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ABSTRACT

One way of increasing boiler efficiency is by increasing the working pressure and temperature
of steam. But higher operating temperature and pressure leads to the formation and growth
of steam side oxide scale. The growth of oxide scale reduces the heat transfer from flue gas
to steam and overheating the tube. The accumulated stress and strain due to oxide growth
can cause scale exfoliation or failure when the strain exceed the critical strain. The failure of
oxide scale can cause obstructing tube bends, eroding the nozzle, and eroding the first stage
of the turbine’s blades. Due to growth of oxide scale the metal tube overheating and it leads
to creep damage of the tube. T92(SA213-T92) is one type of high alloy ferritic (Martensitic)
steels and it is the preferred choice material for high temperature and pressure application of
superheater boiler tube, thus the mechanism and kinetics of oxidation, the growth of oxidation,
thermos-mechanical stress-strain and effect of oxide scale growth on creep behavior should be
studied. Analytical and numerical approaches are applied in this research. For analytical
computation, develop a mathematical model and computed by using python. The numerical
is computed by numerical (finite element simulation) software of ABAQUS. The rate of oxide
growth of T92 alloy steel is computed at different steam temperature (600°C and 650°C) and
flue gas temperature (800°C,900°C and 1000°C), based on the analytical and numerical result
the oxide growth rate at 650°C steam temperature is higher and the oxide scale growth is more
affected by the increase of steam side temperature than flue gas temperature. Around 178um
the thermo-mechanical hoop strain become 1.503 x 1072 and it cross the critical strain in ten-
sion curve, which means the oxide scale start cracking. Under constant internal pressure and
elevated temperature for a long period of time the material accounts secondary creep behavior
and computed by using Norton’s law (power creep law) and time-hardening rule. Based on
the analytical and numerical result, the creep hoop stress and strain rate in increasing due
to the increase of oxide scale, and after 10000 working hour of superheater boiler tube the
maximum creep hoop strain become 169.2 MPa and the maximum creep strain rate become
8.612x 107 hr™!. The creep rupture time is calculated based on LMP and with the Norton’s
Law of minimum creep strain rate relation. Based on LMP prediction 73% reduction of rup-
ture time when the boiler tube has 242um oxide scale thickness as compared to the oxide scale
of 96um. The result from both analytical approach and numerical (FEM) have a good agree-
ment with other literatures.

Key words: Steam side oxide scale, Elastic stress-strain, thermal (thermo-mechanical)

stress-strain, critical strain, crack initiation, creep stress, creep strain rate, creep rupture
time.
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1. INTRODUCTION

1.1 Background

A boiler is a closed vessel that takes heat energy in the available form (for example, coal,
oil, etc.) and converts the heat energy into the required purpose. Mainly used for heat-
ing water for producing steam in many power plant industries. In the modern power
plant industries, the boiler has different accessories, the most commons are feed pump,

injector, economizer, superheater, reheater, and air pre-heater.

Boiler tubes are important components of energy conversion systems that utilize ther-
mal energy to transform water into high-pressure superheated steam, which is then fed
to steam turbines to generate electricity. Understanding boiler-tube failures and tube ser-
vice life could lead to significant improvements in boiler performance and availability,

as well as a reduction in the severe economic loss associated with electricity generation.

Types of steam boilers differ in the way they burn fuel, the fuel they burn, or the steam
cycle they use. As this thesis is concerned with the oxidation of steam-touched surfaces,
it will be more useful to distinguish boiler types based on the steam cycle, because the
steam-side oxidation is not directly influenced by the fuel burned or the method of com-
bustion[1].

There are several different types of boilers, and the heat exchangers might be very dif-
ferent, but generally, the arrangement of the flue gas path is almost the same regardless.
The heat exchanger transfers the heat generated by the combustion of fuel to the wa-
ter/steam circulation in the boiler. It is critically important to exploit flue gas thermal

energy as efficiently as possible in order to achieve high thermal efficiency.

Surfaces for heat exchange are categorized by purpose of use, such as evaporators, su-
perheaters and reheaters, feedwater preheaters, economizers, and air preheaters. Typi-
cally, superheaters are exposed to the most severe conditions in a boiler, since they are
exposed to the highest fluid temperatures and, subsequently, the highest metal temper-
atures. Materials for superheaters and reheaters should have sufficient heat resistance

and creep strength. The statistical failure of boiler tubes is shown in Figure 1.1.
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Figure 1.1: Failure of Boiler tubes [2-4]

In comparison to the other boiler tubes, the superheater boiler tube fails most of the
time, as seen in Figure 1. So, in this thesis, choose a superheater boiler tube to investi-

gate the failures.

Boiler tubes are prone to a variety of failure modes, such as short-term and long-term
overheating (creep-rupture), surface pitting, stress corrosion cracking, and fatigue are
the most common types of boiler tube failure these failures are led to the shutdown of
the whole power plant. From these failures long term overheating (Creep) the most com-

mon and highly affect the life of boiler tube.

The main reason or cause of the failures of boiler tube in early-stage or before the ex-

pected lifetime is [2-6]

* The environmental condition means the working pressure and temperature or work-

ing in the corrosive environment and formation of oxide layers.
* The material properties or the micro structure of the tube

* Stress caused by internal fluid, external loads, due to bending of the tube, or weld-
ing those lowering the strength of the tube and it may easily attack by corrosion

and form crack.



Short term overheating
During boiler startup, short-term overheat failures are the most common. When the tube
metal temperature is exceptionally high due to a lack of cooling steam or water flow, fail-

ures occur. It’s a type of fast failure caused by a loss of internal water or steam flow[3,4].

Stress corrosion cracking

In corrosion-resistant metals exposed to harsh conditions, stress corrosion cracking is a
major concern. SCC is caused by three factors: (a) high tensile stress, either imposed (in-
ternal pressure or bending) or residual stress created during manufacturing or welding,
(b) operating in a corrosive environment, and (c) a vulnerable material, such as one with

insufficient mechanical qualities for the application.[2,4,6].

Fire side corrosion

It occurs on the boiler’s outside surface. It’s a very different process because it usually
contains some kind of impurity deposit that contributes to the corrosion. The deposit is
made up of additives and the fuel that was consumed. Due to the high steam temper-
ature and reduced heat transfer coefficient of steam in superheaters and reheaters, the
metal temperature is greatest. High metal temperatures and deposits caused by fly ash
particles are the main causes of corrosion in this region. The deposits will also obstruct
flue gas flow in the boiler, causing the boiler’s internal energy consumption to rise and

its efficiency to fall.

Steam side oxidation

The metal tubes contact with steam over a while the oxidation process begins and forms
a layer this is called steam side oxidation. This layer form in the inside of the tube and
reduce the thickness of the tube by forming a layer. On the steam side, temperature, pres-
sure, and alloy composition all have an impact on oxidation behavior. Impurity deposits
on the steam-side of a superheater tube are uncommon since steam impurity levels are
closely controlled. Depending on the alloy composition, the scale created on the steam
side is made up of different metal oxides. It commonly happens when materials are ex-
posed to extremely high steam temperatures. The oxide scales that accumulate on the
steam-side of the plant could cause serious failures and, as a result, lower plant avail-
ability. Due to steam-side oxidation, there are three basic forms of failure that can be
identified. The first one is, oxidation-induced tube wall loss may increase hoop stresses
and cause early creep failures in heat-exchanging tubes. Second, the insulating oxide

scale may reduce thermal conductivity, resulting in higher metal temperatures and thus



faster creep and corrosion processes; this is commonly referred to as long-term overheat-
ing. The third point to consider is that when the oxide scale on the steam side thickens,
it will be more likely to spall. The spalled oxide scale particles may lodge in the steam
circulation and cause tube blockages, or they may cause erosion in turbine blades and
nozzles if they enter the steam turbine. Steam-side oxidation is discussed more exten-

sively in chapter 4.

Long term overheating

The focus of this study was on the second sort of steam side oxidation failure, known as
boiler tube overheating. When the oxide layer forms reduce the cooling effect and also
reduces the amount of heat transfer into the steam this leads to the hoop stress and the
metal temperature increase[7,8]. The rise of the metal temperature over a long time of
operation leads to creep. Creep is a function of time, temperature, and constant stress.
It is a time-dependent deformation at elevated temperature and constant stress. Any
metals subjected to a sustained load at a temperature slightly above their recrystalliza-
tion temperature can experience creep[3,4]. The increase of operating temperature is
increasing the boiler efficiency but this decreases the life of boiler because the increase
temperature leads to creep[9]. Under creep conditions, the grain boundaries change
from trans-granular to inter-granular. When this happens steady stress is considered
with sufficient temperatures (T > 0.4Tm)[10].

Long term overheating (creep) due to formation of oxide scale mainly occurs in super-
heater and reheater boiler tubes after many years of use with high temperatures. Su-
perheater boiler tubes are usually found in the boiler’s final stages. Steam is conveyed
at the highest pressure and temperature inside superheater tubes, which are exposed to
high-temperature combustion gases. Mainly the creep life of the superheater boiler tube

affected by the formation of oxide scale.

Creep

Creep is more severe in materials that are subjected to heat for long periods since creep
is the time dependent deformations that occur when a material is subjected to high level
of stresses at elevated temperature for prolonged period so when the time the boiler is
exposed to much heat and pressure increases then the chances of creep are then auto-
matically high and near melting point[11]. Unlike brittle fracture, creep deformation
does not occur suddenly upon the application of stress. Instead, strain accumulates as a

result of long-term stress. Creep deformation is “time-dependent” deformation.



Creep behavior or deformation

When the temperature and stress are modest, the primary creep regime predominates.
Negligible initial creep strain will accrue in high-temperature alloys, but it is frequently
not seen in studies. The primary creep regime was not considered since (a) it extends
for a very limited time most time operating time less than 2000hr (b) the creep strain
attained in this regime is very small[12]. When load and temperature are low to moder-
ate, the secondary creep regime predominates. The most stable regime is one in which
the prediction of creep deformation is straightforward due to a balance between strain-
hardening and recovery mechanics. The tertiary creep phase takes control at intermediate-
to-high temperature and stress. The creep-damage accumulation that does not occur lin-
early and contributes to both gross creep deformation and rupture is what defines this
regime [13]. oxidation’s impact on fracture initiation and propagation, which primarily

occur during the tertiary creep stage [14].

It has been found from experiment that if a metal which creeps is subjected to a constant
uniaxial stress, then the accumulation of creep strains with time has the form illustrated

in as shown by Figure 1.2.

D
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Figure 1.2: Creep curve obtained at constant temperature under constant load

The presence of oxide scale on the wall of the tubes increases the metal temperature

which accelerates the damage mechanisms, thereby reducing the material’s life.



Mechanisms of Creep

The creep mechanisms are often different between metals, plastics, rubber, concrete.
Controlled by movement of dislocations, strong dependence on applied stress. Broadly
categorized into two, those are diffusion of vacancies based on creep mechanisms ex-
ample coble creep and the second one is dislocation based on creep mechanics example

power law of creep.

Based on power low of creep, the creep strain rate of secondary stage creep of the ma-
terial is calculated and predicted the rupture time. In this research creep power low is

used to analysis the creep behavior of the oxide scaled boiler tube.

Creep Damage

Creep damage, which is shown in three different scales of damage micro, meso, and
macro is the irreversible accumulation of flaws that lead to rupture. Atomic voids and
dislocations manifest on the micro-scale, whereas damage that can be seen with the
naked eye or with good vision manifests on the macro-scale. The impacts of micro-
scale cracks, voids, and other dispersed deteriorations are averaged at the mesoscale by

a representative volume element[13].

As exploitation conditions like temperature and pressure increase, the consideration of
creep-damage processes is becoming more and more crucial in engineering practice. The
provided constitutive equations and the selected structural analysis model have a signif-
icant impact on the precision of the mechanical state estimation (stresses, strains, and
displacements). The most applicable creep damage models are the Continuum Damage
Mechanics (CDM) and Kachanov-Rabotnov Model.

Continuum Damage Mechanics (CDM) based damage rate equations can provide accu-
mulated damage, residual life, and rupture prediction given the applied stress and tem-
perature. It is assumed that damage happens in a continuum (a homogeneous represen-

tative volume) thereby the expression continuum damage mechanics is coined.
The damage variable in the Kachanov-Rabotnov model is based on enhanced stress brought
on by a local decrease in cross-sectional area. Microcracks, cavities, and voids are the

cause of the decrease in cross-sectional area.

When boiler materials, such as T92 alloy steel, are subjected to oxidizing conditions,



such as in the “depleted zone” where the volume fraction of the “phase” is practically
nil, the growth of the oxide scale has an effect on the microstructural stability of the ma-
terial. The mechanical performance, creep behavior, durability, and damage kinetics of

superalloys are thereby clearly affected by oxidation [11].

This thesis or study mainly focus on analyze how the growth of oxide scale affect the
creep behavior of superheater tube boiler. So, in this study try to cover the creep behav-
iors and select the appropriate mechanism to show the creep behavior of oxide scaled

boiler tube.

The increase of temperature and oxygen are the reason for the formation of steam side
oxide scale in boiler tubes and also the other parameters implicate the oxidation reac-
tion rate are geometry of the boiler, the steam gas and flue gas temperature, and the

impurities of feed water are the main reasons|7,8,15].
e The thinner tube has less incremental scale formation

* The lower mass flow rate of steam will increase the oxide scale formation rate on

theinner surface.

* The increase of steam and flue gas temperature is the result for large growth rate

of steam side oxide scale.

¥ Steam side oxide

-—
Steel .
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Hollow radius X | Remaming metal
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Figure 1.3: Schematic representation of superheater with steam side oxide scale

When the thickness of X increases the tube wall thickness is decreases. The main effect

of growth of oxide scale is:



* Reduces the heat transfer into steam and also reduce the cooling effect this leads to

overheating of the metal tube.

 Stresses that develop during scale growth at high temperature can lead to scale
crack, buckling, and spallation. For superheater boiler tube it reducing flow, ob-
structing tube bends, eroding the nozzle, and eroding the first stage of the turbine’s
blades.

* Then the superheater work over a long period with high temperature and pressure
condition the growth of oxide scale enhancing microstructure degradation and ac-
celerating dislocation motion this condition accelerate creep’s failure of the tube

and reduce creep rupture time.

Therefore, understanding the steam oxidation processes, the growth rate of the oxide
scale and factors influencing them is crucial for determining the creep behavior and re-

maining life of boiler tube this leads to improvement of power plant efficiency.

In boiler steam circulation systems, superheaters are subjected to the highest tempera-
tures and pressures. As a result, good material selection is critical. Ferritic steel and
Austenitic steels are the most frequent materials used for superheater boiler tubes. Chap-

ters 2 and 3 go through the material features of superheater boiler tubes in greater detail.

In general, this research addressed the prediction of oxide scale at different flue and
steam temperature, derive the equation of elastic and thermo-mechanical stress-strain
at different oxide scale thickness, investigate the failure of oxide scale thickness, derive
the equation to analyze the effect of oxide scale on creep behavior of metal by calculating
the creep stress and strain rate of oxide scaled boiler tube and also predict creep rupture
time. This work is carried out by reviewing several publications, building a mathemati-

cal model and computed by analytical equation and by using a numerical software.

1.2 Research questions

The main research questions raised in this study are.

* Which type of boiler tube mainly failed in sugar cane factories, Brewery company,

chemical industries, and power plants?
e What are the main reasons for the failure of the boiler tube?

* What are the common materials used for boiler manufacturing?
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* What are the mechanism and kinetics of steam side oxide?
* How can develop the mathematical model of superheater with SSOS?

* How to calculate the thickness of the oxide scale due to the variation of tempera-

ture?

e How can calculate the elastic and thermo-mechanical stress and strain of oxide

scaled boiler tube and failure of oxide scale?

* How can the oxide scale affect the creep behavior and rupture time of the boiler
tube?

1.3 Problem statement

In sugar cane factories, Brewery company, chemical industries, and thermal power plants
the failure of boiler tubes is the main failure that leads to the shutdown of the industries.
From different failure modes of boiler tube, steam side oxide scale is one of the main fail-
ure types. Many power plant industries try to increase the efficiency of boiler tube by
increasing the temperature and pressure of steam and flue gas, this increment leads to
the growth of oxide scale and overheating of boiler tube. So, study of the growth of steam
side oxide scale and effect of the variation or increment of flue gas and steam tempera-
ture for the growth of oxide scale thickness is the crucial part to calculate the stress and
strain of oxide and metal tube parts at different oxide scale thickness, to determine the
failure of oxide scale, to calculate the creep stress and strain rate and rupture time of the

metal part .

To predict or estimate the growth of steam side oxide scale, understanding of the mecha-
nism and kinetics of oxide scale is important. Based on this in this research investigation
of the oxidation mechanism and kinetics of T92 alloy steel is one of the objectives. For
prediction of oxide scale growth, the researchers assume the growth of oxide is only in
outward direction which means they are not consider the reduction of tube wall due to
growth, but to obtain better result of estimated oxide scale, considering the growth of the
scale in outward and inward direction of the metal tube, which means considering the
reduction of thickness of the metal tube. Oxide scale failed due to different reason, like
cracking, spalling and etc. To find out by which oxide failure reason the steam side scale
oxide scale will be fail, it needs the calculating of elastic and thermal stress and strain

of oxide scaled boiler tube at different oxide scale and compare the value with critical



stress and strain of each failure type. In this research, derive the equation of elastic and
thermo-mechanical stress and strain of oxide scaled boiler tube and try to investigate
the growth of stress and strain at different oxide scale those obtained from the predic-
tion and compare the result to the critical stress and strain of different failure modes to

predict the oxide exfoliation (failure of oxide).

Due to increase of oxide scale, the metal tube become hot (the change of temperature
between outer surface of tube and oxide/metal interface surface is become small) this
overheating of the boiler tube for long period of time leads to creep failure of boiler tube.
Study the creep behavior of the tube at different oxide scale is crucial for determining
the remaining life and rupture time of boiler tube. To solve this problem in this research
drive equation to calculate the creep stress and strain rate and and rupture time of boiler
tube.

1.4 Objectives

1.4.1 General Objective

Develop mathematical model to analyzing the effect of oxide scale growth on creep be-
havior and rupture time of superheater tube boiler by using analytical and numerical

approaches.

1.4.2 Specific Objectives

1. Investigate oxide mechanism and kinetics of ferritic steel alloy at high temperature.

2. Develop the one-dimensional heat conduction equation using finite element model
to calculate the temperature of each surface and estimate the growth of steam side
oxide scale due to the variation of steam and flue gas temperature and compare the

effect of steam and flue gas temperature for oxide growth.

3. Analysis Elastic and (thermo-mechanical) thermal stress due to steam side oxide

scale growth and estimate the failure of oxide scale.

4. Develop mathematical equation for oxide scaled boiler tube and analysis creep
stress and strain rate of T92 alloy steel superheater boiler tube due to growth of

oxide scale and calculate the creep rupture time.
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1.5 Scope of the study

The study focused to the investigation of oxide scale formation and its growth at high
temperature by reviewing different articles and experimental values, the other one is to
develop a finite element model to calculate 1D heat conduction equation to obtain the
temperature at deferent nodal points, predict the steam side oxide scale growth at dif-
ferent steam and flue gas temperature for the given step of time, and finally, calculate
the creep rupture life and predict the remaining life of superheater boiler tubes using

analytical and numerical approaches.

The approaches follow to achieve the objectives are develop mathematical modeling (Fi-
nite element model or the stiffness matrix) of the one-dimensional heat conduction equa-
tion to calculate the temperature at different node or location of the boiler tube. This
one computed by Python code or by developing the 2D model of boiler tube by using
ABAQUS software to compute the heat transfer. The prediction of steam side oxide scale
growth is computed by analytical calculation using Python software. The elastic, ther-
mal and creep stress and strain are computed by using analytically and develop a 2D

model of boiler tube with oxide scale by using ABAQUS software.

The effect of fireside corrosion in boiler tubes is not cover in this study and in this study
the main concern is the effect of temperature variation for steam side oxide scale growth
and how the steam side oxide scale affects the stress and creep behavior of the boiler

tube. Finally, the result is validated with literature.

1.6 Significance of the study

The significance of the study is to give clear information for boiler designers about the
mechanism and kinetics of T92 alloy steel to mitigate the failure of boiler due to steam
side condition the other significance is give clear information for designers, quality con-
trollers and researchers how to predict the growth of steam side oxide scale at different
steam and flue gas temperature for a long operating time and also show how to analysis
the elastic, thermal (thermo-mechanical) and creep stress and strain due to the growth
of steam side oxide scale. Based on this information they can calculate the creep rupture
life this helps for the power plant industry set the preventive action before early frailer
of the boiler tube and also help the boiler manufacturer to select the appropriate mate-
rial to increase the life time of boiler and the efficiency. The researcher uses this study us

a reference to design a boiler tube with different condition and also get information how
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to numerical analysis heat transfer, estimate the growth of steam side oxide scale, cal-
culate the elastic, thermal and creep stress and strain by using analytical and numerical
method.

1.7 Structure of the Thesis

This thesis has the following structure:

* Under chapter one, introductory part of the thesis it covers the different failure
types of boiler tube is briefly discussed. Them also the research equations, the
problem statement, objective of the research, scope of the study and significant of

the study are also discussed in this chapter.
* The second chapter deals with literature review.

* In the third chapter the behavior of different materials, their chemical composition
is discussed. The general method of this research and also the specific methods to

achieve the goal of objective is briefly discussed under this chapter.

* The fourth chapter presents the finite element mathematical discretization for heat
transfer problem of boiler tube and prediction of oxide scale equation is presented.
Analytical elastic, thermal and creep stress and strain of oxide scaled boiler tube
equation is derived in this chapter and also the failure of oxide scale and creep rup-
ture time is discussed under this chapter. The final part of this chapter is covering

the procedure of finite element simulation.

* Chapter five covers the result and discussion of the Analytical and numerical result
of the thesis.

