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EVALUATION OF HIGH TEMPERATURE BOILER TUBES USING
ITERATIVE ANALYTICAL APPROACH

ABSTRACT

Heat recovery steam generator is used to harvest the exhaust flue gas expelled from
gas turbine to generate steam for power generation in steam turbine-generator. The
steam is generated via the application of boiler tubes. After several years of operation,
excessive scale thickness and severe wall thinning on the tube can lead to tube
rupture. Therefore, a reliable system based on the predictive maintenance
philosophies is needed to monitor and give an early notice of tube failure. In this
project, an iterative analytical program has been adopted to evaluate the behaviour
and performance of boiler tubes in terms of tube temperature, heat flux, oxide-scale
growth, creep strength, material hardness and hoop stress. A sample model acquired
from a research paper was used to develop seven other tube models by varying
several key parameters suited for this study. From the investigations conducted on
the seven tube models, it was observed that higher steam pressure, thinner tube
geometry and the existence of wall thinning effect could result in a higher hoop
stress and shorter creep life. The tube life was also influenced by the tube metal
average temperature. The contributing factors to the increase in tube average
temperature due to high surface heat flux, increase in scale thickness and its growth
rate and reduction in hardness. These contributing factors were caused by the change
in input parameters such as thick tube geometry, low steam mass flow rate, high flue
gas temperature and mass flow rate. On the other hand, a comparison between two
tube grades; SA213-T12 and SA213-T22 showed that the later has a better creep
strength, hardness and oxide-scale growth performance due to the presence of higher

Chromium and Molybdenum compositions within the tube.
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CHAPTER 1

INTRODUCTION

1.1 Background on Heat Recovery Steam Generator

Heat Recovery Steam Generator (HRSG) is a large scale industrial boiler use to
generate steam from water source. This principle is almost similar to our daily
routine in boiling water in a kettle. In order to change water into steam, heat is added

into the system by means of combustion of fossil fuels, electricity and even the Sun.

However, conversion process of water into steam in a large scale industrial
boiler involves a large amount of operating cost. Due to cost concern, engineers have
come out with a solution to increase efficiency of steam production with the same
amount of fuel (Steingress 1970). It is done by increasing the heating surface area in
contact with the water. This enables the heat to be fully utilised and not lost to
surrounding. This is achieved by the application of boiler tubes. Boiler tubes are
normally made of ferritic steels, combined with other alloying elements such as
Nickel, Molybdenum, Chromium, Manganese and etcetera to improve its mechanical

properties in order to withstand extreme operating pressure and temperature.

Boiler tubes can be categorised into water tube and fire tube. A water tube
refers to the flow of water inside the tube with combustion gasses flow externally.
On the other hand, a fire tube refers to combustion gasses that flow inside the tube
with the tube being surrounded by water on its exterior. The analytical evaluation in

this project will only consider for the water tube category.
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1.2 Problem Statement

HRSG obtain its heat source from exhaust (flue) gas expelled from gas turbine. High
thermal exposure and inefficient heat transfer from the flue gas into the water
contained in water tubes due to the development of scales on the internal tube wall
results in creep formation. The boiler tubes condition worsen with wall thinning
effect on the exterior tube wall as it promotes higher hoop stress on the tube and thus,
shortens the life span of the tubes. With the existence and interaction between thick

scales and wall thinning, the life span of the tubes could further reduced.

As the life of the boiler tube reaches its limit, failure such as rupture will
occur. Since HRSG is operated at elevated temperature and pressure, any tube
rupture will definitely cause major physical damages to the nearby tubes and the
boiler’s water wall. These lead to a higher repair cost. In some extreme cases, it may
also threaten humans’ life due to the high pressure ‘explosion’. Therefore, it is

important to carry out a proper study in order to mitigate such problems.

1.3 Aim and Objectives

The aim of this research is to evaluate the performance of boiler tubes using a

developed MATLAB code which is based on one-dimensional heat transfer model.

Several objectives have been identified in this research and are stated as follow:

1. To perform iterative analytical study on boiler tubes by applying the
developed MATLAB codes.

2. To evaluate on the effect of varying several key parameters towards the

behaviour of boiler tubes.

