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ABSTRACT

Heat exchangers are widely used by many industries such as petrochemical, power
generation, and oil and gas industries. The safety while operating heat exchanger
is heavily concerned. Hazard of heat exchanger especially in those industries may
end up with risk related issues. Many companies nowadays apply the condition-
based inspection programs whereby the bundle life is predicted by analyzing the
history of each exchanger bundle since the service start date. As the result, the
financial consequences will not be considered associated with the bundle life while
analyzing the reliability of the exchanger. Thus, an effective risk assessment model
is required to assess failures associated with heat exchanger and to achieve plant
availability and efficiency. This study presents the development of a risk-based
inspection model for heat exchanger. The project is carried out to assist
operator/user that operates heat exchanger to develop a customized maintenance
optimization tool for selecting cost effective and appropriate maintenance and
inspection tasks and techniques in determining the risk level of mode of failures
associated with the heat exchanger. A comprehensive literature review related to the
project topic is carried out from several journals and books available and being
analyzed which consist of the overview of the Risk-Based Inspection (RBI) model,
analysis of some of the existing RBI model, the overview of heat exchanger,
description and analysis of currently used semi-quantitative risk assessment matrix
method and the application of Microsoft Excel and Visual Basic Applications (VBA)
in developing RBI model. Apart from that, Weibull distribution will be discussed
further to understand its use in determining the probability of failure through life data
analysis. The application of Microsoft Excel is proposed to ease the process of
inspection by using the developed RBI model. Then, the program built will be
validated with several available software in the market such as Weibull++ and
RBI developed by Reliasoft Corp. The sample of validated historical data of
inspection of heat exchanger from API RBI will be used to justify the risk level for
each failures associated by applying the life data analysis. The scope of study for this
research include establish the life data analysis by using Weibull analysis, analyze the
risk value associated with several modes of failure and propose the inspection plan

based on the result of analysis.
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CHAPTER 1
INTRODUCTION

1.1 Background of Study

On February 4, 2010, an explosion and fire led to the fatal injury of seven employees
happened when a nearly forty-year-old heat exchanger catastrophically failed during
a maintenance operation to switch a process stream between two parallel banks of
exchangers at the Tesoro Refinery in Anacortes, Washington. On the other case, on
June 11, 2008, one worker was killed and approximately seven others were injured
during a maintenance operation on a heat exchanger at Goodyear Rubber and Tire
Company in Houston, Texas. According to the investigation report, ammonia over-
pressured inside the exchanger has caused it to rupture. The US Chemical Safety
Board (CSB) which in their investigation report released on May 2014 under section
6.2 stated that API RP 581, the API standard for implementing a Risk-Based
Inspection (RBI) program lacks of specific direction to ensure that users employ
appropriate actual operating conditions. As a result, the CSB found that using the
Tesoro design operating conditions and 38 years of operating yields a result that the
B and E heat exchangers of the refinery have a “Low Susceptibility” to High
Temperature Hydrogen Attack (HTHA).

By definition, RBI is the process of developing an inspection plan based on
the knowledge of the risk of failure of the equipment. Nowadays, RBI has become
one of the crucial aspects in engineering industries, predominantly in oil and gas
industry. RBI is an ideal maintenance commercial process used to inspect equipment
such as heat exchangers, pressure vessels and piping in industrial plants. It examines
the business risk and Health, Safety and Environment (HSE) of active and potential
Damage Mechanisms (DMs) to evaluate and rank failure probability and
consequence. This ranking is used to enhance inspection intervals based on site-
acceptable risk levels and operating limits, while mitigating risks as appropriate. RBI
assessment can be qualitative, quantitative or semi-quantitative in nature. RBI is a
means of using inspection resources more cost effectively and with confidence. RBI

ensures that the company or the user fulfil the current safety procedures and also



allow them to make inspection decisions based on sufficient information and

expertise, thereby saving time and money.

There are several risk assessment models which has been developed and
used by most of the pressurized equipment’s operator. These include Fault Tree
Analysis (FTA), Event Tree Analysis (ETA), Failure Mode and Effect Analysis
(FMEA), Hazard and Operating studies (HAZOP), Risk Matrix and etc. Different
technique has different approach. FMEA for instance assumes a failure mode
arises in a system or component through some failure mechanism then the
possibility of failure of the equipment or system as a whole will be calculated.

