S..dE.. 1 + -) S d + 6. 1 1 ) d
13 He 3HP  o 13 3 km km 9Kt 3He kk

0

(k,m = 1,2,3) (3.26)

(D) Determination of the Model Paramters

The parameters of the proposed model, He , HP , Kt , and B are

determined by fitting experimental data. Results given below, which

are based on data drawn from Refs. 19,44,48,52,53,56 and 77, are

representative of the average behavior of concrete material. The data

includes uniaxial, biaxial (monotonic and cyclic), and triaxial

(monotonic) loading tests. For candidate refractory materials, a

complete set of stress-strain curves including monotonic, cyclic, and

multiaxial loads, is not available. Hence, it is postulated that the

functional representation of the stress-strain relationship proposed

here be based on the test data of concrete materials, which will

approximate the general stress-strain behavior of refractories in a

normalized stress-strain space. The candidate refractory materials
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may have a larger linear range in the normalized stress space and have

more linear behavior during unloading and reloading cycles, especially

at lower temperature levels.

To obtain the stress-strain relationship in unnormalized

stress-strain space, the associated fp and Ep for each concrete or

refractory material should be adopted.

The results of parameter estimations are summarized as follows:
e

(i) Generalized elastic shear modulus He: This is simply taken as

the initial shear modulus at the beginning of the loading process and

is determined to be
e

H = 2.0 (3.27)

This value is used for both deviatoric loading and unloading processes.

(ii) Generalized plastic shear modulus HP : Usually a unique

relationship between dT and dYP is proposed in constitutive models
0 0

[23,52,53,54]. However, when the material is close to failure, this

uniqueness does not hold for different stress paths involving large

deformations (see e.g., Ref. 23). To account for this observation, of

a relationship between dD and dK is hereby proposed

dDdK - -r
H

and (3.28)

HP R H*H - H

For deviatoric loading and unloading H* is determined as follows:

For loading:

* 2.4 (1-D)0.65D2H 2 (3.29)2
(1 + 0.7 Kma x )Amax L
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were KRwhere 1.02-0.81 -R if K < K
AL maxmax

1 if K = Kmax

and KR is the associated value of "K" at the beginning of recent

loading process.

For unloading:

* 2.4
H = 2 (3.30)

(1 + 0.7 K max) A

where

0 if K < 0.2 Kmax
u= Ku - 0.2 Kmax if K > 0.2 Kmax

0.8 Kma x

and Ku is the associated value of "K" at the beginning of recent

unloading process.

Note that HP is negative during the' initial stage of the unloading

process (see Eq. (3.30)) which implies interlocking behavior during

this stage.

For the softening branch, HP can be calculated based on the

assumption that after initial failure, the stress point moves on

aF aFthe failure surface, by which dF -= 5 dQa +5F dK =0
ij max

A general formulation for HP derived in this way is complex. For the

present purpose, an approximation from the simple uniaxial case will be

adopted. The following form for HP on the softening branch is found to

be satisfactory in representing the overall postfailure behavior of

concrete in combined loads:



- 98 -

Hp = - 0.15 e'0.025(Kmax-1)2  (3.31)

(iii) Bulk tangent modulus Kt: the volumetric stress-strain

relationship of concrete is nonlinear [44,77). Under compressive

hydrostatic loading, it is characterized by a decrease in Kt with

increasing I1, followed by an increase. For practical purposes the

following model, which fits the softening range, is found to be

generally acceptable.

1.2
1 1.5 , for hydroaxis loading

Kt 1 + 0.3581 (3.32)

1.2 , for hydroaxis unloading

(iv) Shear compaction-dilatancy factor P : The effect of

deviatoric deformation upon volumetric strain has been observed [e.g.,

77). The combined effects of shear compaction and dilatancy on

volumetric strain can be conveniently separated as:

(a) Compaction: This is primarily the result of shear crushing and

void reduction by which the material is compacted during the

shearing process. Experimental results [77] indicate that shear

compaction occurs continuously during monotonic deviatoric loading

and not during successive unloading and reloading until further

damage appears. This suggests that shear compaction occurs only

when K = Kmax *

(b) Dilatancy: Shear dilatancy phenomena can be clearly observed

during loading, unloading and reloading [56,77]. Data drawn from

an unloading and reloading process is used first to fit a

dilatancy factor , by which d2 2dYdilatancy factor, P2 ' by which dckk 2dY0
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Combining this result with monotonic deviatoric loading curve,

one can determine a compaction factor 01 , by which

d dl P
dEl = BldYo , andkk 1 0  and

dd = dedl + d2 = ( + B ) dY = P dY (3.33)kk kk kk 1 2 o dO

Consequently, the following functions for B1 and P2 are obtained:

-30(K -0.6)2
1.1e 30( max , for K = Kmax

1 =max (3.34)
0 , for K < Kmax

and

2 = 1.97 * X . e 2 1

where

I = D - 0.2 K2  (3.35)1 max

(E) Application and Comparison

The predicted stress-strain responses from the proposed model are

verified for different loading conditions by comparing the predictions

with associated experimental results. In cases where the peak stress

fp and associated strain £p in uniaxial loading are unknown, they are

estimated from available data in such a way that the initial monotonic

stress-strain curves from the test results fit those from the model

prediction.

(i) Concrete Material:

Conventional monotonic loading of concrete is first considered:

(a) The biaxial test results performed by Kupfer, et al [56] with

al = s, Aa2 = a•a , and dA3 = 0 , for the stress ratio a = 0 ,
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0.52, and 1 are compared with the prediction in Fig. 3.14. Good

aggrement between the test results and the model prediciton has

been found. (b) The triaxial test results obtained by Kotsovos

and Newman [52) (see Fig. 3.15) in which the specimens are first

loaded along the hydroaxis with Aal = hA2 = dA3 = A oo , followed

by a uniaxial loading Aal = dA , with Aa2 = Aa3 = 0 . The model

prediction is satisfactory. (c) the triaxial results obtained by

Schickert and Winkler [78) (Fig. 3.16), in which the specimens are

first loaded along the hydroaxis with Aa1 = Aa2 = =A 3 = =A o , and

then followed by a pure deviatoric loading including: Path 1:

Aal = A , with Aa2 = dA3 = -1/2A6 , Path 2: A 1 = Aa, Aa2 = 0 ,

and Aa3 = -Aa ; and Path 3: Aal = Aa2 = A , with Aa 3 = -2a .

(all Ab > 0 ). Generally good agreement between the test results

and the prediction is found for monotonic stress-strain behavior.

For cyclic behavior the model predictions are compared with

(a) a uniaxial test by Karsan and Jirsa [48) (Fig. 3.17), and (b)

a generalized plain strain biaxial test performed by Buyukozturk

and Tseng [19) (Fig. 3.18) in which a predetermined value of l2

was applied, followed by the application of A 1 = Aa with Ae2 = 0.

As seen from Figs. 3.17 and 3.18, the overall performance of the

proposed model in predicting the behavior of concrete in cyclic

loading is satisfactory.

(ii) Refractories bricks:

For high-A0 203 refractories, the uniaxial stress-strain curve

obtained at room temperature is compared with the prediction from

the proposed model. Test results from Babcock & Wilcox [4) and
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the model prediction are shown in Fig. 3.19. In general, the

stress-strain curves from tests at high al/fp levels manifest

slightly more linear behavior than those from the prediction;

nevertheless, the overall correlation is good.

(2) Elevated temperatures

The damage-type bounding surface model proposed for modeling the

constitutive behavior of the candidate refractory materials at room

temperature can be generalized to elevated temperatures. However,

experiments on stress-strain behavior for general load conditions in

the desired wide range of service temperatures are scarce. Available

test results are for uniaxial compressive tests at selected

temperatures. In view of this limitation, the previously proposed

normalized stress-strain space model is assumed also valid for modeling

high temperature constitutive behavior of the candidate materials.

However, the actual peak stress fp(T) and associated axial strain Ep

from the stress-strain curve at different temperature levels of each

material under uniaxial compressive stress are used to scale the

stress-strain curves into unnormalized stress-strain space.

In general, fp and Ep for the candidate materials are sensitive to

temperature. Figs. 3.20 and 3.21 give the temperature dependent fp of

90% A1203 + 10%Cr203 refractory and 50% A1203 insulating castable

(concrete). Ep'S of candidate materials at high temperature can not be

measured reliable due to the involvement of high-temperature creep in

the measurement of ep. In the present study, at given temperature

level, Ep is estimated so that the initial Young's modulus in uniaxial

stress-strain curve fits that from the model prediction. The
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polynomial representations of fp and Ep for the candidate material are

given as follows:

(i) 90% AZ203 + 10% Cr203 refractory:

Based on the test data from Ref. 4, the following polynomial

is obtained by regression:

fp(psi) = 30067 - 27.22T + 2.05x10-2T - 4.23x10-6T3

for T < 2500°F

= 24048x(2950-T)/450 for 2500*F < T < 2950°F

= 0 for T > 2950*F

ep = 0.0127 - 5.24x10-6T + 6.12x10-9T2

(T in °F) (3.36)

(ii) 80% Cr203 + 20% MgO refractory:

At present, data on the stress-strain curve and uniaxial

compressive strength of 80% Cr203 refractory is not

available.

(iii) 50% A0203 insulating castable:

Data drawn from Refs. 66 and 88 yields the following

expression for fp and Ep as a function of temperature T

fp(psi) = 2565 - 0.356T - 7.366x10-4T2 + 8.138x10-7T3

p = 0.0027 + 3.25x10-6T (3.37)

(T in OF)

Comparisons of the model predictions with test results [41 on 90% A1203

refractory at T=2000F and 2500°F are shown in Figs. 3.22 and 3.23.

Overall agreement is found satisfactory.
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§3.3.2 SiC Refractory and Steel

A linear elastic isotropic model is adopted for the SiC bricks and

the steel. The SiC bricks are high strength materials. Their

stress-strain behavior is primarily linear elastic in the service

stress range. Steel also performs in a linear elastic fashion up to

the yield stress level. Since the maximum design stress in steel is

generally required to be substantially lower than the yield stress, a

linear elastic model should be sufficient for modeling constitutive

behavior for the steel.

For a linear elastic material, with the assumption of isotropy,

the material constitutive law can be written as

aij = 2 Eij + X 8ij rkk (k = 1,2,3) (3.38)

where L and X are Lame's constants, and

E _ EV2 = )and X Ev2(+v) and (1+v)(1-2v)

E is Young's modulus and v is Poisson's ratio.

The temperature of the steel shell in the lining system is

generally controlled to be lower than a specified temperature, usually

of the order of 600*F . In this temperature range the material

properties E and v can be assumed to be essentially constant. The

constant values for E and v for steel are taken to be:

E = 2.9x107 psi
(3.39)

V = 0.33
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Young's modulus E of SiC refractory is temperature dependent.

Test results from Refs. 28 and 85 show that E of SiC is generally

decrease linearly with increasing temperature T up to 2200°F. The

following linear function for E of SiC is proposed:

E(psi) = 2.85x107 - 8.92x102 T (T in OF) (3.40)

Poisson's ratio for SiC refractory is approximately constant in the

service stress and temperature range, and an average value v = 0.165

is adopted from Ref. 28.

§3.4 Creep

The term "creep" refers to the time-dependent deformation

exhibited by the materials under sustained loads (Fig. 3.24). The

creep behavior of the candidate refractory materials used in slagging

coal gasification vessel linings is temperature dependent. At high

temperature levels the creep of the materials is very significant.

This may modify the stress distribution in the lining system in a

variety of ways. In short, creep can release local stresses and may be

beneficial to local material stability. However, stress redistribution

might damage other areas, depending on the lining geometry, previous

stress history, boundary conditions, and the heating/cooling process.

Assessment of behavioral trends so that a proper control of material

creep characteristics in the design and operation of the lining system

would be possible to reduce the damage is one objective of the present

study.
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Creep behavior of refractory materials in general states of stress

is complex. Creep may result in the change of both volumetric and

deviatoric strain components. It may introduce partially irrecoverable

deformations upon the stress removal. It is also stress path dependent

in multiaxial states of stress. A creep model for the present

objective should accommodate all these important features, at least at

high temperature states. However, the refractory materials considered

here are recently developed materials and creep tests are extremely

limited. Most of the available test data are for uniaxially compressed

specimens at either constant temperature or non-isothermal conditions

[60), with only axial strain measured. In view of this limitation,

some reasonable assessment needs to be made as to the sensitivity of

the analytical results to creep.

For convenience the creep strain .c (i,j = 1,2.3) can be

decomposed into its deviatoric, e and the volumertic ec
ijv1

components:

e . + 8 v (3.41)ij eij j 3j

For each component a simple constitutive equation is used. This type

of equation is generally suitable for predicting the creep behavior of

thermo-rheologically simple materials [12,37]. Under constant

temperatures, the constitutive equations for creep can be written as:

e (t) = J D(t,s) dS. (s) (3.42)
ia 0 t o

and ec () It V (t,s) d (s) (3.43)v 0m
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I D
where a = - . The deviatoric creep function J (t,s) gives the

deviatoric creep strain response at time t due to a unit deviatoric
V

stress at time s , while the volumetric creep function J (t,s)

gives the volumetric creep strain at time t due to unit octahedral

stress at time s . Since Sij and am are time dependent, Eqs. (3.42)

and (3.43) can be equivalently written as

C t D ds. (s)
ec (t) = D(t,s) ds (3.44)

ij ds

and t dam(s)
ev (t) = j(t's) ds ds (3.45)c 0

In the uniaxial case with constant stress and constant tempera-

ture, one may simplify Eqs. (3.44) and (3.45) to yield

S= e c  1 c
11 11 3 v

= ( j + J v)11 (3.46)

= JD S + 1 Va
11 3 m

and

S = ec + 1 c
22 22 v

S( 1 D + V)a11 (3.47)

and define a Possion's ratio for creep, as v = E22 c11
c c 22 11

ec 1 D 1 V

or V = -- =  2 (3.48)c 1 2D D V
11 3T + J
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ThusV 3(1-2V c) D  (3.49)
hus, = 1+ (349)

At high temperatures, most of the creep strains are irrecoverable.

A commonly used power law for creep functions is adopted here. In

uniaxial cases this model is assumed in the form:

111 e€11 = 1A H t (3.50)He

where A and n are material constants. Further expansion of this

equation, with the assumption of constant Poisson's ratio for creep,

gives:

a11  n 1 11  n
E = a- t + b t

He 3 He  (3.51)

a (3 tn) S 1 + (3 b tn) aTe 11 T e mH H

Combining Eqs. (3.46) to (3.51) results in

D = 3 a tn (3.52)
2 e

V 3b tn (3.53)
He

a +. b = A (3.54)

1+v
a c (3.55)A -
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If only uniaxial creep test results are available, one may use

these results to fit parameters A and n . With a reasonable choice of

Vc , the parameters a and b , or the creep functions jD and JV can be

found using Eqs. (3.52) to (3.55).

Suppose that stress is not constant but variable. Direct use of

Eqs. (3.44) and (3.45) leads to discontinuity in creep strain history

whenever stress is discontinuous (Fig. 3.25). This result does not

occur in reality, and can be removed by using a strain rate

formulation. For example, in uniaxial cases

c 11 n

*c 11 n-1
ell = na n-1t (3.56b)

= n (a -l)n (e )ne 11He

and
cc = 3 b t n f (3.57a)v He m

*c n 3b n-1
v He m

3b a 1 - 1
= n m) n (ec) n (3.57b)He v

The choice of a rate form can mathematically model the creep

process of decreasing creep strain rate. This process is often called

"hardening". The relations (3.56a) and (3.57a) are usually called

"time hardening" since the hardening phase is modelled using the time

parameter. Meanwhile, the relations (3.56b) and (3.57b) are called a
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"strain hardening" model since strain, instead of time, is adopted for

creep. These two models give the same result for constant stress.

However, their predictions of creep behavior under varying stress

conditions are different (Fig. 3.26). The strain hardening model gives

a better prediction, in general.

These results can be easily generalized to the multiaxial cases

under constant temperature. If the strain hardening model is adopted,

the creep rate can be expressed as:

1 -c 1--e nec 3 a ne n
ij H a

13b a -
= n( ) n

eH

where

S i
ij

(3.58)

(3.59)
11--

ec) n
v

' = 3 sijsij (i,j = 1,2,3)

c 2 - c

. ýc

•cj I j - )J (3.60)

where At is an infinitesimal time increment.

These creep models and solution schemes can be easily implemented

into a finite element program, in which state variable eC and Ecv

are calculated and stored at each time step.

The influence of the temperature on creep is important. It is

usually found that creep strain rate increases exponentially with

temperature at a given stress. This exponential dependence is known

and

and
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as Arrhenius's law [12,37], and has been widely applied to the creep

modelling of many physical materials. This observation suggests the

use of a so called temperature shift factor, aT , which is an

exponential function of temperature, to model temperature effects on

the creep strain rate. Specifically, time t is replaced by a reduced

time C = t/aT in the previous creep equations.

Many forms for aT  have been proposed. One based on the

concept of activation energy has been generally applicable to most

materials; this form can be written as [12,37]

- = exp E-H ( I - )] (3.61)

where

AH = thermal activation energy

Rg = universal gas constant (Boltzmann's constant)

T = absolute temperature

TO = reference temperature

For a specific material the model parameters, including A, n, AH,

and To , can be obtained by fitting creep data at various temperature

and stress levels. In a lining system for a gasiification vessel,

significant creep exists in the area near the hot face due to the

generally experienced high temperatures. Hence, the creep behavior in

the primary (working) lining should be considered in the

thermomechanical analysis of such a lining system. In Chapter 6 the

90% A1203 refractory brick is chosen for the primary linings. Creep

tests on 90% A20 3 refractory have been conducted by McGee [60]. Based
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on the results (Figs. 3.26 to 3.28) from these tests, the following

model parameters obtained for 90% A0203 refractory:

0.61
A = 7.85 ( 1/(hr) )

h = 0.61

AH/Rg = 2.94x104 (*k)

To = 1622 ('k)

In Figs. 3.26 to 3.28 the model predictions are also given to

compare with those test results. Generally good agreement is found.

SiC refractories may be adopted for secondary linings. At the

temperature levels commonly existing in the secondary linings, the

creep of SiC materials can be neglected [79).
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CHAPTER 4
SLAG CORROSION OF
REFRACTORY LININGS

5 4.1 INTRODUCTION

Corrosion resistance is usually considered as one of the most

important issues in selecting a proper material for the lining of

slagging gasifiers. In the quest for high operational efficiency,

several new gasification processes have been developed in which the

gasifiers are operated at temperatures in the range of 2500'F to

33000F. At these temperatures, the mineral impurities associated with

the coal melt and form a highly corrosive coal slag which flows down

the vessel wall and is removed at the bottom of the gasifier.

Therefore, a refractory material is needed that can resist the coal

slag attack and minimize heat losses through the wall. For this

purpose, extensive slag tests [45,50,893 have been conducted on various

refractories under laboratory conditions and for short periods of time

to study the corrosion process and lining life of the refractories.

Information from these tests cannot be used directly to predict lining

lifetimes in an actual gasifier, but it can be used to (1) provide a

qualitative, relative ranking of the performance of the refractories

under corrosion attack, (2) identify the important variables of the

- 125 -
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slag corrosion process, and (3) evaluate the effects of slag corrosion

on the thermal and mechanical behavior of refractories. It would be

desirable to perform large-scale test in which the actual slagging

environment can be simulated and the corrosion effects can be

quantitatively evaluated.

In view of the limited experience on the long-term corrosion

behavior of refractories and because of the urgent need for a

predictive method to assess the lining behavior in a gasifier, in this

chapter a simple corrosion model is proposed. This model incorporates

the important corrosion mechanisms and, based on rational assumptions,

can extrapolate the results from short-term corrosion tests to

long-term corrosion behavior of refractory linings.

§4.2 CORROSION MECHANISMS

Generally speaking, the corrosion process is any type of

interaction between a solid phase and a fluid phase that results in a

deleterious effect to either of the phases [29]. The solid phase is

that of primary concern in the present lining problem. In the slagging

coal gasifier, the corrosion mechanisms between slags and refractories

are complex and depend on many factors. The degradation process can be

generally grouped into three major categories: (1) dissolution (or

diffusion), which is a chemical process by which the refractory

materials are continually dissolved, (2) penetration, by which the slag

penetrates into the refractory and causes material deterioration

through both chemical and mechanical effects, and (3) erosion, which is

the abrasion process of refractory materials subjected to slag (and gas)
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movements. The first two mechanisms can be simulated and understood to

some extent through laboratory tests. Erosion alone is generally not a

problem in lining design; however, when erosion is accompanied with

dissolution and penetration, the resulting loss of lining materials can

be very rapid.

Dissolution (diffusion) of the refractory in a liquid slag is

usually measured in terms of dissolution rate. For a specific

refractory-slag system at temperature To, the rate of dissolution

j* is defined as the rate at which the thickness of the refractory is
To
depleted. Generally, j* is controlled by diffusion through the slagTo
boundary layer adjacent to the refractory, the thickness of which is

determined by hydrodynamics. The transport rate of the material

through the boundary layer depends on the effective diffusion

coefficient. Based on these concepts, Cooper [29,76] proposed the

relation

* D (CI-C)T = D (C1- CV) (4.1)
0 (1-C.V)

where D* = effective binary diffusion coefficient in the solution

for exchange of solute and solvent

6* = thickness of boundary layer in the slag

Ci = volume concentration of refractory (volume refractory/

volume refractory and bulk solution) at the interface

CM = volume concentration of refractory in the bulk liquid

V = partial volume of the refractory oxide

The dissolution rate is also temperature dependent.
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Temperature dependence of the corrosion process has often been

represented by an exponential law [76] of the type

* I 1JT= A Exp [- B (4 -T ] (4.2)
0

where j* = dissolution rate at temperature T , in °k
T
A = dissolution rate at reference To , j

B = model constant, in 'k .

To = reference temperature, in k .