* Finally, chapter six gives a conclusion to the thesis, its contribution and possible

future research directions.
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2. LITERATURE REVIEW

This review of the pieces of literature is mainly focused on mathematical model or the
general rules that developed and used by different researchers to analyze the creep be-
havior and life of the material the other one is focused on the numerical method specifi-
cally the FE approach how to develop the 2D and 3D model of boiler tubes, which com-
mercial software is applicable, and how to analyze the creep behavior and remaining
life by using this commercial software are the main things and also the specification of
the material for the superheater boiler tube and other power plant equipment and also
shows the effect of Cr concentration in the formation of oxide layer the other thing re-
view in this paper is the method to predict oxide scale growth and thew way to calculate

creep rupture time of oxide scaled boiler tube.
Mathematical model

For Creep behaviour

The creep behavior of a boiler tube is investigated by using as a thick-walled cylinder
subjected to internal and/or external pressure at a constant temperature and analyze the
creep behavior by considering a normal boiler tube surface, i.e. surface with no soot or
scale deposit and no crack and scar existing try to estimate the residual life using two
approaches those are creep curve and life damage rule. The creep behavior and defor-
mation classified in three stages primary, secondary and territory. The secondary stage
deformation or creep behavior is calculated by using power (Norton’s) creep law and
time hardening law[3]. The limitation of this study is not considering the boiler tube
with defects.

The formation of steam side oxidation and fireside corrosion degradation processes are
affect the creep life of service exposed superheater boiler tube[7,8]. The oxide scale thick-
ness method using heat transfer equations and the accelerated temperature method for
creep life estimation are suggested to analyze the effect of oxide scales in creep behav-
ior and remaining life analysis of boiler tube[7]. An empirical formula of Larsen-Miller
formula and the Kachanov- Rabotnov creep damage model is used to analyze the remain-
ing life of a boiler tube. The Larsen-Miller formula is used for calculating the thickness

growth curve of the oxide scale, temperature change of boiler tubes, and the Von-Mises
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stresses of the tubes. The Kachanov- Rabotnov creep damage model is used to investi-

gate the creep damage of different materials and the creep life of the tubes[8].

Effect of sediment thickness on the remaining creep lifetime of 9Cr1Mo refinery furnace
tubes described by Farid and Iraji [15]. Use the Larson-Miller parameter and Monkman-
Grant coefficient to analyze the creep behavior and remaining life of furnace tubes by

assuming the sediment thickness is Imm and 2mm.

The creep crake growth behavior of the components and the material response was inves-
tigated by using compact tension(CT) specimen[16-18]. Continuum damage mechanics
is used to analyze the effects of bending, cracking and hardening on microscopic scale.
The increasing initial crack depth and specimen dimension promoted the crack growth
rate, while the decreasing hold time accelerated the crack formation under a multi axial
load condition.[16]. To reduce the complexity of the continuum damage model, develop
the Mokamn-Grant model for uniaxial/multiaxial creep rupture and cracking rates for
notched bar specimen[19,20]. The Continuum and Mokamn-Grant models are only anal-
ysis the creep behavior with load variation not consider the temperature effect but creep

is affected by temperature.

For Stress, Strain and Steam side oxide scale Failure

Stresses arise within the scale as a result of several thermos mechanochemical reactions
occurring during boiler operation and metal oxidation. The flat-plate model has histori-
cally been used extensively in stress calculation techniques to analyze oxide scale failure
difficulties [21,22]. This model has an easy understanding physical meaning and can be
simply programmed. The other stress analysis of the steam side oxide of boiler tube is
by considering the influence of interface roughness of the oxide[23], they consider the
interface has sinusoidal function. Another stress calculation model[24], the compound
cylinder model can calculate the accurate stress distribution of compound cylinders.
This model can be used to calculate the stress distribution of oxide scaled boiler tube by
considering the metal and oxide part as a component of compound cylinder. The com-
pound hollow cylinder model can obtain more accurate stress distribution in steam side
oxide scale.

Oxide scale failure on the steam side of the superheater tube is reducing flow, obstruct-
ing tube bends, eroding the nozzle, and eroding the first stage of the turbine’s blades.
There are many critical failure strains for each of the various failure processes that could

lead to the failure of the oxide scales, including through-scale cracking, interfacial crack
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development, buckling, crack deflection toward surface, and spalling[25]. The oxide
scale failure occure when the stress and strain cross the critical strain. The Advanced
Oxide Scale Failure Diagram (AOSFD) as failure criterion, a systematic analysis model
for the failure behavior of steam-side oxide scales in T92 superheater tubes during un-
steady thermal processes is established[22]. For critical failure strain of oxide scale due
to tensile crack, develop three curves based on the ratio of physical defect size to oxide
scale ratio is equal to 0.1, 0.25 and 1, and the most accepted on based on their work is
1. Finally, the conclude Failure probability of thicker steam-side oxide scales is higher.
Hence, for tubes having operated for a long time or operating with higher steam temper-

ature.

The above pieces of literature are trying to analyze the creep behavior with a different

condition by using standard laws the main points are summarized below.

1. The continuum damage mechanics is more applicable to analyze the creep failure
and crack growth of the compact tension specimen and also use to analyze the

creep-fatigue interaction of the specimen.

2. Mokamn-Grant model is simple than the continuum damage model for analyzing

the uniaxial/multiaxial creep rupture and growth.

3. The heat transfer equation and Larsen-Miller formula are used to calculate the
thickness of the oxide scale and the Larsen-Miller parameter is also used to deter-

mine the remaining life of the material due to creep.

4. The creep damage rule and the Larsen-Miller formula were used to investigate the

creep damage of different materials and the creep life of the tubes.

5. The stress analysis of a boiler tube can be done by considering a flat plate model

and compound cylinder model.

6. The Advanced Oxide Scale Failure Diagram is useful to develop oxide scale failure

criterion, the most common one is tensile critical strain.

Numerical Method

The tube temperature and stress distribution by using the FE commercial software AN-
SYS Workbench 10.0. The method of FE analysis used here is known as the direct stiff-
ness or displacement method[3]. Use very old ANSYS software and also the procedure is

not clearly defined or described.
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Develop the two-dimensional axisymmetric tube model by using ANSYS software and
the FEM for simulating the model to obtain the thickness growth curve of the oxide scale,
a temperature change of boiler tubes, and the Von-Mises stresses of the tubes. The ox-
ide scale substrate interface temperature (Tm) is simulated by ANSYS. If the Tm is not

equal to T change the value of Tm and again simulate using ANSYS until to get T=Tm[8].

The commercial FE software ABAQUS is used to investigate the creep deformation of the
oil refinery main furnace tubes. The researcher used a long tube to simulate the plane
strain condition and tries to investigate the creep behavior of the tubes with and without

sediment for the FE analysis consider inner wall sediment thicknesses: 1 and 2mm[15].

The numerical approach or the FEM is used ABAQUS software to analysis the cracked
2.25Cr-1.0Mo steel tubes of an oil refinery boiler tube. The FEA results showed tensile

residual stress formed at welding zone due to non-alignment before tubes welding[26].

The above pieces of literature are trying to show the numerical methods use by different

researchers the main points are summarized below.

1. The 2D and 3D model of the boiler tubes and the FE analysis is done by the com-
mercial software of ANSYS and ABAQUS.

2. The tube temperature and the stress distribution are calculated by using the FE of

the direct stiffness or displacement method.

3. FEM is used to calculate the thickness of the oxide scale at a variety of different
conditions and also it helps to analyze the creep behavior and the remaining life of

boiler tubes.

4. To make connectivity between the domain areas at oxide scale and metal interface

the merge-size control should be smaller than the meshing size control.

Material

The safety of the boiler tubes is a primary concern in power plant industries. The main
cause for the failure of boiler tubes is the selection of inappropriate material in the design
and manufacturing stage. Many researchers are tries to solve this problem by suggesting
the appropriate materials in the specific application. This review tries to cover the ma-

terials mostly applicable in different boilers.
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The composition of Cr and Mo material for the application of boiler tubes. The basic
difference between the materials is the percentage composition of Cr and Mo[6], [14],
[16],[27]. The steels used at high temperature and pressure have been classified into
four groups for use in the increasing order of operating temperature which include Car-
bon steels (0Cr), Low alloy ferritic (1-2.25Cr), High alloy ferritic (9-12Cr), and Austenitic
steels (17-25Cr)[8,15,28-30].

9Cr-1Mo material to analyze the remaining creep life of furnace tube because the is ap-
plicable in producing heat exchangers and fired heater tubes in high temperature and
pressure condition[15]. 2.25Cr-1Mo (T22) steel in the application of boiler tubes to esti-
mate the effect of oxide scale in the creep life of boiler tubes by calculating the residual
life[27,31].

Increasing the chromium content in the alloy increases its ability to resist oxide scale
formation by forming a higher oxide layer. When steel is oxidized, it develops wustite,
hematite, and magnetite scales. As chromium is added to the alloys, the inner layer
(magnetite) of steel is replaced by a spinel of iron-chromium in ferritic (up to 3% Cr)
or martensitic steel (9-12 percent Cr).So, the researcher concludes that the increase of
chromium content in steel alloy increases the ability of the material to resist the concen-

tration of oxide scale[32,33].

The above pieces of literature are trying to show the different materials use by different

researchers the main points are summarized below.

1. The alloy of Cr and Mo steel is widely used in the design and manufacture of su-

perheater boiler tubes.

2. 2.25Cr-1Mo (T22) steel is widely used for superheater boiler tubes and 9Cr1Mo

steel is widely used for the furnace.

3. The seamless ferritic low-alloy steel SA213-T22 is cannot withstand a highly oxi-

dizing environment within a high-temperature condition for a long period.

4. The increase of chromium content in steel alloy increases the ability of the material

to resist the concentration of oxide scale

17



Prediction of oxide scale growth

In order to determine the growth of the oxide scale, the Arrhenius constant and ac-
tivation energy of the material are obtained. These are substituted into oxidation ki-
netics laws, mostly parabolic laws. Although this method is more accurate to predict
oxide scale growth, experimental data at different temperatures isn’t available. To solve
this problem researchers proposed Larsen-Miller parameter[27], [34], [35]. The Larsen-
Miller equation is a function of temperature and time. The temperature is the average
temperature, it is the average value of the inside temperature and the metal oxide inter-
face temperature. At initial stage it means oxide free condition the average temperature
is equal to the average of the inner and outer temperature of a tube[34] and others take
the inner tube temperature as average temperature[35]. It is an iterative step for a given
time, first calculate the average temperature of a tube without oxide scale by numeri-
cal method considering all thermal properties, when obtained the average temperature,
they substitute the average temperature and the time into Larsen-Miller formula. After
obtaining the Larsen-Miller value, then they substitute into oxide equation and obtained
the oxide thickness at the first-time step. For the next time step include the oxide scale
to calculate the average temperature and it these iterative steps continue until reach the
required time. The equation is vary based on the material properties, for 1-2.25% Cr
content material the formula is mentioned on[27,34] and for 9-12% Cr content material
the formula is mentioned on[35]. The above literatures assumed the growth of the oxide
scale is only in outward direction, it means the thickness of the metal part is not decrease

due to the increment of the oxide scale.

The above pieces of literature are trying to show the prediction of oxide scale growth by
analytical and numerical method by different researchers the main points are summa-

rized below.

1. Prediction of oxide scale is the iterative step, output of the first is become input to

the second, and it’s continued until the final step.
2. They considered the oxide scale is grow in the out-ward direction

3. The formula of convection coefficient (h,) of steam and Reynolds number of steam
are not considering the oxide thickness, it means the h; will be the same throughout
the step.
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Methods to predict creep rupture time

During a planned outage, it’s crucial to monitor how superheater tubes are creeping. Su-
perheater tubes must be cut out for sample and testing in the lab using a creep testing
machine in order to assess creep progress. Due to the high expense of repairing and
replacing the cut region, the destructive testing sampling procedure may not be a practi-
cable method for the majority of power plants [25]. The residual life estimation of super
heater tubes based on oxide scale thickness measurement is computed by Larsen-Miller
parameter[31]. The researcher uses the Larsen-Miller parameter to predict oxide scale
of low alloy ferritic steel and also for rupture time calculation use the relation of Larsen-
Miller parameter and the rupture stress of the tube. From maximum elastic hoop stress,
minimum diameter stress and Tresca reference stress they select maximum elastic Hoop
stress criteria gives the most conservative value and hence is very widely used and only
consider the effect of internal pressure. Other researcher proposes steady state creep
rates with the Norton’s Law of minimum creep strain rate relation[36].

Summary of the main research gap from the above literatures are

1. Stress analysis is computed by the concept of flat plate and compound cylinder,
but for oxide scale boiler tube the FElastic stress, thermal stress and creep stress
require some change and simplification from the compound cylinder stress analysis

concept.

2. The effect variation of flue gas and steam temperature in the growth of steam side

oxide scale is needed detail study.

3. The prediction of oxide scale considers only the outward growth of oxide, but high
alloy ferritic steel the growth is in both inward and outward direction, so after each
iterative step the thickness of the metal tube and the convection coefficient of steam
should change. This consideration affects the accuracy of the prediction of steam

side oxide scale growth.

4. The analytical and numerical method or procedure for analysis of creep behavior
and rupture time of superheater boiler tube with SSOS condition is not clearly
define.

5. The reason behind selection of the material and formation of oxide scale is not
clearly define and also the mechanism and kinetics of oxide scale of materials like

T92 alloy steel need detail study and documentation.
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3. MATERIAL AND METHODS

3.1 Material for Superheater boiler tube

Increasing the temperature and pressure of the power plant is the most convenient way
to improve the efficiency of the plant[37] and reduce pollutants or lower CO, emissions
[38] by producing steam. The heat source for modern power plants comes from coal, gas,

and fuel 0il[39]. But in this thesis consider the power source is coal fire.

Steam is heated to a higher temperature in a convective superheater before it is delivered
to the turbine to increase the efficiency of the plant. The goal of superheaters is to ele-
vate steam temperature from saturation to the appropriate ultimate temperature, which
in some situations can reach above 540 °C. In such activities, steam pressure typically
varies from 10-100 bar[40]. Thermal efficiency and overall power production benefit
from superheated steam. Those are the hottest part of the power plant, proper mate-
rial selection is the challenged and crucial part to increase efficiency and safety of the
plant[38]. There is some consideration to know before producing to material selection
like the normal operating parameters (such as the nature of the fluids on both the tube
and shell sides, flow rate, temperature, and pressure), startup and shutdown conditions,
upset conditions, special conditions such as product purity requirements, hazardous ef-
fects of mixing shell and tube side fluids, radioactivity and associated maintenance, and

so on. Many papers are describing the criteria for material selection.

Criteria for material selection [8,41-43]

[a—

. High- Temperature mechanical strength

2. Creep and rupture resistance property

3. Corrosion and erosion resistance properties.

4. Cost of the material: it is important to choose the least expensive material
5. Thermal conductivity: the heat is easily flowing through the material

6. Availability and easy manufacturing
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The increase in operating temperature is affecting the strength and the lifetime of boiler
tubes. When the temperature increases the creep strength of the material is decreased
and also the formation of an oxide layer in the inner and outer surface of the boiler
increase which leads to the reduction of the wall thickness of the boiler tube and the
reduction of heat transfer of the pipe[42]. It means the increasing temperature is a di-
rect relation to the formation of oxide scale and creep So, the temperature variation is
the main factor in the material selection. Material strength is the main concern in high-
temperature working conditions. Therefore, understanding the steam oxidation pro-
cesses and selecting the appropriate material is crucial for the improvement of power
plant efficiency. Based on their micro structure and alloying elements the steel material

is classified into different groups. Those are:

1. Ferritic Steels

2. Austenitic Steels

Ferritic Steels

The microstructure of ferritic steels is body-centered cubic (BCC)[44]. Because of their
inexpensive cost, heat-resistant ferritic steels are preferred as superheater materials.
Molybdenum and chromium are the most important alloying constituents in these steels.
When compared to austenitic steels, ferritic steels have a higher heat transfer coefficient

and a lower coefficient of thermal expansion.

Ferritic steel is mainly classified into two parts are Low alloy ferritic steels and High
alloy ferritic (Martensitic) steels. Low alloy ferritic steels are 1-3 % Cr content and they
exhibit good tensile strength at temperatures as high as 450°C, creep strength at tem-
peratures as high as 550°C, and steam oxidation resistance. But when the temperature
becomes above 550°C the material is not good to resist creep and corrosion. So, search
for another material the Cr content is above 3% like high alloy ferritic steel. High alloy
ferritic steels have 9-12% Cr used in high steam temperature and pressure conditions
620°C and 33MPa respectively, but when the steam temperature exceeds 620 °C, the ox-

idation resistance of ferrite steel cannot meet the operation requirements[45].

21



Table 3.1: Chemical composition (wt.%) of selected Ferritic steels [27,42,46]

Steel Chemical composition, wt.-%
Grade
C Si Mn Cr Mo \\Y \Y Nb | B N
T22 0.05- 0.5 | 0.3- 2-2.5 | 0.9- - - - - -
0.15 0.7 1.2
T23 0.06 0.2 [045 |225 |1 1.5 -
T91 0.1 0.24 | 0.4 8.9 0.9 0.2 |0.08 0.05
T92 0.13 2 0.6 9 1 1.87 1 0.2 | 0.05| 0.005 | 0.06

For high temperature and high-pressure resistance, plain 9Cr—1Mo (T9) steel is modified
into T91 steel by adding Nb: 0.08 wt%, V: 0.2 wt%, and N: 0.05 wt%, and partly substi-
tuting C by N. In addition, T91 steel is modified into T92 steel by alloying with tungsten
(1.8 wt%) and boron (0.005 wt%) [37].

Austenitic Steel

High-alloyed steels with an austenitic structure and face-centered cubic (FCC) microstruc-
ture are known as austenitic steels or 300-series stainless steels[44]. Due to their austenitic
structure, austenitic steels have good high temperature strength and creep resistance due
to austenitic microstructure, as well as corrosion resistance due to their high chromium
concentration. But the cost is expensive than ferritic steels because of the increment of
chromium concentration. It is resisted creep up to 675°C operating temperature. The
most well-known austenitic stainless steels are 18-10 and 18-8, which have an official
18 weight percent Cr and 8-10 weight percent Ni content. Steels like TP304H, Su-
per304H, Tempaloy A-1, TP347H, and TP347HFG are examples of this kind. To preserve
an austenitic microstructure at room temperature, these steels include the bare minimal
number of alloying elements. The austenitic steel may be stabilized against intergranular
corrosion with the right amounts of Nb and Ti (sensitization). When copper is added and
the right heat treatment is used, the precipitation is strengthened by the fine precipita-
tion of the Cu-rich phase. More nickel or manganese is needed to stabilize the austenitic

phase when increased chromium content is desired for improved corrosion resistance.
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Table 3.2: Chemical composition (wt.%) of selected Ferritic steels

Steel Chemical composition, wt.-%
Grade

C Si Mn | Ni Cr Mo | Nb | Ti Cu |B N
Super 0.1 (0.2 |08 |9 18 - 0.4 3 0.1
304H
TP304H | 0.08| 0.6 |1.6 |8 18 - - - - - -
Tempaloy | 0.12] 0.6 | 1.6 | 10 18 - 0.1 |0.08
A-1
TP347H | 0.08| 0.6 | 1.6 | 10 18 - 0.8 |- - - -
Tempaloy | 0.05| 0.4 | 1.5 |15 22 - 0.7 |- 0.002 | 0.15
A-3
NF709 0.15[ 0.5 |1 25 20 1.5 | 0.2 |0.1 - - -

The material selected in this research to investigate the formation of steam side oxide
scale, to analyze the effect of oxide scale in heat transformation of the boiler tube and
also to analyze the stress and oxide failure and also to analyze creep behavior and re-

maining life of boiler tube are Ferritic steel.

From the list of ferritic alloy steel in Table 3.1, T92 steel is a preferred material for
applications involving operating temperatures up to 620°C[45,47] as it exhibits higher
thermal conductivity and smaller coefficient of thermal expansion than austenitic stain-
less steels used in high-temperature applications and also has high temperature stability
to resist creep deformation. Up to 625 °C, creep strength of T92 steel is 20% more than
that of T91 steel and higher or equal to that of 304 austenitic stainless steels[47]. In
this thesis select T92 alloy steel to investigate the oxidation mechanics and kinetics of
high alloy ferritic steel, to show the effect of variation of flue gas steam temperature for
the growth of oxide scale and to show how to calculate the elastic, thermal, and creep
stress and strain of oxide scaled boiler tube by deriving the mathematical equation and
by finite element simulation at high operating (steam) temperature. The dimension and
the geometry of the superheater boiler tube is selected by referring different research pa-

pers[8,22,48], based on this the selected dimension and geometry is listed in Table A-1.

Formation of steam side oxidation, the growth of oxide scale and the stress analysis is

discussed more extensively in chapter 4.
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Table 3.3: Chemical composition (wt.%) of selected Ferritic steel for this research

Steel Chemical composition, wt.-%
Grade

C Si Mn Cr Mo \\Y V |[Nb |B N
T92 0.13 2 0.6 9 1 1.87 | 0.2 0.05 | 0.004 | 0.06

3.2 Research methodology

The methodology explains what and how to do, allowing readers to evaluate the reliabil-
ity and validity of the research. The procedure for attaining the objective of the research
is by attending the sequences of the methods and tools by cross-checking with the liter-
ature to validate each of the methods and result. This study performed analytically and

numerically to achieve the objective of the research.

3.2.1 Selection of Appropriate Approach

Research can be conducted in various ways, whether quantitatively, qualitatively or us-
ing a combination of both (mixed method). It is a quantitative study that mathematically
models and numerically simulates the growth of oxide scale, elastic, thermal, and creep
strains and stresses in oxide-scaled boiler tubes. In addition, it predicts oxide scale fail-
ure in oxide-scaled boiler tubes and the creep rupture time. A mathematical model and

software package is very appropriate for this type of research.

3.2.2 Tools or Techniques

The most applicable ways to predict the steam side oxide scale growth is the LMP method.
Based on this method the oxide scale is a function of time and average temperature. The
average temperature can be computed by two methods the first one is by using FEM ma-
trix form and use Python code shown in Appendix B, the second one is by modeling the
two-dimensional boiler tube using ABAQUS software and compute the temperature of
each surface. For iterative procedure of oxide scale growth, develop Python code to com-
pute at different steam and flue gas temperature. For elastic, thermo-mechanical and
creep stress and strain analysis of oxide scaled boiler tube, mathematical model is neces-
sary. For computing the integral constants developing the matrix is the best and simplest
way. The analytical analysis is computed by the Python code shown in Appendix B. For
validation numerical analysis is important to compare the result with analytical one.
The numerical analysis like the 2D modeling of the part, simulation of elastic, thermo-

mechanical and creep analysis is computed has done using ABAQUS software package.
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3.2.3 Method of oxide scale growth prediction

The objective of prediction or estimation of steam side oxide thickness at different steam

and flue gas temperature are achieved by follow the following iterative procedure.

