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In this study, a real and significant industrial problem in a steam power plant was investigated.
Reheater tubes in boilers are under creep and the fireside corrosion mechanism that cause some of
them to fail. Since the estimation of probability of failure (PoF) and remaining life (RL) is expensive
and time consuming by the deterministic methods, in this work they were evaluated using structural
reliability analysis and distribution analysis based on in-site tests and selecting an appropriate limit
state function (LSF). The criterion used for this purpose is based on the creep lifetime model and
uncertainties. Sensitivity analysis was also carried out in this research. The considered relationship
among three affecting parameters on boiler tube failure including time, creep and fireside corrosion
leads to evaluating RL besides PoF as well as obtaining PoF and RL simultaneously by selecting an

Reheater Tubes appropriate time-based LSF. Most accurate results were achieved based on obtained PoF and RL
RALA software values which cause to provide more reliable results for economic planning of future inspection periods.
This leads to significant cost savings and operational safety improvements. A new software package,
named RALA was developed via programming in Matlab. The obtained results are in good agreement
with all data gained from the practical experiments in the power plant based on the previous studies.
doi: 10.5829/idosi.ije.2013.26.05b.11
Nomenclatures
C Material constant x Design point in the physical space
f(x) Joint probability density function of basic random variables x af Sensitivity factor
a(x) Failure function or limit state function or performance function B Reliability index
kj Main curvatures of the quadratic hyper-surface at the design point O ax Axial stress
K Wall thinning rate oy Hoop stress
M Total independent samples o, Radial stress
M Number of samples among them satisfying g(x) <0 O ref Reference stress
n Stress sensitivity coefficient oy Material ultimate strength
N Number of simulations Oy Material yield stress
P Internal pressure o Von mises stress
Pr Failure probability D Cumulative standard normal distribution function
Py Current load Random variables in physical space

* Corresponding Author Email:

.ir (E. Poursaeidi)


mailto:epsaeidi@znu.ac.ir

E. Poursaeidi et al. / IJE TRANSACTIONS B: Applications Vol. 26, No. 5, (May 2013) 543-552 544

Py Rigid plastic collapse load for the component Abbreviations

r Radial distance CDF Cumulative Distribution Function

I; Inner radius FORM First Order Reliability Method

I, Outer radius FOSM First Order Second Moment

T Temperature LMP Larson-Miller Parameter

Lor Service rupture life in presence of corrosion (real operating conditions) LSF Limit State Function

top Operating time in service MCS Monte Carlo Simulation

t, Rupture time of tube without wall thinning PDF Probability Density Function

u Random variables in standard normal space PoF Probability of Failure

u' Design point in the normal space RALA Reliability Analysis and Life Assessment
W Initial tube wall thickness RBDO Reliability Based Design Optimization
We Final tube wall thickness RL Remaining Lifetime

SORM Second Order Reliability Method

1. INTRODUCTION

Internally pressurized tubes are considered as essential
and critical elements in heat-exchanger applications,
such as reheater tubes in boilers. Tubes in such
applications may cause the material to encounter the
creep regime, creep deformation and even fracture with
severe consequences due to their vulnerabilities against
temperature excursions. According to the obtained
estimation, creep fractures in boiler tubes are
responsible for 10% of all power plant breakdowns.
Generally, creep is in responsible for 30% of all tube
failures in boilers and reformers [1].

The residual creep life assessment of boiler
components has a great significance from technical,
safety, and economic standpoints. It also has sufficient
ability to inhibit the unexpected and unforeseen stops
which may be associated with severe damage and may
not be capable of compensating in some cases.
Therefore, many dissimilar analytical methods along
with several criteria and standard codes have been
established according to the obtained results of
destructive and non-destructive tests and substitute
inspections. The obtained results of these tests and
inspections in the analytical methods consist of doubts
and uncertainties due to the errors in the inspection
tools,  operator  miscalculation, or  ordinary
simplifications mistake in the analytical estimations.