Equations (4.1) and (4.2) suggest that a thicker slag layer, a lower

temperature, and a slower renewal of slag result in a reduction of

dissolution rate. Such a reduction can be achieved if the temperature

of the hot face is kept low enough, which generally requires thin and

high-conductive linings as well as heavy cooling facilities, if the

operating temperature in the gasifier is fixed.

Slag penetration is another mechanism that causes refractory

degradation. The penetration process of the candidate refractories by

some or all the constituents of the slag can cause deterioration of the

refractories by the following mechanisms:

(1) partially or completely encasing a volume of the refractories

by slag,

(2) causing differential expansion or contraction between re-

fractories and penetrating-slag with the associated develop-

ment of stresses, and

(3) change in mechanical, optical, or chemical properties of the

refractories.

For the purpose of thermomechanical analysis, the aspects of

concern of the deterioration process are:
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(1) the penetration depth into the lining; and

(2) the changes in thermophysical and mechanical properties of

refractories after slag-penetration.

A general method to estimate the depth of fluid penetration is

based on the moving boundary diffusion theory [29] at high temperatures.

This method requires knowledge of a coefficient for the slag-refractory

diffusive penetration process which is not yet available for the

materials of interest here. A simple method by which such depth of

penetration can be estimated with good approximation and implemented

into the numerical analysis procedure of the next chapter should be

developed.

Up to this point the general term "slag penetration" has not been

clearly defined, because different components of the slag can penetrate

into the refractory at different depths. None of the slag components,

except iron oxide, causes significant change in the material properties

of the refractory. However, the portion of refractory material that

reacts with iron oxide can develop a spinel layer [51] with visible

crackings (see e.g., Fig. 4.1) and strength degradation [4]. This

phenomenon may be caused by the volumetric increase due to the chemical

transition from Fe+ 2 to Fe+ 3 (iron bursting). Such a destructive effect

should be considered in the analysis. Hereafter, the term "slag

penetration" will be restricted to the penetration by iron oxide whereas

"depth of slag penetration" will refer to the thickness of the spinel

layer in the refractories.

Laboratory tests to measure the depth of slag penetration into

different candidate refractories have been carried out at Argonne
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Figure 4.1 Cracking of Refractory Bricks in Slagging Gasifier
(Courtesy of Norton Company, Worcester, Massachusetts)

2 3 i 6 , 8 9 to0 11 W.. 6 1-,At99 2 0 21 ?1 
r

!T 
"4

c) 27 2'



- 131 -

National Laboratory [49,50,51]. Fig. 4.2 [50,51] shows the depth of

slag penetration into refractory bricks exposed to high iron oxide

acidic coal slag at 1525*C (2867°F) on one side and water cooled on the

other side at temperatures 80 to 90*C (176 to 194°F). The bricks are

either 9" (228 mm) or 4.5" (114 mm) long. Based on these results, a

criterion based on critical temperature Tc is proposed for each

refractory-slag system to evaluate the depth of slag penetration: When

a portion of the refractory from the hot face is at a temperature

higher than or equal to the associated critical temperature, one may

assume that this portion is penetrated by slag (Fig. 4.3) (Iron Oxide).

To verify this criterion, the slag penetration problem on two 90% A02 03

+10% Cr203 bricks of 9" and 4.5" long used in Refs. 50 and 51 is

studied below.

Based on the hot-face and cold-face temperatures reported in Refs.

50 and 51, and on the thermal conductivity of 90% A0203 refractory

material in Chapter 3, the steady-state temperature profile for each

brick can be calculated (see Fig. 4.4). For an assumed critical

temperature Tc = 2650*F, the estimated depths of slag penetration for

9" and 4.5" bricks are 0.122 and 0.431 in., which are very close to the

measured values of 0.12 and 0.43 in., respectively (Fig. 4.4). Similar

results are shown in Fig. 4.5 for the 80% Cr203 refractory with an

assumed value for Tc of 2800°F. Such a high Tc value of 80% Cr203

refractory implies a good resistance of the material to slag

penetration.

The previous method is easy to implement into a finite element

code to estimate the depth of slag penetration, since temperature

profile through the lining can be accurately calculated through

thermal analysis.
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NUMeER/TYPE

2-FC
190-S
16-S
86-C

109-C
260-S
400-S
38-FC
280-FC
22-FC

POROSITY (%)

17

16
21
23
25
13
5
7
6

COMPOSITION (wt %)

Alz03 (S9)
A1203 (92), Cr20 3 (7.5),PZ 05 (0.5)
A1203 (90), Cr20 3 (10)
A1203 (85),Cr2O3 (10),P 205 (4.5)
A1203 (67),Cz203 (32), P205 ()
A 203 (67), Cr203 (32)
Mg 0(42),Cri0 3 (27),Fe203 (16)
At 0 (60) ,Cr203 (27),Mg O (6)
A1202(65), Cr203(32)
Cr 203(80) ,MgO (8),FeZ03(6)

DEPTH OF PENETRATION (mm)

0 5--10------15 20-25NUMBER/TYPE

2-FC
190-S
16-S
86-C

109-C

260-S

400-S
38-FC
280-FC
22-FC

LEGEND

228 mm LENGTH
11 4 mm LENGTH

Figure 4.2 Approximate Depths (as measured from the final position
of the slag-refractory interface) of Slag Penetration
into Refractories [50]
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HOT F/

SLAG LAYER

HEAT FLOW

Figure 4.3 Estimation of Slag-Penetrated Zone in a Lining



( 4o ) 3unYV3d6W31

- 134 -

0
4r

0

E*

O UT.r-C,-( 4-i

*- (AL

*r-

S.-Cd, 0I

wCc
S..

.7-O

U-



0

.r-

E4O

0,--

S- 0(a0

1ur=

0•0mQU

°- C)*r L.
MLOSU

4-) 0Q

CO 0

0

( Ao ) 3un±vu3dW31

- 135 -

0 m mo0M oun
C0 m r
r4c u~f4



- 136 -

The thermophysical and mechanical properties of refractory

materials are considerably influenced by slag penetration. Figs.

3.20, 4.6, 4.7 and 4.8 show the uniaxial compressive strength, initial

Young's modulus, creep behavior and thermal conductivity of 90% A0203

brick before and after slag penetration. The large reduction in

strength and stiffness of the refractory material due to slag

penetration, especially at high temperatures level, may contribute to

hot face spalling and cracking problems. These changes in

thermophysical and mechanical properties of the refractory materials

due to slag penetration are included in the thermomechanical analyses

reported in this study.

Erosion occurs primarily by the abrasion of high-velocity slag

containing char and ash and high-velocity gases on the lining

materials, which may lead to the spalling of the hot-face lining.

Available short-term laboratory tests cannot simulate such an erosive

environment due to experimental uncertainties. Therefore, precise

evaluation of the long-term reliability of lining systems relies on

full-scale, long operating-period tests in gasifers that represent

actual coal conversion process; reliability predictions are meaningful

only when the uncertain nature of the corrosion processes can be

properly characterized.

The candidate materials considered in the present work for

hot-face lining, such as high-A0 203 and high-Cr203 refractory bricks,

have good erosion resistance when they are manufactured. However, as

mentioned before, the slag penetration can deteriorate the material

strength on the hot face, which accelerates the erosion process.



LL
O

*--

C

C

4-)O c,
C,

I, OM
O~Z

O

W. 01

*r-

co ~

9-s

o Cw

- 137 -

C)e
• w w



- 138 -

, TIME

(a) Before Slag Penetration [ 4 ]

)UR

3 6 12 15 30 45 1 2 3 4
MIN. HOUR

TIME

(b) After Slag Penetration [ 4 1

Effects of Slag Penetration on Creep Behavior
of 90% AZ203 Refractory (uniaxial stress = 4865 psi)

4

rC-S

'Ito

u

O
W0.ww

I-
z=

3 6 12 15 30 45 1 2 3 4
MIN. H

1i
A

U

wzX
Oto0C.
'L
'L
S:

4-

z
=

Figure 4.7

"

qL



-j0Cl,

z
z

0) 1
0 .'C,,M

.000

00

C:,

0

C,%1
O,

- 139 -

U-
0

i-

Q.wa-

w

4-

0
S-

U

4-S-CE

O-

o

U

03

r4
4-



- 140 -

In the next section, a simple corrosion model is proposed, which

includes both dissolution and spalling mechanisms to predict the

long-term corrosion behavior of the lining.

§4.3 CORROSION MODEL

After a lining system is exposed to a corrosive environment for

days, months, or years, the lining thickness will be reduced due to the

interaction of the lining materials with slags and gases. For structural

integrity and operational efficiency, the lining should be replaced when

a critical lining thickness is reached. Operation below this critical

thickness is inefficient or unsafe. Thus, for a good design, knowledge

is needed of the thickness reduction process and of the uncertainties

that affect this process. This would result in a better selection among

competitive system designs or candidate materials. It is the objective

of this section to develop a corrosion model for linings such that (1)

the average residual lining thickness during operation can be predicted

through a small number of short-term corrosion tests, and (2) uncertainty

in the corrosion process can be quantified.

A general method is presented, which interprets the reduction

process of lining thickness as the result of corrosion and heat

transfer. The method can be generally formulated as follows:

(1) Given (see Fig. 4.9)

(a) lining thickness, Y ,

(b) dimension of the gasifier, say, rO ,

(c) conductivity of the lining material, KS , (in

general, KS is a function of temperature T ),
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Face
perature,
T2

Figure 4.9 Schematic of Single-Layer Lining System
and Boundary Conditions
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(d) coefficient of heat transfer on the hot (inner) face

of the lining, h (in general, h = h(T)) ,

(e) operating temperature, T1 , and

(f) control temperature on the outer face of lining, T2 ,

one can obtain a relationship between the hot face temperature of

the lining, TH , and Y at steady state, i.e.,

TH = f(Y) * (4.3)

(2) Given the operation conditions, one can express the corrosion

rate (the thickness reduction rate -Y as a function of

the hot face temperature TH and of time t , i.e.:

- Y = g(TH,t) (4.4)

where Y = dt

(3) Combining Eq. (4.3) and Eq. (4.4), one obtains

-Y = g(f(Y),t) (4.5)

(4) Solving Eq. (4.4) with the initial condition

Y(t = 0) = Yo (4.6)

one obtains Y as a function of t

Y = Y(t) (4.7)
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Eq. (4.7) gives the desired relationship for residual lining

thickness at any given time. The determination of f(Y) and g(TH,t) ,

the influence of the model parameters on the behavior of Y(t) and the

uncertain nature of Y(t) need to be studied further. The following

sections present these details.

§4.3.1 Relationship between Hot-Face Temperature and Lining Thickness

Consider a one-layer symmetrical lining, as shown in Fig. 4.9,

subjected to convection boundary conditions on the inner (hot) face

while outer face temperature has constant value T2 . The operating

temperature in the gasifier, T1 , is assumed to be constant . The

conductivity of the lining material, KS , is generally temperature

dependent and can be well approximated by a cubic polynomial in T (see

Chapter 3):

KS = ao + alT + a2T2 + a3T3  (4.8)

The following additional assumptions are made:

(1) the coefficient of heat transfer, h , on the inner face is

assumed not to depend on temperature; and

(2) joint opening and cracking of the lining have little

influence on the hot face temperature; therefore, only one

dimensional (radial) heat transfer analysis is sufficient and

hot face temperature TH is primarily determined by the

convection process.

The governing equation for heat-transfer in the above mentioned

system is [67]:
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d dTd (ksr ) = 0 (4.9)

with boundary conditions (b.c.'s)

Ks dT = h(TH-T1) at r = r0 -Y (4.10a)

T = T2  at r = r0  (4.10b)

T = TH at r = r0- Y (4.10c)

Integrating Eq. (4.9) and combining the result with Eq. (4.8) gives

aoT + 1 alT2 + a2T3 + a3T4 = cl In r + c2  (4.11)

where cl and c2 are constants to be determined from the b.c.'s (Eq.

(4.10)). Imposing Eqs. (4.10) one finds

TM = T + c 1 (4.12a)
H  1 h (r -Y)

a0T2 + aT22 + a23 +3 a3T24 = cI I r 0 + C2  (4.12b)+0 a T2 +12 a2T2  aT31

and
1 2 1 3 1 4aT H + 1 alTH + a2TH + a3TH = c ~n (ro-Y) + c2  4.12c)

By solving the simultaneous equations (4.12a), (4.12b) and (4.12c)

one can get cl , c2 , and TH in terms of the coefficients ai, r O, h ,

and Y. For a certain lining material and lining geometry, ai and r0 are

given. The coefficient h depends on the gasification process, mainly

through the composition, velocity, pressure, density, and viscosity of

the processing gases. For a given set of ai, r 0 , and h , the

relationship between TH and Y can be obtained:

TH = f(Y) (4.13)
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Case studies have been performed by using 90% A203 and 80% Cr203

refractories with the following material properties:

For the 90% Ak203 refractory:

Ks = 0.325 + 0.323 x 10- 4T - 0.105 x 10- 6T2 + 0.287 x 10-10T 3

Btu/hr-in-°F , T in *F (4.14a)

For the 80% Cr203 refractory:

Ks = 0.273 - 0.324 x 10- 4T + 0.563 x10- 8T2 - 0.145 x 10-12T3

Btu/hr-in-F , T in F (4.14b)

The operating temperature T1 is assumed to be 3000"F an.d the cold

face temperature T2 is fixed at 150'F . For sensitivity analysis,

several combinations of the ro and h have been used:

r0 = 60", 108", .and 180"

h = 0.01 , 0.1, 1.0 , 10.0 Btu/hr-in 2-*F

Figs. 4.10 , 4.11 and 4.12 give the relationship TH = f(Y) for a few

cases with different combinations of r0 and h . It can be seen that the

function f is not sensitive to the change of the dimension of the

gasifiers (rO) in the range of practical values (60" -180") . However,

f is highly dependent on h , i.e., on the gasification process. Based

on these results, in following analyses r0 is fixed to a conceptual

value r0 = 108" , while h is still considered as a free parameter. Fig.

4.13 shows the relationship TH = f(Y) for 80% Cr203 linings with

different h, while r0 is taken to be 108".
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For a more general multiple-layer lining system, the same approach

can be applied to each layer. Continuity in temperature should be

imposed at the interface of any two layers. Accordingly, the resulting

function f(Y) depends on the thermal properties of all the layers.

§4.3.2 Proposed Corrosion Model

As mentioned earlier in this chapter, there are three major types

of corrosion mechanisms: dissolution, penetration, and erosion. A

proper corrosion function g should account for all the mechanisms.

Dissolution rate can be generally represented by Eq. (4.1) and its

temperature-shifting effect can be represented by Eq. (4.2). Penetra-

tion itself usually does not cause any reduction of thickness; however,

slag-penetration reduces the strength and stiffness of the refractory

material (see Figs. 3.20 and 4.6) and creates weak zones next to the hot

face. In these zones where compressive hoop stresses exist cracks form

parallel to the hot face (see Fig. 4.1). This weak zone can spall along

the crack interfaces when subjected to erosive slag/gases movement [651.

A conservative estimate of the thickness of each spalling piece is the

penetration depth. That is, the corrosion rate can be conservatively

calculated as:

- -= g(THt) = A Exp (-B(- - + D [tilt i ] 6(t i )  (4.15)
H o

The first term on the right hand side refers to the dissolution

process. The second term represents the spalling process under the

combining effects of slag-penetration and erosion, where Dp[ti-l,til is

the maximum penetration depth from the location of the hot face at t =

ti" during the (i-l)th and (i)th occurrence of spalling. ti is the

occurrence time of (i)th spalling and 6 is the Dirac delta function:
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6(ti) 0 , if t * ti  (4.16)

W, if t = t i

To complete the model, one needs to know the parameters A , B , and

t i for the refractory-slag system. The first two quantities can be

estimated from laboratory tests (e.g., test mentioned in §2.4), whereas

the last quanlity requires field observations. It is worthy of mention

that these three quantities are uncertain due to the high variability of

the gasification environment for which dispersion of A, B , and t are of

concern.

§4.3.3 Residual Lining Thickness

By combining Eqs. (4.13) and (4.15) and eliminating TH from the two

equations, one can obtain Y as function of t ; however, the explicit

analytical solution is not known and must resort to numerical analysis

in discrete-time approach.

A computer program for the Simulation of Residual Lining Thickness

(SRLT) has been written to calculate (1) the hot face temperature as a

function of residual lining thickness, (2) the depth of slag penetration

as a function of the residual lining thickness, and (3) the lining

thickness as a function of time. The listing of the program and an

example are given in Appendix I.

To understand the typical form of Y(t) in a single-layer lining

system, the following parameter values are used from test results in

Refs. 50, 51 and 89. Reader should keep in mind that these numbers

are adopted here only to represent average behavior and can not be used

directly for a specific design without further justification.
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YO  = 9 in.

r0 = 108 in.

Ks : same as in equation 4.14 (referred to 90% Ak203 brick

and 80% Cr203 bricks)

T1 = 3000°F

T2  = 150"F

A = 1.339 x 10- 3 in/hr for 90% A1203 brick and

= 2.362 x 10-4 in/hr for 80% Cr203 brick

B = 469000k for 90% A020 3 brick ,

= 43700"k for 80% Cr203 brick

To  = 1813"K for both bricks

At = t i - ti- 1 (i = 1,2,...), interarrival time of

spalling events

= 100 hr, 1000 hr, 10000 hr, and

Tc = critical temperature to evaluate the depth of slag

penetration

= 2650°F for 90% Ak203 brick, and

= 2800°F for 80% Cr203 brick

h is still taken as a variable parameter with values

h = 0.1, 1.0, 10.0 Btu/hr-in 2-°F

Figs 4.14 to 4.19 show the functions Y(t) for 90% A1203 and 80%

Cr203 linings with different combinations of h and At . It is

interesting that, in all cases, the corrosion rate decreases in time and

the residual thickness tends to stablize. These phenomena are caused by

the decrease of hot face temperature due to the decrease of lining

thickness and depend on the heat transfer characteristics on the the

hot face and the cold-face temperature. It is also found that spalling



- 153 -

9.0

8.0

7.0

5 6.0

4.0
M~,

3.0

2.0

1.0

0.0

-

--

0.0 5000.0 10000I.0 15000o
TIE (HR)

Figure 4.14 Residual Lining Thickness vs. Time for 90% AZ203
Refractory Lining (h = 0.1 Btu/hr-in 2- F, T1 - 30000F)

At " 100, 
1000, and 

10000 •" w

At - 100, 1000, and 10000 hr

9sa4203 42

U

U

-U

U

I I U I I a , _ 6 I a-~

-



- 154 -

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0
0.00Figure 4.150

Figure 4.15

5000.0 10000.0 15000.0
TIVE (HR)

Residual Lining Thickness vs. Time for 90% At203
Refractory Lining (h = 1.0 Btu/hr-in2-oF, T1 = 3000 F)



- 155 -

9.0

8.0

• 7.0

E 6.0

5.0

4,0

3.0

2.0

1.0

0.0
0.0 5000.0 10000.0 15000.0

TIVE (HR)

Figure 4.16 Residual Lining Thickness vs. Time for 90% AZ203

Refractory Lining (h = 10.0 Btu/hr-in2-oF, T1 = 30000 F)



- 156 -

0,0 5000.0 10000.0 15000.0
TIME (HR)

Figure 4.17 Residual Lining Thickness vs. Time for 80% Cr203
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Refractory Lining (h = 1Q.O Btu/hr-in2-oF, T1 = 3000 0 F)

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0
0.0



- 159 -

of hot face material can significantly increase the corrosion rate, if

it is not well controlled. For the considerations of long-term

reliability and total cost, the previous numerical results suggest that:

(1) By decreasing the hot face temperature, which can be done by

decreasing the value of h, one can slow down the corrosion

rate. Furthermore, lowering hot-face temperature can result

in a layer of viscous-solid slag on the hot face of the lining

[14] (not included in present analyses), which protects the

lining from further corrosion. This layer is desirable in the

design of lining systems for long-term operation. However,

use of small h values (e.g., through the reduction of

operating pressure, gas speed, etc.) may lead to an

inefficient gasification process. Hence, the optimal value of

h should be determined on the basis of this trade-off.

(2) Material upgrading for reduction of the dissolution rate

and depth of slag penetration can effectively control

the corrosion rate. As shown by the previous results, the 80%

Cr203 refractory gives generally longer life time than 90%

A120 3 refractory under the same operating conditions. This is

due to the relatively high resistance of the 80% Cr203

refractory against slag dissolution and penetration. On the

other hand, 80% Cr203 bricks are relatively expensive.

Further studies should be made to explore the possible

modifications of operating conditions such that more

inexpensive materials (e.g., high A1203 refractories) can be

used with minimum sacrifice of operational efficiency.



- 160 -

(3) Spalling plays an important role in the overall corrosion

process. A better control of the spalling process can produce

a longer service life. Hence, improvements of the spalling

control, e.g., by a proper operational scheme or design to

reduce hot face stress, or by adopting certain treatments to

the lining materials to increase their resistance to slag

penetration, should be areas of future research.

Regarding the second possibility, further analyses have been made

of the effects of operating temperature on corrosion. The lining

material is 90% A020 3 refractory with properties and boundary conditions

as before, except that the operating temperatue T1 is reduced from

3000°F to 2800*F. The coefficient h is taken to be 1 Btu/hr-in-°F. The

residual lining curves in such systems are shown in Fig. 4.20 for

different values of At. Comparing Fig. 4.20 with Fig. 4.15, it can be

seen that a significant improvement of the lining life can result from

modification of the operating temperature, however with possible

reduction of operational efficiency. Again, the final determination of

the lining material and operating conditions should be made on the basis

of a total cost/benefit analysis during the expected life of the

gasifier.

§4.4 Y(t) AS A RANDOM PROCESS

In a refractory-slag system the governing factors such as

dissolution rate and spalling time of the corrosion process are not

exactly known. Uncertainties inherent in the system result in

uncertaint residual lining thickness as a function of time, i.e., Y(t)

is a random process.
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The 90% A1203 and 80% Cr203 linings with the same lining geometry

and material properties are used here to study the uncertainty of Y(t).