Risk-Based Inspection recommendations and guidelines have been
established by several technical societies, most notably the American Society of
Mechanical Engineers (ASME) and American Petroleum Institute (API). The API
began the RBI Project in May 1993. The intention of API RBI is to be a practical
and comprehensible tool at a plant inspection level by simplification of complex
models using a practical procedure standardized for petrochemical plants. The API
RP 581 which focusing on Risk-Based Inspection Technology is used in conjunction
with the API RP 580. API RP 580 is the API standard for developing an RBI model
or program while API RP 581 is the API standard for executing an RBI program.

1.2 Problem Statement
Risk based inspection model for heat exchanger is required due to the following
issues:

e Most inspection codes and standards in general, are developed based on
probability of failure instead of the cost of failure, e.g. Condition-based
Inspection.

e Expensive commercial RBI software purchased from the market which in
some cases, less suited with the equipment used in the operator’s plant may
lead to inaccurate result of analysis as compared to customized ones.

e Assessment of risk is required to identify the best frequency or time interval
between inspections by taking into account the cost of inspection and the cost
associated with lost opportunity due to bundle failure.

e Developments are necessary in the cost effectiveness of inspection programs

by shifting capitals to solve the vital few issues.



1.3 Objectives
The objectives of this project are as follows:
e To develop a Risk-Based Inspection (RBI) model for heat exchanger tube
bundles.
e To apply Microsoft Excel and VBA in developing RBI application to perform

calculation, analyze information and visualize data for RBI model.

1.4 Scope of Study
The scope of the project covers the following:

e Main components of heat exchanger, which are shell, tube bundles and
baffle that are critical and usually exposed to failures.

e Life data analysis by applying the use of Weibull distribution.

e Input data for the FMECA of a heat exchanger tube bundles used in
industry, mostly on thickness data and corrosion.

e Comparison between quantitative and semi-quantitative risk analysis of
bundles that combines both advantages of qualitative and quantitative
analysis.

e The application of Microsoft Excel and VBA to perform life data analysis,

evaluate the risk level and propose the next inspection date of bundles.

1.5 Relevancy and Feasibility

In order to develop an RBI model for exchangers, all necessary relevance key points
are taken into consideration. This involves all stages which include the life data
analysis of exchanger tube bundles, risk assessment of mode of failure of exchangers
and the next inspection plan based on the result of assessment. Weibull distribution
will be used in order to accomplish the life data analysis whereby the dataset of age-
to-fail will be used as the raw data for the model. As for the risk assessment,
quantitative method will be used to evaluate the risk value by taking into account the
probability of failure and the associated financial consequences. Then, based on the
risk assessment, the next inspection plan which consists of the date of next inspection

can be proposed.



CHAPTER 2
LITERATURE REVIEW

2.1 Chapter Introduction

In this chapter, there will be discussion and analysis of a number of literatures related
to this case study. As described in earlier chapters, this project involves several key
points that need further justification and analysis to be understood before being
implemented into this project. The key points that will be described and analysed
further in this chapter include the background theory of RBI for tube bundles,
overview of Weibull distribution and its application in RBI as the method of
quantitative assessment, risk analysis based on the risk matrix, the inspection
planning, the overview of TEMA code used in heat exchanger fabrication and the
inspection codes used to inspect the tube bundles. A number of literatures consists of
past research papers and available books will be used as the reference. In this
literature analysis, the terms heat exchanger, exchanger, tubular and tube bundles

are interchangeably used to refer to shell-and-tube heat exchangers.

2.2 Background of RBI

Risk-based inspection (RBI) is defined as the process of developing an inspection
plan based on the knowledge of the risk of failure of the equipment (Bertolini, 2009).
Most people sometimes mistakenly understand that the RBI as the methodology of
the inspection process rather than the inspection planning or program developed for
the facility or the equipment in the plant. There are a number of guidance documents
published from several institutions serve as the guidelines to implement RBI
technology for the tube bundles used in industry. Among the notable ones are API
580, APIRP 581 and ASME PCC-3.