Step 1: The first model is generated according to the geometry of the tube listed on
Table A-1 by using ABAQUS software with the absence of oxide scale. The 2D heat
transfer computed by applying, the value of hg, hy, Ts, Ty, and thermal conductivity of
the material (k).

Step 2: After computation the average temperature of T,,, | is the temperature on the
inner surface of the tube as determined by the numerical simulation in the absence of

scale (0x or Xp).

Step 3: Use Equation 4.32 and 4.33 to calculate the scale thickness of X, for the service
hours of 1 hr. and the scale thickness of X;; for the service hours of 100 hr. by using
the average temperature of T,,. . The increment of oxide thickness is obtained by the

difference of the two oxide values.
AXy = (Xqp — Xq,), the new scale become X, = X+ AX;

Step 4: Due to new oxide thickness X;(0x), the value of hg and r; is changed, based on
Equation 4.26 and 4.27 the h, value is affected by the value of 6; which means half of the
total oxide scale thickness (01 = X;/2), after substituting 6;into the equation, new hg;
value is obtained for each step. Based on the oxide behavior under T92 alloy steel, it has
two layers one is grow into inside the tube and the other one is grown outside from the
inner surface of the tube. So, the value of internal radius of the tube r; is changed, the
new r;j; = (r; + X1/2).

Step 5: Develop the new model by adding the oxide scale thickness (X;). The new model
has two parts, those are the substrate(metal) part with ry and r;;dimension and the oxide
part with r;; and (r;; — X;) dimension. The 2D heat transfer computed by applying, the
value of hgy, hy, Ts, Ty, and thermal conductivity of the material and oxide, Ky;,e14 and Koy

respectively.

Step 6: After computation the average temperature of T, , is obtained from the average

of the inner surface and the scale/metal interface temperature.

Step 7: Use Equation 4.32 and 4.32 to calculate the scale thickness of X;, for the service
hours of 100 hr. and the scale thickness of X, for the service hours of 250 hr. by using
the average temperature of T,,.,. The increment of oxide thickness is obtained by the
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difference of the two oxide values.
AX, = (X5, — X5,), the new scale become X, = X; + AX,

Step 8: Repeat the steps from step 4 to 7, up to the maximum step hour of 1000 hr. the

steps are shown in Table 4.3.

To estimate the oxide scale thickness at different Ts and T value is by following the
above iterative procedure or step. The summery of the above iterative procedure can be

shown by Figure 3.2.

This iterative procedure is applicable also for analytically analysis using the stiffness
matrix. Instead of modeling the tube by using ABAQUS the FEM stiffness matrix help us
to get the temperature at each surface of the tube, then the other iterative procedure is
the same. The analytical oxide scale growth is computed by Python code and the code is

shown in Appendix B.1 (Python code for predicting oxide scale growth)
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Set i = 1, Develop the model, with the absence of oxide scale,
substrate(metal) part with rq and r;;) dimension and computed the
2D heat transfer by applying, the value of hg;, hy, Ts, Ty, and k.

The average temperature of T,,, ; is the tem-
perature on the inner surface of the tube

Equation 4.32 and 4.33 — the scale thickness of X;,(1hr) and
X;p(100hr) for T,,, ;
Oxide scale increment: AX; = (X;, — X;,) — X; = Xy + AX;

|

Set i = i+1, Calculate the new hg; by using Equa-
tion 4.26 and 4.27, substituting 6; = X;_;/2 and
the new internal radius r;;) = (rio; + X;_1/2)

Develop the new model with oxide scale X; ;. The model has two
parts, those are the substrate(metal) part with ry and r;;)dimension
and the oxide part with r;;) and (r;;) — X(;_1)) dimension.

The average temperature of T,,, ; is the average of tempera-
ture on the inner surface and scale/metal interface temperature

|

Equation 4.32 and 4.33 — the scale
thickness of X;,(i-1 time step hr.) and
Xjp(i-time step hr.) for T, ;

Oxide scale increment: AX;=(Xj,—Xj,) — Xj=X(j_1)+AX;

|

Final Step NO

yes

S

Figure 3.2: Flow chart of the iterative procedure
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4. HIGH TEMPERATURE OXIDATION
AND MATHEMATICAL MODELING

High temperature oxidation is defined as an interaction between a material that is oper-
ating at a high temperature and the environment around it that causes an oxide to form
on the substance’s surface.

To investigate, oxidation at high temperatures can take many different forms. The oxi-
dation kinetics and oxidation mechanism, or the nature of the oxidation process, are the

most popular or interesting ones.

4.1 Steam-side oxidation

The inner part of the superheater tube steel is contact to steam in high temperature and
pressure condition over a long period of time oxide is formed this oxide is called steam
side oxide. When the steam temperature increases the thermal efficiency of the boiler
also increase and the CO, emission is reduced but this increase the service time of boiler
in high temperature condition then the oxide is increase in the inner tube.

Oxide films build faster as the steam temperature rises, creating different potential prob-

lems and failures. The major failures caused by steam side oxide scales are:

* When the thickness of wall or tube reduce because of oxidation may increase the

stress in tube walls and cause creep ruptures.

* The increase of oxide layer is inhibiting the heat transfer from flue gas to steam and
also reduce the cooling effect of the metal. So, the metal become over heated then

the creep accelerated and corrosion processes.

* As the oxide scale on the steam side thickens, it will spall more easily Usually the
thicker oxide scales spall more easily, especially when the boiler is cooled down and
restarted. It happens when due to differences in coefficients of thermal expansion
between the oxide and base metal. The spalled oxide scale particles may become
lodged in the steam circulation, clogging tubes, or causing turbine blade erosion if

they enter the steam turbine.
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4.1.1 Oxidation Mechanics (Formation)

The oxidation of metals may occur by the reaction of a metal and oxygen gas to form an
oxide. The first process of oxide formation is the adsorption of oxygen on the surface of a
metal[49,50]. The reaction proceeds as oxygen is dissolving in the iron substrate, which
serves as a nucleation site for the formation and growth of oxide scale nuclei. As a result,
both adsorption and diffusion depend on the metal surface conditions (e.g., rugose and
clean) and defects (e.g., crystal defects, cracks, inclusions, and porosity). A sufficiently
high oxygen concentration at the surface of the oxide controls the oxidation rate through
solid-state diffusion of ions through the scale[51]. Furthermore, the nucleated oxide
scale on the surface is thickening with time[49,51]. As oxide scales grow, there may be
defects inside the oxide scale, such as micro or macro cracks, cavities, or porosity, leading

to an acceleration of the oxidation rate.

Oxg) O2(g) O2g) Oxg)
Adsorption of Oxide nucleation +  Film/Scale growth Maaocracks
OXYZen growth

Figure 4.1: Schematic representation of the oxidation process. Adapted from[49,52]

The oxidation process of metal shown by schematic representation of Figure 4.1. Then
let define this schematic representation with analytical expression. The metal surface is

always oxidized when it exposed to oxygen contained environment.

M(S)+%Oz(g):MO(S) (4.1)

Where: M is a solid metal atom O is oxygen, and MO is the oxide.
Equation 4.1 is further divided into two steps. Those are oxidation and reduction step
reactions.

Oxidation reaction: produces metal ions.

M =M* +2¢” (4.2)
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Reduction reaction: produces oxygen ions.

1 2-
§O2+2€_ =0 (43)

The above equation 4.2 and 4.3 shows the oxidation and reduction reaction and also the
formation of metal ions and oxygen ions respectively. Figure 4.2 represents schemati-

cally metal-scale-gas system and oxidation and reduction step reactions[50].

Metals (M) Oxide Scale (MO) Gas (03)
@
L €
M = M2t 4 2e” iﬂz—i—ZE_ = 02"

Figure 4.2: Schematic representation of the metal-scale-gas system[50]

During the initial stages of oxidation, the rate of oxidation or diffusion may be rapid, but
it will slow down once the metal surface is separated from the gas phase by the oxide

layer. Nevertheless, the rate of oxidation or diffusion increases as the temperature rises.

As oxidation progresses, a dense scale forms, separating the bulk materials from the
surrounding environment. Thus, the oxidation process will continue through solid state
diffusion of the reactants and electrons. Which means the reaction will proceed if either
of the reactants can penetrate the oxide scale, defects in the oxide have an important role
to transport the ions. There are three types of defects in metals and oxides: point defects
(e.g. vacancies and interstitials), linear and planar defects (e.g. dislocations and grain

boundaries), and bulk defects (e.g. precipitates and voids)[49,50].

It is possible for the oxide layer to expand outwards or inwards. Metal ions travel
through the oxide scale to the scale-gas contact when the scale expands outwards. The
scale grows inwards as oxygen ions migrate to the metal-scale interface (internal oxi-
dation). Cation mobile and anion mobile oxidation mechanisms are the two types of

oxidation mechanisms[50,51].
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Figure 4.3: Oxidation mechanisms of ions transfer in high temperature. Cation mobile
(a) and Anion mobile (b) [50,51]

4.1.2 Oxidation Kinetics

We can estimate the amount of oxide that can form at a certain temperature using Elling-
ham diagrams and other thermodynamic calculations, but we can’t estimate the rate of
the reaction. The relevant way to determine the rate of the reaction in the given envi-
ronment is oxidation kinetics. Kinetics describes how quickly a metal or alloy oxidizes.
Therefore, knowing about the kinetics of an oxidation reaction is important when at-
tempting to understand a material’s oxidation behavior specially for alloy materials. In
order to determine the service life of a tube at a particular temperature, steam oxidation

kinetics is crucial.

A mass gain curve is created by plotting a sample’s weight change as a function of time.
Oxygen intake during oxide production causes this mass gain. To express the oxidation
kinetics or the oxide growth of the metal or alloy, there are three basic oxidation rate

laws: linear, parabolic, and logarithmic.

1. Linear law:
The oxidation rate of some metals remains constant over time. In such a mechanism,
reaction time is proportional to reaction speed[53]. It usually occurs when a protective
oxide splits or spalls, allowing gas to enter the metal directly. It means the oxide scale
does not prevent diffusion. The law can be expressed by the following equation:
ax

E :KL OTX:KL (4:4:)

Where X is the oxide thickness, K; is the linear rate constant (um/h), and t is the time.
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Figure 4.4: Mass gain curve versus time for the three-oxidation kinetics law
2. Logarithmic Law:
The oxidation of thin layers is frequently included in this law. Most metals display log-
arithmic behavior when exposed to low temperatures, often below 300-400°C. The re-
action is fast at the initial stage and it becomes slow after some time[53]. The transfer
of electrons or ions from the metal through the oxide to the adsorbed oxygen atoms at
the sample surface is thought to be the rate-determining step[49,53]. The law can be

expressed by the following equation:

X =klog (4.5)
1 )
x= k. logt (4.6)

Equation 4.5 and Equation 4.6 is direct logarithmic and inverse logarithmic respectively.
where X can be change in the weight as a result of oxidation, thickness of the oxide
formed (g or um), k. direct logarithmic constant, kC’ inverse logarithmic constant, and ¢
is time.
3. Parabolic law:

It is the most common one law for metals and alloys at high temperature. Ionic dif-
fusion controls the rate of oxide layer formation for a parabolic law when the oxide is
nonporous and bonds strongly to the surface. The parabolic law states that when the
oxidation rate decreases, the oxide thickness increase. Consequently, the oxidation rate
has an inverse relation with the thickness of the oxide. The law can be expressed by the

following equation:
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dX Kp 5
— = 0r X? = 2Kpt (4.7)

Where X can be change in the weight gain per unit area or thickness of the oxide formed.

In the above-mentioned equation 4.4-4.7, the proportional constant (K) is dependent on

temperature. The rate constant k may be calculated by Arrhenius equation[44,54]:
K, =Ae”¥RT (4.8)

where A is the Arrhenius constant, Q is the activation energy for the rate controlling

process, R is the universal gas constant and T is the absolute (metal) temperature.

Oxidation of Steel Alloys (Cr content)

Oxidation of Pure Iron is simple and it has three different oxide layers, those are Mag-
netite (Fe3Oy), Hematite (Fe,O3), and Wustite (FeO). But the oxidation mechanisms of
steels are more complicated, because the oxidation of alloying elements must be taken
into account too. alloy oxidation is much more complex as a result of some, or all, of the

following factors:

* Metals in the alloy will have different affinities for oxygen reflected by thedifferent

free energies of formation of the oxides.
* Ternary and higher oxides are formed.
* A degree of solid solubility between the oxides may exist.
* The various metal ions will have different mobilities in the oxide phases.
» The various metals will have different diffusivities in the alloy.

 Dissolution of oxygen into the alloy may result in sub-surface precipitation of ox-

ides of one or more alloying elements (internal oxidation).

Chromium oxide Cr203 is detected as a solid solution with magnetite and in a mixed
spinel Fe(Fe,Cr),0O4. Additionally, if the chromium content of the alloy is sufficient, a
continuous layer of pure Cr,0O3 may be detected. However, in elevated temperatures
the chromium content required to form a continuous scale of Cr,0Oj3 is relatively high,
approximately 25 wt% as seen from Figure 4.5. On lower chromium contents the Cr203
can be detected, but it does not form a continuous layer and thus does not provide suffi-

cient protection at elevated temperature and pressure levels.
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Figure 4.5: Summary of oxide scale morphologies formed on chromium containing steels
in high temperature steam.

4.2 Oxidation of Ferritic steel

From open literature, conference proceedings, and reports from various agencies, we
gathered the information presented here about alloy oxidation behavior in steam. The
data shows that ferritic steel can be divided into two categories based on their Cr content,
those with 1-3% Cr content are known as low alloy ferritic steel, and those with 9-12 Cr
content are known as high alloy ferritic (martensitic) steel. In the next section, we discuss

the oxidation behavior of high alloy ferritic (Martensitic) steel.

4.2.1 Oxidation of high alloy ferritic (Martensitic) steel (T92)

Oxidation Mechanism

An exterior layer (consisting of both haematite and magnetite) grows by outward diffu-
sion of Fe cations beneath the original alloy surface, whereas an inner layer (consisting
of Cr-rich spinel, (Fe,Cr);04, and Fe30Oy) grows by inward diffusion of O anions beneath
the original alloy surface. Magnetite makes up the majority of the scale’s outer layer on
the steam side. Figure 4.6 (c) and Figure 4.7 (a) shows haematite (Fe,Oj3) as a very thin
outermost layer that forms during the cooling or at the beginning of the process of the
specimen after the experiment is ended. On the steam side, the equilibrium oxygen par-

tial pressure is relatively low, therefore haematite does not occur[55].
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Figure 4.7: Optical micrographs showing oxide scale cross-section of T92 steel on the
steam side after exposure at 650°C for (a) 25 h (b) 250 h and (c) 1000 h. [55]

Oxidation kinetics
The approach used to compile the kinetic data was to assume that the oxidation pro-
cess followed a parabolic rate law and the parabolic rate constants were calculated from

plotting the literature data on coordinates of oxide thickness versus square root of time.

For calculating oxide thickness (X) after a given time (t), can be calculated using parabolic
law. This law discussed under section 4.1.2 and the equation to calculate the oxide thick-

ness given in equation 4.6 and 4.7.
X? = 2Kpt and Kp = AeYRT

Researchers obtain K,, A, and Q value of T92 steel through experiment. Based on the
researcher value, the summarized value of Kp is show in Table 4.1. It is the summarized

Kp value based on oxide thickness.
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Table 4.1: Value of the parabolic rate constant Kp value for oxide thickness

Alloy | Kp value for different Temperature (um?/s) References
T92 600°C 650 700 750

A 1.10x 1073 [ 1.34x 1072 | 1.74x 1072 | 4.75x 1072 | [42]

B 1.71x1073 [ 9.92x 1072 | 211 x107% | - [56]

C 5.8x1073 [55]

The oxide thickness obtained/calculated by substitute K, value into equation 4.6. The
oxide scale thickness of the above literatures after the computation shown in Figure 4.8.
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Figure 4.8: Summarized oxide thickness of T92 steels with time in temperature range
between 600 and 750 C, based on Table 4.1

Based on Figure 4.8 the increment or growth rate of oxide thickness at 600°C steam tem-
perature is very slow, it looks like linear increment, after 1000hr working time, the thick-
ness is around 89um [42] and 110 um[56] for 650°C the oxide thickness is around 310um
[42], 260 um [56], and 208 um [55] and also for 700°C the thickness is around 325 um
[42] and 380 pm [56] but at 750 °C the rate growth is more significant; it is around 550
pum after 1000hr working time[42].

The researchers conclude the oxide growth rate of T92 steel shows significantly faster
growth at the beginning of the process, which reduces with exposure period. The ox-
ide scale thickness growth or increment at 600°C of steam temperature is very slow for
1000 working hour it is also described [57] and but at this temperature even very thin
oxide scales can lead to overheating of T92 tube[54]. The oxide scale thickness growth is
affected by the variation of steam temperature, when the steam temperature increase it
also increase and become thick, these leads overheating of the tube and creep. When the

time increase around 10,000hr T92 steel is exposed to creep at 600°C[59].
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4.3 Mathematical Modeling

4.3.1 Heat transfer Analysis

Numerical methods, on the other hand, are based on replacing the differential equation
by a set of n algebraic equations for the unknown temperatures at n selected points in
the medium, and the simultaneous solution of these equations results in the temperature

values at those discrete points.

There are several ways of obtaining the numerical formulation of a heat conduction prob-
lem, such as the finite difference method, the finite element method, the boundary ele-

ment method, and the energy balance (or control volume) method[60].

Empirical Finite element method (FEM)

This section outlines the idea of developing mathematical models with 1D heat conduc-
tion equation using finite element method. The objective of this mathematical model
is to show the variation of temperature due to different radius and it helps to calculate
the average metal temperature. The FEM can be computed by two ways, the first one is
developing the global stiffness matrix of the metal and oxide element by using Galerkin
finite element method, then calculate the temperature at each node by using Excel, Phy-
ton or by normal calculator, and the next way is by modeling the boiler with oxide scale

by using ABAQUS software and analysis the temperature at each node.

In order to develop the mathematical model and simulate the oxide growth of the mate-

rial during exposure of steam gas and flue gas, the following assumption are made:

1. The oxide formed on T92 steel consists equal dual layer. The outer layer contact
with steam, is magnetic layer and the inner layer, in contact with the steel (sub-

strate), is Fe-Cr spinel layer.

2. The two layers of oxide are separated by inner diameter of the steel, it is near-
ideally straight line. Which means the magnetic layer grows outside and Fe-Cr

spinel growths inside to the substrate.

3. For the sake of simplicity, the magnetite and spinel layers were treated as one, be-
cause there is no sufficient data on the growth kinetics of the individual oxide lay-
ers. Thus, the thermal conductivity value of the scale was assumed as the average

of the two layers.

4. For the sake of simplification consider the heat transfer is steady state 1D heat

conduction.
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5. The growth or kinetics of oxide scales follows parabolic law.

6. Both the steam-side oxide scale and the metal substrate are isotropic and elastic

materials

7. For sake of simplification consider the boiler like composite wall with convection

ends.

For this research the superheater tubes are arranged in line shown in Figure 4.9, Ny is
the number of tube wide; S; is tube pitch along the flow direction of flue gas, and St is

the pitch in the perpendicular direction.
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Figure 4.9: Arrangement and geometry of superheater tubes.

D is the outer tube diameter; d is the initial inner tube diameter, i.e., the inner diameter
of a new tube without steam-side oxidation, 0,,,9; and 6, are total steam side oxide,

Fe-Cr spinel oxide and Magnetite oxide respectively.
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Figure 4.10: Schematic representation of the steam-side oxide scale and the discretiza-
tion model.

Steady state Heat conduction
The governing equation of steady state equation with no internal generation of thermal
energy

Kdz—Z:00rK(92—Z:O (4.9)

dr dr

To calculate the average metal or substrate temperature, discretize the region into finite
element regions are the most accurate method. To discretize this second order governing
equation, weight residual method, specifically Galerkin finite element method is appro-

priate.

Galerkin Finite element method

L,
J w(r)R(r)dr =0 (4.10)
0

w(r) = N (r) (4.11)

Where w(r), R(r), N;(r) and 0 to L, are weight functions, the governing equation, the

shape function and the domain or boundary elements respectively.
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Substitute equation 4.13 into 4.14 and the equation become:

L, 2
J Ka—Zw(r)dr =0 (4.12)
o oJr

Apply integration by part method

oT (Leow(r)aT
K(w(r)W—J; P Edr)—o (4.13)
L

¢ _dw(r)oT , JdT
J; K P Edr—Kw(r)W (4.14)

Substitute equation 4.11 into 4.14 and the equation become:

Le ON;(r)OT oT
\J;) K o7 EdT—KNi (T’)E (4:].5)

The boundary condition for this system is convection condition, in which the heat flux
to/from the surface is proportional to the difference between the surface temperature

and gas or steam temperature;

aT

KiA;— :thl[Tg—Tl] (4.16)
Koy L = 1Ay [Ty~ T) (4.17)

Based on the third assumption, treated the two oxide scales at one. So, the boiler tube
can be divided into two elements and it has 3 nodes, the figure above shows the total

dimension of the boiler and each element.

Assuming typical linear, heat conduction element

OHOER

To calculate temperature at each node, assumed that the temperature varies linearly from

flue gas to node 1 to node 2, from node 2 to node 3, and from node 3 to steam gas
(Tg > Ty > Tp> T3 > T;). The heat transfer process of the boiler tube is:

Convection = Conduction = Conduction = Convection
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Figure 4.11: Discretize representation of the steam side oxide with dimensional repre-
sentation.

Based on the heat transfer process of boiler tube node one and node three have the com-
bined equation of conduction and convection and for node two the equation is pure
conduction. There are some steps to obtain the element heat conductivity and tempera-
ture, those are select element type, choose temperature function, define the temperature
and heat flux relation, derive the element conductive matrix and equation, and finally

assemble the element equation to obtain the global equation.