The following assumptions and parameter values are further used to model

uncertainty in the corrosion process:

(1) The reference dissolution rate A is assumed to be a random

variable with cumulative distribution function FA(a) where:

FA(a) = Probability that A is smaller than or equal to a

In the following study, A is assumed to be a random variable

(r.v.) with a truncated normal distribution, i.e.:

F(a)  d(a) - (0) if a > 0
FA(a) = 1 - (0 f a (4.17)

S 0 if a < 0

where D is the normal distribution function defined by [10]:

X-m 21 A

(a) = 1 e A (4.18)

and the parameters mA and aA are the mean and standard deviation of r.v.

A , respectively. For the present study the following values are

chosen

mA = 1.339 x 10-3 in/hr for 90% A203 brick, and

= 2.362 x 10- 4 in/hr for 80% Cr203 brick.

VA = coefficient of variation of r.v. A

= aA/mA

= 0.01 and 0.1

(2) At is taken to be a r.v. with exponential cumulative

distribution function [101:
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FAt x) = - e x  , x > 0 (4.19)
0, x < 0

where a is the mean occurence rate. This is based on the

assumption that events follow a Poisson process [10] with

rate .

According to the Poisson process, the physical mechanism that

generates the spalling events should satisfy the following conditions

[10):

(1) The probability of an event in a short interval of time from t

to t + h is approximately ah , for any t

(2) The probability of two or more events in a short interval of

time is negligible compared to ah .

(3) The number of events in any interval of time is independent

of the number of events in any other adjacent interval. For

the present study 1/a is set equal to 100 and 1000 hours.

The analytical solution for the probability distribution of Y(t) is

not known. The Monte Carlo simulation technique [57,73] is used instead.

For a specific lining system, this procedure can be summarized as

follows:

(1) By using a random number generator, one obtains a value of A

from the distribution FA and a sequence of random spalling

times ti.

(2) By using the simulated values of A and ti , one can find

the function Y(t) in the same way as in the deterministic

approach (Eq. 4.15).

(3) By repeating steps (1) and (2) in terms, one generates n

realizations of the process Y(t). Probabilistic
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characteristics, such as the mean, standard deviation, and

marginal distribution of Y at any given time t can be estimated

from these n realizations.

The previous method has been incorporated into the computer program

SRLT (see Appendix I), which simulates the functions Y(t). The

estimation of mean, standard deviation and distribution of Y at selected

times is performed by a program for the Probabilistic Analysis of

Residual Lining Thickness (PARL) (see Appendix II).

Figs. 4.21 and 4.22 show the mean and standard deviation of Y as

functions of t , for 90% A1203 and 80% Cr203 linings respectively, and

for different combinations of aA and a. The operating temperature used

in these cases is 3000*F. The heat transfer coefficient h is fixed at

1.0 Btu/hr-in 2-°F . Fig. 4.23 shows the mean and standard deviation of Y

as a function of time for the lining with 90% A1203 refractory, while the

operating temperature is taken to be 2800°F. The h value is still 1.0

Btu/hr-in 2-OF. The important findings from these results are:

(1) The uncertainty in the spalling process contributes

significantly to the overall uncertainty on the residual lining

thickness, especially during the initial stage of the lining

life. A better control of the spalling process resulting in a

reduced spalling rate would give a more reliable lining, in the

sense that the probability of getting higher loss of lining

thickness is smaller due to the smaller dispersion of Y . This

better control may be obtained by various means: for example,

by controlling the gas velocity and the size of the particles

in gases and slags, or by special treatments to the refractory

(consisting of modifiying the chemical composition of the



- 165 -

9.0

8.0

S7.0

E 6.0

5.0

6 4.0

3.0

2,0

1,0

0.0
0.0 5000.0 10000.0 15000,0

TIPE (HR)

Figure 4.21 Mean and Standard Deviation of Lining Thickness vs.

Time for 90% At 203 Refractory Lining (h = 1.0 Btu/
hr-in 2-OF, T1 = 300 0oF)

-i-

-20 C 2o3  - - STN•1YRD DEVIATIGI

(VA,,o (IIR))=(0.01, 1000)

(0.1, 1000)

(0.01, 100)

I-
100)

\ 1000)7\ \\(0.1, 19)
\\

(0.01, 1000)

I I I I I , vI I I , 1 I 1

--

1.6

1.4

1.2

L.0i CI,

0,6 •
0.46

0.2

-nIVGU



- 166 -

9.0

8.0

7.0

6.0

5.0

4,0

3.0

2.0

1.0

0.0
0.0

Figure 4.22

S.00,O 1IO0.0 15e00.0
TIE (PR)

Mean and Standard Deviation of Lining Thickness vs.

Time for 80% Cr203 Refractory Lining (h - 1.0 Btu/

hr-in2 -F, T1 = 30000F)

-a



- 167 -

5000.0 10000.0 15000.0
TIME (HR)

Figure 4.23 Mean and Standard Deviation of Lining Thickness vs.

Time for 90% Az203 Refractory Lining (h = 1.0 Btu/
hr-in2 -OF, T1 = 28000F)
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refractory to reduce the depth of slag penetration and to

minimize the material deterioration if penetrated by slag, or

structurally reinforcing (in the radial direction of) the

refractory -at least, in the near field of hot face).

(2) The uncertainty of residual lining thickness during the final

stage of lining life (say, when the lining is less than 3"

thick) is primarily contributed by uncertainty on the

dissolution rate, or in A

(3) During the final stage of the lining life the uncertainty of

the lining thickness tends to be smaller than during

intermediate stage. This is the result of lower hot face

temperature in this stage, which in turn reduces the corrosion

rate and its dispersion.

§4.5 APPROXIMATE MODEL

The model in Eq. (4.15) is in the form of a nonlinear differential

equation and requires numerical methods to be solved. A simplified

approximate method based on Taylor series expansion can be formulated which

results in a differential equation with analytical solution. This method

includes

(1) approximating the first term on the right hand side of Eq.

(4.15) by Taylor series expansion about the initial lining

thickness YO , i.e.,

A Exp(-B(T Y 1)) = ak(YYk + highe rder terms (4.20)
H O k=O
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(2) replacing the spalling process with a continuous process; i.e.,

replacing Dp Cti-l,til - Dp(t) = Dp(Y(t)), and

ti , where (4.21)

At is the interval between consecutive spalling events. If

spalling is assumed to occur uniformly then At is independent of

time.

(3) approxmating Dp(Y) by a Taylor series expansion about the

initial lining thickness YO , i.e.,

Dp(Y) bk(YYo) k + higherorder terms (4.22)
k=0

Using Eqs. (4.20), (4.21) and (4.22) and under the assumption of

constant spalling rate, Eq. (4.15) becomes

n m

- = ak(Y- k + 1 1 bk (Y-Y) k (4.23)
k-=O k-O

Eq. (4.23) can be easily solved, especially when the order of the

approximation is low, i.e., the integers n and m are small.

Examples are given, which use the approximate model in Eq. (4.23) for

the cases shown in Fig. 4.15. Linear (first order) approximation

(n = m = 1) and quadratic second order approximation (n = m = 2) are

used. The approximated evolution of lining thickness in time for the

cases of Fig. 4.15 are shown in Fig. 4.24. It is found that for a broad

range of parameter, the second order approximation is sufficiently

accurate.
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CHAPTER 5
THERMOMECHANICAL ANALYSIS OF
LINING SYSTEMS BY
THE FINITE ELEMENT METHOD

§5.1 INTRODUCTION

The Finite Element Method has been recognized as a powerful

numerical technique for solving continuum problems. In the finite

element method, the actual body is represented as an assemblage of

subdivisions called finite elements. These elements are interconnected

at specific points which are called nodes or nodal points. The nodes

usually lie on the element boundaries. The variation of the field

variables (such as displacement, stress, or temperature) inside a finite

element can be approximated by a simple function. These approximating

functions (called interpolating functions) are defined in terms of the

values of the field variables at the nodes. When the field equations are

written for the discretized finite-element model, the unknowns are the

nodal values of the field variables. By solving the discretized field

equations, which are generally in the form of matrix equations, the nodal

values of the field variables are obtained. Once these quantities are

known, the approximating functions define the field variables through the

entire body.

Different approaches have been proposed to construct the discrete

field equations, such as the direct approach, the weighted residual

- 171 -
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approach, and variational methods. [8,71,93]. In the last method, the

finite element analysis is interpreted as an approximate means for

solving a variational problems if the physical or engineering problem can

be stated in variational forms.

The general procedure of the variational finite element method is

composed of the following steps:

(1) For a specific problem, a function 1 is defined in terms

of the unknown vector u which includes all unknown field

variables, i.e.,

'= I F(u) do + f G(u) dr (5.1)
S~

where F and G are specified operators associated with the

domain 9 and the boundary r , respectively.

(2) The unknown vector u is such that x is stationary, i.e.,

)nl = 0 (5.2)

(3) The domain is discretized into a number of finite elements (in

the sense that each element has a finite size), as shown in

Fig. 5.1, and each element has a certain number of nodes.

(4) For each element i, a set of interpolating functions Ni is

introduced, which produces an approximate to the unknown vector

ui by its value at the element nodes, uin,

ui = Ni (x) uin (5.3)

where x is the general coordinate of the system, superscript

i is associated with the ith element, and subscript n means

nodal quantity.
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For all elements in the domain,

U = N u i = N u (5.4)

where un is the unknown vector at all the nodes.

(5) Using Eqs. (5.1), (5.2) and (5.4), one can write

=8 . 6 8u 0 (5.5)bu n,n

which is valid for any variation 6un  only when

-- 0 (5.6)au"n
Typically, this condition can be written explicitly as

---- K u + f = 0 (5.7)
au -- n ~Mn

(6) The vector Un is found by solving Eq. (5.7). Therefore, the

field vector u at any point in the domain can be approximated

through Eq. (5.4).

For the present study of the thermomechanical behavior of refractory

lining, the field problems encountered include the heat transfer problem

and the stress analysis problem. The following features should be also

included:

(1) The interaction between heat transfer and resulting stress,;

specifically, the temperature distribution can cause thermal

stresses, and conversely the stress distribution changes the

thermophysical properties of the material and the thermal

boundary conditions;
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(2) The behavior of the mortar-refractory joint interface, including

joint failure, stress redistribution, and joint closing;

(3) The modification of material behavior and structural geometry

due to corrosion effects, such as slag penetration, material

degradation, and spalling process; and

(4) Nonlinear, time and temperature dependent material properties.

In what follows, the general finite element formulations for heat

transfer and stress analysis (including creep analysis) are presented.

Then, the incorporation of the interaction between heat transfer and

stress is discussed. Verification tests of the developed methodology and

of the computer program are performed when necessary. In the last two

sections, the model of joint behavior and the effects of slag corrosion

on material behavior and structural geometry, i.e., slag penetration and

spalling, are presented.

§5.2 TRANSIENT HEAT TRANSFER ANALYSIS

In a three-dimensional coordinate system (x,y,z) , the governing

equation for the heat conduction in an infinitesimal body dx dy dz ,

based on the energy balance (without heat generation), can be written as

E67]:

a [k x T] + a [ky + b k '] = PCC a- (5.8)ax xax Tx y x Tx y 6z p az

where kx, ky, kz = thermal conductivity in the x,y,z, directions

T = temperature of the body

P = density of the material
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= specific heat of the material

= time

Since this differential equation is of second order in x,y,z and first

order in time, two boundary conditions and one initial condition need to

be specified. Possible boundary conditions are:

(1) prescribed temperature on boundary r1

T(x,y,z,t) = T(x,y,z) for t > 0 on ri (5.9)

(2) convection condition on boundary r2

nT
k -n +  h(T-T=) = 0 on r2n a~n 2 (5.10)

where T = prescribed temperature,

kn = thermal conductivity in the direction normal to the

boundary r2 ,

h - heat transfer coefficient of convection,

To = ambient temperature

,1 = boundary on which temperature is specified,

r 2 = boundary on which the convective heat loss is

specified.

The typical initial condition is

(5.11)T(x,y,z,t = 0) = To(x,y,z) in n

where 0 = domain of the solid body.
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This heat conduction problem can be stated in an equivalent

variational form as

T 2  6T 2  3T2  3T: JJ Q [kx(-A) + k ) + k (-t + 2PC T] dox y y zz zP t

+ fr h(T-T )2 dr (5.12)
2

and the variational approach in solving the heat conduction problem is to

find the value of T that satisfies

d- = 0 (5.13)
dT T

In the finite element analysis, the domain Q is divided into E

finite elements with M nodes each and an interpolating function is

assumed for each element i, which relates the temperature Ti in the
i

element to its values at the nodes T n

i Ti
T (x,y,z) = N(x,y,z) Tn (t) (5.14)

i
where T n

T1 (t)

T2 (t)

TM(t)

and N(x,y,z) = [Nl(x,y,z), N2(x,y,z),...NM(x,y,z)]
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Incorporating Eq. (5.14) into Eqs. (5.12) and (5.13), one finds the

field equation for the system in the form [71]

(5.15)
--n -s n

where C = heat capacity matrix
E

= 1 [ci]
i=1

k = heat conductivity matrix
-s

= ([K i] + [K s]2

P = heat supply vector

E
= Z p1

i=1
[c i ] = [ciu]

= [f c NmN do]

[is1 = [k1Zl

= [I k mN Nx 6x bx
bN mN ,

ýy 6y

(m,x = 1,2,3)

(m,y = 1,2,3)

bN m6N Z
kz bz z 1

[k ]2 [k]2

[= [f i h NmNý dr]
2

p = [P ]

= [If h T Nm dr]
2

(m = 1,2,3)

T = vector of the nodal temperature unknowns of the system.
~n

(m,a=1,2,3)



- 179 -

Integration of the function in Eq. (5.15) can be accomplished by

numerical techniques which approximate integral with weighted summation

at discrete points (see e.g., Fig. 5.2).

Eq. (5.15) is time dependent and can be solved by means of a finite

difference scheme. This scheme discretizes the time axis into a number

of time steps with time interval At , and then approximates the first

derivative of Tn as

T -Tr dT ~n,j 'n j-1
-dt -It (516)

where T temperature vector at time step j."nj

Thus, Eq. (5.15) can be written as

T -T
C nj "n,j-1 + k T P (5.17)

--t -s"n,j j

or

C T + At k T = At P. + CT (5.18)
- "n,j -s 'n3j - "n,j-1(

which satisfies the initial condition T = T (t = 0)"n,0 ~n

Eq. (5.18) can be written in a standard form

kT =f
- nj (5.19)

where k = (C + At k S ) and

f = (AtP + CT )
~j j -- ~n, j-1

Notice that C and k_ are temperature (state) dependent in

general, since the conductivity and heat capacity of a material may be

temperature dependent. By using an incremental finite-difference
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scheme, one may assume C and ks in Eq. (5.18) to be constant in each

step. As a result, k in Eq. 5.19 is also constant in each step.

Updating of C and k, is necessary when a new state is calculated. For

highly nonlinear dependence of C and ks on temperature, small time steps

should be chosen, or alternatively, for large time steps, one should use

iteration schemes [8,711.

By solving Eq. (5.19) with the boundary conditions over rl , one

can obtain the temperatures at all nodes in the system, and through the

interpolation functions, the temperature at any point in 9 .

For the lining system of the present analysis, the variation of the

temperature in the vertical direction, say the z direction, is

negligible. Hence, only a two-dimensional thermal analysis is needed.

If one uses triangular elements with three nodes each, as shown in Fig.

5.2, Eqs. (5.12) to (5.15) can be explicitly expressed in terms of the

element geometry [71]. Results are summzarized in Appendix III.

The two-dimensional heat transfer analysis has been implemented into

a finite element program for Thermomechanical Analysis of Refractory

Linings ( TARL), in which the four-triangle quadrilateral element (Fig.

5.3) is used. The four-triangle quadrilateral element is composed of

four triangular elements of the type mentioned above. The center node is

condensed before system assemblage [33], so that the number of

simultaneous equations involved in Eq. (5.15) is reduced, and the problem

of skewness generally encountered when using triangular elements is

avoided. A brief description about program TARL is given in Appendix IV.

The heat transfer program has been used in the following examples:



- 182 -

(1) The first example is the one-dimensional transient heat-transfer

problem shown in Fig. 5.4, with given geometry, boundary

conditions and material properties. Fig. 5.6 shows the

variation of temperature with time at x = 0, 1 and 4 (see

definitions of X in Fig. 5.4) from the analytical solution

(solid line) [72] and from the finite element program (dashed

line) using the mesh shown in Figure 5.5. Good agreement

between two predictions is found.

(2) The second example is a two-dimensional transient heat-transfer

problem shown in Fig. 5.7 with analytical solution from Ref.

67. The associated finite element model and discretized mesh

are shown in Fig. 5.8. In Fig. 5.9 the temperature variations

at points A, B and C in Fig. 5.7 are shown for both the

analytical and the finite element solution. Again, the

numerical results are satisfactory.

§5.3 STRESS ANALYSIS (DISPLACEMENT METHOD)

The finite element displacement method is based on the principle of

minimum potential energy by which a displacement state satisfying

compatibility and boundary conditions, and the associated stress

satisfying equilibrium make the total potential energy minimum. The

functional which is minimized is
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AT t= 0
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Figure 5.7 Two-Dimensional Heat Transfer Problem Through a Plate
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= fff ( (- ) ) - u b)dQ

- f u fT dr - . Ftuj (5.20)
r2w

where = strain vector

= {(xx Eyy Ezz Yxy Yyz Yzx}

o =  initial strain vector associated with ,

D = material rigidity matrix, a= D(_- o ) ,

a = stress vector

={x ayy azz Ixy 'yz zx ' ,
u = displacement vector

= ux  uy uz  '

b = body force vector

= (b b b z'
x y Z '

T =  boundary traction vector

= fTx fTy fT2 I

F = concentrated load at point - ,

I2 = boundary on which the traction is specified,

The prime symbol denotes transformation.

In the finite element displacement method, the continuous domain Q

is divided into a number of elements, each element having M nodes. An

interpolating function Ni is then assumed for each element i, which

relates the displacements ui in the ith element to the displacement of

the nodes uin :
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ui (x,y,z) = Ni (x,y,z)u i
n

where ui = [{u} {U1 {Ulm]
~n .1 ~ 2

x = i y z

and N = interpolating function of element i

S[i{N (x,y,z)}l

(5.21)

(j = 1 ~ M)

(N (x,y,z)} 2 . . . [{N (x,y,z)}Mi

{INj = [Nx(x,y,z)x N (xy'z) NZ(x,y,z)]' (j = 1 ~ M)

The strain in a generic element i , Ei , can be related to

the nodal displacement uin by the strain-displacement definition:

Si i i
SUn

B =

0 0

a
by
0

bx

6z

0

0

0
ax

(5.22)

Incorporating Eqs. (5.21) and (5.22) into Eq. (5.20) and minimizing

Eq. (5.20) with respect to the nodal displacements, one obtains:

E *
C (iff B' D'B' do

i=1 0 - - -

1Z

U1- (fff N (bi+Dii)do - f N' f dr))
._ ~ o 2- ,T
1 2

(5.23)- F = 0O
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where F = nodal force vector, including all concentrated load

F . The index i is associated with element i

Eq. (5.23) can be written in the general form of Eq. (5.7) as

k Un = f (5.24)

where k = system assemblage stiffness matrix

E
= I (cff Bi Di Bi do)

i=1 Qi

un = system assemblage nodal displacement vector

f =( I (ffI Ni (bi+DieidQ +S i=1 Q." - o
1

IIf Ni  f idr)) + Fr T

By solving Eq. (5.24) with the prescribed boundary displacement on

F1 , one can get the displacement vector un . For each element i, the

strain and stress at any point can be obtained from Eq. (5.22) and from

oi = D (ei _ e i)

(5.25)
= D Bi u - DiC i

- - 2 - o

Creep and material nonlinearities involved in the present study can

be incorporated into the finite element formulation as follows:

(1) Creep: Creep is a time-dependent material behavior. In the

finite element analysis, the time-marching scheme is

usually used for the creep analysis. The time axis is



- 190 -

discretized into a number of steps with interval At . During

each time interval, the stress in the body is assumed constant,

and the incremental creep strain caused by such stress is

evaluated through Eq. (3.60). This incremental creep strain

can then be incorporated into Eq. (5.23) by treating it as an

initial strain. The incremental stress in each step caused by

the incremental creep strain and other general loading, such as

those from material nonlinearity and thermal loadings, is added

to the stress obtained at the end of the previous step.

(2) Material nonlinearity: The three basic solution schemes of

nonlinear finite element problems are incremental procedures,

iterative methods, and mixed procedures [8]. The choice of a

specific scheme depends on the type of problem. For the

present analysis, the loading is primarily caused by thermal

strains and nonrecoverable creep which are very significant at

high temperatures. For these reasons small time intervals

should be used. Since the adoption of small time intervals

generally results in small load increments, an incremental

procedure is used. The basis of this procedure is the

subdivision of the total load into a number of small load

increments. The load is applied in increments and during the

application of each increment the system equations, Eq. (5.24),

are assumed to be linear; a fixed value of k in Eq. (5.24) is

assumed during each time step, but k is allowed to have

different values during different steps. The solution for each

step gives an increment of the state variables (displacements,



- 191 -

strain, and stress). These state increments are accumulated to

obtain the state of the system at any given time. Thus, the

nonlinearity is essentially treated as piecewise linear.

In the present study, the two-dimensional stress analysis is

performed in parallel with the two-dimensional heat transfer analysis.

These analyses simplify the three-dimensional body by making assumptions

in certain direction, say the z direction, such as plain stress, plain

strain, and generalized plain strain. In plain stress analysis, the

stress in the z-direction, cz , is assumed to be zero; in plain strain

analysis, the strain in the z-direction, EZ , is assumed to be zero; and

in the generalized plain strain analysis, sz is assumed to be constant.

Description of the two-dimensional finite element formulation with

triangular elements can be found in most finite element books [e.g.

8,33,71).

Two-dimensional stress analysis has been implemented into the finite

element program TARL, in which the quadrilateral elements mentioned in

the previous section are used. The validity and accuracy of the program

in predicting stress and strain distributions will be demonstrated in the

next section.