Ralph (2015) in his book titled Reliable Maintenance Planning, Estimating
and Scheduling under Chapter 14: Understanding Risk-Based Maintenance by Using
Risked-Based Planning with Risk-Based Inspections describes the evolution of
Maintenance strategies from 1950 until 1995. According to him, maintenance
strategies have been evolved from event-based response in 1950, followed by time-
based in 1960, condition based in 1980, reliability based in 1990 and lastly the risk-
based in 1995. This development of maintenance strategy is illustrated in Figure 2.1

(Ralph 2015).



Risk-Based Maintenance (RBM)

Development of
maintenance

strategies

Event Time ondmon eliability Risk
based based based based

1950 1960 1980 1990 1995

Figure 2.1: The Development of Maintenance Strategies.
(Reliable Maintenance Planning, Estimating and
Scheduling, 2015)

Maintenance strategies have evolved from primitive breakdown maintenance
to more sophisticated strategies like condition monitoring and reliability-centred
maintenance over the past few decades (Khan & Haddara, 2004). Another approach
in this chain of development has recently been added by the introduction of a risk-
based methodology to maintenance. This approach has been recommended as a new
vision for asset integrity management (ASME, 2000). Some authors (Krishnasamy
etal.,, 2005, Kumar, 1998 and Van Heel etal., 1999) developed Risk-based
maintenance strategies by taking both the reliability of a system and the risk that
would result as a consequence of an unexpected failure into consideration to provide
an inspection planning program which involves in making decisions regarding the
type and the time for maintenance actions. Mostly, either quantitative or semi-
quantitative is used in the previous studies as the method of risk assessment to
develop RBI for a system.

Complete methodology and guidance has been described intensively for RBI
of heat exchanger tube bundles in API 581 published in 2008. Generally, there are 5
key steps being emphasized to implement the RBI tube bundles proposed in the
publication. These are identification of POF, calculating the COF, carry out the risk
analysis, inspection planning based on the risk analysis and the bundle inspect/
replacement decision using the Cost Benefit Analysis (CBA). Two-parameter

Weibull distribution is recommended by API 581 in calculating the POF of bundle


http://www.sciencedirect.com/science/article/pii/S0950423009000059#bib17

failure as a function of service duration time of the exchanger. A reliability database
or Weibull library is essential in assessing the reliability of the exchanger to be
evaluated as this can provide the additional data of Time To Failure (TTF) of the
similar exchanger in the database. A Weibayes approach can be used if the
assumption is made that similar designed bundles in similar service will have the
same failure mechanism. Basic data required for the database in obtaining the
identical designed bundle is provided in Table 8.1 in the API 581. Appendix A
shows a copy of the basic data for the exchanger bundle risk analysis. One of the
matching criteria or the cut-set proposed is the failure mechanism. Several different
failure mechanisms that a heat exchanger tube bundle can experience include
corrosion, pitting, cracking, erosion/corrosion, vibration damage, mechanical failure
and tube end thinning. A Weibull probability plot will be done based on the age-to-
fail data obtained after filtering the bundle reliability database using the parameters
listed in the Appendix A. Goodness of fit test is necessary to be be carried out to
examine whether or not the subset of data filtered in the reliability database is

correct.

2.3 Weibull Distribution

Weibull distribution was invented by Waloddi Weibull in 1937. He claimed that his
distribution applied to a wide range of problems. Weibull distribution is widely used
in life data analysis. It is the leading method in the world for fitting and analyzing
life data. Dr. Robert B. Abernethy in his book The New Weibull Handbook found
that the Weibull method works with extremely small samples, even two or three
failures for engineering analysis. He also states that the scope of the Weibull analysis
may include plotting the data and interpreting the plot, failure forecasting and
prediction, evaluating corrective action plans, test substantiation for new designs
with minimum cost, maintenance planning and cost effective replacement strategies,
space parts forecasting, warranty analysis and support cost predictions. This project
will implement Weibull distribution in determining the POF by identifying the two
parameters and obtaining the Mean Time To Failure, MTTF for failure forecasting

and inspection plans.