Based on the steps select element one with nodes 1 and 2, and also select the linear

equation T (r) = mr + ¢ to drive the temperature equation at each node

T®
OO

T(r)=1-£)T +(1)T2

T(T):N1T1+N2T2 (418)
N; and N, are shape function, Tyand T, are nodal temperature

Calculating the temperature gradient matrix {g} = ‘fi—z or %—f in the governing equation in

terms of element length (/,) and the nodal temperature venture (T) gives:



%:i[_l 1]{ 2} (4.19)

Also, it is known that: w(r) = Ni(r), w (r) = Ny (r) = 1 — 1 and w, (r) = N (r) = ﬁ
d% = —i and d—“;z = i
First consider the left-hand side term
L.H.S term = fLeK aw(r)a—Tdr (4.20)
o o ¢ or or '

By substituting wy (r) and w,(r) in to the L.H.S term, can be obtain the simplified form
of the equation

When substituting w; (r) and w, (r), the L.H.S term become

n)

= [KJ[T* (4.21)

1 -1
-1 1

_ KA,
= ]

At node 1, there is heat convection so, the convection stiffness matrix is

10
Kh = heAe 00 ]
The stiffness matrix at element 1 become the submission of conductive and convection
stiffness matrix
KA 1 -1 1 0
kl = 1771 + thl
L | -1 0 0

The stiffness matrix at element 2 become the submission of conductive and convection
stiffness matrix, because at node 3 there is a convection boundary

1 -1 00
-1 0 1

KA,

2
k L

+ h2A2
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The global stiffens matrix is the submission of all element stiffens matrix,

KA KA
(%5 lljthl) ~h 0 L f
A KA | KA KA _
G S S |8 o IR BCE
0 __%2 2 ( %2 Z 4+ hSAz) T3 f3

When come to the right-hand side term, this side is the heat flux which means the force

required to drive the fluid.

JdT
R.H.S term = Kw(r)W

When substituting wy (r) and w, (r), the R.H.S term become

]

When there is convection end, the R.H.S term is change by including the convection force

matrix at node 1 and node 3

1
fé= hngAl{ 0 } and

0
fC%:hsTsAii{ 1 }

So, the total R.H.S term become

fi —CI% +fé
fr =3 a+a;
f3 ‘1§+fcz

There is no heat flux on the system. So, the simplified form of the force matrix is:

fl hngAl
= 0
f3 hs T5A2
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The final global matrix to calculate the temperature at each node is

KA KiA
(B2 +hgay)  -BA 0 T, he TeAy
KA KyA
0 g (R eha) U5 ) T4,

The value of I, I, Ay, A,, and h; is changing in each iterative step because of the for-
mation and growth of oxide scale thickness. So, the general equation needed to include
those changes. The notation i represent the steps.

K Ay ‘ K A
( h l +th1’) P l 0 T hngAli
_kAy, KiAyi | KAy, ) _KoAy; _
h ( hi + byi Iy T, v = 0 (424)
KyAy; KyAy;
0 -5 (5352 +hgiAy) [ Ts hsi TsAsj

At the absence of oxide scale, only element one is available. In this case the above equa-

tion is changed and simplified to the following equation:
T h,T,A
R (4.25)
T2 hs TsAl

Table 4.2: Parameters of the steady state heat transfer stiffness matrix

KiAq KA
( L +th1) L

kA KiA; )
I ( I + hsAl

Notation Representation Source or Equation

kq koetal From Table A-2

k, koxide From Table A-2

hg hg From Table 5.1

hg hg From Table 5.3-5.8

L Thickness of metal L =rg—r1,

I, Thickness of oxide scale L=r,—ry

i Oxide/metal interface ra- | r,; =1, +0,/2
dius

Tyi Inner radius of tube due to | r,; =1;—0,/2
oxide

Ay Surface Area of the metal A =2 X TUXr

A, Surface Area of the oxide Ay = 2 X TTXTy;

The material of the seamless ferritic high-alloy steel tube used in this work is T92. The
dimension of the superheater boiler tube and thermos-physical properties of the material
and the oxide is listed in Table A-1 and Table A-2 respectively.
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Convection coefficient of the steam, hg and its correlation for fully developed turbulent
flow in circular tubes can be expressed by heat transfer books[61,62]. The thermo- phys-
ical properties of steam are listed in Table A-3

k
hg= 0.023><d_2-"(51 (Re,)*8(Pry)04 (4.26)

The Reynolds Number and Prandtl Number can be calculated

4m5
Re,= 4.27
5T 3600xm(d—26, )5 (4.27)
prtsCs (4.28)

ks

The dynamics viscosity (pg), thermal conductivity (Kg) and specific heat of the steam
(Cs), and can be calculated using the equations of IAPWS-IF97 and select from table of

properties of water and steam with the specific temperature and pressure[63].

Equation 4.29 provides conservative estimates for the flue gas convection coefficient, h,,

for forced flue gas convection over bare tubes[64].

k 0.33
he=0.33x 12% x (Reg)"¢(Pry) (4.29)
The Reynolds Number and Prandtl Number is calculated
R 5D 4.30
“¢73600N, H(S7—D)pg (4.30)
e C
Prg:—f(gg (4.31)

In this work; H equal to 10 m is the height of the gas flow region; He Kg and Cg are
dynamics viscosity, thermal conductivity and specific heat of the flue gas respectively,
and are influenced by various factors such as coal content, gas temperature, excess air
coefficient and so on[65] and [66]. The thermos-physical properties of flue gas are listed
in Table A-4.
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4.3.2 Estimation of oxide scale growth

There are several known techniques for determining metal temperature using oxide scale

thickness. The most known technique is a Larson-Miller—type expression.

log X :C+D[T(20+logt )><10_3]

The data and formula of the LMP versus the scale thickness for martensitic steel of 9—
12% chromium is reported by|[35].

logX =0.000564 x P —9.934 (4.32)

P =(T+273)(20 +logt ) (4.33)

Where X is scale thickness in pm, p is the Larson miller parameter as a function of

temperature and time, T is average temperature in °C, and t is service time in hours.

The increase temperature in superheater boiler tube is calculated by numerical simula-
tion corresponding to the given hours and scale thickness. In this work, the simulations
performed for the predictions are made up to the maximum of 1000 h with an increment
of time as shown in the below table.

Table 4.3: The time used in the iterative procedure

Steps (i) hr.
100
250
400
550
700
850
1000

N O\ Ul | W N~

4.4 Stress analysis of steam side oxide scaled boiler tube

Many pressure vessels and other engineering constructions like boiler tubes are sub-
jected to stress and high temperatures at the same time. When the pressure inside a
cylinder of a diameter D, wall thickness t and length L is larger than the pressure out-
side, it causes stress around the cylinder (o¢) and along the cylinder (o7) as shown in
Figure 4.12[67].
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The term ”longitudinal stress” (stress created in the longitudinal direction) and “cir-
cumferential stress” (stress acting in the circumferential direction) are interchangeable.

Hoop or tangential stress are other names for the latter.

For thick-walled and thin-walled tubes, various stress equations may be used. When a
cylinder’s wall thickness is less than one-tenth of its radius, it is said to have thin walls.

It is considered to be a thick wall if the wall thickness is greater than this.

Figure 4.12: Applied stress acting on circumferential and longitudinal direction of the
tubes[67]

This section covers the derivative of equilibrium equation, derivative of elastic and ther-
mal stress and strain equation due to steam side oxide scale. For this analysis consider
the boiler tube working at long period of time to get a better result, the working times are
2000hr, 4000hr, 6000hr, 8000hr and 10,000hr. The steam side oxide scale for this oper-
ating time is calculated by following the procedure under section 4.3.2. For this analysis
the radii and temperature of inner, interface and outer tube and also the thickness of
oxide scale is listed in Table A-5 and other parameters like E and v of the oxide and the
metal is listed in Table A-2.

Assumptions

1. The length of the cylinder is large as compared to its cross-sectional dimensions,

the cylinder is then in a state of plane stress and strain.
2. The material is homogenous and isotropic

3. Consider an axisymmetric compound hollow circular cylinder of inner radii, inter-

face radii of metal and oxide part and outer radii a, b, and ¢, respectively.

4. The Norton’s Law of creep and time-hardening rule is applicable
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Oxide
Metal

Figure 4.13: Radial representation of oxide scaled boiler tube

4.4.1 Derivative of Equilibrium Equation

Based on the above assumption thick wall compound cylinder subjected to internal
and/or external pressure and at different temperature may induced creep. Consider
the ends of the boiler tube to be constrained rigidly by end plates. Therefore, we may
assume the longitudinal stress and strain is negligible and the tube is in state of plane

stress and strain.

Consider the finite dimension stress element and cut an element from the cylinder by
two planes perpendicular to the axis and at a unit distance. The equation is derivate

based on Lam’s equation.

The two stresses develop on the stress element has the hoop stress oy and radial stress
o,. Considering the force equilibrum in a radial direction and summing up the forces
gives us the following equlibium equation

ind 6
o,rd0 + 209drsm

=(0,+do,)(r+dr)dg (4.34)

For further simplification take for small angles —Sing 0 _do

= %7, cancel out dg from each side

and assume the multiplication of two small terms equal to zero.

do, N 0, —0p _
dr ro

0 (4.35)

4.4.2 Elastic stress and strain

Before proceed to the displacement derivation of the stress element due to applying

pressure, let revise Hooke’s law plane stress expression in terms of strains are
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(e, + vep) (4.36)

og = (eg +Vvey) (4.37)

(1-v?)
The displacement of the stress element is shown in Figure 4.14. Let u denotes the dis-
placement in the radial direction. CDEF is the initial position of stress element; after the
applying of pressure the stress element changes the position into C'D’E’F’. The amount
of displacement from point A to A’ is equal to u(r) and the amount of displacement from
point B to B’ is equal to u(r) + g—fdr. The normal strain in the radial direction is then

given by the amount of stretch divided by the original length.

u(r)+%dr—u(r) _du
dr dr

& = (4.38)

Y
1

"
-+

Figure 4.14: Schematic representation of displacement stress element

The tangential displacement is the displacement of the point CD to C'D'D. The length of
CD is equal to rd6 and the length of C'D’ is equal to (r + u(r))d6. The tangential strain
given by
(r+u(r)d0—rd0 u
— = — 4.39
€0 rdo r ( )
Substitute the value of ¢, and ¢y into Equation 4.36 and 4.37 and the Hook’s law (Equa-

tion 4.36 and 4.37) become into:

E du u
0, = (l_vz) (E-I-V?) (4:40)
E u du



Substitute equation 4.40 and 4.41 into equation 4.35, then obtain the following second

order differential equation for determining u.

d’u ldu u

The general solution for this equation is

C
u=Cyr+ 72 (4.43)

Substituting equation 4.43 into equation 4.40 and 4.41, the stress-strain relation for a

plain strain condition in the jth layer (oxide (1% layer) and metal (2"4 layer)) become:

1 — .
%=1 _Evz)(cj1(1+vj)+cj2(( r2v]))) (4.44)
1_ .
0r=ﬁ(cjl(l+vj)‘cz(( rzv]))) (4.45)
&g = C]1 + % (446)
G
& =Cii-—% (4.47)

The value of the integration constant of C;; and Cj; obtained from boundary conditions.

The boundary conditions are:
Oox,r (T’ = Cl) = _Pi and Omet,r (T’ = C) = _Po

Oox,r (1’ = b) = Omet,r (1’ = b)
Ugy = Uper at =D

After substituting the boundary condition, the equations become

on (1 B ox)
_131. = mlcll (1 +V0x)—C12( a; )l (4:4:8)
Emet (1 - met)
_PO = —(1 — VmEtz) lCZI (1 + Vmet) — C22 (—CZ )l (4:4:9)
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E 1-vy E 1-v
(1 _ ::;x2) Cll (1 + Vox) - ClZ(( bz OX))l = (1 _ Zl;tetz) lc21 (1 + Vmet) - C22(( bzmet))l
- - (4.50)
C11b+%:C21b+% (451)

After applying the boundary condition, the above summarized equation become in ma-

trix form for easy calculation of the integration constant

0 O 1 k C B
24 12 (_| P2 (4.52)
1 kzp kzz kay Cyy Bj
1 kyp -1 kyy Co By
Where
o= (1= Vox) e 1 -
27 A rv)a2” 7T (L+vpy)c? 27 b2 T2
kar = (1_Vox) Kan = — Emet (l_vox) kag = Emet (l_vox)
2T v b T By | (U= T [ Eox | (14 vy B2
1- 1-
Bl:_ﬂpil B2:_MP01 B3;=0, B4;=0

EOX Emet

After the integration constant is obtained from the inverse of matrix or from Equation
4.52, substitute into equation 4.44 and 4.45 to get the radial and hoop stress respectively,
and substitute into equation 4.46 and 4.47 to get the radial and hoop strain in the radial
position.

This analytical equation computed by python code, the code is found under Appendix
B.2 (Python code for Elastic radial and hoop stress-strain). All the required parameters
with their value is listed their.

4.4.3 Thermo-Mechanical (Thermal) stress and strain

Thermal loads have a significant influence on the stress’s distributions and displace-
ments of a multilayered composite pressure vessel due to thermal gradients through

the thickness and the difference between the thermal expansion coefficients of the used
materials[24]. The thermal expansion coefficient of both T92 alloy and oxide scale are
shown in Figure A-1 and it clearly shows the thermal expansion influences by temperature[68-
70].
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The free thermal strain resulting from a temperature variation is calculated in the fol-

lowing integral form

Ty,
eth,]-:JA a;(T)dT or é&y;=a;AT (4.53)

Ty,

Where &, ; is the free thermal strain of jth layer (oxide and metal), a; is thermal expan-
sion coefficient of jth layer (oxide and metal), and AT is the temperature difference of

each layer i.e., metal to oxide/metal interface and oxide/metal interface to oxide layer.

The stress-strain relation for a plain strain condition in the jth layer (oxide and metal)

become:

Ojr Vi
gj,r = E_j_E_j(Oj'6+0j'z)+ajAT (454)

o; V;

_Yie J
E]"g = E—j—E—j(()'j,r+O']"z)+a]'AT (455)

Ojz Vj

6]-'Z:E——E— Uj'r+0j’9)+0[]'AT:O (456)

Substituting equation 4.56 into equation 4.54 and 4.55, the stress equation become

(7]",, = E] [(1 — 1/]')6]",, + 1/]'6‘6] (457)
(1 +V])(1 —21/]') 7
o Ej o Ve e Vo,
0j,0 = (1+V]')(1—2V]')[(1 v])e],9+v]a“ (1+v])a]AT] (4.58)
Oj,z = V]' (O]']r-l—Gj’g)—EjajAT (459)

Substitute equation 4.57 and 4.58 into equation 4.35, then the equation become

d>u ldu u (1+Vj) AT

cu SRR T 460
a? T rdr R (1) (4.60)
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The value of u after integration become

1+v:) s a: r
uj:( ])(T])J; ATrdr—i—pr—i—q (4.61)

(1—1/]') in ?

After substituting the displacement (u;) value into radial strain and hoop strain equa-

tion, the result become,

&, = L+ % rATrdr+aAT +p; _12 (4.62)
' 1—Vj T2 Tin Il 72 .
I+vi\a; (7 qi2
gQ:(l—y;)r_éJ. AT?’dT+pj1+r]—2 (463)

After computing the value of radial and hoop strain the radial and hoop stress become,

—a; ' pj1 qj2
L =E|—1— f ATrd J - (4.64)
Ojr ] (1—1/]')7’2 . r r+(1+v]-)(1—21/]') (1+Vj)1”2
L a; ' pj1 92 AT
0j,0 _E] (1_1,].)72 J;hlATT‘dT’+ (1+V])(1_2v]) + (1+V],)r2 1_2vj (465)

The integration constant p;; and g;; are calculated by applying the boundary condition,
the boundary conditions are:

Oox,r (T = a) = _Pi and Omet,r (1’ = C) = _Po

Oox,r (7’ = b) = Omet,r (1’ = b)
Upy = Uper at T =D

After applying the boundary condition, the summarized equation become in matrix form

for easy calculation of the integration constant

1 kp 0 0 Pox,1 By
0 0 1 ko Gox2 | _| B2 (4.66)
1 k3o -1 kag || Pmern B,
1 kyo kgz kag |\ Gmet2 By
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Where

(1-2v,y) —(1 =2V 1) 1 -1
kia = 72 = 'k24zc—zmaf k32=ﬁ, k34=ﬁ
kin = _(1 - 2Vox) kun = [Emet] (1 + Vox)(l - zvox)
2= 15 » M3=7~
b on (1 +Vmet)[l _2Vmet]
_ Emet (1 + Vox) (1 B 21/ox) _ (1 + Vox)(l B 21/0x)
kyg = >— B1=- P,
on (1 +Vmet)b on
Bzzamet 1"'Vmet (1_2Vmet) C(TC—Tb)rdT’— (1+Vmet)(1_2vmet)P0
L= Vet c? b E, et
Ao [1+ Ve | [P Qo (1= 2V5,) (1 + Ve | (P
B — __ox 0x T _T d , B — 0x 0x 0x T _T d
3 b2 (1_Vox)_l; ( b g)T r 4 b2 (1_V0x)J; ( b a)r r

After the integration constant is obtained from the inverse of matrix or from equation
4.66, substitute into equation (4.64 and 4.65) and equation (4.62 and 4.63) give the stress
and strain in the radial position respectively.

This analytical equation computed by python code, the code is found under Appendix
B.3 (Python code for Thermo-Mechanical radial and hoop stress-strain). All the required

parameters with their value is listed their.

4.4.4 Failure of oxide scale

Scale exfoliation on the steam side of the superheater tube is reducing flow, obstructing
tube bends, eroding the nozzle, and eroding the first stage of the turbine’s blades. Scale
exfoliation becomes an issue between five and fifty kilometers into service. The most
important factor for calculating the remaining life of a boiler tube and for the safe and
effective operation of a power plant is the study or examination of the failure of steam

side oxide scale.

Mechanical failure of oxide scales can result if critical compressive and/or tensile stresses
or strains are reached in the oxide/metal system. A significant number of publications
exist modelling the different failure mechanisms and reporting about measurements of
critical failure stresses and strains. Figure 4.15 shows the critical strain rate of oxide
failure at different oxide scale due to tension and compression. The elastic and thermal
strain can be compared to the critical strains (¢.) which the scales can tolerate before
through-scale cracking, delamination, spalling, etc. can occur to predict whether and
when failure will occur for a particular failure mechanism. Due to the lack of sufficient

data of the parameters like radius of detached part of oxide scale, interfacial amplitude
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and interfacial energy need for scale separation, the oxide scale spallation, buckling and
delamination is not calculated. In this study only check the oxide scale crack initiation
due to tension and compression using equation 4.67 and Figure 4.15 respectively. The
equation for all types of oxide scale failures are discussed by[25].
0.5
KIC X (CTO)

_fXE(T(XC)l/z

(4.67)

c

The parameters for this equation (scale cracking in tension) are:

K;c: fracture toughness (mode I) of oxide scale, take 1.35M Pa m?%>

f: geometrical parameter (f =1 for this work)

¢, ¢,: size of a physical scale defect (pore, flaw, etc. in um) with cp as a value for normal-
izing the defect size (¢/c, dimensionless), ¢y equal to 1 um is for normalized defect size
C.

E: Young’s modulus of the oxide scale (M Pa)

Take the ratio of ¢/d,equal to 0.1 based on Figure 4.15.
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Figure 4.15: Representation of criteria for oxide failure in an Exfoliation Diagram[12]

4.5 Creep stress and Strain rate of Metal

In this study consider viscoelastic creep in secondary steady state stage in which the

deformation is plastic. In this stage the creep rate reaches a minimum and remains
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constant as the effect of strain hardening is counter balanced by an annealing influence.

Here the creep rate is a function of stress level and temperature[12,23].

Ecr = f (Ue)g(T) (4-68>

The stress dependence follows the Norton’s law (power creep law), which assumes a
power law, gives creep strain components a relationship between equivalent stress and

equivalent strain. The relationship is given by the following equation:
f(Ue) =¢&cr0, = KUentq (4.69)

Where q, n, and K are the material constants, and o, and t are the stress and time pa-
rameters, correspondingly. The value of stress constant n and K is suggested by many
researchers due to the working pressure, temperature, and material. The value of n is
suggested by different researchers the most common is the range of 3 and 5 [71,72].

Creep parameter of T92 steel at temperature of 600°C of steam is listed in Table A-6.

To analysis creep under combined stress take some assumption[73,74]

1. The volume(density) of the material remains constant, so that for small deforma-
tions

Egte+e,=0~g+€,+6, (4.70)

2. During creep and plastic deformation, the direction of the principal stresses, op ,

o, and o,, coincide with the direction of the principal strains ¢y, €, and ¢,

3. The ratios of principal shear-strain rates to principal shear stresses are constant

and take the following form

Eg—& €-€ €,-€ 3 (4.71)

Ogp—0, 0,—0, B 0, — Op B PATY

The principal creep rates obtained by Computing equation 4.70 and 4.71. The principal

creep rates denote by ¢y, €, and €,. The equation become:

Ep = % [0'9 - % (o, + O'Z)] (4.72)
£ = % [ar - %(09 + az)] (4.73)
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. 1 1
£, = E O‘Z—E(O‘r+0’9) (4.74)
For simple tension model, where oy = 0, and o, = 0, = 0, the stain become
.0
£, = j (4.75)
For steady state creep rate, the Norton’s law (power creep rate) become
€, =Kao," (4.76)
To bring equation 4.75 and equation 4.76 into agreement, we must take
_ -1 _1-n
p=K"o, (4.77)

After substituting the function of ¢ to the general creep equation (4.72,4.73 and 4.74)

i 1 .
€9 =Ko," ' |og - 3 (0, +03) (4.78)
: n—1 [ 1 ]
&, =Ko, Ur—5(09+az) (4.79)
: n-1 [ 1 ]
&, =Ko, az—z(ar+0"9) (4.80)

To calculate the value of equivalent stress, use the Von Misses yielding condition for a

three-dimensional stress system

1
O = ﬁ\/(06_Ur)2+((7r_gz)2+((72_09)2 (4-81)
When assume the tube is in a plane strain condition, €, = 0, and equation 4.80 become:

(0, + 0p) (4.82)

1
OZZE

Substituting equation 4.82 into equation 4.81, then the equivalent stress become:

O = ?(Ue—ar) (4.83)

58



After substituting equation 4.82 and 4.83 into equation 4.78 and 4.79

n+1
3

Eg=—£, = K[T\/_] (0g —0,)" (4.84)

Equation 4.84 is the radial and hoop strain rate, to find the radial and hoop strain mul-

tiply the equation with time. The equation become:

n+1
€9 = —&, = Kl_l (og—0,)" xt (4.85)

To determine the magnitude of oy and o,, consider equation 4.85 and assumption ii,
which says the direction of principal stress is the same as strain, based on this consider-
ation substituting equation 4.85 in to equation 4.35, the equation in the jth layer (oxide
and metal) become:

Ci Cin"

n _
u= T], (0g—0,)" = r]_z and o, = —ECﬂr 2n Cj2 (4.86)

The constant value of C; and C, determined from the boundary conditions. Due to the
increase of steam side oxide scale the thickness of the metal tube decreases through time.