3. To investigate and compare the performance between two boiler tube grades.
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14 Scope of Research

A research has been conducted to study the behaviour of the boiler tubes under
different loading parameters by implementing the developed iterative analytical
procedure in MATLAB. This iterative program was based on a simple one-

dimensional heat transfer model.

Various different parameters have been selected for this study which includes
tube geometry, flue gas temperature, steam mass flow rate, flue gas mass flow rate,
steam pressure and wall thinning effect. Any behavioural changes in term of hoop
stress, tube metal average temperature, surface heat flux, tube hardness, creep
damage, scale thickness and its growth rate have been analysed, discussed and

presented in this project.

From the outcome and understanding in this project, an investigation was
then carried out to compare the performance between two tube grades; SA213-T12
and SA213-T22 in terms of creep strength, tube hardness and corrosion resistance.
The difference between these tubes is that SA213-T22 tube grade has higher
Chromium and Molybdenum content as compared to SA213-T12.

1.5 Outline of Thesis

The layout in this report is organised based on the outline described below:-

Chapter 2 — Literature Review describes the types of Heat Recovery Steam
Generators and Heat Recovery Boilers and their usages. The general boiler tube
materials/grades and its properties are briefly explained. The common boiler tube
failure mechanisms and several research/theoretical findings that are of the interest in

this project have been highlighted.

Chapter 3 — Methodology explains about the steps in the iterative analytical

method that is used for evaluation purpose in this project. The details on the cases
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and models are highlighted. The input geometries and all necessary parameters for

the MATLAB simulation are tabulated accordingly in this chapter.

Chapter 4 — Results and Discussion displays the graphical representation of
the output data recorded by MATLAB. Discussions and comments are given based
on the plot interpretation and comparison between models. A simple summary is

concluded for each study.

Chapter 5 — Conclusions and Recommendations highlights on the overall

summary of this project. Some recommendations on future works are suggested.



CHAPTER 2

LITERATURE REVIEW

2.1 Industrial Steam Generators and Heat Recovery Boilers

As mentioned in the previous chapter, both steam generators and heat recovery
boilers are used to convert water from saturated liquid phase into steam at a specific
pressure through heat addition. By varying the operating pressure and the amount of
heat added, different types of steam will be produced such as low pressure steam and
high pressure superheated steam. The main source of heat is obtained through the
burning of fossil fuels such as natural gases, coals and petroleum. Steam is used in
nearly every industry to facilitate their processes and it is well known that steam
generators and heat recovery boilers are important to both power and process plants
(Ganapathy 2003). High pressure superheated steam is utilised by power generation
industries to drive their steam turbines while low pressure saturated steam is used by
various industries for industrial processes such as heating and drying. Generally,
there are two types of boilers which are the vertical tube HRSG and horizontal tube
Package Steam Generators or also known as Packaged Boiler (PB). The vertical and

horizontal tubes indicate the arrangement of the boiler tubes in the boiler.

HRSG is a type of heat exchanger that recovers waste heat from hot (flue) gas
stream. The heat recovered turn water inside the water tube to produce steam which
is used to drive a steam turbine-generator in a combined cycle power plant or to be
used for other application in various industries. Flue gas from gas turbine exhausting
into a HRSG in a combined cycle power plant is the most efficient electric

generating system known today (Ganapathy 2003). HRSG has the advantage of



23

higher steam production rate and high level of operating safety. The common type of
HRSG is the natural water circulation type where the water circulates by virtue of
density difference between the water in the downcomer and upriser. Figure 2.1

shows the natural water circulation in a HRSG.

— Steam
Boiler or
steam drum

<«— [eedwater

Downcomer

Lower or mud drum

Figure 2.1: Water Tubes Used in Natural Water Circulation HRSG
(Spirax Sarco 2011. p. 240)

On the other hand, PB is a type of fire tube boiler where the combustion hot
air from the furnace is passed through one or more tubes running through a sealed
container of water called the steam drum. Figure 2.2 shows the construction of an
industrial PB. The number of pass or stages in the PB depends on the amount of gas
flow. With small amount of gas flows, one may consider multi pass design of PB,
which can reduce the overall length of the boiler tubes (Ganapathy 2003). The heat is
transferred from hot gas to the water by thermal conduction where it boils the water
and generates steam. PB is unable to generate a high pressure superheated steam and
has a low steam production rate. However, PB has the advantage of higher steam

storage capacity compared to HRSG.