2.3.1 Probability of Failure from the Weibull Plot

The Weibull Data Plot
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Figure 2.2: Typical Weibull Probability Plot. (The New
Weibull Handbook, 1998)

Figure 2.2 shows a typical Weibull plot. The horizontal axis is a measure of life-
to-failure or aging. The examples of aging parameters are start-stop cycle,
operating time, mileage and landings or mission cycle. The cumulative
percentage failed scale is presented by the vertical axis. The line slope,  and the
characteristic life, n are the two defining parameters of the Weibull line. The
typical time to failure or the mean time to failure is related to the characteristic
life, n. For this project, the age of each part which is the tube bundle is required,
both failed and unfailed (suspensions). According to (Robert, 2006), the slope, B

indicates which class of failure is present:

e B<1.0 :infant mortality
e =10 :random failures (independent of age)

e 3>1.0 :wearoutfailures

Sometimes, it may be necessary to determine the time at which 1% of the
tube population will have failed. Weibull called this as B1 life. In the case of
more serious and may lead to catastrophic failure, a lower risk may be required,
B.1 which means the age at which 0.1% of the tubes population would fail. The

age-to-failure can be read form the Weibull plot. For instance, by referring to



Figure 2.2, B1 life is approximately equal to 160 and B30 is 700. Equation 2.1
and Equation 2.2, which are the Bernard’s median rank and Drew Auth’s
correction, will be used for Weibull plotting. Mischke in his ASME paper titled
A Distribution-Independent Plotting Rule for Ordered Failures explains the use
and derivation of Drew Auths’s correction for adjusted rank algorithm

(involving suspension data) (Robert, 2006).

S T 2.1
N+0.4 2D
where, MR = median rank
1 = failure order number
N = total number of failure / data
IR)(PAR)+(N+1
= UR)( )+ ) (2.2)
(IR+1)
where, AR = adjusted rank

IR =inverse rank
PAR = previous adjusted rank

N = total number of failure / data

Since the RBI model developed in this project involves the incomplete or
censored data, both of the Equation 2.1 and Equation 2.2 will be used in
determining the POF of the bundle failure. Chapter 3 (Methodology) will
explain the steps in plotting the Weibull line by using these equations.

2.3.2 Advantages of Weibull Analysis

According to (Robert, 2006), the main advantage of Weibull analysis is the
capability of the distribution to provide failure forecast and analysis even with
extremely small available samples. This would enable the operator or engineer
to plan the solution of the damage mechanism without having to wait for
additional damage to happen. This would accelerate the process to mitigate the

risk level for the risk involved.

Furthermore, Weibull analysis provides a simple yet useful graphical plot

of the failure data. The plot is informative and useful to the engineer and



manager. From the plot, engineers can obtain the value of the characteristics life,
n and the shape factor, . These two parameters will enable the engineer to

calculate the probability of failure of the exchangers (Robert, 2006).

2.3.3 Probability of Failure using Weibull Distribution
According to API RBI, the probability of failure for a tabular heat exchanger
bundle can be expressed using two parameters of Weibull distribution as shown

in the Equation 2.3.

tube _ q _ -1 _ _ ()
P =1-R(t) =1 exp[ (n)] ................. (2.3)

where, Pft”b ¢ = probability of failure

t = independent variable time in years
n = Weibull characteristic life in years

B = Weibull shape factor

By rearrange Equation 2.3 into Equation 2.4, the time to reach a desired

probability of failure can be calculated.

t =n(—In[1- Pft“be])% ............................ (2.4)

Equation 2.4 is very important and useful as it will be used to calculate
the duration to failure in a given POF thus capable to calculate the next
inspection date. Equation 2.4 will be used in Chapter 3 (Methodology) to
calculate the time to reach a desired probability given the risk target stated by
the owner-user.

According to API RBI, there are four methods that can be used to
calculate the probability of failure as a function of in-service duration. The four

methods are as follow:

e Method 1: Using matching criteria to filter on the reliability library

e Method 2: Using Weibull parameters, § and 1 specified by owner-user
e Method 3: Using Mean Time to Failure, MTTF specified by owner-user
e Method 4: Specific Bundle Inspection History



For this project, Method 1 is preferable to be used to perform the
calculation of probability of failure. Method 1 involves the step of filtering the
reliability library for the heat exchanger to obtain the TTF of identical or similar
exchanger to be evaluated. The matching criteria or the cut-set has been
described in API 581 under section 8.3.3 and the matching criteria are listed in
Table 8.1 from the publication. Among the criteria include the exchanger start
date, exchanger type, exchanger orientation, tube finished thickness, Hence,
only Method 1 will be discussed further throughout the literature analysis and in
Chapter 3 (Methodology).