§5.4 HEAT TRANSFER - STRESS RESULTANT INTERACTION

In the refactory lining systems, the thermal and mechanical

behaviors are coupled. This coupling phenomenon has been incorporated

in the present study through consideration of the following effects:
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(1) Thermal stresses: temperature changes in a body cause

volumetric changes through thermal expansion or shrinkage. This

results in stresses due to either non-uniform volumetric change

through the body or to boundary constraints.

(2) Stress-induced changes in the thermophysical properties of

the body: excessive stresses in ceramic materials cause

cracking and consequent modification of local heat transfer

characteristics. The relative significance of such modification

depends on he width of crack opening and the gas filling the

cracks.

The finite element model of this interactive behavior is summarized

in the following section.

§5.4.1 Thermal Expansion

Thermal expansion of a body is usually characterized by a

"Coefficient of Thermal Expansion", a , which relates the thermal strain

vectors increment, Ae , to the temperature increment, AT , at any point in

the body by

e = [1 1 0 0 0]'.*AT.a (5.26)

In the finite element analysis the thermal strains are usually

treated as part of the initial strains. Namely, in Eq. (5.23) the initial

strain vector Eoi for element i can be taken as the sum of the initial

strain vector in the system (eooi) , the creep strain (EOci) , and

the thermal strain (EoT ):
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"o oo + oc + oT (5.27)

This scheme has been implemented into program TARL. In this repect,

two problems were solved to verify the validity of the procedure in

TARL:

(1) The first example intends to verify the accuracy of TARL in

predicting the thermal stress over a cyclindrical wall (2-D

analysis). The geometry and boundary conditions are shown in

Fig. 5.10. Figs. 5.11 and 5.12 show the temperature profiles and

stress distributions over the lining thickness according to the

exact analytical solution [843 and the finite element prediction.

Accurrate prediction are obtained from TARL.

(2) The second example is to verify (A) the creep model developed for

refractory materials (§3.4), (B) the polynomial representation of

thermal expansion (53.2.3), (C) the time-independent mechanical

model (§3.3), and (D) the thermomechanical analysis method. A

high alumina (85% A1203) refractory brick is uniformly heated

from 10000C (1832°F) to 1450*C (2642°F) at a constant heating

rate of 150°C/hr (270OF/hr) with the imposed constraint Aex as

shown in Fig. 5.13 (a) and (b). The experimental measurement of

the history of ax as reported by Sweeney and Cross [82,83) is

shown in Fig. 5.13 (c) (solid line). Also shown in Fig. 5.13 (c)

is the finite element prediction (dashed line) using the material

models for high A0203 refractory bricks as described in Chapter

3. The agreement between the predicted and measured responses is

satisfactory.
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§5.4.2 Conductivity Model for Cracked Media

In the present heat transfer anlaysis, the uncracked

two-dimensional medium is assumed to be isotropic, i.e., the thermal

conductivity in the x-y Cartesian coordinate system is expressed by kx =

ky = ks , where ks is the uncracked conductivity of the solid body.

After the initiation of a crack, the local conductivity should be

modified due to the formation of gaps by cracking, and the gas

penetration.

In the two-dimensional finite element analysis, a material

conductivity matrix is formed, which accounts for the conduction behavior

of the area surrounding each integration point. When a crack is

identified at any integration point, it is assumed that this crack is

smeared through its associated area. Essentially, this cracked area can

be represented as a porous medium with certain crack-density in terms of

crack volume ratio, Va , defined as the ratio of the volume introduced by

the crack opening to the total volume in a medium with uniformly-

distributed cracks. The value of Va can be calculated as a function of

the post-cracking strain Ea (see Fig. 5.14):

va  (5.28)a 1a

Modification of the material conductivity matrix in a 2-D finite

element analysis can be made by the following procedure:

(1) Based on the crack orientation, set up the local coordinate

system x' - y' , as shown in Fig. 5.15.

(2) Construct the material conductivity matrix DUC in Eq. (A.3.6)

for an uncracked medium in the local coordinate system (x',y')
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UC

k 0
S

0 k
s

(5.29)

(3) Modify D to incorporate the crack effects by assuming that
-UC

cracking affects the conductivity in the direction perpendicular

to the crack orientation, but not in the parallel direction.

D

k 0
CR

0 k
S

(5.30)

(4) Transform D* to the global coordinate system (x,y) to obtain

the updated material conductivity matrix DCR

DCR = H' D* H (5.31)

where H is the coordinate transformation matrix

cose sine
H = (5.32)" -sine cose

and 8 is the angle between the x and the x' axes.

Many models have been proposed to evaluate kCR for a porous material

with distributed cracks. An overview is given by Tseng [88). For the

present study, in conjunction with the thermomechanical finite element

analysis, Maxwell's model [58) based on potential theory is used:
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2ks + k - 2V (k -k )
kCR =2k + kg Va (kskg k (5.33)

where kCR = the local effective conductivity over the crack

kg = the conductivity of the gas filling the crack

In the brick lining system it is frequently found that some cracks

occur behind and parallel to the hot face of the lining. The existence

of such cracks creates thermal barriers which modifiy the temperature

distribution in different ways. To demonstrate the influence of such

cracks on the temperature distribution in the lining, a 4" x 9" brick has

been studied. The brick has a pair of symmetry edge cracks. By

symmetry, only half of this brick with an edge crack needs to be analyed.

This is shown in Fig. 5.16. The two sides of the half-brick

perpendicular to the hot face are assumed to be perfectly insulated due

to symmetry. The brick is initially at a constant reference temperature,

say O°F, and a step temperature at time t = 0 is prescribed on the hot

face, equal to 10000F, while the cold face temperature is kept at OF .

In addition, the following parameters are used:

ks = 0.1 Btu/hr-in-'F

Pcp = 0.01 Btu/in 3-*F

kg/ks = 0.1

Va = 0.5
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In Figs. 5.17(a) and (b), the temperature contour lines around the

cracked area at time = 0.2 and 1.0 hours (dashed lines) are shown. Also

shown in these figures are the temperature contour lines (solid lines)

under same thermal boundary conditions, but without any cracked area.

These results show that the crack considered here introduces a thermal

barrier which increases the thermal gradient behind the crack, and

accordingly, increases the stresses around the crack. This implies that

cracking is a progressive process, in the sense that cracking introduces

heat accumulation around the crack, which leads to increases of the

thermal gradient and thus of the stresses around crack, resulting in

further cracking.

§5.5 BRICK-MORTAR JOINT MODEL

In the brick-lined lining system, the bricks are bonded together by

joint material, such as mortar. Under external loads these joints will

fail when the stresses in the interface exceed the bonding strength of

the joint. Joint failure directly affects the lining system behavior,

because it modifies the boundary conditions for the bricks and results

in a less stable lining system.

§5.5.1 Joint Strength

Joint strength is usually represented by a failure envelope as a

function of the stress state over the joint interface. Fig. 5.18 shows a

typical joint-strength envelope in terms of the normal stress (an) and

the shear stress (N) in the joint interface. In general, this envelope

is a nonlinear function of an and T . However, in the present analysis,
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a linear approximation is used due to insufficient test data. When the

stress state on the joint interface exceeds the envelope, joint failure

occurs, by which the cohesive and the tensile strength are reduced (in

the limit, to zero) and the jont-strength envelope shrinks as shown in

Fig. 5.18.

S5.5.2 Joint Elements

In the finite element representation, the joint is modeled as a

physical element with a small thickness (joint element). The stresses in

the joint element are checked against the joint-strength envelope during

the loading process. Once the stress state in the joint element reaches

or exceeds the joint-strength envelope, failure is assumed to occur. At

this point

(1) the joint-strength envelope is modified to reflect the loss of

adhesion after failure;

(2) the excessive stresses in the joint element relative to the

modified joint-strength envelope are released to the surrounding

elements; and

(3) the stiffness of the joint element is taken to be zero, if the

joint occurs in the combination of tension and shear stress;

otherwise, the stiffness is left unchanged.

During loading a previously opened joint may close again. This can

be detected through the strain in the joint; that is, when the strain in

a joint element becomes zero or negative, the joint is closed and the

stiffness of the joint element is reassigned. However, the failure

envelope at this stage is that one associated with the post-failure.
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§5.6 SLAG PENETRATION AND SPALLING

§5.6.1 Slag Penetration

At high temperatures the hot face of the refractory lining in

slagging gasifier is subjected to slag penetration. It has been shown in

Chapter 4 that slag penetration can cause significant changes in the

strength and stiffness of the refractories. Such changes may be

attributed to spalling and erosion, and, must be accounted for in the

thermomechanical analysis. In the finite element approach this is done

as follows:

(1) The critical temperature (Tc) of slag penetration is

determined for each slag-refractory system (see details in

Chapter 4).

(2) The temperature profile through the lining is found through

heat transfer analysis.

(3) The results of (1) and (2) are combined to determine the

depth of lining from the hot face the temperature of which

exceeds Tc . This depth is taken to be the zone of slag

penetration.

(4) The material properties of the finite elements associated with

the zone of slag penetration are modified.
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§5.6.2 Spalling

Spalling contributes to mass loss from the hot face of the lining.

During the transient heating process, spalling is primarily caused by

failure of the lining material. Failure may be of compressive type,

tensile type, or a combination of the two. If any principal strain

associated with this failure is large than zero (tension), a crack can be

assumed to occur perpendicular to this strain direction. Spalling

results if such failed material is not confined.

In the finite element analysis, material failure can be detected

at integration points. If the finite elements associated with these

points are well confined in any tensile principal strain direction (e.g.,

element groups 2 in Fig. 5.19), the constitutive behavior at these points

is one of the softening type. However, if the elements are not confined

in the direction of principal tensile strain, e.g. elements near the

hot face with cracks parallel to that face (groups 1 in Fig. 5.19), the

area associated with these points is assumed to be spalled. After

spalling, the following modifications are made at the associated

integration points: (1) thermal conductivity is set to infinity, and (2)

the strength and stiffness is set to zero (Fig. 5.19).
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CHAPTER 6
LINING BEHAVIOR IN
TRANSIENT HEATING PROCESS

56.1 INTRODUCTION

Thermal attack and corrosion attack are two major destructive

factors to the refractory linings in slagging gasifiers. The long-term

corrosion behavior of the slag-refractory systems was studied in Chapter

4. In this chapter the thermomechanical behavior of the refractory

linings in high-temperature gasification environments is studied.

Emphasis is on the thermomechanical behavior of the linings in transient

heating process. During this process the linings experience most severe

structural condition, due to the high temperature gradient through the

linings, the resulting high stresses, and the less effective stress

relaxation due to creep. Such a severe condition may result in the

cracking/crushing and spalling of the lining materials, failure of the

joint materials, and accordingly, the loss of integrity of the lining

systems (Fig. 6.1).

Conceptually, the abovementioned damages in a lining system during

the transient heating process can be minimized if a proper design is

achieved and an optimal operating scheme is adopted. With these in

mind, the primary objective of this chapter is to assess the effects of

various governing design variables and operational schemes on the

thermomechanical behavior of refractory lining systems in slagging

- 211 -
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gasification environments. Parameter studies, which include various

lining configurations, heating rates, and holding periods, are performed

with the use of the developed analysis capability presented in Chapter 5.

Results from these parameter studies, combined with those results and

observations from Chapters 3 and 4, will be used in the next chapter

toward the determination of a conceptually reliable design and operation

schedule for the refractory linings in slagging gasifiers.

56.1.1 Assumptions

For the analyses in this chapter, some general assumptions are made.

They are summarized as follows:

(1) The overall configuration of the refractory lining systems is

taken as a composite cylindrical wall which is composed of a number

of layers (Fig. 6.2). The outer radius for these linings is taken

to be 108".

(2) The arrangement of the refractory bricks is assumed to be

circumferentially symmetrical. In this case only half of the brick

(shaded area in Fig. 6.2) with the symmetry boundary conditions

(Fig. 6.3) needs to be modeled for the analyses.

(3) Temperature variation in the axial (z) direction is assumed

negligible, since the temperature gradient along the axis of the

gasifier vessel is insignificant.

(4) Based on the assumption (3), adoption of a two-dimensional (2-D)

representation for the heat-transfer and stress analyses is

considered adequate. However, the effect of stresses in the third

(z) direction is accounted in the following way. In the stress

analysis, a generalized 2-D plain strain condition with zero total
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end force in the z-direction is adopted. When the predicted stress

in the z-direction exceeds the tensile bonding strength of the

motar, a partial failure of the horizontal joint in the vertical

direction is identified (Fig. 6.2). For the region of the failed

joint, plain stress condition is assumed. With this assumption shear

stresses on the z-x and z-y planes are neglected.

(5) The effects of the cooling system is assumed important only in the

heat transfer analysis in the way it controls the shell temperature;

however, it is assumed that the cooling system has no structural

contribution to the lining system and is not included in the stress

analysis.

(6) Mortar thickness is taken to be 1/16" .

(7) In the analysis the heating rate of the hot face is controlled. The

hot face heating rate is taken as a parameter for various heating

schedules adopted.

(8) An active cooling system is adopted in controlling the shell

temperature. Although the shell temperature should be controlled at

low levels (say, 1500F) during operating period (steady state), in

the transient heat-up process the allowable maximum shell temperature

can be higher (say, up to 6000F) for reducing confining stress to the

linings (see §6.3).

(9) Shrinkage of bricks and mortar at elevated temperatures is assumed

insignificant [9].

(10) Operating pressure is taken to be atmospheric pressure.
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§6.1.2 Materials and Lining Configurations

Although both 90% A0203 and 80% Cr203 refractory bricks have been

considered to be the candidate materials for the primary lining (the

lining which is exposed directly to the gasification environment), in the

present analyses the 90% A2203 brick only is used. This is because more

material data for this brick needed for the thermomechanical analysis was

available. For the secondary and the back-up linings, SiC brick and 50%

A-t203 insulating castable (or various other compressible materials) are

adopted, respectively. The thermophysical and mechanical behavior and the

associated material models of the abovementioned materials were presented

in Chapter 3. A compatible mortar for 90% Ak203-mortar interface is

assumed to have a constant bonding strength of 1000 psi in pure tension.

The ratio of thermal conductivity to the product of density and specific

heat of steel is taken to be 84.0 in2/hr [88].

The lining configurations considered in the following analyses

include various combinations of numbers of layers and materials. They are

summarized in Table 6-1. Some of these configurations, which are shown by

the first few analyses to be impractical, are eliminated in the further

analyses.

§6.1.3 Operational Schemes

Different combinations of heating schemes on the hot face, and the

cooling schemes in controlling the shell temperature by the cooling

system are adopted (Fig. 6.4). For the heating process on the hot face,

three sets of heating schemes are used:

Heating scheme (1): The hot face temperature is controlled at a

constant heating rate (see Figs. 6.4a and
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Lining Material Dimension (in)

Configuration No. A B C D a b c d e

i--I ~I . . ~· · ·
,#1-1 AL GA SS 9.u 1.0 2.5 4.5

#1-2 AL GA SS 9.0 0.0 2.5 4.5
m m - -m,

.C
#2-1 AL IC SS 9.0 1.0 2.5 4.5

-* #2-2 AL IC SS 9.0 4.5 2.5 4.5

#2-3 •AL 4 SS 9.0 3.0 2.5 4.5 E=l.xl0 5psi

#2-4 AL CM SS 9.0 3.0 2.5 4.5 E=l.xl04psi

#3-1 AL SC SS 9.0 9.0 2..54.5 erfect joint

#3-2 AL SC SS 9.0 9.0 2.5 4.5 joint
or SC layer

A 3-3 AL SC SS 9.0 4.5 2.5 4.5 ory joint
mor SC layer

Perfect joint for
#4-1 AL SC CM SS 9.0 9.0 3.0 2.5 4.5 sc lay•• .E 1.x10 psi

Dry ioint for

#4-2 AL SC CM SS 9.0 9.0 3.0 2.5 4.5 e- . -a
Perfect joint foz

#4-3 AL SC CM SS 9.0 9.0 3.0 2.5 4.5 SC layer4E = l.xlOpsi

Dry joint for
P4-4 AL SC C SS 9.0 9.0 3.0 2.5 4.5 layer 4E = l.xlo

Material Index: Legend:
AL : 90%A1 203- 10%Cr 203 Brick

CM 0  Cmapressible Material .rr.rrr : Cooling system
GA : Gap - : Joint Interface
IC : Insulating Castable
SC : SiC Brick E = Elastic modulus of
SS : Steel shell Ccmpressible Material

Table 6.1 Lining Configurations Used in the Analysis

I
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6.4b). In the following studies, this rate is

taken to be 50 or 150°F/hr.

The hot face temperature is controlled by

repeating a subset of the heating process

which is composed of a period of constant

heating rate (50 or 150'F/hr) and a period of

holding temperature (see Figs. 6.4c and 6.4d).

This scheme is the same as the heating scheme

(2) except that the constant heating rate in

an individual subset can be different from one

subset to another (Figs. 6.4e and 6.4f).

Also, the hold periods can be variable.

ng schemes are studied:

The cooling system is operated in a way that

the shell temperature at any time does not

exceed 150*F. If the shell temperature is

lower than 150°F, the cooling system is not

active (see Figs. 6.4a, 6.4c and 6.4e).

During the transient heating processes, the

cooling system is not used until the shell

temperature reaches a critical temperature

(say, 6000F). After this critical temperature

has been reached, the shell temperature is

then controlled by the cooling system at

various combinations of cooling rates (50 to

1500F/hr) until the shell temperature reaches

1500F. Then, shell temperature is kept at

150°F (Figs. 6.4b, 6.4d, and 6.4f).
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The cooling system is located at a proper place such that it can

perform the following two funtions:

(1) The shell temperature can be effectively controlled by the

cooling system.

(2) The hot face temperature of the primary lining can be

effectively reduced (from operating temperature) by the cooling

system. This is important and desired in the design of the

lining for the slagging gasifier since lower hot face

temperature can result in less damage from corrosion attack to

the linings (see Chapter 4). For this reason the cooling

system may be located on the innermost face of all insulating

layers if they are adopted (Table 6.1). Otherwise, the cooling

system is located on the outer face of the lining system, or

inner face of the vessel shell.

§6.1.4 Failure Modes

All analyses reported in this chapter were automatically stopped

by the computer program whenever any of the following three destructive

failure modes in the lining systems was detected during the heat-up

process:

(1) Hot face spalling: When refractory material in the

vicinity of the hot face is predicted

to fail under certain combinations

of stresses resulting in tensile

strain in radial direction of the

lining, the spalling is assumed to

occur.
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(2) Severe joint failure:

(3) Yielding of steel:

When the length of joint failures along

any mortar-refractory interface exceeds

2/3 of the original length of the

joint, a "severe" joint failure is

defined and the system is considered to

be too slack (unstable).

When the stress in the steel shell

exceeds its yield stress (say, 34000

psi), the shell is assumed to be in an

unsafe state.

§6.1.5 Organization

Sections 6.2 to 6.4 study the thermomechanical behavior of the

linings with various configurations (single-layer and multiple-layer),

material combinations, and heating schemes. For the primary linings

shaped 90% A203 refractory bricks with 9" thickness and 4.5" outer width

is used. Adoption of a back-up lining or a secondary lining, and their

thicknessess are taken as parameters for the study. Finally, a summary

of the findings for these analysis is presented in section 6.5.

§6.2 HEATING SCHEME (1)

This section studies the thermomechanical behavior of the linings

with the heating scheme (1); namely, a constant heating rateis imposed

on the hot face. This heating rate is taken to be either 50oF/hr or

150°F/hr for the present study. Both of the cooling schemes defined in

§6.1.3 are used and all the lining configurations shown in Table 6.1 are

studied.
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§6.2.1 Heating Rate = 50*F/hr

A constant heating rate of 50°F/hr is adopted first for studying the

thermomechanical behavior of various linings. By using the finite

element analysis capability developed in Chapter 5, those cases listed in

Table 6.1 with various lining geometries and material combinatinos are

studied. Table 6.2 summarizes the failure conditions (mode, time, and

hot face temperature) associated with each case. It can be seen that

under this heating scheme no lining configuration in Table 6.1 can

sustain a hot face temperature over 1000°F without failure. However, the

results from these analyses can offer information which can be used as a

basis for improving lining configuration or operational scheme.

Furthermore, the results can also be used to eliminate some impractical

lining configurations for further study.

Single-layer lining systems (C-1 to C-4) are not ideal for slagging

gasifiers. If the lining system is not in contact with the vessel shell

(C-1, C-2), it experiences severe joint failure which would make the

system loose or unstable. Moreover, these significant joint failures

would yield ways to gas penetration through the linings and result in the

corrosion attack of gases to the vessel shell. Such a joint-failure

process and the resulting lining behavior is dependent on the joint

properties (strength, stiffness). On the other hand, if the linings are

in perfect contact with the vessel shell (C-3, C-4), although the length

of the joint failure can be generally reduced, the confining stress

contributed from the shell stiffness leads to a significant compressive

hoop-stress on the hot face of the linings. This can cause material

failure and spalling problem on the hot face. The abovementioned two

types of systems can be improved if some compressible materials (layers)
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are located between such primary lining and the vessel shell to release a

part of the confining stress [3,92]. At the same time, these

compressible layers should still offer certain confining effects on the

primary linings to prevent severe joint failure.

Several lining systems composed of primary lining and either an

insulating concrete layer or a compressible layer (with various

stiffness) have been studied (C-3 to C-6). Elastic model has been used

for the constitutive behavior of the compressible materials, and the

Young's modulus (E) for the materials is taken to be a parameter for the

study. The values 1x105 psi and 1x104 psi are chosen for E , while the

Poisson's ratio of these materials is taken to be 0.2 The analysis

results (see Table 6.2) show that the general stability of the linings

with compressible layers (C-5 to C-12) is generally improved from those

without compressible layers (C-1 to C-4). However, failure (spalling)

still occurs in the linings adopting compressible layers, due to high

stresses near the hot faces. Also shown in the results is the tendency

of releasing hot face compressive stress by adopting compressible

layers.