Oox,r (T = a) = _Pi and Omet,r (1’ = C) = _Po

Oox,r (7’ = b) = Omet,r (1’ = b)
Upy = Uper at T =D

After substituting the boundary conditions into radial stress of creep, the equation be-
come:
n
—P, = ——%Cyya "+ Cyy

2
_ Mipet =2/ et
—Po——TC21C +C22
n n
_%Cllb_%” +Cpp=- get Cayb™?/"met + Cpy
Cia_Cu
b b
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After applying the boundary condition, the above summarized equation become in ma-

trix form for easy calculation of the integration constant

kll 1 0 0 Cll B1
ksi 1 ks -1 Cy Bs
0 kg ki3 O Coo By
Where
n n n
ki1 = _Zox =2/n,x , knn = _ met _Z/nmet’ k21 = _ﬂb_2/nox
11 > a 23 2 c 31 2
n 1 -1
k — met b—z/nmet, k = -, k = —
335 75 4257 43 =7

B; =-25000,B, =-100000, B3=0, B;=0

After the integration constant is obtained from the inverse of matrix or from equation

4.87, substitute into equation 4.86 to get the creep stress.

Based on the time-hardening rule, the creep rate is primarily governed by how long the
material has been exposed time at the particular temperature involved, regardless of

stress history. The creep strain formula become:

.. 3

ErC:ZKUen_l (0, — o) t' 1 (4.88)
.. 3

EGCZZK%’H (0p—0p)t' 1 (4.89)

The creep properties and other important parameters for creep analysis is listed in Table
A-6.

This analytical equation computed by python code, the code is found under Appendix
B.4 (Python code for Creep stress and strain rate). All the required parameters with their
value is listed their.

4.5.1 Predict creep rupture time

As aresult, the boiler tube’s remaining life needs to be frequently evaluated for safer and
better boiler performance because the superheater material of T92 alloy steel susceptible
to creep when it operates at high temperature and pressure for a long period of time.
Therefore, it is important to evaluate the progressing of creep. There is a lot of techniques
available for life prediction or evaluate the creep progress of superheater tubes. The most

commons are estimate creep life based on the history of temperature and stress operating
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on the tubes, extrapolation of parameters, microstructural studies, Distractive and Non-

Destructive Oxide scale thickness measurements or test, and hardness measurement|[75].

The Larson-Miller parameter method based on creep damage life evaluation is a time-
temperature parameter (TTP) method. The method comprehensively considers the stress

and temperature during the operation of the boiler superheater tube.

The Larson-Miller parameter of T92 alloy refers to the following equation[76]:
P(o)=T(28.48 +logt,) (4.90)

P (o) =a+blogo +c(logo )*+d(logo )’ (4.91)

where T is the average tube temperature in Kelvin, t, is the fracture time, P (o) is a stress
function, and (a, b, c and d) are constants.
From the fitting result of LMP principal curve equation of T92 steel the constant values

and equation 4.91 become[76,77]:
P(0)=70022.3 —54631.2logo +28747.6(logo )* —5585.2(logo )° (4.92)

Selecting the appropriate stress equation of the boiler tube under a given operating con-
dition is the crucial part to predict the creep rupture life. There are different equation
and consideration to calculate the stress of the tube, some of them are maximum elastic
hoop stress, minimum diameter stress and Tresca reference stress[31]. The most com-
mon and widely used representative stress of tubes under the given operating condition

is maximum elastic hoop stress[31,78,79].

Based on different researches the maximum elastic stress of the tube due to oxide scale
is calculated by considering only the thickness of metal tube, which means removing the
oxide scale thickness and apply the internal pressure on the inner metal tube surface[78].
This stress value is greater than the stress value calculated in section 4.4.2 because in that
section the thickness of oxide scale is included for elastic hoop stress calculation. The
reason for selecting equation (4.93) for Elastic hoop stress calculation is to calculate the

creep rupture time at worst condition or at high stress condition.

g(Zr—022) (4.93)

2 2
ro +1 i )—P
2 .
ro” —tui

09,i = Ps (
rOz - rniz
where P and P, are steam pressure and gas pressure (MPa) respectively, rg is outside

radius (m), r; initial inner tube radius (at oxide free condition) and r,; is the variable
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radius of oxide/metal substrate interface (m) shown in Figure 4.10 and 4.11 and the
value of r, is equal to the value of ¢ and the value of r,; is equal to the value of b on Table

A-5. The value of r,; calculated as follows:
Tni =1+ 03 =1+ 0,/2

The second way to calculate the creep rupture time or modeling of the creep life of the
tube material is based on steady state creep rates with the Norton’s Law of minimum

creep strain rate relation, the rupture life expression can be written as[72]

1
t, = .
nKo,

(4.94)

The value of inner, outer and oxide/metal interface radii is listed in Table A-5 and the
value of n and K is listed in Table A-6.

4.6 Numerical (Finite Element) Method Simulation

The most popular technique for resolving issues with mathematics and engineering
models is the numerical method. Numerous numerical approaches, including the finite
difference method, finite element method, and boundary integral methods, have been
almost solely used to solve solid mechanics-related problems. A complex system can
be broken down into incredibly tiny units called elements using a numerical technique

called finite element analysis.

By using the numerical analysis program ABAQUS/CAE, the finite element analysis is
carried out. The Abaqus program suite implements finite element methods to unravel
a range of engineering issues, from generally simple linear problems to the most chal-
lenging nonlinear situations. In addition to static and dynamic analysis, ABAQUS can
simulate thermal and electrical problems, as well as acoustics, soil mechanics, piezoelec-

tric analysis, fluid dynamics, and electromagnetic analysis.

4.6.1 Finite Element Simulation/Modeling Procedure

Step-by-step, the analysis proceeds from the part modeling to Visualization of the results
is discussed in this section. Abaqus software allows any procedure or module to be
performed without retaining its consequences. Heat transfer analysis and stress analysis
are computed separately in this study. Therefore, each analysis has a different method

for obtaining the final result. This section discusses each analysis’ procedures.
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1. Part Modeling
For heat transfer analysis the two-dimensional circular shell geometry is modeled for
oxide part and metal part separately based on their dimensions. The dimensions are
listed on Table A-1. The next step is created surfaces for both oxide and metal parts and
name the surface inside and outside of metal and oxide. These surfaces use to connect
the two parts shown in Figure 4.16(a). For thermo-mechanical stress and creep analysis
Modeled arc (1/4 of the full circle), with the dimension of outer radius of the metal tube
and inner radius of oxide part. After creating the model, create partition the face with
the dimension of the oxide/metal interface. The model is shown in Figure 4.16(b). The

dimensions needed for numerical simulation is listed under Table A-1 and A-5.

Viewport: 1 Model: Model-1 Part: Part-1 Viewport:2 Model: Model-1 Part: Part-2

Metal part

___——— Metal outside Oxide outside
?\ Oxide inside
Metal inside

)
J

L |
x,
L. \U Lx\\wn

Metal Part

(a) (b)

Figure 4.16: Two-dimensional part model boiler tube

2. Assign Material Property
From property module create two materials for both oxide and metal part. Then set the
thermal conductivity value of both parts at different temperatures to analysis the heat
transfer of boiler tube. After create the material property the next step is create Solid,
Homogeneous section for each material. The final step in property module is assign
those sections for each part. For stress analysis remove thermal conductivity and add
the Elastic property (young’s modulus and Poisson’s ratio) for elastic stress analysis and
when for thermal stress the thermal expansion coefficient is added for both parts beside
to elastic property and when come to creep the plastic properties of creep those listed in
Table A-6 is added. The material properties like thermal conductivity, young’s modulus
and Poisson’s ratio are found under Table A-2, and the thermal expansion coefficient

obtained from Figure A.1.
3. Assemble Module

The assembly module merges the modeled parts from the part module to form instances

of parts and to position them properly based on the analysis type.
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4. Step Module

The software’s analysis types are ordered and selected in this section. A variety of proce-
dures are available, such as heat transfer analysis, mechanical stress analysis, electrical
analysis, or the combination of the listed procedures either jointly or separately.

For Heat Transfer Analysis, create the first step of heat transfer procedure at steady state
condition, which means the increment size is doesn’t affect the output result. For Stress
Analysis, for this analysis create the general, static procedure to analysis, the stress and
the strain of the tube and for creep analysis create the Visco procedure for the first step

and adjust the working hour of the boiler tube.

5. Interaction Module
Tie contact constrain is used for heat transfer analysis to connect the oxide and metal
surface/part, in Tie contact the master type is inside surface of metal part and the slave
type is outside surface of the oxide part. For Surface Film Condition: select the surface
film condition for the steam side and the convection coefficient of steam and its sink
temperature then do the same on flue gas side, select the outer surface of metal part and

put the convection coefficient of gas and its sink temperature.

6. Load Module
For heat transfer we assume there is no internal load and for stress analysis first cre-
ate displacement/rotation type boundary condition for initial step based on plane stress
assumption. The next step is applied internal and external pressure load 25MPa and
0.1Mpa respectively on the inner surface of oxide part and the outside surface of metal
part respectively. For thermal stress analysis, beside the first two load module proce-
dures, the last one is creating predefined field, which changes the temperature value of

the oxide and metal parts.

7. Mesh Module
For Heat Transfer: The mesh size for metal part is Imm and the mesh size for oxide part
is 0.5mm. For heat transfer analysis this mesh size gave better result and close to the

analytical result.

For Stress and creep Analysis: Based on plane strain assumption of the tube, select the
plane strain element type and quadrilateral element shape is selected. The size of the
mesh in Finite Element Analysis affects how accurate the results are. When compared to
modals with large element sizes, finite modals with small element sizes produce excel-
lent accuracy. Selection of the appropriate element size is crucial to increase the accuracy
of the result. The model of oxide scaled boiler tube with 242.82 um oxide scale thickness

is taken as a sample. The value of Elastic von Mises is the value to compare the mesh
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global size between 0.2mm, 0.1mm, 0.05mm, and 0.025mm. The value of Von Mises
stress, computational time taken, number of node and element at different element size

is listed/summarized in Table 4.4.

Table 4.4: Mesh convergency result

0.2mm 0.1mm 0.05mm 0.025mm
No nodes 3458 13394 53576 211554
No elements 3258 12996 52779 209960
Computational 46 100 225 324
time (sec)
Von Mises stress | 161.5 161.9 162.1 162.1
(MPa)

When the value of mesh size become smaller the value of von Mises stress converges or
become the constant value. The von mises stress at 0.05mm and 0.025 mm global size
become the same but the computational time is higher compare to other global mesh
sizes. The maximum analytical von mises stress is 174MPa from the above four differ-
ent mesh element size, the value of von mises stress is closer to the analytical value at
mesh size of 0.025mm. Based on the above result 0.025mm mesh size is selected for this

research.
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Figure 4.17: Quadrilateral mesh surface of the oxide scale boiler tube at 242.82 um of
oxide scale thickness at different mesh size (a) 0.2 mm, (b) 0.1mm, (c) 0.05mm, and (d)
0.025mm

8. Post Processing/ Job module
Part modeling, property modules, meshing, etc. are inputs for the analysis and lead to
the analysis being processed. In the job module, all data is checked and submitted for
analysis so that the results can be visualized in the real arena. By using the job module,

you can analyze the part, submit it, and monitor progress.

Following the completion of the work, the Abaqus Standard allows visualization of the
results logged in the history output request module and the field output request module.
Thus, in field output requests, parameters are visualized using contours, lines, graphs,
un-deformed and deformed shapes, etc., which allows extracting results in any field of

the module for each parameter requested previously.

66



5. RESULT AND DISCUSSION

This chapter classified into three categories based on the result obtained from analytical
and numerical analysis, those are estimation/prediction of oxide growth, stress analysis
due to oxide scale and creep analysis at different oxide scale thickness from the predic-

tion.

5.1 Oxidation kinetics

The result of the oxidation kinetics which means the oxide thickness is calculated by

analytical calculation using Larson miller parameter.

5.1.1 Estimation of oxide scale growth at different temperature

The value of h, at different temperature obtained by using the given data in Table A-4
and computing the data by using Equation 4.29-4.31. The value of h, is shown below in

tabulated form.
Table 5.1: The value of h, at different temperature

Temperature (°C) 800 900 1000
hy (W/m? K) 220.03 227.78 234.64

The value of hg at different temperature obtained by using the given data in Table A-
3 and computing the data by using Equation 4.26-4.28. The value of hg at pure oxide
condition, when 6; equal to zero is shown below in tabulated form.

Table 5.2: The value of hg at different temperature and free from oxide scale condition

Temperature | 500 550 600 650 700
(*C)
hg (W/m? K) | 3338.48 | 3072.58 | 2952.53 | 2901.45 | 2887.18

The value of hg is changed when the value of 9; is changed in each iterative or step at

different steam and flue gas temperature. The new value of hg is shown in Table 5.3-5.8.

Numerical simulation Result
The numerical simulation result of heat transfer is computed by ABAQUS software, by
following the finite element simulation/ modeling procedure under section 4.6.1. To ob-

tain the temperature value of inner, outer and oxide/metal interface layer of the boiler
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tube at different steam and flue gas temperature 42 models is needed. To show all the

simulation/visualization is take a lot of pages so, take one as sample and the rest of the

result is listed in table. Figure 5.1 shows the simulation result of temperature distribu-
tion of boiler tube at step 6 in Table5.5.

Viewport: 1 QODB: CiTempiJob-1.0db Viewpert:2 QDB: C:/TempiJob-1.0db
Metal(outer) surfacs
MT11 NT11
+6.387e+02 +5.502e+02
+6.382e+02 +5.493e+02
+6.376e+02 +6.483e+02
+6.37 le+02 +5.473e+02
+6.365e+02 +6.464e+02
+6.360e+02 +6.454e+02
+6.354e+02 +5.445e+02
+6.348e+02 +5.435e+02 . .
46 243 +072 +6.4D6a4+02 Oxide/metal interface
+6.337e+02 +56.416e+02
+6.332e+02 +5.406e+02
+5.326e402 . . +6.397e+02
+6.320e+02 - Oxide(inner) surface +6.387e+02
Y Y
i—b X 1—» X
| ODB:Job-1.0dh  AbaqusiStandard 6 145 Wed Now 30 05:44:43 E Africa Standard Tire 2022 ‘ | ODB: Iob-10db  Ahaus/Standard 6 145 Wed How 3005 44:43 E. Africa Standard Time 2022 ‘
Step: Step-1 Step: Step-1
Increment 17 Step Time = 1.000 Increment  17: Step Time = 1.000
Primary Var: NT11 Primary War: NT11
Deformed Var: not set  Deformation Scale Factor: not set Deformed War: not set  Deformation Scale Factor: not set

Figure 5.1: Simulation result of Temperature distribution at 60.0686 um of oxide scale
thickness

The prediction of steam side oxide scale thickness at different flue gas and steam temper-
ature over a service hour are calculated by following the iterative procedure described
in Figure 3.2. The value (result) of hg,r;, ry, 0%, and T,,, in each iterative steps is listed in

Table 5.3-5.8.
Table 5.3: Oxide growth at each iterative step when hg =220.03, TS = 600°C and Tg =
800°C

Step ro(m) rni(m) rx(m) éx(,um) hs T (OC) T3(OC) TZ(OC) Tave(oc)
Initial| 0.0254 | 0.0219 - 0 2952.532| 621 615.5 | - 615.5

1 0.0254 | 0.021906 | 0.021894 | 11.0917 | 2953.879| 621.5 | 615.3 | 615.9 | 615.6
2 0.0254 | 0.021909 | 0.021891 | 18.2911 | 2954.753 | 621.8 | 615.3 | 616.2 | 615.75
3 0.0254 | 0.021912| 0.021888 | 23.5078 | 2955.387 | 622 615.2 | 616.5 | 615.85
4 0.0254 | 0.021914 | 0.021886 | 27.8225 | 2955.911 | 622.2 | 615.2 | 616.7 | 615.95
5 0.0254 | 0.021916 | 0.021884 | 31.5919 | 2956.369 | 622.4 | 615.2 | 616.9 | 616.05
6 0.0254 | 0.021917 | 0.021883 | 34.9862 | 2956.782| 622.5 | 615.2 | 617 616.1
7 0.0254 | 0.021919| 0.021881 | 38.0977 | 2957.16
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Table 5.4: Oxide growth at each iterative step when hy =227.78,T, = 600°C and T, =

900°C
Step ro(m) rm’(m) rx(m) 6x(l/‘m) hs T (OC) T3(OC) TZ(OC) Tave(oc)
Initial| 0.0254 | 0.0219 - 0 2952.532| 632.5 | 623.9 | - 623.9
1 0.0254 | 0.021907 | 0.021893 | 14.1338 | 2954.248 | 633.4 | 623.7 | 624.8 | 624.25
2 0.0254 | 0.021912| 0.021888 | 23.4637 | 2955.381 | 634.1 | 623.6 | 625.6 | 624.6
3 0.0254 | 0.021915| 0.021885 | 30.2876 | 2956.211 | 634.7 | 623.6 | 626.2 | 624.9
4 0.0254 | 0.021918| 0.021882| 35.9771 | 2956.903 | 634.9 | 623.6 | 626.4 | 625
5 0.0254 | 0.02192 | 0.02188 | 40.9547 | 2957.508 | 635.3 | 623.5 | 626.8 | 625.15
6 0.0254 | 0.021923 | 0.021877 | 45.4488 | 2958.055| 635.7 | 623.5 | 627.3 | 625.4
7 0.0254 | 0.021925| 0.021875 | 49.5977 | 2958.560

Table 5.5: Oxide growth at each iterative step when h,

=234.64,T; = 600C and T, =

1000°C

Step ro(m) rni(m) rx(m) 5x(l/lm) hs Tl (OC) T3(OC) TZ(OC) Tave(oc)
Initial | 0.0254 | 0.0219 - 0 2952.53 | 644.5 | 632.8 | - 632.8

1 0.0254 | 0.021909 | 0.021891 | 18.2709 | 2954.75 | 646.1 | 632.4 | 634.4 | 633.4
2 0.0254 | 0.021915| 0.021885 | 30.5430 | 2956.24 | 647.3 | 632.3 | 635.7 | 634

3 0.0254 | 0.02192 | 0.02188 | 39.6184 | 2957.32 | 648.3 | 632.2 | 636.7 | 634.45
4 0.0254 | 0.021924 | 0.021876 | 47.2356 | 2958.27 | 649 632.1 | 637.5 | 634.8
5 0.0254 | 0.021927 | 0.021873 | 53.9609 | 2959.09 | 649.6 | 632.1 | 638.1 | 635.1
6 0.0254 | 0.02193 | 0.02187 | 60.0686 | 2959.83 | 650.2 | 632 638.7 | 635.35
7 0.0254 | 0.021933 | 0.021867 | 65.7127 | 2960.52 | 650.7 | 631.9 | 639.3 | 635.6

Figure 5.2 shows the oxide scale thickness at three different flue gas temperatures at
600°C of steam temperature. After 1000 working hour of boiler tube the oxide scale
thickness become 38.1 pm, 49.6 ym, and 65.7 ym at 800°C, 900°C, and 1000°C respec-
tively. The oxide scale thickness at 900°C is more than by 30.2% of the oxide scale thick-
ness of 800°C and the oxide scale thickness at 1000°C is more than by 32.46% of the oxide
scale thickness of 900°C.
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Figure 5.2: Summery of oxide scale thickness as a function of time with the steam tem-
perature of 600°C for different flue gas temperature

Table 5.6: Oxide growth at each iterative step when hg =220.03,T, = 650°C and T, =

800°C

Step ro(1m) Ti (1) ry(m) 6x(,”m) hs T;(°C) | T3(°C) | T»(*C) Tave(°C)
Initial | 0.0254 | 0.0219 - 0 2901.45 | 666 661.8 | - 661.8

1 0.0254 | 0.021921 | 0.021879 | 42.15902 2906.48 | 667.3 | 661.6 | 663.2 | 662.4

2 0.0254 | 0.021936 | 0.021864 | 71.3967 | 2909.98 | 668.3 | 661.5 | 664.2 | 662.85
3 0.0254 | 0.021947 | 0.021853 | 93.1556 | 2912.59 | 669 661.4 | 665 663.2

4 0.0254 | 0.021956 | 0.021844 | 111.4781| 2914.79 | 669.6 | 661.4 | 665.6 | 663.5

5 0.0254 | 0.021964 | 0.021836 | 127.7033| 2916.74 | 670.1 | 661.4 | 666.1 | 663.75
6 0.0254 | 0.021971 | 0.021829 | 142.4672| 2918.51 | 670.6 | 661.3 | 666.6 | 663.95
7 0.0254 | 0.021978 | 0.021822 | 156.1288| 2920.16

Table 5.7: Oxide growth at each iterative step when hg =227.78,T, = 650°C and T, =

900°C

Step ro(m) rni(m) rx(m) 6X(Vm) hs TI(OC) T3(OC) T2(OC) Tave(oc)
Initial| 0.0254 | 0.0219 - 0 2901.45 | 677.5| 670.3 | - 670.3

1 0.0254 | 0.021927 | 0.021873 | 53.8611 | 2907.88 | 680.4 | 669.8 | 673.4 | 671.6

2 0.0254 | 0.021946 | 0.021854 | 92.3613 | 2912.49 | 682.5 | 669.7 | 675.6 | 672.65
3 0.0254 | 0.021961 | 0.021839 | 121.6396| 2916.01 | 684.2 | 669.5 | 677.4 | 673.45
4 0.0254 | 0.021973| 0.021827 | 146.6885| 2919.02 | 685.5 | 669.4 | 678.7 | 674.05
5 0.0254 | 0.021985| 0.021815| 169.1109| 2921.72 | 686.9 | 669.3 | 680.1 | 674.7

6 0.0254 | 0.021995| 0.021805 | 189.7933| 2924.22 | 687.9 | 669.2 | 681.2 | 675.2

7 0.0254 | 0.022005 | 0.021795 | 209.1306| 2926.55
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Table 5.8: Oxide growth at each iterative step when hy =234.64,T, = 650°C and T, =

1000°C

Step ro(m) rni(m) rx(m) bx(,”m) hs TI(OC) T3(OC) TZ(OC) Tave(oc)
Initial | 0.0254 | 0.0219 - 0 2901.45 | 689.5| 679.1 | - 679.1
1 0.0254 | 0.021935| 0.021865 | 69.4051 | 2909.74 | 695 678.4 | 684.9 | 681.65
2 0.0254 | 0.021961 | 0.021839 | 121.4022] 2915.98 | 699.1 | 678 689.3 | 683.65
3 0.0254 | 0.021981 | 0.021819 | 162.2515| 2920.89 | 702.2 | 677.8 | 692.6 | 685.2
4 0.0254 | 0.021999 | 0.021801 | 198.0944| 2925.22 | 705 677.5 | 695.5 | 686.5
5 0.0254 | 0.022015 | 0.021785 | 230.9348| 2929.19 | 707.4 | 677.3 | 698 687.65
6 0.0254 | 0.022031 | 0.021769 | 261.7428| 2932.92 | 709.7 | 677.1 | 700.5 | 688.8
7 0.0254 | 0.022046 | 0.021754 | 291.1690| 2936.49

Figure 5.3 shows the summery of oxide scale thickness growth at different flue gas tem-
perature, based on the figure the increment of oxide scale is direct relation to the in-
crement of flue gas temperature. After 1000 working hour of boiler tube with 650°C of
steam temperature the oxide scale thickness become 156.1ym, 209.1ym, and 291.2um at
800°C, 900°C, and 1000°C respectively. The oxide scale thickness at 900°C is more than
by 33.9% of the oxide scale thickness of 800°C and the oxide scale thickness at 1000°C is
more than by 39.3% of the oxide scale thickness of 900°C.
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Figure 5.3: Summery of oxide scale thickness as a function of time with the steam tem-
perature of 650°C for different flue gas temperature

5.1.2 Compare the effect of steam and flue gas temperature

To analyze the effect of change of the temperatures for the growth of oxide scale thick-

ness, the crucial step is summarizing the result in tabular from.
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Table 5.9: summery of the effect of different temperature for the growth of oxide scale
thickness

Step | 6x(pm) at T, = Ox(um) at T, = Ox(pm) at T, =
800°C 900°C 1000°C
T,=600C | T, = 650°C | T, =600°C | T, = 650°C | T, =600°C | T, = 650°C
1 11.0917 42.15902 14.1338 53.8611 18.2709 69.4051
2 18.2911 71.3967 23.4637 92.3613 30.5430 121.4022
3 23.5078 93.1556 30.2876 121.6396 39.6184 162.2515
4 27.8225 111.4781 35.9771 146.6885 47.2356 198.0944
5 31.5919 127.7033 40.9547 169.1109 53.9609 230.9348
6 34.9862 142.4672 45.4488 189.7933 60.0686 261.7428
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Figure 5.4: Comparison the effect of flue gas and steam temperature for the growth of
oxide scale

The difference between the oxide scale thickness after 1000 working hour of the boiler
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tube at 600°C and 650°C of steam temperature become around 118 um,159.5 ym, and
225.4 um at 800°C, 900°C, and 1000°C of flue gas temperature respectively. The change
of flue gas temperature from 800°C to 900°C at 600°C and 650°C of steam temperature
increase the oxide scale thickness with 11.5 ym and 53 um respectively, and the change
from 900°C to 1000°C at 600°C and 650°C of steam temperature increase the oxide scale
thickness with 16.1 ym and 82 um respectively.