However, the dispersion of the sampling domains
from the diverse aspects of a number of elements, a
variety of components, and complicated service
conditions is considered as a key factor in developing
probabilistic methods of PoF and life assessment. For

instance, many significant parts of a boiler with
hundreds of kilometers of tubes in critical regions with
very high temperatures tend to have corrosion at high
temperature, oxidation, and erosion due to contact with
hot gas flow and ignition products. The sampling
problem is considered as the first and the significant
problem under such conditions.

Furthermore, in-plant measurements of tube wall
thinning are accomplished by grinding off the oxide to
bare metal and measuring the thickness of the wall
utilizing conventional ultrasonic tests, which is time-
consuming and strictly limits the number of tubes that
can be sampled. Additionally, only a slight segment of
the tube is scrutinized; thus, if this is not the most
severely damaged section, an extremely optimistic life
assessment can result [2].

Based on the development of reliability engineering
and probabilistic fracture mechanics, engineers and
researchers can apply the reliability analysis and
assessment methods for the structures containing
defects. Probabilistic estimation of RL and PoF for
corroded pipelines has been extensively used in the last
decade. For example, the FORM, SORM, and different
versions of simulation methods have been applied in the
safety assessment of steam generator tubes with the
axial through-wall crack due to stress corrosion
cracking by Cizelj, Mavko, and Riesch-Oppermann [3].
Their probabilistic fracture mechanics model takes into
consideration the scatter in tube geometry, material
properties and stable crack propagation. Ahammed and
Melchers [4] have described a probabilistic method for
assessing the suitability of corroded pipelines under
pressure loading. They have developed a probabilistic
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limit state model from the available deterministic failure
equations. Then reliability is estimated by the advanced
FOSM method. Guohua and Shuho [5] have studied the
reliability assessment for pressure vessels containing
defects using the FOSM method and the MCS.
Ahammed [6] considered a methodology for the
assessment of RL of a pressurized pipeline with active
corrosion defects. The level II advanced FOSM was
employed for carrying out reliability analysis.
Furthermore, Caleyo, Gonzalez, and Hallen [7]
investigated the probabilistic methodology for the
estimation of the RL of pressurized pipeline containing
active corrosion defect. The FOSM iterative reliability
method, the Monte Carlo integration technique, and the
first order Taylor series expansion of the LSF are used
to estimate the PoF associated with any corrosion defect
over time. Lee et al. [8] estimated the PoFs of wall-
thinned pipes in nuclear systems using FORM, SORM,
and MCS, and proposed limited operating conditions
under different types of loadings, such as internal
pressure, bending moment, and their combined loading .
An integrated approach of RL assessment and reliability
evaluation on the first stage of reheater tubes system
was presented by Bakic et al. [9]. They collected a large
set of data at the first stage of reheater tube system at a
unit power plant and developed a method for estimating
RL and reliability of reheater tubing system subjected to
corrosion deterioration over time. Poursaeidi and
Alimadadi [10] studied RL of super heater tubes of the
boiler of a power plant using the MCS, based on non-
destructive in-site tests.

In this work, a large set of data was achieved using
the final reheater tubes of a 250-MW (Rajace power
plant, unit 4, Qazvin, Iran) with about 84000 hours
service. The obtained data was utilized for statistical
analysis of boiler tubes outages, inspection of the data
and development of a method for estimating RL and
reliability of reheater tubes which was subjected to
corrosion deterioration over time. The PoF is evaluated
according to the in-site tests (statistical data) along with
selecting an appropriate limit state function or LSF
(mechanical model) using FORM, SORM, and MCS
methods. RL assessment is also carried out using the
distribution analysis of the LSF based on MCS. The
study also presents experimental data about the
probabilistic distributions of the variables involved in
the reliability analysis at hand.

This paper proposes a new measure of reliability to a
significant practical problem through the time to creep-
related failure of the reheater tubes. Moles and
Westwood's relationship [2] was applied to investigate
the reheater tubes in a statistical approach that is
noteworthy. Consequently, the affecting parameters on
boiler tube failure including time, creep and fireside
corrosion were related to each other considering
Equation (7). This leads to evaluating RL besides PoF
as well as obtaining PoF and RL simultaneously by

selecting an appropriate time-based LSF and applying
aforementioned methods. Most accurate results were
achieved based on obtained PoF and RL values which
cause to provide more reliable results for economic
planning of future inspection periods. This leads to
significant cost savings and operational safety
improvements. The above-mentioned approach which
was performed in this study for obtaining of RL besides
PoF has not been investigated in any other similar work
up to now.