The aim of matching criteria is to filter the database sufficiently enough
to isolate the failure mechanism within the cut-set to one specific damage
mechanism and to obtain an acceptable Weibull plot. Once the Weibull line is
constructed, a goodness of fit test should be applied and added confidence (API
recommends a 90% lower bound confidence interval) is applicable. Then, the
Weibull parameters,  and 1 can be measured from the plot accordingly. Chapter
3 will discuss further on the steps and process flow in obtaining the probability

of failure, P from Weibull plot.

2.4 PVE% as The Method for Goodness of Fit Test

Apart from using the r* method, the other option is to use the p-value estimates
(pve%) for the goodness of fit test. This method is recommended by API RBI as one
of the method to determine whether a not the subset of data obtained from the failure
database is correct. According to the publication, pve% of greater than 20 is
considered adequate for small size of failure sample, typically less than 20. Equation

2.5 is used to determine the pve% of the subset of data.

(Ex-%)-9))°

- - X100% ..ooviiii, 2.5)
YD L ()2 : (
where, x =In TTF

X =mean of In TTF

y = In(In(1/(1-MR)))

y =mean of In (In(1/(1-MR)))
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2.5 Estimating Weibull Parameters through Rank Regression Method

Weibull parameter estimates can be obtained through several ways and one of
methods that can be used is by performing a simple linear regression. It is expected
that the graph of the In (TTF) vs. the transformed median ranks will result in straight
line. It can be proven by transforming the Weibull cumulative distribution function,
the cdf so that it appears in the familiar form of a straight line, the Y=mX+c. Below

shows the cdf of Weibull being transformed into the equation of straight line.
B
X
Fx)=1-—¢€ (’7)
B
X
1-F(x)=e (’7)

(1 - F(0) = — (g)ﬁ
(=)=~ G
in[in ()] = )
in[in ()] = )

In [ln( . ) =flnx—Pflnn ...l (2.6)

1-F(x)

By comparing the Equation 2.6 with the equation of a straight line Y=mX+C,

it is noticed that the left side of the equation In [ln( )] corresponds to the Y,

1-F(x)
Inx corresponds to X, S corresponds to m or the gradient and the C or y-intercept
having the value of - fInn. From Equation 2.6, the two parameters of Weibull
distribution can be estimated through the X or Y rank regression method. The
methodology in obtaining the f and 7 values through rank regression method will be

further discussed in Chapter 3.
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2.6 Consequence of Failure

tube

Equation 2.7 is used to determine the consequence, Cr of an unplanned shutdown

due to a bundle tube leak.
Cft“be = C0Styroq + COSteny + COStyynare + COStmaing «oeeeevee. . 2.7)

The lost opportunity cost or the unit production cost, CoSty,q is determined

by using Equation 2.8.

— Uni M)
COStyroq = Unitproq (“omst) Dyg oo (2.8)
where, Rate,.4 = rate reduction of production impact
D¢y =unplanned shutdown days to repair

Equation 2.9 may be used to estimate the bundle replacement cost (API RP
581,2008).

D 2
Costrep <”S%>Ltubelvl f

COStbundle = C, e (29)
where, Costy¢, = bundle replacement cost in $
Dgpenn = heat exchanger shell inside diameter in in

Liype = tube length of the bundle in ft

My = material cost factor

The replacement Cost,., referred to Equation 2.9 depends on the type of
material and dimensions of the bundle used. For example, API RBI assumes Cost,.,,

equals to $22,000 for typical sized carbon steel bundle with 800mm diameter x 6m

long bundle with a volume of 3.016m’.
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2.7 Risk Analysis
According to a classical definition (Henley and Kumamoto, 1981; Vose, 2000), the

tube

risk of failure, Risky is defined as:

Riskp ™" = PrPeC P8 (2.10)
where, Py fube — probability of failure

C/™P = cost given failure

To an operator of production equipment C; ™"

(Todinov, 2007):

may include several components

e Cost of production

e Medical costs

¢ Insurance costs

e [egal costs

e Cost of cleaning up polluted environment

e Costs of mobilisation of emergency resources

e Costs of loss of business due to low customer confidence and loss of

reputation
While for manufacturer of the equipment, cost of failure may include:

e Loss of sales
e Penalty payments
e Compensation and legal costs

e Warranty payment if the equipment fails before the agreed warranty time

Equation 2.10 is used in performing the risk evaluation and will be discussed

further in Section 2.8 (Inspection Planning).