Secondary linings are commonly adopted in the lining design to

provide a second level of protection to the shell from the thermal and

corrosion attacks [3], and usually taken as permanent components in the

lining systems. To maintain the effectiveness of the cooling system on

reducing hot-face temperature, and to decrease the potential of slag

penetration, dense materials with high thermal conductivity should be

adopted. In the present study, SiC bricks are chosen for the secondary

linings, when they are adopted.
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Cases C-13 to C-26 study the thermomechanical behavior of the

linings composed of a primary lining and a secondary lining, with or

without a compressible layer. Generally speaking, adopting a secondary

lining increases the confining stress to the primary lining due to the

increase of lining thickness, if the external (outer) radius of the

lining system is fixed. In the present heating scheme, it is found that

the adoption of either the cooling scheme (1) or the scheme (2) makes no

difference in the thermomechnical behavior of any of these linings, since

shell temperatures in these cases are lower than 150OF before failure

occurs. It is also found that the adoption of a dry joint for SiC layer

slightly increases the failure time from that using a perfect joint;

however, joint opening over dry joint interface can yield a way for gas

penetrations, which may then result in corrosion attack to the shells.

It is also found that, if perfect joint is assumed for SiC layers, the

elastic modulus of the compressible layers has little effect on the

lining behavior.

The stress and temperature distributions in the primary linings,

accompanied with the directions of maximum principle stress, for the

abovementioned cases (C-1 to C-26) at certain intermediate steps are

shown in Figs. 6.5 to 6.30.

The analyses on the cases studied in this section do not yield any

lining configuration or operational scheme which is ideal for the design

or operations of the lining during heating process, however, following

findings from the analyses point out certain directions for the search of

such an optimal design or operational scheme:

(1) There are two major sources which cause stress in the primary
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linings: (A) temperature gradient and (B) radial confinement

(e.g. the effect of shell). The temperature gradient through

the lining thickness can result in compressive stress on the hot

face and tensile stress on the cold face, if the lining is not

confined. The radial confining structure can result in

additional compressive stresses in the lining through the

confining against expansion of the lining at elevated

temperatures. The final stress distribution in the lining is

then contributed from both sources.

(2) The use of a slow heating rate can generally reduce the

temperature gradient in the lining. However, for the same hot

face temperature, the overall temperature in the lining is

higher for lower heating rate which can cause more compressive

stresses in the lining due to the confining effects. A more

efficient way to release the hot-face compressive stress is to

allow expansion of the confining structures (e.g. shell) by, for

example, adopting the cooling scheme (2) and a holding period.

(3) It seems that the ways to reduce stresses from both temperature

gradient and confining effects are to

(A) use a slow heating rate,

(B) adopt cooling scheme (2), and

(C) adopt a holding period during heating process (heating

scheme (2) or (3))

The purpose of adopting (B) and (C) is to increase the temperature of the

confining structures such that the confining effects can be reduced

through the expansion of the structures.
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6.2.2 Heating Rate = 150 OF/hr

The linings listed in Table 6.1 are now subjected to the heating

scheme (1) with the heating rate of 150oF/hr. As found in §6.2.1, none

of these linings can sustain the hot face temperature over 1000oF without

failure. In Table 6.3 the failure conditions (mode, time, and hot face

temperature) of these cases are summarized.

Increasing hot-face heating rate from 50 to 150oF/hr increases the

temperature gradient through the lining and results in the increase of

the critical stresses induced by temperature gradients; however, if the

lining is confined, for the same hot-face temperature the increase of the

heating rate generally reduces the total expansion of the lining and

results in less stresses induced by the confining layers. Accordingly,

the choice of a low or high heating rate for a lining system, from the

thermomechanical point of view, will depend on the magnitude of resulting

critical stress conditions in the system; the lower stresses are

preferred. In fact, the analysis results show that in those highly

confined lining systems (C-47 to C-56) the increase of heating rate gives

higher hot face temperatures at failures, compared with the same systems

with lower heating rate.

It is noted that, although the use of a higher heating rate during

the heat-up process can result in less compressive stress (on the hot

face) in some lining systems and reduce the chance of a hot-face

spalling, the lower heating rate may still be desired for extracting

moisture in the gasifier and to stabilize the moisture-contained

materials without causing cracking, especially in the low hot-face

temperature (<1000oF) range. However, a high heating rate may be

adopted for high hot-face temperature range during the heat-up process,
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especially when creep is significantly developed (see §6.4).

The patterns of stress distributions, temperature distributions, and

failure modes of the cases studied in this section is similar to those of

the associated cases described in §6.2.1. Hence, no additional figures

are provided or further discussion given associated with these cases.

§ 6.3 HEATING SCHEME (2)

With the heating scheme (2) the hot face of the linings is heated by

repeating a subset of the heating schedule which is composed of a

constant heating period and a hold period (Fig. 6.4). Based on

the analysis results and discussions in the previous sections (§6.2), the

emphasis with the following analyses is on two practical lining

configurations:

Case CH-1: A 9" 90% A0203 primary lining, with a 3" back-up compressible

layer (same as C-12). The Young's modulus (E) for the

material used in compressible layer is taken to be a

parameter: the values of 1x10 5 psi and 1x10 4 psi are chosen

for E in these studies. The cooling scheme (2) is used for

the system due to its capability in reducing confining

stress.

Case CH-2: A 9" 90% A0203 primary lining, with a 6" SiC-brick

compressible layer and a 3" compressible layer. Perfect

joints are assumed over the interfaces between the bricks.

Previous analyses showed that in such a system the lining

behavior is not sensitive to the E value for the specific

compressible layer; E = 1 x 105 psi is adopted for the

present study .
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Considering the requirement of a low heating rate in the low

(hot-face) temperature range, 50F/hr is adopted for the heating rate

during the constant heating period. The interfaces between the two

layers are assumed perfectly in contact if the normal stress over the

interface is compression, and open if the stress is tension. The

previously separated two layers may be contacted again if the gap between

two adjacent faces of the two layers reduces to zero.

The case CH-1 is studied first. Fig. 6.31 shows the histories of

the hot-face temperature and the shell temperature. Fig. 6.32 gives the

maximum tensile-stress history in the shell, with E = 1x105 psi or E =

1x104 psi. Fig. 6.33 gives the maximum compressive-stress histories in

the compressible layers, with E = 1x0 5 psi or E = 1x104 psi.

It can be seen that, when E = 1x10 5 psi is adopted for the

compressible layers, the confining stress is so high that the spalling

occurs on the hot face during the heat-up; when the Young's modulus

E is reduced to 1x10 4 psi, the hot-face compressive stress can be reduced

to a level that spalling does not occur before any significant creep

developes. Once the creep becomes significant in the near field of the

hot face, it can effectively reduce the compressive stress on the hot

face, and the location of the maximum compressive stress moves away from

the hot face. The evolution of the stresses, in conjunction with the

associated temperature distributions for the case CH-1 (E=1x104 psi) is

presented in Figs. 6.34 to 6.39 which show the results at selected

intermediate steps during the heat-up. High compressive stresses (see

Fig. 6.38) which are in the direction approximately parallel to and in

some distance behind the hot face, and which are maintained for a long
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period of time during the operation period, can cause creep rupture

resulting in the formation of cracks (approximately parallel to and

behind the hot face) in the linings.

When the hot face temperature exceeds the critical temperature of

slag penetration Tc, the portion of the lining from the hot face is

penetrated by the slag (see Chapter 4). At elevated temperatures

considerable reduction in the strength of the refractories caused by slag

penetration, creates a weak zone next to the hot face. This weak zone is

prone to fail and spall in excessive compressive hoop stress. In fact,

for the case CH-1 with E = 1x10 4 psi, Tc is assumed to be 2650oF and the

analysis ends when the hot face temperature exceeds Tc, due to the

occurrence of spalling. For the safety of the linings adopting 90% A1203

refractory, the hot face temperature should be controlled to be lower

than Tc during the heat-up process and at least during the initial stage

of the operating period.

The required strength of the compressible materials is of interest.

For the case CH-1 adopting E = 1x104 psi, the maximum compressive stress

in the compressive layer is approximately 600 psi (Fig. 6.33). The

compressive strength of the compressible materials should be higher than

this stress. It is noticed that for a typical compressible material with

E at the order of 1x104 psi, the compressive strength can be quite low.

Failure of the compressible materials in compression may result in a

significant opening between the primary lining and the shell. However,

the use of a high stiffness compresssive material (e.g. E = 1x10 5 psi)

can result in a high confining stress which may cause the spalling

problem. Hence, the trade-off between the material strength and the

stiffness of the compressible layers should be studied. If the solution



- 249 -

can not be obtained for a certain lining system, redesign of the lining

configurations would be necessary.

The case CH-2 which adopts the cooling scheme (2) is studied next.

In this system the primary lining (AZ203) layer is highly confined by the

SiC layer (due to the relatively low thermal expansion of the layer) and

the shell, resulting in high compressive stresses near the hot face. In

fact, spalling occurs at the hot face temperature of 877 0F due to such

high stress. Fig. 6.40 shows the histories of the hot-face temperature

and average shell temperature. Fig. 6.41 gives the histories of maximum

tensile stress in the SiC layer and in the shell. The relative thermal

expansion between layers has significant effects on the lining behavior.

It is found that the shell stress drops .to zero after 51 hr. This is the

result of the separation between the shell and the compressible layer.

Fig. 6.42 gives the history of the maximum compressive stress in the

compressible layer. Also separation is found between the compressive

layer and the SiC layer, indicated by the zero stress in the compressible

layer. Such separations between the layers, which are caused by the low

thermal expansion of the SiC material, should be avoided in the design.

One way to solve this problem is to use the cooling scheme (1) by which

the shell and the compressible layers may expand less than the SiC layer

does. However, the analysis results show that the adopting of the

cooling scheme (1) increases the hot-face compression and accelerates the

spalling process (see Figs. 6.40 to 6.42)

Studies on the abovementioned two cases of the linings and those

cases in section 6.2 reveal the difficulty in finding an optimal

operational scheme to simultaneously eliminate all types of undesired
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failures. It can be seen from these studies that for most lining systems

the improvement of lining safety during the heating process by adjusting

the heating schedule may be somehow limited. Further adoption of special

design features for the lining system seems necessary. One possibility

of such a design is the adoption of expansion joints extending from the

hot face (Fig. 6.43).

Expansion joints between the bricks allow a brick to expand without

causing confining stress from the adjacent bricks over the joint

interfaces. Locating such an expansion joint at the brick to brick

interface, extending from the hot face (as shown in Fig. 6.43), can

significantly reduce the hot-face compressive stress. On the other hand,

the joint openings yield ways to gas penetration which may damage the

vessel shell especially when the shell temperature is high. Based on

these considerations, a proper design for the expansion joints should

optimize the size (L) and the width (W) of the joints, by which the

hot-face stresses can be reduced sufficiently while the joint can still

be closed and tight enough during the operating periods to reduce the

potential of gas penetration. These requirements can be achieved by

choosing L and W in such a way that the joints are open during the low to

intermediate hot-face temperature ranges to allow bricks to expand

freely, and closed thereafter to assure tightness against gas

penetration at higher hot-face temperature levels.

The effects of the use of an expansion joint are studied in the case

CH-2. In this case study the joint length L is taken to be 3" and the

joint opening at room temperature W is designed in a way that joint

closes at hot face temperture 10000F. Based on the consideration of

hot-gas corrosion the cooling scheme (1) is adopted when the joint is not
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completely closed. The cooling scheme (2) may be adopted after the joint

is closed, and, by adopting such a scheme, the separation between the

layers should not occur. Fig. 6.40 shows the hot-face temperature and

the shell-temperature histories by adopting the abovementioned schemes.

To avoid the separation between layers, the maximum allowable shell

temperature used for scheme (2) is chosen to be 300'F. The resulting

maximum-tensile-stress history in steel shell and the maximum-compressive

stress history in the compressible layer are shown in Figs. 6.41 and 6.42

Fig. 6.44 shows the required widths (W) for the expansion joint to close

at 1000oF. The stress and temperature contours and principle stress

directions through the primary lining at several time steps are shown in

Figs. 6.45 to 6.51. It can be seen from the analysis results of this

example that the adoption of expansion joints can effectively reduce the

occurrence of severe failures during heat-up process.

6.4 HEATING SCHEME (3)

Although the adoption of the heating scheme (2) may not cause severe

damage in a lining system, the generally required long heat-up period is

not economical. The adoption of higher heating rate with shorter holding

period should be considered, which can shorten the heat-up period without

causing severe damage to the lining system. This alternative may be

possible at high-temperature levels due to the effective stress

relaxation at these levels.

Case studies are given with such high heating rate at high

temperature levels. The lining configuration adopted in the case CH-2

(§6.3) with 9" A1203 primary lining, 6" SiC secondary lining and 3"
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compressible layer (E=lxl05psi) is adopted for study. A 3" expansion

joint extending from hot-face (Fig. 6.43) is adopted. This joint is

designed to close at the hot-face temperature of 1000*F. Following four

cases which adopt various heating schemes are studied (Fig. 6.52).

Case VH-1: The same heating scheme in case CH-2 is adopted until the

hot-face temperature reaches 1877°F, and a constant heating

rate of 50°F/hr is adopted thereafter.

Case VH-2: The same as case VH-1 except that the constant heating rate

adopted after the hot-face temperature reaches 1877=F is

150°F/hr.

Case VH-3: The same heating scheme as in the case of CH-2 is adopted

until the hot-face temperature reaches 1577°F, and a constant

heating rate of 50°F/hr is adopted thereafter.

Case VH-4: The same as case VH-3 except that the constant heating rate

adopted after hot-face temperature reaches 1577=F is

150*F/hr.

From the analyses, the hot-face and the shell temperature histories,

the maximum stress histories in the SiC. layer and the shell, and the

maximum compressive stress histories in the compressible layer are shown

in Figs. 6.52 to 6.54. The stresses and temperature contours for these

cases at high hot-face temperatures and certain time steps are shown in

Figs. 6.55 to 6.58.

In these case studies, the adoption of a high heating rate does not

cause damage in the primary lining during the heat-up period. Moreover,

the critical stress states in shell and the compressible layer are

generally reduced, when compared with that in the Case CH-2; however, the
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critical compressive stresses in SiC layers during this period are

generally increased, which may result in the tensile failure (cracking) in

the SiC layers and the problem of slag penetration.

§6.5 SUMMARY

The determination of proper design and operational schemes for a

lining in slagging gasifiers is a challenging problem to the designers.

High operating temperatures, high temperature gradients along the

lining thickness, and the generally existing interaction between the

components of the linings result in a very complex lining behavior in

slagging gasification environments.

In this chapter extensive parameter studies have been performed to

assess the effects of various design and operational parameters on the

thermomechanical behavior of refractory-brick linings during the heat-up

process. These parameters include different lining configurations,

combinations of lining materials, and operational schemes.

Important findings from these analysis combining the above-

mentioned various parameters are summarized as follows:

(1) Stress distributions in the primary lining is generally

controlled by the two major sources: (a) temperature gradient

through the lining, and (b) confining stress from the shell or

the secondary lining. The analyses indicate trade-offs in

stress magnitudes produced by the effects from these two

sources. That is for a given hot face temperature less thermal

gradients would result in a decreased hot face compressive

stresses from this source while higher stresses are produced

from the confinement effect.
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(2) The single-layer lining systems are not ideal for the slagging

gasifier. If the linings are not in contact with the vessel

shell, the linings experience a severe joint failure due to the

high temperature gradient along the lining thickness; on the

other hand, if the linings are contacted with the shell, the

spalling problem occurs near the hot face of the linings due to

the high confining stress from the shell.

(3) The compressible layer is found to be very effective in

reducing the confining stress. Proper stiffness and strength

of the compressible material to be adopted for a specific

lining system can be determined through the analyses. The

specific material satisfying such stiffness/strength

requirements can then be identified. If the material with

those required properties is not available, redesign of the

system may be needed.

(4) An expansion joint extending from the hot face can

significantly reduce the hot face compression resulting in a

better structural system which would be less susceptible to

damages from the heating process. Optimal size and widths of

the expansion joint should be determined, by which the hot face

stresses can be reduced sufficiently while the joint can still

be tight enough to reduce the potential of gas penetration

during operating periods.

(5) The thermal expansion characterisitcs of the lining materials

and the shell material is very important to the lining

behavior. For example, in a multiple-layer lining system, if
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the primary lining has much higher coefficient of thermal

expansion than outer secondary layers or shell, high confining

stress from the secondary linings or shell to the primary

linings results, which may cause hot-face spalling problems in

primary lining or tensile failure in secondary linings or

shell. On the other hand, if the primary lining has much lower

coefficient of thermal expansion than secondary layers or

shell, the separation between the layers may occur, which

results in a loose lining system. A proper material

combinations for the lining systems should be determined to

avoid these two extremes.

(6) With respect to heating schedule, the adoption of low heating

rate in low-intermediate hot-face temperature range is required

to stabilize lining materials. This schedule is also found

helpful to heat up a gasifier without causing severe damage in

the associated lining system. For high temperature levels

significant creep strain can develop in releasing stresses, and

the heating schedules adopting high heating rates can be used.

(7) The adoption of higher controlled temperature on the shell for

the heat-up period than that for the operating period (steady

state) may allow the confining structures to expand

sufficiently in reducing confining stress to the primary

lining. However, this allowable maximum shell temperature for

heat-up should be limited to a certain value, below which the

separation between the shell and the linings will not occur.



CHAPTER 7
DESIGN AND
OPERATIONAL RECOMMENDATIONS

Materials in the lining systems for slagging gasifiers face severe

operational environments. The operating temperatures are high with

simultaneous presence of highly corrosive slags and gases in the system.

Adequate designs to ensure safety and integrity of these lining systems

cannot be based on empirical methods and simplified linear material

assumptions. Moreover, improper operational control of the linings would

result in severe damage in the linings due to thermal and corrosion

attacks.

Based on the results from the simulation and parameter study on the

corrosion behavior (Chapter 4) and the thermomechanical behavior (Chapter

6) of the linings, the following guidelines are provided for the design

with respect to material selection, lining configuration and the

operation of the refractory lining systems in slagging gasifiers.

S 7.1 DESIGN

Design recommendations with respect to the material selection and

the determination of lining configurations are given below.

- 266 -



- 267 -

§7.1.1 Material Selection

(1) The selection of proper materials for the linings in the

slagging gasifiers should be based on the consideration of

material resistance to both corrosion and thermal attacks.

With respect to the corrosion attack, designers should choose

optimal materials which satisfactorily perform against

corrosion due to the coal slags and the operational gases

during gasification process, and serve for a required period

of time before replacement. With respect to the thermal

attack, in addition to the study of some fundamental

properties of a single brick (e.g. initial Young's modulus,

modulus of rupture, and thermal-shock properties), designers

should develop an understanding of the behavior of brick

systems and other components in a lining system. Such a

behavioral understanding can be achieved through an accurate

predictive analysis capability, and, based on this behavioral

understanding, the designers can prevent unwanted failure in

the system and in each individual component.

(2) Within the scope of work performed in this study on high-A0 203

and high-Cr 203 refractories, it is found that the high Cr203

refractories generally provide better corrosion resistance

than high-A0203 refractories. For the linings with hot-face

temperature above 2600oF, the high AA203 refractories

experience severe mass loss within short periods of time due

to slag corrosion, while the high-Cr203 refractories can

sustain a hot-face temperature up to 2800oF with acceptable

corrosion rate. However, the high Cr203 refractories are
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relatively expensive and have less thermal-shock resistance

than the high-A1203 refractories. The adoption of the

high-A120 3 refractories may still be considered, with a trade -

off in loosing a certain extent the process efficiency within

acceptable levels, such as the descrease in operating

temperature, pressure, or gas velocity. Final selection of

specific lining material(s) should be based on an economic

analysis to evaluate the total cost/benefit of each

gasification process with different lining materials and

operating conditions.

(3) Material selection for the resistance to thermal attack requires

a thorough behavioral understanding of a lining system in the

high-temperature gasification environments. Such a behavioral

understanding can be achieved by a thermomechanical analysis

capability in studying the lining behavior. For the accuracy of

such analysis, data on the following material properties should

be obtained and implemented in the associated material models:

(a) Time independent constitutive behavior at different

temperature level, including stress-strain curve and

strength of materials in general loads, and post-failure

behavior;

(b) Creep behavior in different temperature levels, including

the material response and rupture time in general loads;

(c) Thermophysical properties in heating cycles, including

thermal conductivity, density, specific heat, and

coefficient of thermal expansion; and
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(d) Effects of slag penetration on the abovementioned behaviors.

(4) Spalling process, which results from the combined effects of

slag penetration and erosion, plays an important role in the

determination of the lining life. A better control in reducing

either spalling rate or amount of mass in each spalling can

effectively lengthen the lining life, in both a deterministic

and a probabilistic sense. With respect to design, such a

control may be achieved in various ways. Examples are the

chemical treatment to the refractories to reduce the potential

of slag penetration resulting in the deterioration of material

properties, or adding appropriate radial reinforcement to

refractory linings in reducing spalling rate.

57.1.2 Lining Configuration

(1) A critical stress state in the lining as a result of a

thermal attack emerges during the heat-up period when high

temperature qradients occur which are accompanied by high

confining stresses, and insufficient stress relaxation due to

creep. During the heat-up period stress distributions in the

primary (working) lining is generally controlled by the two

major sources: (a) temperature gradient through the lining,

and (b) confining stress from the shell or the secondary

lining. The analyses indicate trade-offs in stress magnitudes

produced by the effects from these two sources. That is, for a

given hot face temperature less thermal gradients would result

in decreased hot face compressive stresses from this source
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while higher stresses are produced from the confinement effect.

Considering the complexities in material and lining system

behaviors, a design procedure for the optimal lining

configuration should be based on a thermomechanical analysis

which has the capability to predict the abovementioned behavior

accurately. Through such analysis and parameter studies, the

optimal lining configuration in a given gasification

environment can then be determined, resulting in minimal or

no damage during the heating process.