2. RELIABILITY MODEL

2. 1. PoF Estimation The statistical theory of
reliability in structural mechanics copes with the
description of PoF, p., in structural elements via

scattering the applied loads and structural resistance
properties. The behavior of structure failure is expressed
by a function of failure g(x), determining by basic
random variables x = (x;,X,...,X,) which indicates two
distinct characteristics known as applied loads and
structural resistance parameters including dimensions
and material properties. For reliability analysis, system
parameters are treated as random variables considering
the type of distribution, mean, and standard deviation
which were assumed to be known for each parameter.
Failure is defined based on the values of g(x), wherein
g(x) < 0 denotes failure while no failure occurs at
g(x) > 0, and g(x) = 0 determines the so-called failure
surface (a hyper-surface in the n-dimensional space of
the basic random variables) which separates the failure
domain from the safe domain. Therefore, as it is
described in Equation (1), PoF can be computed from
the integration of the joint PDF of respective basic
variables over the region of g(x) < 0:

P = Plaxy<ol=f 0 dx 0
where fi(x) represents loads, material properties, and
geometry.

The analytical solutions of the failure integral
(Equation (1)) are restricted to special cases. Two
different techniques known as reliability index
technique including FORM and SORM, and simulation
technique including MCS are generally applied for
estimation of PoF. The algorithms description of
FORM, SORM, and MCS will be mentioned briefly
below.

An approximated PoF in FORM approach can be
obtained via a linearization of the LSF at a design point
or MPP (x") as it is described in the following well-
known expression (Equation (2)).

Pp = ®(=p) 2)

The sensitivity of PoF towards the scattering of each
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basic random variable is expressed in Equation (3).

0 0 3 i *
Lo St G)

ou; Ou; =

In SORM approach, an approximated failure surface
can be determined by a quadratic hyper-surface
associated with the curvature of non-linear LSF around
the design point or MPP. Calculation of probability with
second order approximation is performed by a simple
closed-form solution according to Equation (4).

n-1 1
Pp ~ (B[] +Bk;) 2 (4)
=1

MCS can be also used to estimate the PoF. For
structural reliability analysis consisting of a random
vector X ={X,,X,...X,} along with joint density f;(x).
The PoF defined by LSF, g(x), can be evaluated from
M independent samples x,...,x,, created from the

function of density fi(x). An approximated PoF is
evaluated by Equation (5) if there are M" samples over
the region of g(x)<0.

*

Py :P[g<x)s0]57 (5)

2. 2. Failure Function In this section, the
probabilistic model of boiler tube in reliability analysis
is presented. The LSF is represented by a set of random
variables described by the distribution type and other
parameters such as mean and standard deviation.

As mentioned before, Reheater tubes were
investigated using Moles and Westwood's relationship
(Equation (7)) in a statistical approach which is worth
mentioning. Consequently, the affecting parameters on
boiler tube failure including time, creep and fireside
corrosion were related to each other considering
Equation (7). This leads to evaluating RL besides PoF
as well as obtaining PoF and RL simultaneously by
selecting an appropriate time-based LSF using structural
reliability analysis methods such as FORM, SORM, and
MCS.

In reheater tubes, major thinning of the tube wall of
about 30% or more can cause the premature creep
failures. Generally, the thinning originates from
additional corrosion at high temperature exposures,
while in some cases the rates of fireside corrosion at
designing temperatures will be increased due to the
aggressive species in the fuels. Corrosion is an
irreversible process of material degradation. Due to
detrimental effects exerted on the operating material
characteristics, especially in the boiler tube system, it is
one of the most important issues in the operation of
thermal plants and is considered the root cause of many
outages. It is important to apply a method for reliability

evaluation of the thermal power plant boiler tubes with
corrosion damages besides our life assessment model.
The description of correlation among the predicted
total service rupture life, ¢ of a tube and the
following three basic variables is defined as:
1. creep rupture life without wall thinning
t. =t.(W,1;,0,,0y, P, T,n),

nr >

2. rate of wall thinning K= K(w;, wy,t,,), and

3. stress sensitivity of the creep rate, 11.