There are three main types of risk assessment method which are qualitative,
semi-quantitative and quantitative methods. Qualitative risk assessment uses a
relative or descriptive scale to measure the probability of occurrence. For example, a
scale of {Unlikely, Possible, Frequent} is used to indicate the likelihood of a risk

event occurring while a scale of {Minor, Moderate, Severe} is used to indicate the

13



consequences severity of the failure. This is usually applicable to risk rating matrix
(Bateman, 2006). The other examples of qualitative analysis include Fault Tree
Analysis (FTA), Event Tree Analysis (ETA) and Failure Mode and Effect Analysis
(FMEA).

2.7.1 Quantitative Risk Assessment

Quantitative risk assessment provides the numerical evaluation of risk by
evaluating risks with a score (Andreone, 1998). It avoids some of the greater
ambiguities that a qualitative risk assessment may produce. Furthermore, it
offers a more consistent and rigorous approach to assessing and comparing risks
and risk management strategies than does qualitative risk assessment. It does not
require the same amount of data and hence risk assessment strategies can be

performed where precise data are missing (Todinov, 2007).

2.7.2 Risk Rating Diagrams

Evaluating the risk associated with a single failure situation begins with
assessing its probability and consequences. Each combination of values
(usually multiplication) for the probability of failure and the consequence given

failure defines a point in the risk rating matrix as shown in Figure 2.3.

Likelihood of adverse effect

Risk assessment matrix | Unlikely | Possible | Frequent
1 2 3
S v of Minor 1 1 2 3
everity 0 Moderate | 2 2 4 6
consequences
Severe |3 3 6 9

Figure 2.3: Risk assessment matrix. (Adapted from 7olley’s
Practical Risk Assessment Handbook, by Bateman)
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The numbers can be replaced by descriptions of the level of risk as

shown in the Figure 2.4.

Risk assessment matrix Likelihood of adverse effect
Unlikely | Possible | Frequent
Minor Low Low Medium
Severity of | Moderate Low | Medium | High
consequences ) :
Severe | Medium | High -

Figure 2.4: Risk assessment matrix. (Adapted from
Tolley’s Practical Risk Assessment Handbook, by
Bateman)

If the box representing the risk is in the low-risk region, no response is
required since the risk is so low that it is considered insignificant. If the risk
score defines in the high risk region, the risk is considered unacceptable.

Risk reduction actions are necessary to exit this region (Todinov, 2007).

2.8 Inspection Planning
By rearrange Equation 2.10, the maximum acceptable probability of failure for

bundles, Pf“be

Fmax as a function of the risk target specified by the user, Risk;g4; and the

Ctube

consequence of tube failure, (" can be determined by using Equation 2.11.

ptube _ Riskigt
max

tube
Cr

By utilising Equation 2.11 together with Equation 2.4, the time to a target
inspection date, t;4; can be determined by using Equation 2.12. The resulting target
date is the date at which the risk of the bundle encounters the risk target stated by the

user.

1
ttgt = 77(— ln[l - Pﬁ%?;x]) B

According to API RP 581, the inspection planning can be classified into two
which are planning with inspection history and planning without inspection history.
Inspection planning without the inspection history means the planning is for the first

inspection date.

15



2.8.1 Inspection Planning Without Inspection History (First Inspection
Date)

The probability of failure can be determined by using the matching heat
exchanger bundles from reliability database and obtain the Weibull plot of that
similar heat exchanger bundles. Table 2.1 shows the example of some data of
similar bundles from database and Figure 2.5 shows the Weibull plot of the

similar bundle data.