The oxide scale growth is more affected by the increase of steam side temperature than
flue gas temperature. The small change of steam temperature rapid the growth of oxide

scale thickness than the big change of flue gas temperature.
Overheating of the boiler tube

Due to the increase of oxide scale the temperature difference between metal tube outer
surface and metal-oxide interface surface decreased. This shows the metal tube become
hot due to increasing of oxide scale. Figure 5.5 shows the relevant surface temperature
value of boiler tube at different oxide scale. The data of the figure obtained from the op-
eration of boiler tube at 600°C of steam temperature and 1000°C of flue gas temperature
for operating hour of 2000, 4000, 6000, 8000 and 10,000 hrs. Based on this figure the
difference between the temperature of metal tube surface and oxide-metal surface is de-
creasing due to increasing of oxide scale. At 96.1 um the changing temperature is 11.3°C
and at 241.82 um the changing temperature is 10.6°C. It means due to the increasing
of oxide scale the metal tube become over heated. The change of temperature between
oxide-metal interface and inner oxide surface is increasing due to increasing of oxide
scale. At 96.1 um the changing temperature is 10.6°C and at 241.82 um the changing
temperature is 25.8°C. It explains the transfer rate of the temperature from oxide-metal
surface to oxide surface is decreased because of increasing of oxide scale, and the steam
is not well heated due to the blockage of oxide scale. This reduces the efficiency and life

of boiler tube.
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Figure 5.5: Temperature at relevant surfaces

Validation/verification with literature data

In this study the predicted steam side oxide scale due to different steam and flue gas
temperature is validated by comparing to the literature data. Based on the literature
and experimental data the oxide scale thickness at 600°C is around 80-110 um it can be
seen from Figure 5.6. The specimen for steam oxidation test experiment is used 15mm x
15mm, with 6mm thickness of T92 machined steel, the oxide scale thickness is measured
up to 1000hr[42]. Based on the experimental data the oxide scale is around 89um. The
estimated/calculated oxide scale thickness with steam temperature of 600°C and flue

gas temperature of 1000°C lower by the value of 23.3um from the experimented value

respectively.
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Figure 5.6: The experimental and calculated value of oxide scale thickness at 600°C of

steam temperature after 1000hr exposure
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The calculated/predicted value of oxide scale at 650°C of steam temperature and at
1000°C flue gas temperature is more approximate to the experimental value. After 1000
working hour the oxide scale become around 267 um[56]. At this working time the calcu-
lated/predicted value is greater than the literature (experimental) value only by 8%. The
tube used for oxide scale thickness have the outer diameter and tube thickness of 51 and
11.8mm,respectively and the tube exposed to 650°C of steam temperature and oxyfuel
flue gas for 1000hr[55]. The experimental result shows the oxide scale become around
208 um. The predicted/calculated value of oxide scale thickness at 650°C of steam tem-
perature and 900°C of flue gas temperature become 209 ym. The two results have close

value and only having deviation of 1um, it shows in Figure 5.7.
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Figure 5.7: The experimental and calculated value of oxide scale thickness at 650°C of
steam temperature after 1000hr exposure

The different factors employed, such as the dimension, mass flow rate, steam pressure,
flue gas temperature, and other parameters, may be the cause of the discrepancy be-
tween the experimental and calculated/predicted value of oxide scale thickness. The
experimental data’s and the calculated/predicted value of oxide scale thickness have
identical parabolic shape graph, and they both comply with the parabolic equation of

oxide kinetics.

5.2 Result of stress and strain

Analytical and numerical methods are used to compute the stress and strain on the boiler

tube with oxide scale. The analytical stress equation of an oxide-scaled boiler tube is
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explored in Chapter 4.4, where in this section the numerical (Finite Element Simulation)

and analytical results are presented and analyzed.

Simulation Result

The process of building a model of an existing or projected system in order to pinpoint
and comprehend the variables that affect it and forecast its behavior is referred to as
simulation. The simulation comes from ABAQUS software. The elastic and thermal
stress and strain of oxide scale boiler tube for different oxide scale is simulated and the
simulation result is summarized in tabular form in next section. Only the simulation
results and visualization of the elastic stress and strain on the metal and oxide parts at
242.82 um oxide scale thickness are shown in this section as an example or sample.
Before plots the contours of the deformable shape, creating the cylindrical coordinate
is necessary part to obtain the accurate value of the stress and the strain, otherwise the
result is different. After selecting a cylindrical coordinate, the next step is from result

option and user specified select the created cylindrical coordinate. After that the defor-

mation result become meaningful.
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Figure 5.8: Simulation result of Elastic hoop stress at 242.82 um of oxide scale thicknes

The simulation output for the oxide and metal parts of the hoop stress created at 25
MPa and 0.1 MPa steam side and gas side pressure load, respectively, is shown in Figure
5.8. The place where stress is greatest is on the opposite side of the radial stress. In
accordance with the diagram, the maximum hoop stress for the oxide part occurred at
r=a, which refers to the inner part of the oxide or the surface that comes into contact with
the steam pressure and temperature, and the maximum hoop stress for the metal part
occurred at r=b, which refers to the surface that comes into contact with the oxide/metal

part. The maximum hoop stress, determined by the modeling results, is 161.5MPa.
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The simulation result for hoop strain, also known as tensile strain, of an oxide-scaled

boiler tube is shown in Figure 5.9. The greatest hoop strain, which occurred at the inside

surface or at the surface in contact with steam pressure and temperature, is 1.269 x 107°.
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Figure 5.9: Simulation result of Elastic hoop strain at 242.82 um of oxide scale thickness

5.2.1 Result of Elastic stress and strain at different oxide scale

Analytical and numerical methods are used to determine the radial and hoop stress of an
oxide scale boiler tube at various steam side oxide scales. The result is listed separately
in oxide and metal parts at each radial distance.

Table 5.10: Summery of analytical and numerical result of elastic radial stress at different
oxide scale

Elastic Radial stress (MPa)
Pxi (51e thickness Oxide part Metal part
Um
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a -25 -24.95 r=b -24.192 -24.14
96.0690 r=b -24.192 -24.25 r=c -0.1 -0.2344
r=a -25 -24.90 r=b -23.814 -23.71
141.5280 r=b -23.814 -23.92 r=c -0.1 -0.1684
r=a -25 -24.89 r=b -23.522 -23.42
178.6649 r=b -23.522 -23.63 r=c -0.1 -0.1681
r=a -25 -24.95 r=b -23.249 -23.21
2119621 r=b -23.249 -23.31 r=c -0.1 -0.1347
r=a -25 -24.95 r=b -23.011 -22.97
242.8193 r=b -23.011 -23.07 r=c -0.1 -0.134
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Table 5.11: Summery of analytical and numerical result of elastic hoop stress at different
oxide scale

Elastic Hoop stress (MPa)
i 316 thickness Oxide part Metal part
Ut
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a 160.122 159.1 r=b 166.003 166
96.0690 r=b 159.314 158.4 r=c 141.911 142
r=a 159.116 | 158.1 r=b 164.559 | 164.5
141.3280 r=b 157.929 157.1 r=c 140.846 140.95
r=a 158.336 157.3 r=b 163.433 163.4
178.6649 r=b 156.858 156.1 r=c 140.021 140.1
r=a 157.607 | 156.7 r=b 162.398 | 162.4
211.9621 r=b 155.856 | 155 r=c 139.249 | 139.3
r=a 156.97 156 r=b 161.485 161.5
242.8193 r=b 154.979 154.1 r=c 138.574 138.7

Figure 5.10 shows the Elastic radial and hoop stress through the radial position (through
the total thickness including the tube and oxide thickness) at different oxide scale thick-
ness. Figure 5.10(a) is a plot of radial stress through the thickness, the radial stress is
increase from the inside of the oxide part to outer surface of the tube wall. Based on the
calculation and the simulation result the outer surface of the tube has maximum elastic
radial stress (compression stress) around -0.13MPa. Figure 5.10(b) is a plot of Elastic
hoop stress through the thickness (radial position), the hoop stress (Tensile stress) in
both oxide and metal parts decrease through the radial position. The maximum elas-
tic hoop stress is found at the metal/oxide interface surface. In this surface the stress of

metal part is greater than the stress of oxide part, the maximum stress is around 160MPa.
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Figure 5.10: Numerical results of elastic radial and hoop stress vs total thickness of tube

Table 5.12: Summery of analytical and numerical result of elastic radial strain at differ-
ent oxide scale

Elastic Radial Strain (107%)
PXi (?e thickness Oxide part Metal part
Um
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a -5.953 -6.865 r=b -6.006 -6.936
96.0690 r=b -5.866 -6.789 r=c -3.413 -4.439
r=a -5.928 -6.829 r=b -5.982 -6.859
141.3280 r=b -5.801 -6.723 r=c -3.388 -4.410
r=a -5.909 -6.804 r=b -5.964 -6.803
178.6649 r=b -5.751 -6.669 r=c -3.369 -4.384
r=a -5.892 -6.788 r=b -5.946 -6.756
211.9621 r=b -5.704 -6.612 r=c -3.35 -4.357
r=a -5.877 -6.769 r=b -5.931 -6.711
242.8193 r=b -5.663 -6.566 r=c -3.334 -4.336

79



Table 5.13: Summery of analytical and numerical result of elastic hoop strain at different

oxide scale

Elastic Hoop Strain (107)
PXi ?e thickness Oxide part Metal part
U
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a 1.395 1.292 r=b 1.395 1.284
96.0690 r=b 1.386 1.285 r=c 1.136 1.034
r=a 1.386 1.284 r=b 1.386 1.272
141.3280 r=b 1.373 1.274 r=c 1.127 1.027
r=a 1.379 1.278 r=b 1.379 1.263
178.6649 r=b 1.364 1.265 r=c 1.120 1.021
r=a 1.373 1.273 r=b 1.374 1.255
211.9621 r=b 1.355 1.256 r=c 1.114 1.015
r=a 1.368 1.269 r=b 1.368 1.247
242.8193 r=b 1.347 1.248 r=c 1.108 1.010

Figure 5.11(a) shows the radial strain increased through the thickness, but the radial

strain of oxide is greater than the radial strain of metal at oxide/metal interface. Based

on the calculation and the simulation result the outer surface of the tube has maximum

elastic radial strain (compression strain) around —4.336x1073. Figure 5.11(b) is a plot of

Elastic hoop strain through the thickness radial position, the hoop strain (Tensile strain)

in both oxide and metal parts decrease through the radial position. The maximum elastic

hoop strain is found at the internal surface of oxide part. In this surface the maximum

strain is around 1.3x1073.
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Figure 5.11: Numerical results of elastic radial and hoop strain vs total thickness of tube



Figure 5.12 is a plot of evolution of maximum radial and hoop strain in the increment
of oxide scale. Under given load of boiler operation, the calculated and simulated result
of metal and oxide part of radial strain is small and increasing with a small amount, but
didn’t change significantly with increasing oxide thickness. The radial strain of oxide
and metal part at 242.82 um oxide scale is increased by 4.36% and 2.32% from 96.1 um of
oxide scale respectively. For hoop strain the value is decreased with increasing of oxide
scale thickness. The hoop strain of metal and oxide part at 242.82 um oxide scale is
decreased by 21.34 % and 3.52% from 96.1 um of oxide scale respectively.
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Figure 5.12: Maximum of elastic radial and hoop strain at different oxide scale thickness

Figure 5.13 is a plot of evolution of maximum radial and hoop stress in the increment of
oxide scale. Under given load of boiler operation, the calculated and simulated result of
metal and oxide part of radial strain is increasing with increasing of oxide thickness. The
radial stress of oxide and metal part at 242.82 um oxide scale is increased by 4.87% and
42.83% from 96.1um of oxide scale respectively. For hoop stress the value is decreased
with increasing of oxide scale thickness. The hoop strain of metal and oxide part at
242.82 um oxide scale is decreased by 2.71 % and 3.14% from 96.1 um of oxide scale

respectively.
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Figure 5.13: Maximum of elastic radial and hoop stress at different oxide scale thickness

5.2.2 Result of Thermal stress and strain at different oxide scale

Analytical and numerical result of thermo-mechanical stress-strain is listed separately

in oxide and metal parts at each radial distance.

Table 5.14: Analytical and numerical result of thermal radial stress at different oxide

scale
Thermal Radial stress (MPa)
PXi ?e thickness Oxide part Metal part
Ut
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a -25 -24.95 r=b -24.2 -24.16
96.0690 r=b -24.22 -24.26 r=c -0.1 -0.135
r=a -25 -24.96 r=b -23.95 -23.90
141.3280 r=b -23.95 -23.99 r=c -0.1 -0.134
r=a -25 -24.96 r=b -23.78 -23.73
178.6649 r=b -23.78 -23.82 r=c -0.1 -0.134
r=a -25 -24.96 r=b -23.66 -23.61
211.9621 r=b -23.66 -23.7 r=c -0.1 -0.134
r=a -25 -24.96 r=b -23.58 -23.53
242.8193 r=b -23.58 -23.61 r=c -0.1 -0.134
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Table 5.15: Summery of analytical and numerical result of thermal hoop stress at differ-
ent oxide scale

Thermal Hoop stress (MPa)
i 316 thickness Oxide part Metal part
Ut
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a 131.88 154.5 r=b 144.12 167
96.0690 r=b 131.09 153.8 r=c 120 142.1
r=a 105.24 138.4 r=b 143.78 165.1
141.3280 r=b 104.19 137.5 r=c 119.93 141.7
r=a 84.64 126.1 r=b 143.92 164.9
178.6649 r=b 83.42 124.9 r=c 120.24 141.6
r=a 65.97 115 r=b 144.11 165
211.9621 r=b 64.62 113.7 r=c 120.55 141.8
r=a 49.85 105.4 r=b 144.66 165.3
242.8193 r=b 48.42 104.1 r=c 121.19 142.1

Figure 5.14(a) shows thermal radial stress increase through the thickness from the in-
side of the oxide part to outer surface of the tube wall. Based on the calculation and the
simulation result the outer surface of the tube has maximum thermal radial stress (com-
pression stress) around -0.13MPa. Figure 5.14(b) is a plot of Elastic hoop stress through
the thickness (radial position), the hoop stress (Tensile stress) in both oxide and metal
parts decrease through the radial position. The maximum thermal hoop stress is found
at the oxide/metal interface surface. In this surface the stress of metal part is greater

than the stress of oxide part, the maximum stress is around 165MPa.
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Figure 5.14: Numerical results of thermos- radial and hoop stress vs total thickness of
tube

Table 5.16: Summery of analytical and numerical result of thermo-mechanical radial
strain at different oxide scale

Thermal Radial Strain (1073)
i (51e thickness Oxide part Metal part
Ut
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a -0.421 -0.422 r=b -0.481 -0.489
96.0690 r=b -0.413 -0.414 r=c -0.229 -0.230
r=a -0.259 -0.255 r=b -0.479 -0.476
141.3280 r=b -0.244 -0.245 r=c -0.231 -0.232
r=a -0.125 -0.126 r=b -0.481 -0.477
178.6649 r=b -0.113 -0.114 r=c -0.235 -0.236
r=a -0.077 -0.0076 r=b -0.482 -0.479
211.9621 r=b 0.0067 0.0059 r=c -0.237 -0.238
r=a 0.0941 0.0942 r=b -0.486 -0.484
242.8193 r=b 0.109 0.109 r=c -0.241 -0.243
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Table 5.17: Summery of analytical and numerical result of thermo-mechanical hoop
strain at different oxide scale

Thermal Hoop Strain (1073)
PXi ?e thickness Oxide part Metal part
U
Position | Analytical| Numerical| Position | Analytical| Numerical
r=a 1.508 1.507 r=b 1.499 1.499
96.0690 r=b 1.499 1.500 r=c 1.248 1.249
r=a 1.502 1.501 r=b 1.490 1.490
141.3280 r=b [ 1490 | 1491  |r=c | 1242 | 1.243
r=a 1.498 1.498 r=b 1.484 1.484
178.6649 r=b 1.484 1.485 r=c 1.238 1.239
r=a 1.496 1.497 r=b 1.482 1.483
211.9621 r=b 1.482 1.484 r=c 1.237 1.238
r=a 1.495 1.496 r=b 1.480 1.480
242.8193 r=b 1.480 1.481 r=c 1.236 1.237

Figure 5.15(a) the thermal radial strain increased through the thickness, but the radial

strain of oxide part is greater than the radial strain of metal part at oxide/metal interface.

Based on the calculation and the simulation result the maximum thermal radial strain

(compression strain) around 0.109x1073 at the oxide/metal interface. Figure 5.15(b) is

a plot of thermal hoop strain through the thickness (radial position), the hoop strain

(Tensile strain) in both oxide and metal parts decrease through the radial position. The

maximum thermal hoop strain is found at the internal surface of oxide part. In this

surface the maximum strain is around 1.5x1073.
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Figure 5.15: Numerical results of thermo-mechanical radial and hoop strain vs total
thickness of tube
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Figure 5.16 is a plot of evolution of maximum radial and hoop strain in the increment of
oxide scale. Under given load of boiler operation, the calculated and simulated result of
oxide part of radial strain increasing with a high amount with increasing oxide thickness,
but the metal part is decreasing with a small amount. The radial strain of oxide part at
242.82 um oxide scale is increased by 126.32% and the metal part decreased 5.65% from
96.1um of oxide scale. For hoop strain the value is decreased with increasing of oxide
scale thickness. The hoop strain of metal and oxide part at 242.82 um oxide scale is

decreased by 1.27 % and 0.73% from 96.1 um of oxide scale respectively.
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Figure 5.16: Maximum of thermal radial and hoop strain at different oxide scale thick-
ness

Figure 5.17 is a plot of evolution of maximum thermal radial and hoop stress in the
increment of oxide scale. Under given load of boiler operation, the calculated and simu-
lated result of metal and oxide part of radial strain is increasing with increasing of oxide
thickness. The radial stress of oxide and metal part at 242.82 um oxide scale is increased
by 2.67% and 0.74% from 96.1um of oxide scale respectively. For hoop stress the value
is decreased with increasing of oxide scale thickness. The hoop strain of metal and oxide
part at 242.82 um oxide scale is decreased by 1.02 % and 31.78% from 96.1 um of oxide

scale respectively.
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Figure 5.17: Maximum of thermal radial and hoop stress at different oxide scale thick-
ness

One way of validating the result is by comparing the analytical and numerical result
each other and finally compare with literature (Experimental) value. In this research the
value of elastic and thermal hoop stress and strain decreasing with small amount due to
increasing of oxide scale shown on Figure 5.12, 5.13, 5.16 and 5.17. The validation of the
analytical and numerical result of this research is by checking how the elastic and ther-
mal hoop stress and strain are behave due to increasing of oxide scale. On literature[21]
at full load operating condition of the superheater boiler tube the oxide hoop stress and
strain is decreasing due to increasing of oxide. So, the result of this research has the same
decreasing way to the literature.