Chimney

Steam space ‘

3rd pass (tubes)
200°C
)

Water

2nd pass (tubes)
Burner ‘» Ist pass (furnace tube(s))

Water

Figure 2.2: Three Stage/Pass of Hot Gas Path in
(Spirax Sarco 2011. p. 231)

2.2 Common Boiler Tube Materials
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PB

Boiler tubes are usually manufactured using alloy materials which can withstand

both high temperature from the flue gases and high pressure steam generation within

the tube. The use of high temperature heat resistant alloys not only improves the

supercritical steam quality for better HRSG efficiency, they also allow reduction in

volumes of material for fabrication, both which promotes positive economy benefits.

According to Viswanathan (1993), boiler tubes are often categorised into

three groups of alloys; carbon steels, ferritic alloys and austenitic stainless alloys in

which all the tubes are then graded according to its material compositions. The

material grades listed by the author are based on the American Society of Mechanical

Engineers (ASME) standards. Some of the alloy grades that are commonly used as

superheater and reheater tubes are listed in the Table 2.1.



Table 2.1: Ferritic Alloys Used in Boiler Construction
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Nominal .\
C t %
Compositions | ASME x omposition (%)
fFerriti S Grade
of Ferritic pecs. p S S Cr Mo
Alloys
5Cr-0.5Mo T5 ]0.030|0.030 | 0.50 4.0-6.0 | 0.45-0.65
9Cr-1Mo T9 ]0.030 | 0.030 | 0.25-1.0 | 8.0-10.0 | 0.90-1.10
1.25Cr-0.5Mo | SA213 T11 |0.030 | 0.030 | 0.50-1.0 | 1.0-1.50 | 0.44-0.65
1Cr-0.5Mo T12 |0.045]0.045| 0.50 | 0.8-1.25 | 0.44-0.65
2.25Cr-1Mo T22 | 0.030|0.030| 0.50 1.9-2.60 | 0.87-1.13

“All tube grades have same compositions of Carbon at 0.15% and Manganese at 0.3-0.6%

(Viswanathan 1993. p. 186)

From Table 2.1, it is observed that different material grades consist of
different percentage of compositions of alloying elements. These alloying elements
are desirable as it helps to improve the mechanical properties of the tube. Table 2.2

shows the function of each alloying elements.

Table 2.2: Alloying Elements and Its Functions

Alloying '
Element Functions
Carbon (C) e Increase solid-solution strength, hardness and hardenability

e Improve solid solution strength, hardness and hardenability
Manganese (Mn) | e Counteracts brittleness caused by sulfur

e Improve wear and abrasion resistance

e Increase solid-solution strength, hardness and hardenability

e Increase resistance to corrosion and high temperature

Chromium (Cr) oxidation
¢ Improve wear and abrasion resistance

¢ Provide high temperature strength

¢ Increase solid-solution strength, hardness and hardenability

Molybdenum | ® Improves high temperature properties such as creep strength

(Mo) e Counteracts temper embrittlement

Enhance corrosion resistance in stainless steel

Considered as impurity in most steels
Sulfur (S)

¢ Improve machinability
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Table 2.2: (Continued)

Alloying Functions
Element

e Increase solid-solution strength, hardness and hardenability

e Remove oxygen in molten steel

Silicon (Si) e Improves oxidation resistance, electrical and magnetic
properties

e Promotes decarburisation

e Considered as impurity in most steels

Phosphorus (P) | e Increase strength and hardness in in low-carbon steels

¢ Improve machinability and promotes temper embrittlement
(ASM International 2002. p. 3)

The material grade selection may vary depending on the location where the
tube will be installed and the operation requirements of the boiler. Among these
factors, the most prominent feature to be deeply considered is the tube strength and
the corrosion resistance properties at high temperature and pressure. From the list in
Table 2.1, only two grades; SA213-T12 and SA213-T22 have been considered in this

project because they are widely used by major power plants in Malaysia.