Table 2.1: Matching bundles from reliability database
(Source: API RP 581)

Bundle Tag # In-Service Duration (years) Failure Reported
191-X-25A-T1 18 Yes
191-X-25A-T2 22 Yes
191-X-25A-T3 16 No
E101-A-T1 10 Yes
E322-A-T1 12 No
E322-A-T2 13 No
HE-115-T1 14 Yes
HE-115-T2 25 No
PR6418-T1 8 Yes

Weibayes Analysis of Heat Exchanger Bundle

a0
W/rr/inspl/c%=fm-9%0
0
a0
E
30 90% Lower Bound
fu confidence Interval
<]
3]
10 s
9 Raw Data
o)
A 5
2 Eta Beta pve% n/s | YR2006
20.45 2.568 99.9 9/4 | MO9D20
1

1 2 3 5 Y10 20 30 50 70 100

Duration (¥Years)

Figure 2.5: Weibull plot of similar bundle data. (Source: API
RP 581)
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To account for bias and uncertainties that are inherent from the database,
API RBI recommends a default value of 50% for additional uncertainties (AU)
to be introduced into the statistics and Weibull plot. Figure 2.6 represents the
Weibull plot with AU 50%. The plot is shifted to the left as the result of the
added uncertainty. Table 2.2 shows the time in-service as a function of
Probability of Failure (POF) and the uncertainty. Besides that, the recommended
length of service for the bundle being evaluated may be determined by using the

curve on Figure 2.6 or can be obtained from the Table 2.2.

Weibayes Analysis of Heat Exchanger Bundle
El

W/rr/inspl/c%=fm-90/AU%=50
0

a0

30 90% Lower Bound Confidence
e Interval with Additional
a 50% Uncertainty /

10

(5]

Eta Beta pve% n/s | YR2006
20.45 2,568 99.9 9/4 | MO9D20

.1 .2 .3 .5 1 2 3 E 7 10 20020 TOLOd

Duration (Years)

Figure 2.6: Weibull plot with 50% additional uncertainty
(Source: API RP 581)
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Table 2.2: Time in-service as s function of POF and uncertainty
(Source: API RP 581).

Method Time in Service (years)
POF=1% 2% 5% 10% 20% 50% 90%
Weibull, Raw Data 348 4.47 6.43 8.51 11.4 177 283
90% LBC 1.51 224 3.76 557 8.31 14.3 21.3
90%LBC with 5% AU 1.44 213 3.57 529 7.89 13.54 202
90%LBC with 10% AU 1.36 2.01 3.38 5.01 7.48 12.8 19.2
90%LBC with 20% AU 1.21 1.79 3.00 4.46 6.65 11.4 17.0
90%LBC with 30% AU 1.06 1.57 2.63 39 5.82 9.98 14.9
90%LBC with 50% AU 0.76 1.12 1.88 279 415 713 10.6
Note: The values in this table are for example only and are specifically for a Weibull distribution with
£ =2.568 and n=2045.

Based on Table 2.2 (or Figure 2.6), the recommended first inspection for
POF of 0.5 would be 7.13 years after installation based on the API RBI default
value of 50% AU plus 90%LBC. Weibull raw data with only 90%LBC without
the AU shows time in service of 14.3 years. This shows the impact of

uncertainty in calculating the risk and the planning the next inspection.

2.8.2 Inspection Planning With Inspection History

There are several points to be taken into account while performing the inspection
planning for bundle with inspection history. These points which are listed in API
581 include the effect of inspection on Probability of Failure (POF), the
reduction in uncertainty due to inspection effectiveness, shift of POF curve due
to knowledge of true bundle condition, predicted future failure date based on the
Estimated Remaining Life (ERL) and the adjustment to the failure rate curve

based on actual condition of bundle.

Referring to API RP 581, one of the significant effects of inspection
history is the reduction of uncertainty due to the effectiveness of the past
inspections. This will results in the use of more accurate failure rate curve, e.g.
moving from 50% AU (without any inspection history) to a curve with 20% AU
(recommends AU value by API for Moderately Effective Inspection). As more
effective technique of inspection is used, the uncertainty will reduce and the
failure rate curve will be shifted to the right. Table 2.3 shows the inspection

effectiveness and the corresponding value of uncertainty recommended by API

RBIL
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Table 2.3: Inspection effectiveness and uncertainty
(Source: API RP 581)

Inspection Effectiveness Inspection Cost Uncertainty
(%) (%)
E - Ineffective 0 50
D — Usually Not Effective 1,000 30
C —Moderately Effective 2,000 20
B — Usually Effective 3,000 10
A - Highly Effective 5,000 5

Apart from that, the inspection history also provides the knowledge of
the current condition of the bundle. For instance, the average measured tube
thickness data may be useful to predict the failure date when the general
corrosion is the controlling damage mechanism of the bundle. The thinning rate

of the tube bundle t, 4, can be determined by using Equation 2.13.