The analytical solutions will be used to validate our numerical model. Figure 5.18(a), (b),
(c) and (d) shows the comparison between analytical and numerical value of elastic hoop
stress, elastic radial stress, thermal hoop stress and thermal radial stress respectively at
242.8 um of oxide scale and it take as a sample of other oxide scales. On Figure 5.18 (a)
the two results have close value and only having deviation of under 2Mpa. It means the
result is accurate. Additional to comparing the analytical and numerical value the more
appropriate way of validation is comparing the result to literature/experimental result.
Figure 6 (b) and (c) of literature [23] shows the radial and hoop stress with respect to

radial position/direction respectively. Based on the Figure 6(b) the radial stress at full

87



load condition increasing in the radial direction, the peak value is at outer surface of
metal tube. It has the same graphical or diagrammatical result as Figure 5.18 (b) and (d).
The hoop stress at full load condition the oxide stress value is decreasing when radially
goes from the inner surface to oxide/metal interface, and for metal part the peak value is
at oxide/metal interface and the value reduced goes to the radial direction, this shows on
Figure 6(c). The literature has the same graphical representation or result to Figure 5.18

(a) and (c). Based on this the analytical equations and numerical models of this research
is acceptable.
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Figure 5.18: Comparison between analytical and numerical value of stress
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5.2.3 Result of Failure of Oxide scale

Figure 5.19 shows the evolution of elastic hoop and radial strain due to the increase of
oxide scale and it predict or show the crack initiation of oxide scale due to tension (hoop)
and compression (radial) strain. Based on the figure when the oxide scale exceeds 240

pum the crack initiates due to tension but the oxide scale is safe due to compression.
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Figure 5.19: Damage map showing critical strains and maximum elastic strains of oxide
scale

As shown in Figure 5.20 the strain is sufficient to intersect the oxide failure criteria for
crack initiation in tension at times equivalent to an oxide thickness of 178 um. This oxide
thickness reached after 6000hr.

89



- — —
2.0 ~~ee_
~— ~——
— — -
1.5 1 ——— -, —
1.0 A
0.5 A
—
7
o 4
S 00
~
W
—0.5 1
—1.0 1
o —
=@= Maximum Thermal Radial strain of Oxide
—-1.541 Maximum Thermal Hoop strain of Oxide
== = Critical strain (crack initation in Tensio from equation 4.67)
/— Critical strain (crack initation in compression from Figure 4.15)
—2.01 == Picque et al., 2006

100 120 140 160 180 200 220 240
Oxide thickness,um

Figure 5.20: Damage map showing critical strains and maximum thermal strains of oxide
scale

The experimental value of [80] used to validate the crack initiation of oxide scale. Based
on the experiment the cracks are found at 200 pm and the critical strain is around 1.410x
1073. The analytical and experimental critical strain value is almost the same, so the

analytical value of the critical strain is acceptable.

5.3 Result of Creep Analysis

Analytical and numerical methods are used to compute the Creep stress and strain rate
of boiler tube with oxide scale. The analytical Creep stress and strain rate equation of an
oxide-scaled boiler tube is explored in Chapter 4.5, where in this section the numerical

(Finite Element Simulation) and analytical results are presented and interpreted.
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Table 5.18: Summery of analytical and numerical result of creep radial, hoop and von
mises stress at different oxide scale thickness

Creep Stress of Metal (MPa)
PXi c}e thickness Radial Stress Hoop Stress Von Mises Stress
Um
Position | Analytical| Numerical | Analytical| Numerical | Analytical| Numerical
96.0690 r=c -0.1 -0.4247 164.21 165.2 142.29 143.5
) r=b -24.82 -24.62 149.38 150.7 150.85 151.8
141.3280 r=c -0.1 -0.4165 164.84 166.4 142.84 144.5
' r=b -24.73 -24.62 150.06 152 151.37 153
178.6649 r=c -0.1 -0.4147 165.34 167.4 143.27 145.3
r=b -24.66 -24.62 150.61 153 151.78 153.8
211.9621 r=c -0.1 -0.4095 165.81 168.3 143.68 146.1
' r=b -24.59 -24.62 151.12 153.9 152.17 154.6
r=c -0.1 -0.4050 166.2 169.2 144.05 146.8
242.8193 r=b -24.54 -24.53 151.6 154.7 152.57 155.3

Table 5.19: Summery of analytical and numerical result of creep radial and hoop strain
at different oxide scale thickness

Creep Strain of Metal (1071)
PXi ?e thickness Radial Strain Hoop Strain
U
Position Analytical| Numerical | Position Analytical| Numerical
96.0690 Max (r=c) | -1.1114 | -1.156 Max (r=b) | 1.4885 | 1.545
) Min (r=b) | -1.4885 -1.539 Min (r=c) | 1.1114 1.164
1413280 Max (r=c) | -2.2658 | -2.396 Max (r=b) | 3.0283 | 3.199
' Min (r=b) | -3.0283 -3.193 Min (r=c) | 2.2658 2.404
178.6649 Max (r=c) | -3.450 -3.702 Max (r=b) | 4.604 4.928
' Min (r=b) | -4.604 -4.922 Min (r=c) | 3.450 3.710
211,961 Max (r=c) | -4.667 -5.075 Max (r=b) | 6.217 6.742
‘ Min (r=b) | -6.217 ~6.736 Min (r=c) | 4.667 5.083
242 8193 Max (r=c) | -5.907 -6.502 Max (r=b) | 7.859 8.624
' Min (r=b) | -7.859 -8.617 Min (r=c) | 5.907 6.510
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Table 5.20: Summery of analytical and numerical result of radial and hoop creep strain
rate at different working time

Creep Strain rate of Metal ¢,,(1071)
Time (hr.) Radial Strain rate Hoop Strain rate
' Position Analytical| Numerical | Position Analytical| Numerical

5000 Max (r=c) | -1.1116 | -1.150 Max (r=b) | 1.4886 | 1.533

Min (r=b) | -1.4886 -1.531 Min (r=c) | 1.1116 1.153
4000 Max (r=c) | -2.2266 -2.390 Max (r=b) | 3.0284 3.188

Min (r=b) | -3.0284 | -3.185 Min (r=c) | 2.2266 | 2.393
6000 Max (r=c) | -3.501 -3.699 Max (r=b) | 4.663 4.997

Min (r=b) | -4.663 -4.915 Min (r=c) | 3.501 3.699
8000 Max (r=c) | -4.6668 | -5.069 Max (r=b) | 6.2174 | 6.731

Min (r=b) | -6.2174 -6.729 Min (r=c) | 4.6668 5.072
10000 Max (r=c) | -5.907 -6.496 Max (r=b) | 7.859 8.612

Min (r=b) | -7.859 8.610 Min (r=c) | 5.907 6.498

Figure 5.21 (a) shows the creep radial, hoop and vonmises stress of metal tube at the
radial position or direction of the tube at 242 um. Based on the result the Vonmises stress
at inner surface of the tube is higher and slightly reduce goes to the outer tube. The
maximum vonmises stress of numerical (finite element) method is estimated to 155.3
MPa and the analytical value is 152.57 MPa. These two results have close value and only
having deviation of below 10% from eachother.
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Figure 5.21: creep stress of metal versus radial direction of tube (a) and at different oxide
scale (b)
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Figure 5.21 (b) shows the effect of oxide scale growth on the creep stress of metal part.
The creep radial, hoop and von mises stress of the metal is increasing due to the growth
of oxide scale. The increase of creep stress reduces the remaining life of boiler tube. In
the Norton’s law of minimum creep strain rate relation, the rupture life expression has
inversely relation between Von Mises stress and rupture time[72]. So, the increase of Von

Mises stress reduces the remaining or creep rupture life of boiler tube.

As time pass the total strain of the boiler tube is become higher due to gradual increase
of creep strain because the elastic and thermal strain is remained constant until pressure
and temperature change is occurs. So, the creep strain takes the larger contribution to
the total strain. Figure 5.22 shows the increase of hoop strain rate due to increase of
operating time. The maximum hoop creep strain rate of the tube after 10,000 working
hours become 8.612x10"'h~! and 7.859x10'h~! numerically and analytically respec-
tively. The results found from both analytical approach and finite element method (FEM)
have close value and only having deviation of below 10% from eachother. Thus, those

results are valid, since the values are in acceptable range.
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Figure 5.22: Creep strain rate vs working time

The creep deformation property or behavior is investigated by different researchers, to
validate the result of this thesis let us compare to the literatures. The creep rate (strain
rate) vs time of T/P 92 alloy steel at 650°C is investigated by [81]. Based on the exper-

imental result of the work the value of creep strain rate is around 1071, when the time
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103hr and the stress exceed 150MP. The strain rate is increasing rapidly when then the
time increasing this shown by the experimental value of [81], [82]. When compare the
result shown in Figure 5.22 to the experimental result describe in literature, the strain

rate is in the same range so the analytical and the numerical analysis of this work is

acceptable.

5.3.1 Result of creep rupture time

Table 5.21: Summery of creep rupture time due to growth of oxide scale thickness using

LMP
Creep rupture time using LMP
Working Average Oxide Maximum Elastic | Rupture
Time metal scale Hoop Stress (M Pa) time
(t)(hr) | Tempera- | (um) () hr)
ture (°C)
2000 647.95 96.0690 | 171.57 1573.38628
4000 652.35 141.3280| 172.79 1031.51473
6000 655.75 178.6649| 173.76 745.2241184
8000 658.9 211.9621| 174.68 551.9027812
10000 661.6 242.8193| 175.51 426.2826763

Table 5.22: Summery of creep rupture time due to growth of oxide scale thickness using
power law rupture

Working Time | Oxide scale | Von Mises stress | Rupture time
(t)( hr) (p) (MPa) (t,)(hr)
2000 96.0690 151.8 2255.68
4000 141.3280 153 2168.60
6000 178.6649 153.8 2112.78
8000 211.9621 154.6 2058.68
10000 242.8193 155.3 2012.70

The above tables shows increased in oxide scale thickness is increase the maximum elas-
tic stress and creep von mises stress. Figure 5.23(a) shows the maximum elastic stress vs
the creep rupture time based on LMP method. The result shows that a 73% reduction
of creep strength when the boiler tube has 242um oxide scale thickness as compared to
the oxide scale of 96um. Figure 5.23(b) shows the maximum Von Mises stress vs the

creep rupture time based on Norton’s Law of minimum creep strain rate equation. The
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result shows that a 10.8% reduction of creep strength when the boiler tube has 242um
oxide scale thickness as compared to the oxide scale 96um. This finding shows the creep

strength and rupture life in the T92 superheater tube is reduces as oxide scale layer

thickening.
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Figure 5.23: Stress vs rupture time

The above figure result shows that a creep rupture time at 96um of oxide scale is 30%
reduction of creep strength when using Norton power law compared to LMP. Based on
different literatures and experimental values the LMP is more accurate to predict the

creep rupture time.

Figure 5.24: Comparison between predicted and experimental value of rupture time
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Figure 5.24 shows the comparison of predicted result and experimental data (other lit-
erature). The experimental creep rupture life curves in the high-stress regime of T92
steels predicted by the LMP presented by [82]. Based on the experimental value when
the stress reached around 171.98MPa the rupture time is around 1300hr, for 173.8MPa
the rupture time become 617hr and for 175.2MPa stress the rupture time become 350hr.
The other creep test of T92 alloy steel is at different temperature rage is computed by
[83]. Based on the experimental value when the stress reached around 172.9MPa and
175.23MPa the creep rupture time become 1061.6hr and 395.8%hr respectively. Other
researcher also try to investigate the creep rupture life of T92 alloy steel by taking differ-
ent LMP constant C experimental data [76]. Based on the experimental value when the
stress reached around 173.1MPa, 174.6 and 171.8MPa the creep rupture time become
891.1hr, 649.8hr and 1439.6hr respectively. The experimental and the predicted results

have good agreement to each other with small deviation in acceptable range.
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6. CONCLUSION AND
RECOMMENDATION

6.1 Conclusion

This study addressed about oxide scale growth, elastic and thermal (thermo-mechanical)
stress and creep stress and strain rate of superheater boiler tube of T92 alloy steel. The

conclusion derived from this work are presented below:

The prediction of oxide scale growth at different flue and steam gas temperature is com-
puted by using analytical and numerical method and validate with the experimental
data. The Larson-Miller parameter is used to predict the oxide scale growth of T92 alloy
steel superheater boiler tube. The iterative procedure is developed to predict the growth
of oxide scale. The temperature of each surface computed by developing the 2D model
of the boiler tube using ABAQUS software and also it calculated by developing the stiff-
ness matrix of the heat transfer and calculated temperature at each node using Python
code. The increment of steam gas temperature is more affected the growth of oxide scale
than the increment of flue gas temperature. The scale growth estimation obtained by the
proposed technique is verified or validated with the experimental value from published
literatures. Based on this i conclude that the proposed method of prediction of oxide

scale is acceptable.

The elastic and thermal (thermo-mechanical) stress and strain of oxide scaled boiler tube
is computed by using analytical and numerical method. For the analytical method de-
velop the governing equation based on Lam’s equation and Hooke’s law of plane stress
and strain expression. To simplify the analytical equation the matrix is developed to
compute the integration constants obtained from boundary condition. The analytical
stress and strain value is computed by using Phyton. The analytical elastic and thermos-
mechanical stress and strain of oxide scale and metal part were compared and verified
with those by the finite element analysis software of ABAQUS. The elastic and thermo-
mechanical stress and strain of oxide scaled boiler tube is slightly decreasing due to the
increase of oxide scale and the elastic and thermo-mechanical hoop stress and strain at
the inner surface of oxide and at the oxide/metal interface layer become higher and de-

crease through the radial direction. As compared to other works reported in literature
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the analytical and numerical solutions proposed in the present work were shown to be

more accurate.

The failure or scale exfoliation of steam side oxide scale is proposed by different re-
searchers in different literatures. The exfoliation diagram is developed based on Ad-
vanced -oxide scale failure diagram shown in the literatures. From different failure types
of oxide scale in this work only consider the crack initiation due to tensile and compres-
sive strain. The determination of the failure or the crack initiation of steam side oxide
scale is computed by comparing the elastic and thermo- mechanical (thermal) radial
(compressive) and hope (tension) strain to the critical strain value. Based on this ther-
mal (thermo-mechanical) hoop strain has a great impact on the crack initiation of oxide
scale than the elastic value. When the oxide scale increase and reached around 170um
the thermal (thermo-mechanical) strain crosses the graph of critical oxide scale crack
initiation due to tension. The estimated crack initiation or failure is validated with the

experimental value from published literatures.

Due to increasing of oxide scale the temperature of the metal is become hotter and hot-
ter. When the boiler operating for a long period of time with high metal temperature
leads to creep failure. So, the creep analysis of oxide scaled boiler tube is crucial to know
the behavior of the boiler tube due to creep. The creep analysis of the metal is com-
puted by using analytical and numerical method. For the analytical method derive the
equation for oxide scaled boiler tube based on Norton’s (power) Law of creep and time-
hardening rule. The method is used and capable to determine secondary creep. The
analytical equation helps to determine the creep behavior of oxide scale boiler tube. As
time pass the total strain of the boiler tube is become higher due to gradual increase of
creep strain because the elastic and thermal strain is remained constant until pressure
and temperature change is occurs. So, the creep strain takes the larger contribution to
the total strain. The analytical creep stress, strain and strain rate metal tube of T92 alloy
steel were compared and verified with those by the finite element analysis software of
ABAQUS and literatures. Due to increase of oxide scale the creep rupture time is de-
creasing. The effect of oxide scale growth on creep rupture time is calculated by using
LMP and power rupture (Norton’s) law. The stress calculation is crucial for creep rupture
time prediction. So, the equation for maximum elastic stress is take from literatures for
LMP and the von mises stress for power rupture is taken from creep stress calculation.

The result is validated with literatures.
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6.2 Recommendation

During this study there are areas were encountered for further work is needed. The first
area is oxide creep interaction of cracked superheater boiler tubes. In this research only
predict when the oxide scale initiate crack. But the growth of crack and the effect of
crack on creep behavior needs detail study. Develop the creep oxide interaction damage

model is help to know the cumulative damage of the boiler tube due to oxide and creep.

The second major area of further study maybe the case of corrosion beside to oxide
scale. In this research only studied the growth of steam side oxide scale and its effect
on thermo-mechanical and creep behavior. But the corrosion part is not considered. In
real world the superheater boiler tube faces both steam side oxide scale growth and cor-

rosion together. So, the combined effect needs detail study.

In this research the failure of oxide scale only checks the oxide scale crack initiation
due to tension and compression. But the oxide scales failed due to spalling, buckling,
deflection towards to the surface and delamination. The scale maybe failed due to these

types. So, study of oxide scale failure will be an interesting area.
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A. APPENDIX

A.1 Properties of T92 alloy streel and steam side oxide

Table A.1: Geometry of T92 superheater tubes

D d L

Nw St St Mg mg

(mm) | (mm) | (mm) (mm) | (mm) | (Kg/h) | (Kg/h)
50.8 43.8 1000 32 76.2 244 3600 2.34x10°

Table A.2: Thermo-physical properties of metal and oxide
Materials | T (°C) | K p(Kgm>) |v E (MPa)

(Wm™ K1)
600 26.69 4
T92 650 76.53 7770 0.30 12.5x10
600 26.69 4
Sox s e 5010 0.29 | 12x10
Table A.3: Thermo- physical properties of steam
Ps (MP,) | Ts (°C) Cs (K] Kg'K™N| ug (P, S x107%) | Kg (W m~1K~1x1073)
25 500 3.7661 30.80 99.02
25 550 3.2354 32.66 99.22
25 600 2.9679 34.55 102.1
25 650 2.8168 36.44 106.4
25 700 2.7267 38.31 111.5
Table A.4: Thermo- physical properties of flue gas

T, (°C) Co (J Kg'K™) | pto (B,'S) K, (W m™'K™)
800 1222 0.04283 0.06993
900 1242 0.04524 0.07468
1000 1259 0.04755 0.07911
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Table A.5: Oxide scale and Temperature of boiler tube for a given time

Time(hr) C(m) b(m) a(m) 5x(]”m) Tmetal(c)(oc) Toxide(a)(oc) Tinterface(b)(oc)
2000 0.0254 | 0.021948 | 0.021852 | 96.0690 653.6 631.7 642.3
4000 0.0254 | 0.021971| 0.021829 | 141.3280 | 657.9 631.3 646.8
6000 0.0254 | 0.021989| 0.021811 | 178.6649 | 661.2 631 650.3
8000 0.0254 | 0.022006 | 0.021794 | 211.9621 | 664.3 630.7 653.5
10000 0.0254 | 0.022021 | 0.021779 | 242.8193 | 666.9 630.5 656.3

Table A.6: Creep parameter of T92 steel at temperature of 600°C of steam

K Nyer | Mox | q | Inner Outer Steam Gas
diameter | diameter | pressure pressure
(m) (m) (MPa) (MPa)
1.10 x |5 3 0 |0.021948 | 0.0254 25 0.1
10—45
0.021971 | 0.0254
0.021989 | 0.0254
0.022006 | 0.0254
0.022021 | 0.0254
221 — a_Ox
T92 alloy
201
7 18
o
“1;316-
=
14 - \
12 -
100 200 300 400 500 600 700
T (°C)

Figure A.1: Thermal expansion of T92 alloy and oxide scale at different temperature
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)

B.1 Python code for predicting oxide scale growth

B. APPENDIX

#Analytical Analysis of oxide scale growth

#The code is help easily compute the growth of oxide scale at different

temperature and working time

import math

import numpy as

#pure constants
D=0.0508
d=0.0438

L=1

Nw=32

$1=0.0762
St=0.244
ms=3600.0
mg=2.34x(10%%6)
H=10

ro=D/2

ri=d/2

A1 = 2+math.pix*

#propertties of metal
#0 is 600 and 1 is 650

def get_km(T):
if(T==0):
return
elif(T==1):
return
#Properties of
def get_kox(T):
if(T==0):
return
elif(T==1):

return

np

#fouter dimater of the tube

#Initial

#length of the tube
#number of tube

#tube pitch along the flow direction of flue gas

#the pitch in the perpendicular direction

#fmass flow rate of steam

#mass flow rate of gas
#hight of flue gas

#fouter radius of the tube

#Initial inner radius of the tube
ro #Area of the metal (Element 1)

26.69

26.53

oxide

0.84

0.875

110

inner diameter of the tube



41

42

43

44

45

46

53

54

55

56

66

# properties of steam
def get_pus(T):
if(T==0):
return 34.55 x(10%%-6)
elif(T==1):
return 36.44x%(10x*%-6)
def get_ks(T):
if(T==0):
return 102.1x(10x*%-3)
elif(T==1):
return 106.4%(10%x*-3)

s def get_cs(T):

if(T==0):
return 2967.9
elif(T==1):
return 2816.8

#Properties of flue gas
#0 is 800 ,1 is 900 and 2 is 1000
def get_pug(T):
if(T==0):
return 0.04283
elif(T==1):
return 0.04524
elif(T==2):
return 0.04755

5 def get_kg(T):

if(T==0):

return 0.06993
elif(T==1):

return 0.07468
elif(T==2):

return 0.07911

def get_cg(T):

if(T==0):

return 1222
elif(T==1):

return 1242
elif(T==2):

return 1259

#get tempretures
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79 def getTs(index):

80 if index==0:

81 return 600
82 elif index==1:
83 return 650

s2 def getTg(index):

85 if index==0:

86 return 800

87 elif index==1:

88 return 900

89 elif index==2:

90 return 1000

91

S

> # calculate length

93 def get_l(delta):

94 return ro-ri-delta

95

9% # calculate lengeth?2

97 def get_l2(delta):

98 return deltax2

99

10 # calculate the area of the oxide

01 def getA2(delta):

102 return 2+*math.pi*(ri-delta)

103

104 # calculate steam convective heat transfer coefficient
105 def get_hs(ks,cs,u,delta):

106 res=(4.0+ms)/(3600xmath.pix*(d-(2*xdelta))x*us)

107 prs=(us*cs)/ks

108 return 0.023x%(ks/(d-(2*delta)))=*((res)**0.8)x*((prs)=*+0.4)

109

111 # calculate flue gas convective heat transfer coefficient
112 def get_hg(kg,cqg,pug,delta):

13 reg = (D+mg)/(3600*NwxHx*(St-D)*pug)

114 prg = (pgxcg)/kg

15 return 0.33*12x(kg/D)*((reg)**0.6)=*(prg)=*+0.33

11s # calculate initial average tempreture
119 def getIntitalAvgTemp(km,hg,hs,tg,ts):
120 11 = get_1(0)

121 matrix1 = np.array (]
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122 [ (km*A1/11)+hg*A1, -1+(kmxA1/11)],

123 [-1%(km*A1/11), (km*A1/11)+hs=*A1],

124 1)