Table 2.3 shows the material properties for high temperature application for
both alloy grade SA213-T12 and SA213-T22 obtained from ASME (2004b, p. 30).
From the table, it is observed that alloy T22 (short notation for SA213-T22) has
higher allowable stress value than T12 (short notation for SA213-T12). This shows
that T22 can withstand at a much higher stress level before the tube is in critical state
prior to failure. The values from Table 2.3 are used as one of the evaluation criteria

to ensure the integrity of the tube.
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Table 2.3: Material Properties for SA213-T12 and SA213-T22

Alloy SA-213-T12 | SA-213-T22

Min. Tensile Strength (MPa) 415 415
Min. Yield Strength (MPa) 220 205
65°C 117 118

100°C 116 118
125°C 114 116
150°C 114 114
200°C 114 114
250°C 114 114
300°C 113 114
Maximum 325°C 112 114
Allowable 350°C 110 114
Stress (MPa) at 375°C 109 114
respective 400°C 107 114
A;::;‘f;:ﬁfrtjl 425°C 106 114
450°C 103 114

475°C 101 100
500°C 88.3 80.9

525°C 61.9 64
550°C 40.3 47.7
575°C 26.4 34.5
600°C 17.3 23.5
625°C 11.7 15.5
650°C 7.4 9.39

(ASME 2004b. p. 30)
23 Common Failure Mechanisms in Boiler Tube

In order to meet the growing demand of energy, HRSG are often required to operate
at high temperatures and pressures to increase the heating efficiency. As a
consequence, the boiler tubes often experience frequent event of failures. These
failure mechanisms are very much similar to the mechanism that have been reported
by Robert and Harvey (1991) and EPRI (2007). The primary factors influencing the

repetition of tube failures include:-
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a) Wrong decision in the corrective and preventive actions

b) Lack of information in previous tube failures’ reports

c) The standard operating and maintenance procedures are not carried out

properly by the plant engineers and operators

The failure mechanisms and the specific analysis approach that are related to this

project will be discussed further in the following subsections.

2.3.1 Waterside Corrosion and Scale Deposition in Boiler Tubes

Waterside corrosion is often present in any water tube boilers. This type of corrosion
greatly influences the reliability of the heat recovery boilers as it deteriorates the tube
material. The deposition of scale due to waterside corrosion is caused by the
chemical reaction between the tube material and the chemical composition inside the
water. These corrosion failures are the result of ineffective control of water chemistry.
According to the guidelines provided by EPRI (2007), corrosion also depends on the
number of operating cycles because most of the upsets in water chemistry occur

during the start-up prior to steady-state operation.

The intensity of corrosion greatly depends on the pH level of the water. The
rate of corrosion increases at high temperature due to the increase in water acidity.
Therefore, the water used in industrial boilers is dosed with certain amount of caustic
to maintain its alkalinity. However, overdosing caustic can also lead to caustic
corrosion. The build-up of boiler water impurities causes two kinds of accelerated
on-load corrosions (Natarajan and Kumaresh 2006). The first kind is caused by
caustic attack from the boiler water treatment additives while the second kind is
caused by chloride impurities which are acidic or will become acidic when heated up
with the elevating boiler temperature. In addition, the water used for steam
production may contain gaseous impurities and dissolve solids which may result in

scaling in the boiler tube. Khajavi et al. (2007) added on to the findings of caustic
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corrosion. Based on their research, caustic corrosion is caused by the presence of
sodium hydroxide (NaOH) that reacts with the metal wall to produce depressions.
The tendency for a metal to react with NaOH is based on the amphoteric nature of
the iron oxides and the concentration of NaOH. Since the primary function of caustic
is to maintain the alkalinity of water to avoid acid corrosion, too concentrated of
caustic can also leads to corrosion. Besides caustic corrosion, the authors had also
identified phosphate corrosion as one of the contributing corrosion on industrial
boilers. Phosphate corrosion exists due to the reaction of sodium phosphate with the

tube material which produces a by-product of iron phosphate.

Failure analysis carried out by Ranjbar (2007) indicated that the most
prevailing corrosion mechanism occurred in reheater tubes were caustic corrosion.
Figure 2.3 shows the scales that were formed inside Low Pressure Convective

Superheater, second stage (LPCSH-II).