(2) Single-layer lining system is not ideal for the lining in high

temperature gasification environments. If the lining is not in

contact with vessel shell, it can expericence severe joint

failure; on the other hand, if the lining is in contact with

the vessel shell, high confining stress resulting in high hot

face compressive hoop stress can occur, which may cause

spalling problems.

(3) The use of a compressible layer is found to be very effective

in reducing the confining stress to primary (working) lining.

Proper combinations of the stiffness and strength of the

compressible material to be adopted for a specific lining

system can be determined through the thermomechanical analysis.

The specific material satisfying such stiffness and strength

requirements should be identified. If the material with those

required properities is not available, redesign of the system

may be needed.
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(4) An expansion joint extending from the hot face can

significantly reduce the hot face compression resulting in a

better structural system which would be less susceptible to

damages from the heating process. Optimal size and width of

the expansion joint should be determined, by which the hot face

stresses can be reduced sufficiently while the joint can still

be tight enough to reduce the potential of gas penetration

during operating periods.

(5) In a multiple-layer lining system, the relative thermal

expansion behavior between layers has significant effects on

stress distribution in the linings. It is preferred that the

coefficients of thermal expansion of these layers increase from

the inner layer toward the outer layer, such that the confining

stress over the interfaces between layers can be reduced.

§ 7.2 OPERATION

(1) For lining systems with different lining designs the

operational schedules leading to minimal damage in each system

during heat-up and operating period may be different depending

on the lining material behavior and the system behavior. Hence,

for a certain lining system with a given configuration,

thermomechanical analysis with various heating schemes and

corrosion analysis with various process conditions should be

performed, and the optimal operational conditions should be

adopted to assure the required performance of the lining during

its design life time.
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(2) In a slagging gasifier the long-term lining behavior in such a

corrosive environment is sensitive to the operating conditions,

such as operating temperature, pressure, and gas velocity.

Reducing operating temperature, which results in a lower

temperature on the hot face of the lining, can effectively

reduce corrosion rate of the lining by slag attack. When

operating temperature is fixed, reducing gas pressure and

velocity, which can reduce the coefficient of the hot face

convection, can also reduce the hot-face temperature and,

accordingly, the corrosion rate. Again, the determination of

optimal combination of lining materials, operating conditions

and lining life should be based on a rational economic

analysis.

(3) Adoption of a cooling system on the cold (outer) face of the

lining or on the shell can reduce the hot-face temperature and

may result in a steady layer of slag to form on the hot face.

This layer can protect the lining from the potential corrosion

attack during the operating period.

(4) During the heat-up process slow heating rate (say, 50*F/hr) , in

conjuction with holding periods, is desired, at least for low to

intermediate temperature (say, < 15000F) levels. The adoption of

such a slow heating rate and hold periods is required to dry up

the moisture-containing lining materials without causing severe

cracking. This slow heating rate and holding period is also

needed to achieve a less critical stress state in the lining

during heat-up. On the other hand, such a heating scheme results

in a long period of time for heat-up. A feasible solution in
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shortening this heat-up period is to adopt high heating rate

(say, 150°F/hr) for high hot-face temperature range (say,

>1500°F) with shorter hold period, which would not cause

severe damage in the linings.

(5) During the operating period the low shell temperature (say, <

200°F) controlled by the cooling system is needed, which can

reduce the activity of gas corrosion on the shell and help a

steady layer of slag to form on the hot face of the lining.

However, such a low shell temperature can result in high

temperature gradient and confining stress in the lining

during transient heat-up process and, accordingly, may cause

failure in the linings. It is suggested that a higher

maximum allowable temperature (say, 200°F-600=F) be adopted

for the shell during transient heat-up process to reduce the

critical stress state in the linings, especially at low to

intermediate hot-face temperature levels when the stress

relaxation in the lining is not significant. However, the

shell temperature should still be controlled at low level

(<200°F) during operating period for minimizing the long-term

corrosion.



CHAPTER 8
SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS FOR
FUTURE RESEARCH

8.1 SLUMMARY

High-temperature gasification process in converting coal into a

suitable and economic gaseous fuel is an emerging new technology with

unique material requirements. The gasification takes place in

refractory lined vessels where structurally severe environments exist

with corrosive slags and gases, and high operating temperatures.

Optimal design of safe and economical lining systems for slagging

gasifiers requires a fundamental understanding of the thermomechanical

and corrosion behavior of brick-mortar systems in high-temperature and

highly corrosive environments.

The objective of this work is to study the behavior of

refractory brick lined coal gasification vessels under transient

temperature loadings and long-term corrosion attack. Material models,

including cyclic multiaxial nonlinear constitutive law, temperature

dependent heat conduction model and temperature dependent creep law,

are developed for refractories, and implemented in a finite element

program for predicting the stress and strain distributions in the

brick-mortar linings during heating process. Parameter studies on the

- 274 -
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linings with various lining configurations, material combinations, and

operational schemes are performed. A corrosion model is proposed to

study the long-term behavior of the refractory linings in corrosive

environments. Based on such studies of the transient thermomechanical

and long-term corrosion behavior of the refractory linings,

recommendations for design and optimum operational schemes of the

linings are given.

The thermophysical and thermomechanical behavior of candidate

refractories for the linings in slagging gasifiers is complex. The

thermophysical properties (thermal conductivity, density, specific

heat, and coefficient of thermal expansion) are nonlinearly dependent

on temperature, in general. Thermal conductivity of the materials can

be affected by slag penetration and stress-induced cracking, which

results in an anisotropic behavior in conductivity even when the

initial material conductivity may be isotropic.

The thermomechanical behavior of refractory materials is generally

temperature and time dependent. With respect to the time effects, the

thermomechanical behavior can be conveniently divided into two

categories: time-independent constitutive behavior and creep

(time-dependent) behavior. The time-independent response of the

material to external loads is generally nonlinear and involves plastic

deformation, stress path and damage dependent material moduli, and

post-failure softening behavior. Test data in characterizing such a

complex behavior for candidate materials is insufficient and more

experimental work is needed to provide a thorough behavioral

understanding of the material response to general loads.
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The creep of candidate materials under loads is significant at

high temperature levels, which generally results in a visco-plastic

type of deformation. Such a creep behavior can affect the stress

distributions in a lining system at high operating temperatures by

releasing local stresses with time.

Slag penetration into refractories can change the chemical and

mechanical properties of the refractories. Penetrated slags cause

microcracking in the refractories, and, consequently, reduce the

strength and stiffness of the refractories. Such a deterioration

process may result in spalling problems in the high thermal stress and

highly erosive gasification conditions. Mechanical properties of slag

penetrated refractories are not well understood and further research on

this aspect is needed.

Corrosion of refractory linings in slagging gasification

environments is primarily contributed by the dissolution process and

the spalling process of the refractory in slags and gases. The

dissolution process is a chemical process by which the refractory is

gradually dissolved in a slag composite, while the spalling process

primarily results from sequential deterioration processes including

slag penetration, material degradation in strength, stress-induced

microcracking, and severe erosion by slags and gases. The results of

such corrosion process are the progressive loss of the materials with

time from the hot.face of the linings and, accordingly, the loss of

required performance of the linings.

In this study a simple corrosion model is proposed to predict the

long-term corrosion behavior of the linings in slagging gasifiers.
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This model incorporates the coupling effects between different

mechanisms (e.g., dissolution, penetration, and erosion) of corrosion

process and the variation of temperature through the linings. In

conjunction with the short-term experimental results on corrosion and

spalling, and physical findings, the model permits evaluation of the

long-term corrosion behavior of the linings. Special features of this

model are (1) the capability to extrapolate the results of the

short-term corrosion tests on materials at certain temperature levels

to the long-term lining behavior taking into account the progression of

events involving the interaction between temperature variation,

corrosion rate, and lining thickness, and (2) the capability to include

the discrete-type spalling process into the overall corrosion

behavior.

By using the developed corrosion model, the long-term corrosion

behavior of the linings adopting 90% A 203 or 80% Cr20 3 refractories

are studied. Through the parameter studies, the relative importance of

material dissolution rate, spalling rate, and operating conditions are

assessed. Furthermore, a study of the effects of uncertainty in

dissolution and spalling processes on the long-term corrosion behavior

is performed. The results from these studies provide the designers

with a background on the basis of which optimization of operating

conditions, and proper design and control of the lining systems may be

achieved.

A simple quantification of the proposed corrosion model is made.

This model can predict the long-term lining corrosion behavior

with an acceptable accuracy, and can be adopted for design purposes.
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For performing thermomechanical analyses, material models for the

refractories and an analysis methodology using finite elements are

developed. In material modeling, polynomial representations of

temperature dependent thermophysical properties, including thermal

conductivity, density, specific heat and coefficient of thermal

expansion, are obtained by data fitting. Time, temperature and load

history dependent constitutive models of the candidate materials are

developed. These models are then implemented in a generalized finite

element program in predicting the thermomechanical behavior of

refractory linings in gasification environments. The finite element

program includes special features to model the joint behavior

(failure), and the refractory spalling process, to modify the local

conductivity due to stress-induced cracking and to adjust the material

properties of the refractories for slag penetration.

Extensive parameter studies of the thermomechanical behavior of

refractory linings in transient heating process, with various

configurations and material combinations, and under various operational

schemes, are performed. Lining systems with different designs

(configurations, materials, etc.) may behave differently and

encounter different structural problems even under the same operational

scheme. Consequently, optimum operational schemes resulting in minimal

or no damage to a lining system, can be different from one system to

another.

The developed methodology presented in this report provides a

systematic way to study and understand the behavior of the lining

during critical structural stages; namely, the thermomechanical
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behavior during heat-up process, and the long-term corrosion behavior.

By adopting this methodology, the optimal design and operation for a

lining system in slagging gasification environments can be determined.

§8.2 CONCLUSIONS

Based on the results from the analytical/numerical analyses

performed in this work, the following conclusions are drawn:

(1) The developed general methodology incoporating material

models, structural models, corrosion models and finite

element analysis capability provides a powerful and unique

tool for the transient thermomechanical and long-term

corrosion analyses of refractory lining systems. This

methodology, with appropriate modification, can be expanded

to study the behavior of general ceramic-type structures in

elevated-temperature and corrosive environments.

(2) Under the same operating conditions, the lining with 80%

Cr203 refractory material has relatively high resistance to

corrosion attack than that with 90% A1203 and can satisfy the

generally accepted lining life (" 2 years) before

replacement. However, within an acceptable range, certain

modifications in operating conditions, such as reducing

operating temperature, pressure, or gas speed, which can

result in a lower hot face temperature of the lining, would

improve the corrosion resistance of the lining with 90% A1203

refractory. The high-A0 203 refractories are relatively
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inexpensive compared to high-Cr 203 refractories; however less

efficient gasification conditions are generally obtained to

ensure the required life of the linings adopting high-A0203

refractories. Such tradeoffs should be considered in

adopting various lining materials and operating conditions

and in a cost/benefit analysis for selecting a specific

gasification system.

(3) Spalling process and its uncertain nature affects

significantly the long-term behavior of a lining in corrosive

environment. Analysis results show that with a lower value

of the coefficient of hot-face heat convection, a lower

spalling rate and a less depth of slag penetration, the

lining life can be effectively improved. Such a control of

corrosion process may be achieved through optimizing the gas

velocity and the size of particles entrained in gases and

slags, or by special (chemical or structural) treatments to

the refractory bricks.

(4) Damage from the thermal attack to the refractory lining is

primarily due to the high thermal gradients and resulting

confining stresses introduced in the lining during heat-up.

Large differences in temperatures between the inner (hot) and

outer (cool) faces of the linings, and large thermal

expansion occurring at high temperatures introduce high

thermal stresses in the linings. This may result in the

disintegration of the lining system in the forms of joint
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failure, and cracking and spalling of the bricks. This

problem is more severe during the transient heating process

when stress relaxation due to creep is less compared to that

during the steady state operation. Reduction of the damage

in a lining system from the thermal attack can be achieved

through an optimum structural design and assessment of a

proper operational scheme, i.e., heating schedule. For this

purpose a thorough understanding of the thermomechanical

material behavior in transient heating process is needed.

(5) The adoption of compressible layers between steel shell and

refractory linings, and introduction of expansion joints

extending from the hot face are helpful for the lining

safety. The compressible layer can generally release a

portion of the confining stress introduced from the shell to

the linings, and the expansion joint can relieve hot face

stress and reduce the occurrence of cracking and spalling.

Determination of the required strength and stiffness of

compressive materials can be obtained through analysis; the

associated materials satisfying such requirements can then be

identified. The size and width of expansion joints should be

determined such that sufficient stresses can be released by

the adoption of the joints; the joints should be closed and

tight enough at high operating-termperature levels to prevent

hot-gases from penetrating through the linings.
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(6) For the primary (working) linings in most of the lining

systems, the damage in the linings during heat-up period can

be reduced by adopting a slow heating rate (say, 50°F/hr),

and a higher maximum shell temperature (say, 6000F) than that

required during the operation period (say, <200°F). Thus,

the critical stress induced from the temperature gradient is

reduced while allowing the confining structures to expand and

release the associated confining stress to the primary

linings. High heating rates (say, 150°F/hr) may be adopted

for high hot-face temperature levels (say, >1500°F), which

would not cause severe damage in the lining systems.

(7) The penetration of slags into the linings can considerably

reduce the strength and stiffness of the refractories.

This material deterioration due to slag penetration may cause

cracking and spalling problems on the hot face of linings,

especially when high hoop compressive stress exists near the

hot face. A control and behavioral understanding of such a

deterioration process is needed.

S8.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The numerical analysis capability developed in the present work

for the thermomechanical analysis of mortar-brick systems is a powerful

tool to predict stress and strain distributions, cracking and

deterioration. Optimal designs of these systems may be achieved by the

use of such capabilities. Although the methodology developed is
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general and valid for brittle-type materials, due to unavailability of

the material data for short-term loadings, the present research

included applications to high-alumina bricks only. Even for the high

alumina brick, the material data is not complete. Also, further tests

on high alumina bricks are needed to verify existing data and to

provide additional information as necessary. More work on the

experimental characterization of the material behavior for candidate

materials is needed in constructing relevant material models to be

implemented in predictive capabilities.

The use of high-Cr203 refractory materials seems advantageous in

that their resistance to corrosion is higher; but these materials have

lower resistance to high temperature attacks, when compared to high-

A-203 materials. At present the thermomechanical properties of the

high-Cr203 materials are not established, and thus, the study of the

system behavior of the lining adopting such materials cannot be made.

Hence, experiments to determine the thermomechanical properties of

these materials followed by the analytical studies in characterizing

the lining system behavior are necessary.

With respect to the long-term reliability of the lining systems,

large scale corrosion-test facilities which can simulate both the

dissolution and spalling processes are needed, By using the results

from these tests, the long-term reliability and the uncertainty in the

depletion process of the linings can be assessed.
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A.1.1 List of Progrm

THIS PROGRAM (1) CALCULATES THE HOT FACE TEMPERATURE (TH) AS
FUNCTION OF LINING THICKNESS (Y),

(2) CALCULATES THE PENETRATION DEPTH (DP) AS
FUNCTION OF LINING THICKNESS (Y), AND

(3) CALCULATES THE RESIDUAL THICKNESS (THIK) AS
FUNCTION OF TIME (TIME).

PROGRAM PARAMETERS:

=1,
=2,
=0,
=1,
=2,
=3,

IPRI =0,
=1,

IPR2 =0,
=1,

IPR3 =0,
=1,

ICORR =1,
=2,
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DO TASK (1)
DO TASKS (1) & (2)
SKIP TASK (3)
DO'TASK (3), DETERMINISTICALLY
DO TASK (3), BY SIMULATION
DO TASK (3), BY SIMULATION AND PRINT OUT
STISTICAL RESULTS
NO PRINT-OUT FOR TASK 1
PRINT OUT RESULTS OF TASK 1
NO PRINT-OUT FOR TASK 2
PRINT OUT RESULTS OF TASK 2
NO PRINT-OUT FOR TASK 3
PRINT OUT RESULTS OF TASK 3
EXPONENTIAL CORROSION RATE OF TEMPERATURE
LINEAR CORROSION RATE OF TEMPERATURE

(NOT USED IN THIS VERSION)
=3, RESERVED
=PARAMETER(MEAN) OF CORROSION RATE (IN)
=PARAMETER OF COSSION RATE (F)
=COEFFICIENT OF CONVECTION (BTU/dR-IU**2-F)
=THERMAL CONDUCTIVITY (BTU/HR-IN-F)
=INDEX FOR DISTRIBUTION OF OCCURENCE TIME
=INDEX FOR DISTRIBUTION OF VARIABLE "A"
=INITIAL INPUT FOR RANDOM DATA GENERATION
=NO. OF SIMULATION (=1 FOR IU=1)
=NO. OF DIVISION USED FOR THICKNESS (TASK (1))
=NO. OF DIV OF THICKNESS IN TASK(1)&(2)
=OUTER RADIUS OF THE LINING(IN)
=CRITICAL TEMPERATURE FOR SLAG PENETRATION (F)
-TEMPERATURE IN THE GASIFER (F)
=TEMPERATURE AT THE OUTER FACE OF LINING (F)
=TIME INTERVAL (HR)
=REFERENCE TIME IN DISSOLUTION MODEL (K)
=DESIGN LIFE TIME (HR)
=STAD. DIVI. OF VARIABLE "A" (IN)
=INITIAL LINING THICKNESS (IN)
=MAXIMUM LINING THICKNESS IN TASK (1)&(2) (IN)
=MINIMUM LINING THICKNESS IN TASK (1)&(2) (IN)
=PARAMETERS FOR DISTRIBUTION OF OCCURENCE T'IMv

IOPT

IU

****************************************************kk ~c*k*********

******* **** ******* * * * * ** ************************ * * ***** *********** *
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**r
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**r

AA, AM
BB
CV
CD
IDIS
IDISA
IX
NSIM
NTH
NY
R
TCRI
TEl
TE2
TINI
TREF
TL
VA
YINI
YMAX
YMI ?N
YPAR1,2
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DOUBLE PRECISION B3,C1,C2,RESULT
DIMENSION Cl(2000),C2(2000)
COMMON/ONE/IOPT,NY,IU, YMAX, YMIN,YINI,DP(2000),

* TH(2000),Y(2000)
COMMON/CONI/CV(4),CD(4)
COMMON/SIMU/ICORR,AA,BB,TREF,TINT,TL,THIK(2000),

* TIME(2000),PTSPA(500),NSTEP

C READ CONTROL INDEX
READ(5,*) IOPT,IU
WRITE(6,901) IOPT,IU

C READ PRINTOUT INDEX FOR EACH TASK
READ(5, *) IPR1, IPR2, IPR3

C READ DATA FOR TASK (1)&(2)
READ(5,*) R,YMAX,YMIN,NY,TE1,TE2
WRITE(6,903) R,YMAX,YMIN,NY,TE1,TE2

NLOOP=2
TICR=1.