As it is represented in Equation (6), the failure
function g(x) regarding with lifetime; safety margin is
defined by the difference between the service rupture
life, ¢, and the operating time in service, ¢, .

g(X) = tnr(X) - top (6)

The corrosion of fireside can reduce the thickness of
wall in the case of rcheater tubes and consequently
results in rise in stress and reduction in rupture life. A
relationship for evaluation of RL under wall thinning
conditions have been derived using Moles and
Westwood [2] equation considering a linear rate of
corrosion and the applicability of the linear damage rule
(Equation (7)).

_1 a2
tr = o[- (L4 K(n=14)177] (7

Wall thinning rate, K is defined by the following
expression:

K= Wi—Wr

®)

W top

SS321H was utilized in final reheater tubes of Rajaee
power plant (SA213-TP321H American standard
steels). LMP of SS347 with similar properties with
SS321H was applied to compute creep life of the virgin
tubes, t.. The diagram of LMP-SS347 is demonstrated

in Figure 1, Davis [11].
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Figure 1. LMP diagram, Results for 1000 hours test
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TABLE 1. A Summary of Uncertainties Data in Reheater Tubes in Each Case.

Case Case I1 Case 111
Variable Standard Type of Standard Type of Standard Type of
Mean Mean e e e Mean
deviation distribution deviation distribution deviation distribution
w; (mm) 34 0.08 Normal 34 0.08 Normal 34 0.08 Normal
W (mm) 1.94 0.1 Normal 2.1 0.15 Normal 2.35 0.11 Normal
1; (mm) 15.65 1.1 Normal 15.65 1.1 Normal 15.65 1.1 Normal
oy (MPa) 131 15 Log-normal 131 15 Log-normal 131 15 Log-normal
y g g g
o, (MPa) 395 23 Log-normal 408 25 Log-normal 420 22 Log-normal
P (MPa) 3.7 0.09 Normal 3.7 0.09 Normal 3.7 0.07 Normal
T(°C) 630 28 Normal 605 25 Normal 584 22 Normal
n 6.3 0.64 Normal 6.2 0.58 Normal 5.9 0.61 Normal

LMP is defined as follows, Viswanathan [12]:
LMP=T(C +logt,)/1000 9)

where T is temperature in “R , and C is the material
constant that varies from 17 to 23. Based on Equation
(9), the calculation of ¢, with considering the material

constant at C =20 can be presented as Equation (10).

(1000LMP) 0)

¢ = 10[(1.8T+492) (10)

where T is temperature in °C . LMP can be expressed
by Equation (11). This equation was obtained from
point fitting of the LMP diagram presented in Figure 1.

LMP = 46.879574 -0.070 7814435 ¢
, (11)

ref

+0.00009513063c

O or 18 given by, Viswanathan [12]:

P
Crop =—£C (12)
B, 7
It can be presented as, Sim [13]:

o *Gyc 1
ref_g (3)

o can be obtained from the following equation, due
to Roberts et al. [14]:

1
*

c :72&0” ~0,)2 40y ~0,)7 +(0, -0, (14)

where o, , 0,, and o, are expressed as, Baily [15]:

2 2
@-n) " 41 (=) 41

oy =P 3 , O =P 3 s
=) =)
(o) n 1] a2y n —1]
I I;
& (15)
[(22) 7 +1]

o, =P—L——

r. =

)
(" -1]
L

2. 3. Life Assessment Model According to
Equation (6), the LSF is considered as a lifetime model
defined by the difference between the service rupture
life, ¢, and the operating time in service, ¢, Based on

MCS method, RL can be estimated by using the
distribution analysis of the LSF in a stochastic manner.
Accordingly, a realistic estimation of RL can be
performed using PDF and CDF curves of LSF. Based on
an iterative evaluation, a logical model of the system is
analyzed in the case of MCS. Dissimilar values of
distributed parameters utilizes in each run by software.
Parameter values are selected in a random manner, but
with probabilities governed by the appropriate
distribution functions.