Figure 2.3: Scale Deposition in the Interior Wall of LPCSH-II
(Ranjbar 2007. p. 622)

Apart from the effect of corrosion, the oxide-scale growth can also be
expressed as a function of tube temperature and time of exposure (Viswanathan
1993). For instance, tube temperature increases during its lifetime due to the oxide

build up in the interior of the tube which insulates the tube from the flow of water.
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As the tube temperature increase, the scale deposition rate increases and this
phenomenon repeat as a cycle which obeys a specific rate law. Table 2.4 shows
various exponent rates, n proposed by several researchers to estimate the oxide-scale
growth kinetics. An approximate expression for Cr-Mo steels by these groups of

researchers is presented in Equation 2.1.

Table 2.4: Value of Exponent Rate, n

Exponent rate, n Proposed by
% Rehn and Apblett (1981)
% Dewitte and Stubbe (1986)
Lo Paterson and Rettig (1987)
21 26
Lo~ Paterson (1992)
2.6 3.0

(Viswanathan, Sarver and Tanzosh 2006. p. 257)

x=kt" (2.1
where
X = oxide-scale thickness, mm
k = oxide-scale growth rate constant
t = exposure time, h
n = exponent rate

Since both the exponent value of %Oand Zioproposed by Rehn and Apblett

(1981) and Dewitte and Stubbe (1986) respectively are used for ferritic tubing, it is
adopted in this project as both T12 and T22 grade tubes are made of ferritic alloys.
Both of the n values are tested and compared in order to determine on which

exponent rate is the most suitable for this project.
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2.3.2  Fireside Erosion-Corrosion and Wall Thinning on Boiler Tubes

In power generation industries, wall thinning on the boiler tubes which lead to tube
rupture is considered as one of the most feared effect that may possibly lead to major
breakdown in their HRSGs. Besides affecting the production operations, a huge

amount of cost is incurred to replace the damaged tubes.

The wall thinning effect is caused by excessive fireside tube erosion and
corrosion on the outer surfaces of the tube. Since boiler tubes are exposed to an
extremely high operating temperature and fast moving hot gas flow, any substances
that are present in the flue gas that came into contact with the tube wall surface may
chip off the tube material. This condition worsens if those substances have the right

chemical compositions in causing corrosion to the tube.

There is no doubt that today; the price of a regular fuel oil is increasing. This
motivates power generation and process industries to opt for heavy fuel oil as a
cheaper fuel alternative to power up their gas turbines and boilers. However, the
combustion of heavy fuel oil can produce corrosive particles that contain significant
amount of vanadium, sulphur and chlorine. According to Hernas et al. (2004), the
mixture of these contents could lead to an aggressive corrosion atmosphere and thus,
accelerates the rate of corrosion. Besides, the corrosion rate is also amplified by the
fluctuation in flue gas flow. With large combustion residue accumulated, it may
further promote erosion and corrosion to the fireside wall of the boiler tubes

(Awassada et al., 2010).

Boiler tube samples collected for failure analysis carried out by Chandra,
Kain and Dey (2010) on superheater tubes with carbon steel grade of SA213-T22
(2.25Cr-1Mo) are shown in Figure 2.4. In their research, the formation of thick
calcium sulphate deposited on the fireside tube wall and its spallation were the main
cause of tube failure. Bare material exposed due to the spallation of calcium sulphate
deposits caused formation of new thick oxide layer (corrosion) which accelerated the
failure rate. Fry et al. (2011) agreed with the finding and stated that the erosion and
corrosion mechanism was often found in the superheater and economizer region

inside the boiler.
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Figure 2.4: Photographs on Heavy Wall Thinning on the Superheater
Tubes (Chandra, Kain and Dey 2010. p. 63)

Moles and Westwood (1982) had derived an equation for wall thinning in a
superheater and reheater tubes. They assumed a linear corrosion rate and linear
damage rule which is based on a conservative equation for creep damage. The wall

thinning rate is defined in Equation 2.2.
Wi—Wg

K = Y% (2.2)

Witop

where
K = wall thinnin