IF(IOPT.EQ.2) THEN
READ(5, *). TCRI
WRITE(6,904) TCRI
END IF
READ(5,*) (CV(I), 1=1,4)
WRITE(6, 905) (CV(I),I=1, 4)
READ(5, *) (CD(I), I=1,4)
WRITE(6,906) (CD(I),I=1,4)

C READ DATA FOR TASK (3)
IF (IU.EQ.0) GO TO 5
READ(5,*) ICORR
WRITE(6,902) ICORR
READ(5,*) YINI,TINT,TL
WRITE(6,907) YINI,TINT,TL
IF(IU.EQ.1) NSIM=1
IF(IU.GE.2) READ(5,*) NSIM
WRITE(6,908) NSIM
IF(IU.EQ.1) THEN
READ(5,*) YPAR1,YPAR2,AM, BB,TREF
WRITE(6,909) YPAR1,YPAR2,AM,BB,TREF
END IF
IF(IU.GE.2) THEN
READ(5,*) IX, IDIS,YPAR1,YPAR2,IDISA,AM,BB,TREF
WRITE(6,909) YPAR1,YPAR2,AM,BB,TREF
READ(5, *) VA
WRITfE(6,910) VA
END IF
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C TASK (1)
C ****************************************

5 TRY=4E2
CALL CONI(1,TE2,RESULT)
Bl=RESULT
DIV=(YMAX-YMIN)/FLOAT (NY)
NSLOOP= (TE1-TE2)/TICR+1.
DO 20 JJ=1,NY+1
YY=DIIV*FLOAT (JJ-1 ) +YMIN
Y(JJ)=YY
DO 10 II=1,NSLOOP
CALL CONI(2,TRY,RESULT)
CH=RESULT
C1 =(TRY-TE1) *CH* (R-YY)
CALL CONI (1,TRY,RESULT)
B2=RESULT
C12=(Bl-B2)/LOG(R/(R-YY))
IF(C11.GE.C12) GO TO 15

10 TRY=TRY+TICR
WRITE(6,915)YY
GO TO 999

15 TSRY=TRY-TICR
TSICR=TICR
DO 16 II=1,NLOOP
TSICR=TSICR/10.
DO 17 III=1,10
TSRY=TSRY+TS ICR
CALL CONI(2, TSRY, RESULT)
CH=RESULT
Cl =(TSRY-TE1) *CH* (R-YY)
CALL CONI (1,TSRY, RESULT)
B2=RESULT
C12=(Bl-B2)/LOG(R/(R-YY))
IF(C11.GE.C12) GO TO 18

17 CONTINUE
18 TSRY=TSRY-TSICR
16 CONTINUE

TH(JJ)=TSRY
C1(JJ)=C11
C2(JJ)=B2-C11*LOG(R-YY)

20 CONTINUE

C TASK (2)
C ***********************************

IF(IOPT.NE.2) GO TO 120
CALL CONI(1,TCRI,RESULT)
B3=RESULT
DO 110 JJ=1,NY+1
IF(TH(JJ).LT.TCRI)THEN
DP(JJ)=0.
ELSE
DP(JJ)=EXP((B3-C2(JJ))/C1(JJ))-R+Y(JJ)
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END IF
IF(DP(JJ).LT.0.)
CONTINUE

DP(JJ)=0.
110

120

150

GO TO 160

TH(J), J=JS, JE)

)

****************************************

TASK (3)
********************************'.'.*-******

IF(IU.EQ.0) GO TO 999
NRPP=10000000
DO 280 JJ=1,NSIM
IF(IOPT.NE.2) GO TO 250
GENERATING SPALLING TIME
CONSTANT OCCOURAENCE TIME =YPAR1
NSTEP=0
IF(IU.EQ.1) THEN
NSTEP=TL/YPAR1
DO 210 I=1,NSTEP
TSPA( I )=YPAR1 *FLOAT (I)
ELSE
RANDOM OCCOURANCE WITH PARAMETERS YPARI,YPAR2
TOTAL=0.
I=0
I=I+1
IF(I.GT.5000) THEN
WRITE(6,925)
GO TO 999
END IF

CALL RAND(IX,RN)
CALL RVG(IDIS,YPAR1
TOTAL=TOTAL+RESULT
TSPA ( I )--TOTAL
IF(TOTAL.LT.TL) GO
NSTEP=I
END IF

,YPAR2, RN, RESULT)

TO 220

IF(IPR3.EQ.0) GO TO 250
WRITEi(6,930) JJ
NPP=NSTEP/10+1
DO 230 II=1,NPP
WRITE(6,920)
JS=10* (II-1)+1

IF(IPR1.EQ.0.AND.IPR2.EQ.0)
NPP=(NY+1)/10+1
WRITE(6, 919)
DO 150 II=1,NPP
WRITE(6, 920)
JS=10* (II-1)+1
JE=10*II
WRITE(6,921) (Y(J),J=JS,JE)
IF(IPR1. EQ.1)WRITE(6,922) (
IF(IOPT.EQ. 2.AND. IPR2.EQ.1)

* WRITE(6,923) (DP(J),J=JS,JE
CONTINUE

160

C
C

210

C

220
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JE=10*II
WRITE(6,926) (J,J=JS,JE)
WRITE(6,927) (TSPA(J),J=JS,JE)

230 CONTINUE

250 IF(IU.EQ.1) AA=AM
IF(IU.GE.2) THEN
CALL RAND(IX,RN)
CALL RVG(IDISA, AM, VA, R, RESULT)
AA=RESULT
END IF

CALL THICK(NPOINT)

IF(NPOINT.LT.NRPP) NRPP=NPOINT
WRITE(1) (THIK(J),J=1,NPOINT)

IF(IPR3.EQ.0) GO TO 280
NPP=NPOINT/10+1
WRITE(6,933) AA
DO 260 II=1,NPP
WRITE(6,920)
JS=10*(II-1)+1
JE=10*II
WRITE(6,.931) (TIME(J),J=JS,JE)
WRITE(6,932)(THIK(J),J=JS,JE)

260 CONTINUE
280 CONTINUE
890 WRITE(6,934)NRPP
C ******************

C OUTPUT SPECIFICATION

901 FORMAT(1X,'IOPT =',110/
* 1X,'IU =',110)

902 FORMAT(1X,'ICORR =',110)
903 FORMAT(1X,'INNER RADIUS =',F15.8,'IN'/

1X,'MAX. LINING THICKNESS =',F15.8,'IN'/
* 1X,'MIN. LINING THICKNESS =',F15.8,'IN'/
* 1X,'NO. OF DIVISOi. = ,I10/

* 1X,'OPERATING TEMPERATURE =',Fl5.8,' F'/
* 1X,'TEMPERATURE AT COLD FACE=',Fl.8,' F')

904 FORMAT(1X,'TEMP. FOR SALG PENETRAT.=',Fl5.8,' F')

905 FORMAT(1X,'COEF. OF CONVECTION =3/
* 10X,E10.4,'+(',E10.4 'T)+(',E10.4, 'T**

2 )+(',

* E10.4,'T**3)')
906 FORMAT(1X,'THERMAL CONDUCTIVITY ='/

* 1X,E10.4,'+(',E0l.4, 'T)+(',E13.4, 'T**2)+(',
* E10.4,'T**3)')

907 FORMAT(1X, 'INITIAL THICKNESS =',Fl5.8,'IN'/
1X,'TIME INTERVAL =',Fl5.8,'HR'/

* 1X,'DESIGN LIFE TIME =',F15.8,'HR')

908 FORMAT(1X, 'NO. OF SIMULATION =',1i0//)
909 FORMAT(1X,'PARAMERER 1 =',E15.10/

* 1X,'PARAMETER 2 =',E15.I0/

* IX, 'AA = ,E15.10/
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910
915
919

920
921
922
923
925
926
927
930

931
932
933
934

999

FORMAT
FORMAT
FORMAT
iX, 'HO'
IX, 120
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

FORMAT
FORMAT
FORMAT
FORMAT

POIN'* ' SIMULATION
STOP
END

iX, 'BB =',E15.10/
IX, 'REFERENCE TEMPERATURE =',E15.10)

(lX, 'VARIANCE OF "A" =',F15.10//)
(IX, 'SEARCH OF TEMP. DEVERGE AT',F15.8)
(////IX,120('*')/
T FACE TEMPERATURE AND PENETRATION DEPTH'
(,*.)//)

(iX, 120( '-')
(1X, 'THICKNESS ',10F10.4)
(lX, 'H.F.TEMPERATURE ',10F10.2)
(1X,'PENE. DEPTH ',10F10.4)
(//lX, 'SPALLING OCCURS TOO OFTEN')
(1X,'NO. OF SPALLING ',10110)
(IX, 'TIME OF SPALLING ',10F10.2)
(////lX,120('*')/

1X'RESULT OF SIMULATION',I10/
iX, 120('*')//)

(1X,'TIME ',10F10.2)
(1x, 'RESID. THICKNESS ',10FI10.4)
(//1X, 'AA=',E15.6//)
(//X, 'MAX. NO. OF COMPLETED',

T=', 10//)

SUBROUTINE CONI(IND,X,Y)
DOUBLE PRECISION X,Y
COMMON/CONI/CV( 4),CD(4)
IF(IND.EQ.1) THEN
Y=(((0.25*CD(4)*X+CD(3)/
ELSE
Y=((CV(4)*X+CV(3))*X+CV(
END IF
RETURN
END

3.)*X+0.5*CD(2))*X+CD(1))*X

2))*X+CV(1)

SUBROUTINE RAND(IX, RN)
INTEGER A,P,IX,Bl5,B16,XHI,XALO,LEFTLO,FHI,K
DATA A,B15,Bl6, P/16807,32768,65536,2147483647/
XHI=IX/B 6
XALO=( IX-XHI*B16 ) *A
LEFTLO=XALO/B 6
FHI=XH I *A+LEFTLO
K=FHI/Bl5
IX=( ((lXALO-LEFTLO*Bl6)-P)+(FHI-K*Bl5)*B16)+K
IF(IX.LT.•) IX=IX+P
RN=FLOAT(IX) *4. G656612875E-10
RETURN
END

/
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SUBROUTINE RVG(INDEX,YPA1,YPA2, X,Y)
C X: RANDOM DATA FROM UNIFORM-DISTRIBUTION GENERATOR
C INDEX=1 ,Y:POISSON DISTRIBUTION
C INDEX=2 ,Y:NORMAL DISTRIBUTION
C INDEX=3 ,Y:UNIFORM DISTRIBUITON

GO TO (100,200,300)INDEX

100 Y=-YPA1 *LOG(1. -X)
GO TO 900

200 Z=SQRT(-LOG(X**2))
Y1=(0.010328*Z+0.802853)*Z+2.515517
Y2=((0.001308*Z+0.189269)*Z+1.432788)*Z+1.
Y= ( Z-Y1/Y2) *YPA2+YPAl
GO TO 900

300 Y=X* (YPAl-YPA2) +YPA2

900 RETURN
END

SUBROUTINE THICK(NPPPP)
COMMON/ONE/IOPT,,NY, IU, YMAX,YMIN,YINI,DP(2000),

* TH(2000),Y(2000)
COMMON/SIMU/ICORR,AA,BB,TREF,TINT,TL,THIK(2000),
TIME(2000),TSPA(500),NSTEP
ISTOP=0
NINT=TL/TINT
THIK(1 )=YINI
TIME(1)=0.
IF(YINI.LT.YMIN.OR.YINI.GT.YMAX) THEN
WRITE(6,901)
GO TO 999
END IF
DO 10 II=1,NY
IIJ=NY-II+1 +

10 IF(YINI.GT.Y(IIJ)) GO TO 20
20 SLOPE=(YINI-Y(IIJ))/(Y(IIJ+1)-Y(IIJ))

IF(IOPT.EQ. 2)XPD=DP(IIJ)+SLOPE*(DP(IiJ+I)-DP(IIJ))
XHT-TH(IIJ)+SLOPPE*(TH(IIJ+1)-TH(IIJ))
ISTAR=I I
ICOUNT=1
DO 100 JJ=2,NINT+1
TIME (JJ )=TlNT*FLOAT (JJ-1)
IF(ICORR.EQ.1) THEN

C ONLY EXPONENTIAL DISSOLUTION MODEL IS USED IN THIS VERSION
XHHT=(XHT+459.67) *5./9.
FAC1=-AA*EXP(-BB* (1i./XHHT-1./TRFF ) )*TINT
END IF
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FAC2=0.
IF(IOPT.EQ.2) THEN
I SPA=0
IF(ICOUNT.GT.NSTEP)
IF(TIME(JJ).GT.TSPA
FAC2=-XPD
I S PA=1
ICOUNT=ICOUNT+1
END IF
END IF

GO TO 30
(ICOUNT))THEN

THIK(JJ)=THIK(JJ-1)+FAC1+FAC2
THH-=THIK(JJ)
IF(THH.LT.YMIN) GO TO 999
DO 40 II=ISTAR,NY
IIJ=NY-II+1
IF(THH.GT.Y(IIJ)) GO TO 50
SLOPE=(THH-Y(IIJ))/(Y(IIJ+1)-Y(IIJ))
XHT=-TH(IIJ)+SLOPE*(TH(IIJ+1)-TH(IIJ))
ISTAR=II
IF(IOPT.EQ.2) THEN
IF(ISPA.EQ.1) THEN
RXPD=DP (IIJ)+SLOPE*
ELSE
RXPD=RXPD+FAC 1
PXPD=DP(IIJ)+SLOPE*
XPD=MAX(RXPD, PXPD)
END IF
END IF
CONTINUE
FORMAT (X'THICKNESS
NPPPP=JJ-1
RETURN
END

(DP(IIJ+1)-DP(IIJ))

(DP(IIJ+1)-DP(IIJ))

RANGE IS NOT ENOUGTH')

30

40
50

100
901
999
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A.1.2 Example of Input File

2 1
1 1 1
108. 9.0 6.5 250 3000. 150.
2800.
1.0 0. 0. 0.
0.273 -0.324E-4 0.562E-8 0.145E-12
1
9. 24. 3000.
1000. 0. 2.36E-4 43700. 1813.

IOPT,IU
: IPR1,IPR2,IPR3
: R, YMAX, YMIN, NY, TE1, TE2
: TCRI
: CV
: CD
: ICORR
: YINI,TINT,TL
: YPAR1, YPAR2, AM, BB, TREF



- 303 -

00

+ *

4 4

X x am 8 as c W z

III 819 cu @ea

li!8! 889 Hi 9Is a Mid m m n m ma IM00 Sa tGCD C
0 M w m %* I* awC2 to &MM Q + + aC(

a - - M C2 0M22 bob..Ohi Ca Z4288 0 0 40 c000n 0000 N 000l

0200000 0 0

S400 tU E-0 e; IM0 0 0 W - * + 00
EA O.fIZ 0 t 0 NOlA 0w + > +

W. CIJaMICI, 0W0

> zI I Iu 0 N x CP x'.1. 0 I <

09 r c 4

00 ru c E-l94
Z 0Ca -43m g o+ "0 4 0lfree 94a )(

* 3-42 omw 0 0U z .041,4 1-4 O E-C4 02 U
'4~-40Z20949u E O -4-94

4+ + + +
888m800' 00

OOC%000000000000

- ON -INN'',

9e4

FO

4
4
44l

41
4

44141
41

41

41
41

41
41
41
41
41
41
41

41
41

41SC44

41
41

41

.44

4
4

41

41
4l

41

.4,

.4

-4,
.4,

Z4

41

,4,

04·

4
4

4

4
4

4

4
4
4
4

4
4

4Ca4

p*

*
P*

Z
c*
4

24

r*

04 *

Z*

3*
*

r
h

-44 *
0*

0*
4*Z4

04Ze9-42340
d4

944

24

944
04

0%.-.
J•0No9(u

S0%NGQ ·

"N

.0%*40GN

. 0%o•N
00-4

.0.
'000N

008'
0'00

N cas

NG ·

pNl
,.T Ir,. 0%
0% .-.
OWN. 0%

'000
N

o*
3 i. N.

. 0%

3 00N949
SY

) *. -4

.0.%

N

O0%0
ONr-

S01 .-4
3IQ

N

4 N

N

o 19.0

0 m C I .0
00 1 I 00*WW9l@#9
N

omm'a' .•

SIn N

.0%NN .

mN

*CD\00

045310r .0'00
Nma

'.4z

N

04
• m .

% 0% Q'000

to0N ...0%

N

.W'0'0
.0%

'000e

06

ON0%-u,@
0 *-Npcn~

N

0 *N

G N

N

I..
Nu
Ni

0

-4
1d
Nu
Nu

0

N

NON

N (4N

.0tN04

N

cIdN

m MN

.

ON0a
NI9

Nc

w
'41

(A w I w w I
wa s. I w a@. 0

E4 E. 2 I 4 E.Z I-49.o .gEo .93I .9.
940 10.1

I I

0N
P(

ON
0.0%0

N34

'• .

0%
N

ONO

·ON
.0.
'00%0

N

04.,

M ·ON

N

0047

uk * N

a.I
M 0%N -

G.4.
00N

o•N(a .44N

N *N

N
00N

S.c

C4

senN .toC
0%0'30%0

"*0'00%0
N3~Q)

IU-

LIJOr-
w
0.

E
X

LU

I-Wq

0'0'0 I 0)0'

9 · NIBGN

0.N.10 *400.N I .%
•0 • . .* .

NY

W2

- = 0
9.00

ra
w

C1

.,.300.

0% *'s

N

'. 0% i0

t. .E

-0 0%0eN

N



- 304 -

~DI @4e S0 I~a lNI~N SN~0~O S0 0. 1 aSS I 0 lI0n.@lSQItQW(SOWNSWANION 199196@ * 4 I-S 10-15010-
-M I at 0tM I M - V I M i Im * 1 -o1 I = I n * Iu I .^NI 0 l A N ~ ~ I-Nt@ M S*@ S* I @1 00N .MlS S . * I * SI *

*I..<*. * *.4- *. I* *N.I *I'4*S *N *I* * 4 4 I I-4*Iafl*IC *
S0SStoSW S~ew@4l0@~eI0@i5ISgSe 5 4 4 I IC.I0I921%2

m N I N I N I N I N I N I mo c I I I "1 I I I I P 1 I a -I C I

I I m I m a 1 M I c a 0 1 a I II IIM I I I a * ( I I N
0 15SNISQ W IS W r ISnIM%0IMo I0%1S(N M0 M 4 r"a Io IeaIO'

S1~0.4aSm1atNMIS~G@'la'fgI0Nf * * I o Io IONIOW
NI M -Nm *IIcc M1W *-IS * IcII *' IS-* 4 4 0 . ID 1 12*I -*a
NIm0Nfl0 .OtaII-SNIW.Ia'NNIS0S * I INO INrb-N
*l..4. I*.I *.%D I mI N-a I N I *N*I * I 4 I mo 41 C4 N IC
*0eal@@ otWASIa0Q 6o051%S8 * * IaI I5 4

I N I N I N I N I NI I . a I
I I I I I I I a 4 I I

qv10401Q0a.10r a a o4 a W 4W 1 a W_ a cIa1W I II I Q I a m I ' I t

I 1*.- Ioo.MlOONtS I Tq IS fi I tI S 4 4 I Q -4 1 I -!
IN vPtf 1U c 1NI -a-0Om *Ir f- It MIll M ~I .5 W .c (()1S a a 00 MI -r.I W ý4 9#IIla 1 ! I IS I 1 O VI f .I

q; ** 0; t -. 1 N. *Nm"%4 I SN4% w w a 4o O I V CI O IMW
*a *0S* 0Q * i*o*I *C *t *N I *N *I * 4 4 I At* IS * .

I N I N I N I N f N N 49 1
S I Ia I vI0 14 Inaf I t a I Ic I a
M I I I 1 i I I I v I I I I
I I I I N I I . 4 I i

0tWNSISMMISMMI9wwlee IBOstesB * * Ifcg I618108ie

4I mol 4% N iumata e Io a Icos0 * a 1 r4- I ISOOIS0

M 1 C4 1 C4 1 S ~NI S SN I S S W 1 N f 5 I4 100 10
S * f * * IC 4 4 1 * I *N I t*40I fI 'NNI5SOmo' in 4 I m 1 0! C"0I.4 1i."I .*4 -I*N* *CN CI * V I 1. I * a *IN .5IeaI5ICaG5I005l05I0O%5Iaq%0I 2 * * M ' tW

I Nc I N OM I N 0 M I 9 Q I I N I * * a I a0 1 W IM
o-I I -P - I - - I N - I I I I s I

a I Ic m a I * I I I%a a 4' . I I *
.4I NN ON nIS l~U ISS 4 1 1 -M 1I IsI I 1 I I a M W a * * I o n 1Miahala@MI~~1~6(86aBMI'BM SQ@ea * I~ I lawatmia

Nllf *NisO .NI~ .FIfl.I l * .111*101 *.OI0 .5 a 4 I I -NI -01 re
N I %am IM ViVPIwlsNSI OG a * I 0 I0 10E01m4
*. * *.4I *. * *.-G*t*N*I *N*I *N-I1 * * 4 I IN *I' *-10*

WI S f # t A I @ t A I S 1 0 4 4 I 1.-s INO1400
I N 1 N a N I N I N I N I M 4 I I I
I 9 I I I I I WI 4 I s I I a OI

-I I P I I II I I I I r
I I I I I 4 I I ( c
NIS mIOSS1N.tSPNaO.4NISNaIOO 4 4 1N1 Nn100NINO

IS 0 a l tNIS0ISMIMIGr.S. Nt OO l0S0 4 4 I 0 0 I'-I00,5
NIl *NjW P4 I I to M V 1 M *MIO *0 I 4 I *a1 4(1 .s M

4n (a V i 1 N-4 I aNI NI to 4o mMIS4 o I V 0 w
f" I5qSW. (41 1tU W M I %a 0 e% 4" a1 f 4 m I M IlI P 1 os

I N I N I N I N f N I N I . ! I I 15 8 I 19~18~ 3 I~9 I *II

I I I I a I = ! C I I I I

f 94 a N .1 g4 1 4 1 N 1 4I I I I 1 I I M a C T D 1a isuit t1NiSNM lSQla!SNI 151101555 I* 19.q fo StN I5NIP *NI 9 . I r12M *4N 1IfQIC 0% 1IS 0S 1 M * I .4i I*NI o'Naqt Ian0NI40MNt---Sl0.4aIS.4 asos e 4 S INOIINOIN'3
* -*4-I -*.*1 *~4-I * N-I *N* *N.I * 4 4 * -*I-4*IO.

SI1S0aea'Sa0W4SI~aeS@a4S?0Olte 5 . a a ofaameaus
N N I N I N I N I N 1 N I 4M a a a I
I I I AI Ien 100M I C 4 M4 1 0 4 1
s I a iP I i 4 . I I iN I
I I I I I Ial w te e ew l e tW ~ am i s t I *m st re ss

94 4' N INS4 1 N 1 N 1 10 1 10IOa

.4- lot-at I coo ISNO'aIn N -Is q q I to % n IS4a 0 r- OM 49 0 4 W v IO' O 120-NIN *CNIN *- IaN -N1N .FIN *IflIN *-iflIO -54 * I -I~ * I 1.4MIl 12M* I w .M P-4M1 IIQW-4I *NfI M4 49 0 a o I aN*S -4 * *M 1*I *M 1 04 -I V I* S 1 I N I 0 4* 4 I S I *(4 *I cI N I N f " I NO I N t I N I N I N I m I N I s I IW voI I f 1 0 I I I I I . 4 I( I C I I%
S Im I o I I ( I C I

a4 I I I I I I I I I
f-ISI--@IISI-.4ISONiSNvIS4OiS - * INg ImmiSBISO
SISN40IONNMI0.4~'IOInS0.IS40fI000 4 4 I 0 I040I~aflIS
NI-NI-* -N I.--*-4 &fIs-4I-*If*Lla.ttI *S 4 4 I * P .01 .U '*CN
NIat - IO0NI40Gl NIISNS IOONIO% MI * * I 4 4 I 0
PI *N O*1 24*1 *m40I 1N-I *N -I MN I 0 N 4 4 I w o0f am

S o~ 05I@S IOGSt~ee@IOM'S IOO@ IS 5 4 I 0 0 IN IuaO
I N I N I Nt W I IN I N I i 4 I
I I I i I I I I a4 I a I I
I n I I f I I* * C I I IC',1 r
S I I I * I I I a I 1 I

.4ISONisO15I %4ISm t'150 SSISNN * 4 t-o 105 lmin asa
SION40IS.4NIOSOIS@ISP-5 IS4PtS N * tI 0 Ts2I0Oie
NIS *-NIS *NIS -NIS * I - 1 **1 1 -0nt' . a - -01 -401 -NAfWM~mMSO~t@MtOMS~mgN I Q '"1 I1ale>NIqPNOfI 4 00N Ip-I IOO ~ -4I 4hl 4~ Igr 0 100 IOOISP-0

a -t4*I -. 4-I -. 4-I *l 4* M N-I -N-I -N-N 4 4' I W I I *IO -
@ 1 0@9 4 4 I 2 I 49N OI'

I N I N I N I N I N I N I N 4' 4 I I I I
I I I I I I I 4 I I I I

I I I I I I I U I
S I I I I I I **I W I I

I I I I I I a1 4 * 0 I * I
I I I I I I 1 i I AI I ca 1 L

I MaI I M0 I M I N I - I C I 4'-4 '0Z -Z I 0' 0
I M I M I M I M I M I M I 424 I 2 MI C a

SD I M 1 0 1. 0 1 1 n 4t e Ir6 49 a I 9 2I I I I I I 2 *I04 1r4 IAr rj) %
It 4 I ( ( I (g t 4 1 ; g

O1 0 Z t 'a Wi Il CA CA to I I(AI (.AIMM (4I~ 4I ~ atIW(4I 44~am a mW h I.h N I -4I -i -:

M-2 0I WC20s 404 10 * I E- 5-I E
0IQ I 1-30I N00I1-3 IMEDIZ0I1-2E01-2Z 4' 4 I &1 0 I I I

I20 1 14144 tC I *I -I 0
WI-4 *I Er- E- E- * * - 4 341 10 I 01 1 0

Mau-5-310-*a oN1 0 I -*:21 -1-U -0 424 I W I4tDo W a I W W(
z I.41-.0IP4 cZIR1-zIt41-0 I l cM, Z I-W . 4 4 (5 Z z 1 W i z M lEx
1I11*-1-2 *0-1-31 *M-It -1-la *1-21 -rISi -*. 4 M2 10.4I MI M

I I i I I w 4 I
I I I ErI I I E I I
I I I I I I I 4' I I



- 305 -

0P.0
01% C5.
a -in

ONO

O% .m1
.0B*". a 0

Ni9 v
. *0 .