125 # matrix1Inv = np.linalg.inv(matrix1)

126 matrix2 = np.array (]

127 [hg*tg=Al],

128 [hsxtsxA1],

129 1)

130 resultMatrix = np.linalg.solve (matrixl1,matrix2)

131 return resultMatrix[1]][0]

133 def getAvgTemp (km,kox ,hg,hs,tg,ts,delta):

134 11 = get_1(delta)

135 12 = get_12(delta)

136 A2 = getA2(delta)

137 matrix1 = np.array (]

138 [ (km*A1/11)+(hgxA1),-1+xkmxA1/11,0],

139 [-1*xkm*A1/11, ((km*A1/11)+(kox*A2/12)),-1x(kox*A2/12)],
140 [0,-1%(kox*A2/12),(kox*A2/12)+(hs*A2) ]

141 1)

142 # matrix1Inv = np.linalg.inv(matrix1)

143 matrix2 = np.array (|

144 [hg*tg=A1l],

145 [0],

146 [hs*ts*A2]

147 1)

148 resultMatrix = np.linalg.solve(matrix1,matrix2)
149 return (resultMatrix[1][0]+resultMatrix[2][0])/2

152 # print(getAv ,kligTemp(26.69, 0.84, 218, 841420, 800, 600, 1.25948%10%%-6))

154 # print(getIntitalAvgTemp(26.69, get_hg(0.06993, 1222, 0.04283, 0), get_hs
(0.1021, 2967.9,34.55%(10%*+-6) , 0), 800, 600))

156 # calculate delta by using tavg in meter

157 def getDelta(T_Avg,tFrom, tTo):

158 pFrom = (T_Avg+273.15)*(20+math.log10(tFrom))

159 pTo = (T_Avg+273.15)*(20+math.1og10(tTo))

160 X_FROM = 10%*(0.000564+pFrom-9.934)

161 X_TO = 10%%(0.000564%pTo-9.934)

162 return ((X_TO-X_FROM)/2)%(10**-6) #converted to meter

163
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164 # main iteration

165 def calc(pus,ks,cs, g ,kg,cg,km,kox,ts,tg):
166 delta = 0

167 for timelndex in range (100):

168 hg=get_hg(kg, cg, ug, delta)

169 hs=get_hs(ks, cs, us, delta)

170 if(timeIndex==0):

171 #print("Initial")

172 T_Avg = getIntitalAvgTemp(km, hg, hs, tg, ts)
173 delta += getDelta(T_Avg, 1, 10)

174 #print (T_Avg)

175 #print("Initial")

176 else:

177 T_Avg = getAvgTemp(km, kox, hg, hs, tg, ts, delta)

178 delta += getDelta(T_Avg, ((timeIndexx*10)), ((timeIndex+1)*10))
179 #print(delta)

180 print(T_Avg)

153 def run():

184 for i in range (1):

185 us = get_pus (i)

186 ks = get_ks(i)

187 cs = get_cs(i)

188 km = get_km(i)

189 kox = get_kox (i)

190 ts = getTs (i)

191 for j in range (1)

192 ug = get_pug(j)

193 kg = get_kg(j)

194 cg = get_cg(j)

195 tg=getTg(j)

196 print("\nTs=",ts," Tg=",tqg)
197 #print ("","us=",pus, "ks=", ks, "cs=",cs, "ug=",ug, "kg=",kg, "cg

=",cg, "km=",km, "kox=",kox, ts, tg)

n

198 Print (" -—-- oo o
n )

199 calc(ys, ks, ¢s, pg, kg, cg, km, kox, ts, tg)

200

201 I‘Uﬂ( )
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32

33

34

35

36

B.2 Python code for Elastic radial and hoop stress-strain

#Analytical Analysis of Elastic Hoop and Radial stress and strain, at

different oxide scale

#The code is help easily compute analyticaly only by substituting the

radiuses

import math
import numpy as np

import scipy

# Table of boiler tube radius at dfferent oxide scale

#oxide scale thicknes (um)

#Radius 96.0690 141.3280 178.6649 211.9621
#a 0.021852 0.021829 0.021811 0.021794
#b 0.021948 0.021971 0.021989 0.022006
#c 0.0254 0.0254 0.0254 0.0254

a=float(input( Enter the value of radial positions or
table: "))

b=float(input(’Enter the value of radial positions or
table: "))

c=float(input( Enter the value of radial positions or
table: "))

# Metal and oxide properties

242.8193

0.021779

0.022021

0.0254

radius a from the above

radius b from the above

radius ¢ from the above

Vox=0.29 #Poisons ratio of oxide
Vmet=0.3 #poison’s ratio of Metal
Eox=1.2E+11 #Youngs modulus of Oxide
Emet=1.25E+11 #Youngs modulus of Metal
5 Pi=25000000 #Applied internal pressure
Po=100000 #Applied external pressure

# k the matrix value used to calculate the inegral constants

K12=-(1-Vox)/((1+Vox)*(axx*2))
K24=-(1-Vmet)/((1+Vmet)*(cx*%2))

K42=1/bxx2

K4d=-1/bx*x2

K32=-(1-Vox) /((1+Vox)*(bxx2))
K33=-(Emet/Eox)*((1-Vox)/(1-Vmet))

K34= (Emet/Eox)*((1-Vox)/((1+Vmet)x*(b*%2)))
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48

49

50

51

B1=-((1-Vox)/Eox)*Pi
B2=-((1-Vmet)/Emet)*Po
B3=0

B4=0

s K=np.array ([[1,K12,0,0],[0,0,1,K241,[1,K32,K33,K34],[1,K42,-1,K44]1])

Kinv = np.linalg.inv (K)

7B = np.array([[B1],[B2],[B3],[B4]])

(]
|

= np.linalg.solve (K,B)

#C: values are the value of integral constant
#C11: integration constant at the position of iner surface of oxide scale

#C12: integration constant at the position of oxide/metal interface

3 #C21: integration constant at the position of oxide/metal interface

#C22: integration constant at the position of outer surface of metal tube

C11=C[0][0]
C12=C[1][0]
C21=C[2][0]
€22=C[3][0]

#06_6_ox and o_0O_met: Hoop stress of oxide and metal at radial direction of
the tube

#o_r _ox and o_r_met: Radial stress of oxide and metal at radial direction of
the tube

#Symboles meaning

#0_60 : Hoop stress ox: Oxide part

7 #o_r : Radial stress met: Metal Part

6_0_ox_a=(Eox/(1-Vox*%2))*(C11+(1+Vox)+C12x%((1-Vox)/ax*x=2))
6_0_ox_b=(Eox/(1-Vox*%2))*(C11+(1+Vox)+C12x%((1-Vox)/bx*x2))
0_0_met_b=(Emet/(1-Vmet=*%2))*(C21%(1+Vmet)+C22%((1-Vmet)/bxx2))
0_0_met_c=(Emet/(1-Vmet=*%2))*(C21%(1+Vmet)+C22*((1-Vmet)/c*x=2))

o_r_ox_a=(Eox/(1-Vox*%2))*(C11x(1+Vox)-C12x((1-Vox)/ax*x*2))
o_r_ox_b=(Eox/(1-Vox*%2))*(C11x(1+Vox)-C12*((1-Vox)/b=*%2))
o_r_met_b=(Emet/(1-Vmet*%2))*(C21*(1+Vmet)-C22x%((1-Vmet)/bx*%2))
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80

82

83

84

85

86

87

88

89

90

91

92

93

o_r_met_c=(Emet/(1-Vmet*%2))*(C21%(1+Vmet)-C22x%((1-Vmet)/cx*x*2))

#e_O_ox and e¢_6_met: Hoop strain of oxide and metal

tube

at radial

direction of the

#e_ r ox and € r met: Radial strain of oxide and metal at radial direction of

the tube

e 0 _ox_a=C11+C21/ax*=*2
€ 0 _ox_b=C11+C21/bx*x2
e O_met_b=C21+C22/bx*%2
e O _met_c=C21+C22/cx*%2

e r_ox_a=021-C22/ax*=2
e r_ox_b=C21-C22/bx*x2
e_r_ox_b=C21-C22/b=*x*2
e_r_ox_c=021-C22/c*%2

print()
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28

30

31

B.3 Python code for Thermo-Mechanical radial and hoop stress-strain

#Analytical Analysis of Thermo-mechanical Hoop and Radial stress and strain,

at different oxide scale

#The code is help easily compute analyticaly only by substituting the

radiuses

import math

import numpy as np

import scipy

# Table 1: Boiler tube radius at dfferent oxide scale
#oxide scale thicknes (um)
#Radius 96.0690 141.3280 178.6649 211.9621 242.8193
#a 0.021852 0.021829 0.021811 0.021794 0.021779
#b 0.021948 0.021971 0.021989 0.022006 0.022021
#c 0.0254 0.0254 0.0254 0.0254 0.0254
# Table 2: Each surface temperature and thermal expanssion cofficent at
differnt oxide scale
#0xide thickness Ta Tb Tc a_met a_ox
# 96.0690 631.7 642 .3 653.6 14.57E-6 18.31E-6
# 141.3280 631.3 646 .8 657.9 14.6E-6 18.35E-6
# 178.6649 631 650.3 661.2 14.62E-6 18.38E-6
# 211.9621 630.7 653 . & 664 .3 14.63E-6 18.41E-6
# 242.8193 630.5 656.3 666.9 14.65E-6 18.43E-6

a=float(input( ' Enter the value

Table 1

1))

b=float(input(’'Enter the value

Table 1

1))

c=float(input(’Enter the value

Table 1
a_met=float

from the above Table 2:7))

1))

of radial positions or radius a

of radial positions or radius b

of radial positions or radius c

from the above

from the above

from the above

(input(’Enter the value of _met for the required oxide thickness

a_ox=float(input( Enter the value of _ox for the required oxide thickness

from the

above Table 2:7))

Ta=float(input('Enter the value of Ta for the required oxide thicknessfrom

the abov

e Table 2:7))
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34

35

36

38

39

40

41

42

43

44

45

46

68

69

70

71

Tb=float(input('Enter the value of Tb for the required oxide thickness from
the above Table 2:7))

Tc=float(input( Enter the value of Tc for the required oxide thickness from
the above Table 2:7))

# Metal and oxide properties

Vox=0.29 #Poisons ratio of oxide
Vmet=0.3 #poison’s ratio of Metal

Eox=1.2E+11 #Youngs modulus of Oxide
Emet=1.25E+11 #Youngs modulus of Metal
Pi=25000000 #Applied internal pressure
Po=100000 #Applied external pressure

# k the matrix value used to calculate the inegral constants

k12=-(1-2xVox) /(a*x2)
K24=-(1-2xVmet)/(c**2)

7 K32=1/bx*%2

K34=-1/bx*x*2

K42=-(1-2%Vox)/(bx**2)
k43=-((Emet/Eox)*((1+Vox)*(1-2xVox)))/((1+Vmet)*(1-2xVmet))
K44=((Emet/Eox)*((1+Vox)*(1-2xVox)))/((1+Vmet)=*(b=*%2))

5 B1=-((1+Vox)*(1-2%Vox)/Eox)*Pi

B2=a_met*((1+Vmet)/(1-Vmet))*((1-2xVmet)/(c**2))*(Tc-Tb)*(((c**2)-(bxx2))/2)
-((1+Vmet)*(1-2*Vmet)/Emet)*Po

5 B3=-a_oxx*((1+Vox)/(1-Vox))*((1)/(bx*2))*(Tb-Ta)*(((bx*2)-(axx2))/2)

Bd=a_ox+*((1+Vox)/(1-Vox))*((1-2xVox)/(b*%2))*(Tb-Ta)*(((bx**2)-(ax*x*2))/2)

K=np.array ([[1,k12,0,0],[0,0,1,K24],[1,K32,-1,K34],[1,K42,k43,K441]])
Kinv = np.linalg.inv (K)

(v}
1

np.array([[B1],[B2],[B3],[B4]])
C = np.linalg.solve (K,B)

#C: values are the value of integral constant

5 #p11: integration constant at the position of iner surface of oxide scale

#q12: integration constant at the position of oxide/metal interface

7 #p21: integration constant at the position of oxide/metal interface

#922: integration constant at the position of outer surface of metal tube

p11=C[0][0]
q12=C[1][0]
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» p21=C[2][0]
 q22=C[3][0]

75 #Thermal_o_6_ox and o_0O_met: Thermal Hoop stress of oxide and metal at radial

81

84

86

direction of the tube

76 #Thermal_o_r_ox and o_r_met: Thermal Radial stress of oxide and metal at

radial direction of the tube

Thermal_o_0_ox_a=Eox*((a_ox/((1-Vox)*(a**2)))*((Tb-Ta)*((a**2)-(a**2))/2)+(
p11/((1+Vox)=*(1-2%Vox)))+(ql12/((1+Vox)*(a**2)))-((a_ox*(Tb-Ta))/(1-2+*Vox))
)

79 Thermal_o_0O_ox_b=Eox*((a_ox/((1-Vox)*(bx%2)))*((Tb-Ta)*((b**2)-(a**x2))/2)+(

p11/((1+Vox)*(1-2+Vox)))+(ql2/((1+Vox)*(b*%2)))-((a_ox*(Tb-Ta))/(1-2xVox))
)

) Thermal_o_0O_met_b=Emet=*((a_met/((1-Vmet)*(b*%2)))*((Tc-Tb)*((b**2)-(bx*x2))/2)

+(p21/((1+Vmet)+(1-2+Vmet)))+(q22/((1+Vmet)*(b*x2)))-((a_met*(Tc-Th))

[(1-2xVmet)))
Thermal_o_0O_met_c=Emet=*((a_met/((1-Vmet)*(c**2)))*((Tc-Tb)*((c**2)-(bx*%x2))/2)

+(p21/((1+Vmet)*(1-2+xVmet)))+(q22/((1+Vmet)*(c*x2)))-((a_met*(Tc-Tb))

[ (1-2xVmet)))

53 Thermal_o_r_ox_a=Foxx*((-a_ox/((1-Vox)=*(a**2)))*((Tb-Ta)*((a**2)-(ax*2))/2)+(

p11/((1+Vox)*(1-2%Vox)))-(ql12/((1+Vox)*(a*x=*2))))
Thermal_o_r_ox_b=Eox*((-a_ox/((1-Vox)*(bx*%2)))*((Tb-Ta)*((b**2)-(ax=*2))/2)+(
p11/((1+Vox)*(1-2*Vox)))-(ql12/((1+Vox)*(b*x2))))

5 Thermal_o_r_met_b=Emet*((-a_met/((1-Vmet)*(b*%2)))*((Tc-Tb)*((bx**2)-(bx*x2))

[2)+(p21/((1+Vmet)*(1-2xVmet)))-(q22/((1+Vmet)*(bx*%2))))
Thermal_o_r_met_c=Emetx*((-a_met/((1-Vmet)*(c*%2)))*((Tc-Tb)*((c**2)-(bx*%2))
[2)+(p21/((1+Vmet)*(1-2xVmet)))-(q22/((1+Vmet)*(c*%2))))

#Thermal_e_0_ox and e&_0O_met: Thermal Hoop strain of oxide and metal at radial

direction of the tube

92 Thermal_ge_0_ox_a=((1+Vox)/(1-Vox))*(a_ox/(a**2))*((Tb-Ta)*((ax=*2)-(ax*x*2))/2)

+(p11)+(ql2/(ax*2))
Thermal_e_60_ox_b=((1+Vox)/(1-Vox))*(a_ox/(b*%2))*((Tb-Ta)=*((b**2)-(ax*x+2))/2)
+(p11)+(q12/(bx%2))
Thermal e 6 _met_b=((1+Vmet)/(1-Vmet))x*(a_met/(b*%2))*((Tc-Tb)*((b*%2)-(bx*%2))
[2)+(p21)+(q22/(bxx*2))

5 Thermal_e_0_met_c=((1+Vmet)/(1-Vmet))*(a_met/(c**2))*((Tc-Tb)*((c**2)-(bx*%2))

[2)+(p21)+(g22/(cx**2))
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102

5 print

7 print

7 #Thermal_ge_r_ox ande_r_met: Thermal Radial strain of oxide and metal at radial

direction of the tube

Thermal_e_r_ox_a=((1+Vox)/(1-Vox))*((-a_ox/(a*x*2))*((Tb-Ta)=*((a**2)-(ax**2))
[2)+(a_ox*(Tb-Ta)))+pli1-(ql2/(ax=*2))
Thermal_e_r_ox_b=((1+Vox)/(1-Vox))*((-a_ox/(b**2))*((Tb-Ta)=*((b**2)-(ax**2))
[2)+(a_ox*(Tb-Ta)))+p11-(q12/(bx%2))
Thermal_e_r_met_b=((1+Vmet)/(1-Vmet) )*((-a_met/(b**2))*((Tc-Tb)x*((b**2)-(b
*+2))[2)+(a_met*(Tc-Tb)))+p21-(q22/(b*%2))
Thermal_e_r_met_c=((1+Vmet)/(1-Vmet))*((-a_met/(c**2))*((Tc-Tb)*((c**2)-(b
*%2)) [2)+(a_met*(Tc-Tb)))+p21-(q22/(c**2))
print(Thermal_o_6_ox_a)
Thermal_o_6O_ox_b)
Thermal _o_6_met_b)
print(Thermal_o_6_met_c)

print
print

(
(
(
(

print(Thermal_o_r_ox_a)

Thermal _o_r_met_b)

(
print(Thermal_o_r_ox_b)
print(

(

> print(Thermal_o_r_met_c)

print(Thermal_ge_6_ox_a)
(Thermal_ge_6_ox_b)
print(Thermal_e_6_met_b)
(Thermal_e O _met_c)

o print(Thermal_&_ r_ox_a)

Thermal_g_r_met_b)

(
print(Thermal_&_r_ox_b)
print(

(

print(Thermal_ge_r_met_c)
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25

26

27

28

30

31

32

33

34

B.4 Python code for Creep stress and strain rate

different oxide scale

radiuses

import math

import numpy as np

import scipy

#Radius 96.0690

#a 0.021852
#b 0.021948

#Analytical Analysis of Creep Hoop and Radial stress and strain rate,
#The code is help easily compute analyticaly only by substituting the
# Table of boiler tube radius at dfferent oxide scale
#oxide scale thicknes (um)
141.3280 178.6649 211.9621 242.8193
0.021829 0.021811 0.021794 0.021779
0.021971 0.021989 0.022006 0.022021
0.0254 0.0254 0.0254 0.0254

#c 0.0254

#t is the working hour,

scale is shown below

t
2000
4000
6000
8000
10000

B N

oxide scale
96.0690
141.3280
178.6649
211.9621
242.8193

a=float(input(’'Enter the value

table: "))

b=float(input(’'Enter the value

table: "))

c=float(input(’'Enter the value

table:’))

of

of

of

t=int(input("Enter the value of t

scale table:"))

# Metal and oxide properties

nox=3
nmet=5
Pi=25000000

radial positions or

radial positions or

radial positions or

of oxide scale from

for this research the working hour and the oxide

radius a from the

radius b from the

radius ¢ from the

the above time vs

ffistress constan of oxide

#fistress constant of

Metal

#Applied internal pressure
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35 Po=100000 #Applied external pressure
36 kmet=1.1E-45 #Creep parameter of material
37 q=0 #Creep parameter of material
38

30 # k the matrix value used to calculate the inegral constants
10 k11=-(nox/2)*(ax**(-2/nox))

41 k23=-(nmet/2)*(cx**(-2/nmet))

12 k31=-(nox/2)*(bx**(-2/nox))

13 k33=(nmet/2)*(bx**(-2/nmet))

11 k42=1/b
15 k43=-1/b
16 B1=-Pi

47 B2=-Po

15 B3=0

19 B4=0

51 K=np.array ([[k11,1,0,0],[0,0,k23,1],[k31,1,k33,-1],[0,k42,k43,0]])
52 Kinv = np.linalg.inv (K)
s« B

55

np.array([[B1],[B2],[B3],[B4]])
np.linalg.solve (K,B)

(]
1

56

s7 #C: values are the value of integral constant

ss #C11: integration constant at the position of iner surface of oxide scale
so #C12: integration constant at the position of oxide/metal interface

o #C21: integration constant at the position of oxide/metal interface

61 #C22: integration constant at the position of outer surface of metal tube

63 C11=C[0][0]
6+ C12=C[1][0]
6s C21=C[2][0]
66 C22=C[3][0]

68 #o_r_ox and o_6O_met: Radial and Hoop stress of metal at radial direction of
the tube

69

70 o_r_met_b=-((nmet/2)*(C21*xb*x(-2/nmet

)))+C22
71 0o_r_met_c=-((nmet/2)*(C21%c*x(-2/nmet)

)

)

)
))+C22
72 0_0_met_b=c_r_met_b+(C21/(bx**(2/nmet)))
73 0_0_met_c=o_r_met_c+(C21/(c**(2/nmet)))
75 0_e_b=(1.732/2)*(0_60_met_b-o_r_met_b)
76 0_e_c=(1.732/2)*(0_6_met_c-o_r_met_c)
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94

#e_r_met and &€_6O_met: Radial and Hoop strain of metal at radial direction of
the tube}

€ O _met_b=kmetx((1.732/2)**(nmet+1))x*((0c_6_met _b-o_r _met_b)x*xnmet)xt

> e 0_met_c=kmetx*((1.732/2)**(nmet+1))*((0_6_met_c-o_r_met_c)=**nmet)x*t

e_r_met_b=-kmetx*((1.732/2)**(nmet+1))*((0_6O_met_b-o_r_met_b)**nmet)x*t

5 e_r_met_c=-kmetx*((1.732/2)*x(nmet+1))*((0_6O_met_c-o_r_met_c)*+*nmet)x*t

#e_rate_r_met and &_rate_6_met: Radial and Hoop strain rate of metal at

radial direction of the tube}

e_rate_O_met_b=(3/4)xkmetx*(o_e_b**(nmet-1))*(c\_6O_met_b-o_r_met_b)x*x(t*x*+(1-q))
e_rate_O_met_c=(3/4)xkmetx*(o_e_c*+*(nmet-1))*(0_0_met_c-o_r_met_c)*(t*xx(1-q))

e_rate_r_met_b=-(3/4)*kmet*(o_e_bx*x(nmet-1))*(0c_6_met_b-o_r_met_b)x*(tx*x(1-q))
e_rate_r_met_c=-(3/4)+kmet*(o_e_c**(nmet-1))*(0_60_met_c-o_r_met_c)*(tx*x(1-q))

print()
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