Correlation of results obtained from the reliability
evaluation method and life assessment model gives a
better knowledge of the current material state of tubes
as well as a more accurate assessment of their behavior
during future exploitation. Therefore, an integrated
approach of remaining life assessment and reliability
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evaluation on the reheater tubes (a real industrial case)
is presented in section 3. Assumptions of this kind are
very important for risk-based maintenance programs.

3. INDUSTRIAL CASE STUDY

In this section, an industrial problem of a steam power
plant is investigated. These tubes are under the creep
and the fire-side corrosion mechanism that lead to
failure of some of the tubes. Since the estimation of PoF
and RL with high degree of reliability is costly and
time-consuming in the case of common deterministic
methods, the evaluation of PoF is performed using
structural reliability analysis methods (FORM, SORM,
and MCS) based on in-site tests and an appropriate LSF
and RL assessment is carried out via the distribution
analysis of LSF based on MCS method.

3. 1. Experimental Tests  As mentioned before, the
criterion was selected based on the model of the creep
lifetime and tube uncertainties data in this research. The
tubes uncertainties are related to their material
properties, geometry, loading, manufacturing tolerances,
and service conditions.

A series of experimental tests were designed due to
the observation of non-uniformity of wall thinning in
the final reheater tubes. Required experiments have
been done in the previous study by Poursaeidi et al.
[16]. Results of these experiments are depicted in Table
1 with operating time in service, t,, = 84000 hours,
which contains statistical data for w;, w,, r;, o y> Oys

1

P, T and n .Tube uncertainties data in each case are
summarized in Table 1.

3. 2. Reliability Analysis and Life Assessment
Software Package (RALA software) In this
study, a new software package, named RALA was
developed via programming in Matlab to apply for the
evaluation of structural reliability analysis and lifetime
assessment. The evaluation of PoF is performed using
FORM, SORM, and MCS while RL assessment is
carried out via the distribution analysis of LSF based on
MCS method. Furthermore, RALA software can solve
different problems with the appropriate LSF definition
and its required random variables data.

3. 3. Reliability Analysis and Life Assessment
Model A schematic of the final reheater tubes of
Rajaee power plant is presented in Figure 2. According
to Figure 2, Point E is considered as a critical section
for the evaluations of RL and PoF due to its high
temperature and high wall thinning in comparison with
the other sections in reheater tubes. This point is
investigated on three different tubes, namely, No. 8, 40,

and 64. As illustrated in Table 1, the values of random
variables which are dedicated to each tube are different
and named as case I, case II, and case III in the case of
No. 8, 40, and 64 respectively.

3. 3. 1. PoF and RL Evaluation The PoF values
for each case are calculated by various methods and
listed in Table 2. The choice of the target reliability
results from engineering practice and society
acceptability. The admissible safety level depends on
the consequences of failure. In the Rajaece power plant,
admissible failure probability level is considered’ 1074,

Thus, according to this safety level, case I is failed.

Shahid Rajai Power Plant Unit 4
Final Reheat Tube (3th Section)

Outlet HDR. Tost area - Point E

(a)

(b)

Figure 2. (a) A schematic of the final reheater tube and (b) an
image of final reheater tubes of Shahid Rajaee power plant,
unit 4.

TABLE 2. The Values of the PoFs Calculated by Various
Methods in Each Case

Method Case | Case I1 Case I11
FORM 5.7542x107 7.3459%1077 1.4837x10712
SORM 59512x107% 8.0318x1077 1.6020x10712

MCS 58741x107 79788107 15715x10712
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Figures 3a, 4a, and 5a demonstrate the RL
distribution versus remaining life based on the creep
lifetime model obtained from the simulation of 100000
random inputs for cases of I, II, and III respectively. For
instance, as presented in Figure 4a, the mean and
standard deviation values of RL are 110347 and 27654
hours for case II respectively. Figures 3b, 4b, and 5b
indicate the CDF of RL for each tube wherein RL can
be obtained for certain reliability.
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Figure 3. (a) Tube RL distribution, and (b) CDF of RL under
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Figure 5. (a) Tube RL distribution, and (b) CDF of RL under
uncertainties, (Case III).