N

N
.40%
. V*0 Na N

CA a
N

0% .in
N Inl N

S.0
1% 0%

Nma 1
*O *u'

0 - inN in N
.0

1% 0% a
N0u<a in MNONI

a inN%

.0.*"0*
N

900%
a0t ("N

f" N0 .

a o Nin 0 N.0f" .0%Q

N
O% . %DN10N

.0

N

I 0 nl5I 0%0
tI@ -
I at N

I .0 .
I .0% aI *'1

I N

I

IN in
1 a % W1I 4INI ' %

I r% at
I N

0 fN0% SOMN I a N q. I In () % I0coo
M "N I0M0%a I in I 4 I SlO%.

•NN 9 o .4I I NinN I n• N I . N
.0 *1 *Ia0 . ! . I* 1 0 . 1 '0
*.0 at aI 'at aP. aa If'0%a Ia

fq N

a N I

OlN 1001
Sn.. o . CN I • o.0*I '

N I N

a Nlin

4. ft. 1 '1ONN I-M
'0 I '0

I.% lP0
N

in
W

9%V4'S@
N
0

m inANNoNo'"a %D I"

N

=4 N N.19

N0 0% f-N .4IV

P.0%

MN

*r *'910.4 .4IV-4 In N

N

SN

I a.W
I a
I

I w

I 00qt•14'.I i' ,in1m .0 .I N 4N
I *0I r1-0% 2I N

I f0N

IN i
1 N1 0 %0 %a* N

I a W fIN VNI *a aI N
I ON
I S N
I NUN

1 .42I r- 0a
I cm

I ClI mI % *% 0
16a@

0.40

S .4

*C4*
N

004.
ONO
V .- 0
N0N
.0 *
%0%0

N

% W0
a at
N ISn

n %0
.0
- 0%I

N

N

a at (
in .%0
4I% N
'0

I%atm
N

4. .10

.60

NO

94

N .N %

.0

N-a

aaN 304.4.v
•0 1 0-di
N 'Sn !N *4
I~n nN I v 9% N
'0 ' I '60i
.060 '1" %0%

N

Q IV%
0 QO
4 .-in
m In N

M .
P. 01

N

N

ONO
'0 Qv
-4 .%2
4.P.N
.%

N

Moo
saw
at .5
In 0% N

a .
0%0
N

. I"
m a% Lm
W * .
nQN
.0 .
% 0%s

N

%0 . fien W
,

N%0

*ONa -=, NNtN

,.. .0N
0 %On=10-
%00%(4.0 .

P.0% aN0100

.0

N

5% .,4 NM4ONW

..0 .

r1-0%.2

N

OUN

In Nr- *0

f%-.4 N

N

0-4% I Mena I N.=
m. I Sen I•* a m ll

0% '0at Ia I a '0
WNNm I amnN I .,in
P.. 10 I .0.4 *

r>famI~el~ 1%0 aa
N N N

We% I 0"N I SN4
ONaA I aN a I a l
CO I0% IC 0'00 '0
ONN I atN fi1V
...4 . I '-6 , . 0.4'.
1%.0%m !f P0% 00!1wo

N

ONN

N

a 0. n 1S 0%M
a0W M M%0 I aatC4N
0 '0 0C Io w 1%0 .a
%a0%N 'fION I 0.4N
.0 *I * .4 .* .. 4
Pa0 1 I M.0SW 'P0% a

N

m n In I a IV %

in P.S S%1n . C%
.6 . I . s .' 0 a I 'atP. lI00*CD l * *
N.•I•.•

N

N 0%
aeIN
4 .C%
SnON
.0

P.%0%.a
N

I N

I 0

I I' .5%ý
1 %D 0 NI QI ISAM

*Na
I N

SON a (in
a4N 'Oinc
N . N Iin . f%
nOWmN I %aN
'0 *I *' *

r% aT:I" 0%0

o%N
0010
ONM
N .r5
SON

"0*.0%0N

00-4

N

N

0-40

N .5%

.0 .

N

WON

.4 'P.%

N

0in.4 I a4 Ia 0%r I 0af0% 1 0.4 e I s*m%0
Moo0v0 C 4 in 1 0it4 I ac-V% I so 1000 I .41%

- CN *I a '4V 'S I a '-in I0 'aO IS .11 IS .t-
5.4N I .4mN I N 4.N I N( I in N imON Ico 1 %N
'a0 ' I 0 1I '-a I .0 . I '01 '0 '1 '0
at% !- aP I % a a I.0 N 0% P 0 1 I% 0% a I fl-0% a I I% a a

N

0

N

fa
0:
:3

N N

vi
Cc

N

Lid

N4

(4

N

ON0%
00Sna *co iin ' 0
5%ONt- fa.. 4
P, 0%.a

@N

ONN

P .0N..4

N

SN r-- *CD
00104
M .0

N

0.4.-'aw in1
N '0D
5%ON

.. 4 .

N

a M i
ý4 * CO

.4 .0
5%ON

N

0m0
ONNa mC Na .0
(ON*

.44

N

0

N

aaN

in -m%
0.4N

.. 4 *

N 0%
N

0.40
34 o& *4.o% .4v
M - IVONN*s *'0

AS
N

'A -

00%4*0 C4N.%5%0 In

W in

NNN
.0

N

N

Simm
r% .5

.P4
1000,

N

SANN
0 in
10 aI%9 -N
mvm
O0-I
mat

I an 0
I 00%4
Iin *0a
IS N N
1 .4 .
1 coo

N

00w 0 I ONC I aina I
12 4 I a CcWP I SOn I
* '0% 14 V 0% 1V.0 ' 1I
0 N Ia NN I QNen

'- .*I .4 *9I * "-I '
Pat0a I N at aIcc 00a

N

000%
0'00

N 0%

N

N

a" C4 PN.0%NN
*'0*.

N

N

*I"N
N .0QNNimn -
.44O0*N

Oa Nlm I aN 0 I aM
ain *a 0%0%0 1 alaN
N .0%?N '%IN 'S
cc-4N 0atNN I Mnn

.M4 * I *.4 * I * *
V% a m I f%0a0 I Was

N

a v a
.4 *

WS PN
N

0 .0 aIss -C
W .4N

'.4-
N a 0%N

C9
*L *

N

a0 W4
0Sin
.4 .0%
atN

.. 4 .

. aI
N

a*in
m Vin
a '60
atNN

* P4
- at0

N

0~

)I rI . I I 0 I I I0

1 i 1 Im 10 1*u0 '2$ 0 0 'h 1 'h 10 I hi 1 0
0 'hi 1 h *50 'hIU SO hi 0 '*M' 'hiS 0 'hi * 'ItO 'hiU *

I I I I D I I I
I I I I I I I I I
I 1 I I I I P I I

N

Mm 4
aInN

-4 '0
0 ON

'.4 .
cat
N

meN I

S * Iamm ION I

I
I0%, 0 P4 1N I

. .=, IONN I01 'I

.4 *I

a P4 Q

N I

VSU I
..4 .1P% I0

IN I

0.P4 Im0% a. I*.4 *1

N I

i .4 P. I
Moto I
in *.4s I

Was I
N I

aN N I

-4 * I

N I
I

N in0I
a * IN MI

c 010 q;I
N .1* * 1

N -N I.4 *

NI0NI

.4 * in.'I4NI
.04 * I

W 0%a I
N I

Omani a in P-% ' c 1Omin
M0IV.4 1 0 v 5%' M.Nm 1 ONf
0 '0 10a- .10 !'.4 10a
MN inIn .4 v n I NinN i N1%0

'4 *. I '.4 *'I .4 . I .'-4
0Wa0 I WasO I Was0 w00%
N I N I N I N

I I I
I I I

I I I
I I I
I I I

M I h I h ILI
0 I I 0 I

0 I 0 *I 0 *I 0

94 I 4 I 94 I 9

412I41 42444 II'1

I I I

I N

I Mn10
I '.4

I t- -atI N

100

I 01 N N
I . .4
I r- 01,
I N

I ON N

I 0"N
1. .04

I N

N

N .4

aa V
a .C0NN

-Z0**0%N
ONG
N *N.
ONN

.0 .

%aN
-4 N

N

11
29

m4. Iow
ON*, I 0.4
0% .. 4 10%

..# . I ... 4

N I N

Woo0% 1 00%
0 .- I 0 I
0..4 W .4

W 0%0I I 00%
N I N

000 C I me
[,% - .4 If 5%

. .j . I ' 44
N I (

0 f-%5 I in00%
10 -.4 51 0

.4 . I *44

N I N

.r 4 . 1 .. 4

N I N

aON % I m N
V -.441 V
NinN I C" t

00%0 I 0 0%
N I N

a aW I a N
% io n I 010
in .44 Ion
N. inf I f.44

O0; ml0 1*004%
N S N

SIn in I aOin
N4 -P4 I N

W t I cc 0Naf4000 00%VI V

N I N004 54

N IN

.

"

--- ~--------:--

E-* E-d



a v
%D Q*- .04(s
0.4
40

04

N

00*
SM
4.0

-4

aNS %M10cO N I I•.09 .N
.00 1 0-MCOul I M•) • • •

04.

.09

*0
090
P .O

0W

0
r5i

-4

00
009

P.

04.
90

0*-0
.'No

* i

-4

0 0

SWa

oN Lo00*S -

Nri .

P4 C00

0..
00

0 *
40

Ow

009
*4.

0519
4..
00

*90
* 0

'00

-4
900

0.0

NO
09.
P00

II I04 0I ;~2

U' U
-44 -4
0' -
E-' E~.

.1 * I

00
ON

-4
4.*
-4

009
04.

* N
NO'
0• .

-4

.

.4.

4.=0• •4..

p •'1 •
-4

ON
.90

009
N *

-4

4.
S* P
NP.
-4

OP.
0.0

N0%

NP.
-4

009
.09
009
4..

4.0

N *

-4

00
* N

S.
NO
-4

0 1 a z - I Qs I a~5-::t I Wo IW
b-4 r 4 W I I X

E s p I fe r I .

r

04

W1 M

•r%904.

*

MM VNC

.90

N

N

P.
0-s
N *

N

0-4
009

N

In w
C00

009

ON •

C4.00 *

L

.P4-4400ON

no

.0=r0

U3

04.E*-

-4

090
*N

4.0

-4

01%

S* 9~

-4

0 *
900

-4

NO
-4
01%
-4

* P
00
4 * P
-4

4.0

ON

09
4..

4.1

S00
•1%

•-4
009.4

NP.
0 *

P. P

r-4

00

0.,

-,4

OP.

O P0.

-4

S n

SN 1
N

.4.m* N
NP.N
40

C4'WI*NcN D

0..,

C.4

0
N

0G 1090

ON 10.-

9.190.

N IN

(4

..

W

-4

504
x0 rn I W35-

Ew Ix 1 4 crd!a
fM MM

- 306 -

M4. I o(NI*%

0 .I

N I

09 0

0901 0
N I

.4.1 .0

0905 0

0m9

*to

04

C*40* N900

.o0

C4N0p-~

',4NO
09.

*1%

090
.90*

0> *

ON

*# 1
4.0

N

OP.
04.

N

0W
090

*09

N

00% I C09
00 I1 00

N SM

N

al

90N •
r4

(WI
.0%%Q •

P.

.0r- %

P409N

ONl
C4.

elN090N0-4

4.*

'OP.

0

U
-4

M00
SW

*W

co c

C4 .> °

OP04

ON%0N

caC4

(1%0*N
Sn

N

ulcaNN00

*ri.0*

N00
ON

01 0
M1M4I zM4.

0 WI E
44C I -I ra

E Ia i tua

090100i100

OP.S O ION
0.*4..I0.*

01% 0%I NP.
-4 !N IN

i i O



- 307 -

A.2 APPENDIX II: PROGRAM " PARL "
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A.2.1 List of Program

C **************************************************************
C ******************************************************kk k ***
C ** THIS PROGRAM PERFORMS STATISTICAL ANALYSES USING THE **
C ** DATA GENERATED FROM PROGRAl.i "SRLT" **
C ** **
C ** INPUT VARIABLES: **
C ** NSIM =NO. OF SIMULATION **
C ** NRPP =MAX. NO. OF COMPLETED SIMULATION DATA **
C ** TINT =TIME INTERVAL **
C ** NDIVD =NO. OF DIVISION FOR P.D.F. **
C ** DSPAC =TIMES OF STANDARD DEV. FOR P.D.F. **
C ** NPOP =OPTION FOR PRINT OUT **
C ** =1,PRINT AT EACH "NPRINT" STEPS **
C ** =2,PRINT AT STEP NPST(NPRINT) **
C ************************************************************

C ************************************************************

DIMENSION DATA(10000),DIST(2,1000),TIME(10000),
* NPST(10000)

READ(5,*)NSIM,NRPP,TINT,NDIVD,DSPAC,NPOP
IF(NPOP.EQ.1) READ(5,*)NPRINT
IF(NPOP.EQ.2) THEN
READ(5,*) NPRINT
READ(5,*)(NPST(II),II=1,NPRINT)
END IF
NPRI=1
DO 50 KK=1,NRPP

50 TIME(KK)=TINT*FLOAT(KK-1)
NN=0
DO 200 KK=2,NRPP
REWIND 1
NN=NN+1
IF(NPOP.EQ.1) THEN
IF(KK.NE.(NPRI*NPRINT+1)) GO TO 200
NPRI=NPRI+1
END IF
IF(NPOP.EQ.2) THEN
IF(KK.NE.NPST(NPRI)) GO TO 200
NPRI=NPRI+1
END IF
ICOUNT=O
RMEAN=0.
RVAR=0.
DO 100 II=1,NSIM
ICOUNT=ICOUNT+1
CALL REDT(NN,A)

DATA (ICOUNT )=A
RMEAN=RMEAN+A

100 RVAR=RVAR+A* * 2



C

120

130
150

160

SUBROUTINE REDT(MM,A)
DIMENSION DUMMY(10000)
READ(1) (DUMMY(I),I=11,MM),A
RETURN
END
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CALCULATE MEAN AND VARIANCE
RMEAN=RMEAN/FLOAT (NS IM)
RVAR=RVAR/FLOAT(NSIM ) -RMEAN**2
FAC1=DSPAC*SQRT(RVAR)
DMIN=RMEAN-FAC1
DIV=2.*FAC 1/FLOAT(NDIVD)
DO 120 JJ=1,NDIVD
DIST(2,JJ)=0.
DO 150 II=1,NSIM
DO 130 JJ=1,NDIVD
CC=DATA(II)
CMIN=DMIN+DIV*FLOAT(JJ-1)
CMAX=DMIN+DIV*FLOAT(JJ)
IF(CC.LT.CMAX.AND.CC.GT.CMIN) THEN
DIST(2,JJ)=DIST(2,JJ)+1.0
GO TO 150
END IF
CONTINUE
CONTINUE
DO 160 JJ=1,NDIVD
DIST(1,JJ)=DMIN+DIV*(FLOAT(JJ)-0.5)
DIST(2,JJ)=DIST(2,JJ-1)+DIST(2,JJ)/FLOAT((NSIM)

CALL QPICTR
WRITE(6,930)TIME(KK),RMEAN,RVAR
NPP=NDIVD/10+1
DO 180 II=1,NPP
WRITE(6,920)
JS=10*(II-1)+1
JE=10*II
WRITE(6,931)(DIST(1,J),J=JS,JE)
WRITE(6,932)(DIST(2,J),J=JS,JE)
CONTINUE
CONTINUE
FORMAT(1X,120('-'))
FORMAT(///1X,120('*')/
1X,'TIME=',F10.2,' MEAN THICKNESS=',F10.6,
IX,' VARIANCE OF THICKNESS=',F10.6/1X,120('*')/)
FORMAT (lX,'THICKNESS=' , lOF10.6)
FORMAT(lX,'C.D.F. =',10F10.6)
STOP
END

180
200
920
930

931
932
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A.3 - APPENDIX III: 2-D FINITE ELEMENT HEAT TRANSFER ANALYSIS USING
TRIANGULAR ELEMENT

The two dimensional heat transfer problem (without heat

generation) in x-y coordinate system is in finding temperature

distribution T(x,y) which minimizes the functional

= ffl [k (T) 2 + k ( )2 + 2PC -6T T~dx ax y by p 6t

+ fr h(T-T.)2 dr
2

(A.3.1)

kx , k = conductivity in x and y directions,

respectively,

P = density of the material,

C = specific heat of the material,
p

h
T

Q

r 2

and satisfies the

= heat transfer coefficient on r2

= ambient temperature

= domain of the body, and

= boundary on which the convective heat loss

is specified;

boundary conditions

T = T(x,y) on (A.3.2)

where T = prescribed temperature on r I  , and

r = boundary on which temperature is specified.

The solution domain 9 is idealized with E triangle elements,

as shown in Fig. A-3.2, with three nodes (i,j,k) each. If a linear

variation of temperature in one element, say mth element, is assumed,

where
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the temperature in the element can be approximated by its value at

nodes through the interpolation functions [N]m , i.e.:

Tm(x,y) = [N(x,y)]mT m (A.3.3)own

( xl) (1x3) (3 xl)
where

[(x,y)]m = [(ai+xbi+yci)/2Am (aj+xbj+ycj )/2Am (ak+xbk+yck)/2Am 
m

- [Ni (x,y) N (x,y) Nk( x y )]m

- m
Ti

T= kmn - jk

A = area of the triangle;m

a. = x jyk - xkyj

aj xky i - xiyk

ak  = xiYj - xjy i

bi - Yi - Yk

b - Yk - Yi

bk Yi - Yj

c. = x - x.

c = xi - xk

ck  x - xi

and Ti,Tj,Tk = temperature at nodes i , j , and k .
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The derivative of T with respect to x and y can be also

related to

6T 6N

=F Tn = B mTm
6T [ N -n -

SN[5x ]

6N[ ] -

FiN.6N

= Si7

6N

6N
3T

SNk1

6Nk i

I

= [b2Am 1

S1 Ec.
-~12 Am

(A.3.4)

b ~ k]

cj ck

Then the minimization of Eq. A-3.1 can be represented in a matrix form

as [71]

CT + k T = P (A.3.5)

where

C = system assemblage oF heat capacity matrix

C.

= I [c] m
m=1 -

[C] m = [C ]m

= [If Pcpm

(Pc) m Am
12

Nt Np d

-2 1 1
1 2 1
1 1 2

where

and
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system assemblage of heat conductivity matrix

E

m=1

[Ksm 2)

[Ksm 1 = [kmp1

1 m D B m
m

D = material conductivity matrix

Sk y 0
0 O k y

[K _ h (L +s 2 6 3ij + jk jk

-2 1 1 i1 2 1 0
1 1 2
1 0

Lab =

A =
ab

A =a

ki ki )

0 0
A 0
0 k

length of the edge ab , (a,b = i,j,k)

£ 1 , if ab is the convection boundary

*1

I
, otherwise (a,b = i,j,k)

if node "a" lies on the convection
boundary

(a = i,j,k)

(A.3.6)

0 , otherwise
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P = heat supply vector

E
= m1 pm

m=1 ~

Pm h T= (L. .i . + L L A )
S 13 13 ikjk k ki ki) Lj
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A.4 APPENDIX IV: DESCRIPTION OF PROGRAM "TARL"

Program TARL (Thermomechanical Analysis of Refractory Linings) is

a computer program in FORTRAN for the generalized two-dimensional,

transient heat-transfer and stress analyses. This program incorporates

several special features for the analysis of lining systems with

refractory/brittle materials. These special features include a

time-independent, damage-type constitutive model for the cracked media,

a model for the behavior over joint interface, the capability to

modify the material properties and boundary conditions due to slag

penetration, spalling and joint failure, and the capability to detect

lining failure.

The input .to the program includes:

(1) Number and location of element nodes which define the

geometry of the interested field problem;

(2) Number of material types and associated material properties

with each material;

(3) Number of elements and the associated nodes and material type

of each element;

(4) Initial conditions (displacement and temperature) at each

node;

(5) Generalized load patterns (force, displacement and

temperature) and number of steps repeating each pattern; and

(6) Selected time steps for printingstress/temperature states at

each integration points and plotting stress/temperature

contours through the linings.

The output from the program includes:
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(1) Stress states at each integration point at predetermined time

steps;

(2) Temperatures at each integration point at predetermined time-

steps;

(3) Principle stress contours and the directions of maximum

principle stress through the linings at predetermined time

steps; and

(4) Temperature contours through the linings at predetermined

time steps.