The admissible failure rate of 10+ leads to a
lifetime of 0, 27470, and 82100 hours for cases I, II, and
IIT respectively (see Table 3). Consequently, according
to obtained results, tubes No. 8 and 40 must be replaced
by another one because tube No. 8 has already failed
and tube No. 40 would have failed before the next
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overhaul. It should be noted that overhaul periods are
every 4 years (approximately 35000 hours) in the
Rajaee power plant.

Based on these results, a practical conclusion can be
formulated by orienting the cost-safety balance. In
another words, these results can be used in the time and
economic planning of future inspection periods, which
can lead to significant savings in costs.

3. 3. 2. Sensitivity Analysis = Computing sensitivity
factors provides the sensitivity of the safety-index with
respect to random variables, which have two major
purposes.

(1) These sensitivity factors show the contributions of
random variables to the PoF and RL. The sensitivity
factors of eight basic variables are presented in Figure 6
for every case. In fact, the analysis shows that the
influence of temperature and wall thinning with model
of uncertainties on the pipe safety is larger than other
random variables. For example, Figure 6b shows that
the effect of T and wron the PoF which are 60% and
17% respectively, is greater than other random
variables. The reasons for the significant influence of
temperature and wall thinning with presented model of
uncertainties are the dominate creep and corrosion
mechanisms. This phenomenon is in good agreement
with our experimental data obtained from the power
plant.

The diagrams of CDF for every case are illustrated in
Figure 7 to have a better clarification of the effect of
sensitivity analysis on CDF. As a matter of fact, the
effect of temperature and wall thinning on the PoF and
RL is presented in Figure 7. The CDF curves shift to the
left side with increasing temperature and wall thinning
as depicted in this figure. Furthermore, the effect of the
mentioned parameters on PoF is observed in Table 2
and RL in every case for different values of reliability is
shown in Table 3.

(2) The sign of the sensitivity factors indicates the
relationship between the LSF and the physical variables.
A negative sensitivity factor means that the LSF
increases while the random variable increases, and a
positive o means that the LSF decreases as the

random variable increases.

TABLE 3. The Values of RL According to PoF Values in
Each Case

Remaining Lifetime (hour)

PoF

Case I Case I1 Case 111
1072 25430 56470 108000
1073 4319 39880 92960
1074 0 27471 82100

wi i

4% 2%
oy
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ou
2%

P
R 1%

(©

Figure 6. Sensitivity factors of basic variables in every case;
(a) case I, (b) case II, and (c) case III.
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4. CONCLUSION

In this paper, the structural reliability analysis and
remaining life assessment have been taken into
consideration based on in-site tests and an appropriate
LSF. Key findings include the following:

One of the major outcomes of this study is the use of
a proper time-based LSF. Including the LSF into
Equation, in the form of Equation (6) in this work, time
parameter has directly entered into LSF in addition to
geometry, material properties, loading and operating
conditions parameters. This operation causes that the
PoF is obtained by the mentioned methods of FORM,
SORM, MCS. Furthermore, RL of tubes is obtained by
distribution analysis of the LSF based on MCS which
leads to more practical and logical results.

Sensitivity analysis of tubes show that the influence
of operating temperature and wall thinning in PoF is
more than the other existing variables in LSF which
presents the primacy of creep and corrosion
mechanisms, considered in LSF, in PoF of tubes.

In this research, a new software package called
RALA is developed which collects the statistical data
and the parameters of uncertainties of LSF related to the
variables of geometry, material properties, loading and
operating conditions, as input and then provides the
related information of PoF and RL of tubes as output.

A practical conclusion of this study could be found
in the use of obtained results of PoF and RL of tubes in
designing, service and maintenance that helps a lot in
safety, financial saving and also balance between cost
and safety.

The outcome for PoF and RL of tubes and sensitivity
factors in this paper have satisfactory compliance with
acquired data from practical experiments of authors
based on previous studies and works in this power plant
and other power plants which have been investigated.

In continuing this study and as the later work,
investigation and application of reliability based design
optimization methods (RBDO) can be analyzed to come
up with an optimal and safe design of system at lower
costs.
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