Eorig _Einsp

trate
tduration

where, orig = average furnished wall thickness
tinsp = average of wall thickness as measured on the last
inspection

For bundle with thickness inspection history, the predicted bundle life

adjusted, PBLq4; for inspection can be calculated by using Equation 2.14.

(RWT ) (Eorig)
PBLygj = A L (2.14)
trate
where, RWT; = fraction of remaining wall thickness (failure point)

trate = thinning rate
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2.8.3 Effects of Bundle Life Extension Efforts.

In most cases, only minor repairs and cleaning operations are performed on
exchanger bundles during an inspection. The POF of the bundle will be
calculated at service duration or time in service, t4,, going back to the bundle’s
original installation date. However, several life extensions methods have been
done in plant during shutdowns to serve the bundle back into service in an
improved condition (but not as new). Thus, an adjustment is made whereby there
will be a new installation date for the purpose of calculation. Table 2.4 shows
the credit allocated according to the type of life extension method used and it is

named as the Life Extension Factor, LEF.

Table 2.4: Effects of Life Extension Methods (Source: API

RP 581)
Life Extension Method Life Extension Factor (LEF)
Plug Tubes 0.10
180° Bundle Rotation 0.50
Partial Re-tube 050
Total Re-tube 0.75
Install Spare Bundle 050

The adjusted service duration, tgy;, a4 will then be calculated using the

LEF value in accordance with Equation 2.15.

taurgq; = (1 = LEF)tyr «ovovvciieceecc (2.15)

The actual service duration, tg;,,- of the bundle is calculated as a time
period from the installation date of the bundle to the inspection date where the
life extension method was performed. Equation 2.16 is used to calculate the

actual service duration, t g,
taur = Inspect date — Install date .................... (2.16)

All the subsequent POF calculation will then be based on the new

installation date which can be calculated by using the Equation 2.17.

New install date = Inspect date — Eaurggjerseereeernnnneens (2.17)
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2.9 Program Validation Tools & Process.

Validation of the developed program is necessary to ensure the mathematical
algorithm used in the application will give an accurate outcome. It is also important to
determine if the system complies with the requirements and performs the function for
which it is intended and meets the organization’s goals and user needs. Usually,
validation is done at the end of development process and takes place after program
verifications are completed. According to the Capability Maturity Model (CMMI-SW
V1.1) published by Software Engineering Institute in 2002, validation can be defined
as the process of evaluating the software during or at the end of the development

process to determine whether or not it satisfies the specific requirements.

2.9.1 Weibull ++ by ReliaSoft Corp.

Weibull++ is the industry standard in life data analysis commonly used by
thousands of companies worldwide. The software provides a complete array of
data analysis, plotting and reporting tools for standard life data analysis (LDA)
with integrated support for a variety of related analyses such as warranty data
analysis, degradation data analysis, recurrent event data analysis, non-parametric

life data analysis and reliability test design.

ReliaSoft has developed an integrated platform called Synthesis in which
it unites any or all the Reliasoft’s main reliability engineering applications such
as Weibull++, BlockSim and RBI into one easy-to-deploy integrated reliability

solution. Figure 2.7 shows the main menu of the Synthesis Platform.

SYNTHESIS LAUNCHER

Show: Al

@ Weibull++/ ALTA
(')@ BlockSim/ RENO
(-4 Xfmea
Weibul++ performs life data analysis utiizing multiple
RGA lifetime distributions {including all forms of the Weibull
distribution), with a dear and concise interface geared
A ‘toward reliability engineering.
> RCM++
ALTA provides a comprehensive toolset for accelerated
N test planning and quantitative accelerated life testing
Lambda Predict data analysis, plots and reporting.
[ [D ] DOE++
Learn more about Learn more about
/:/ MPC Weibull ++ ALTA
S— —eN O g, .
A
<c> RBI =5 —<—o
& “—e )

Figure 2.7: The main menu of the Synthesis Launcher.
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2.9.2 The Analysis ToolPak by Microsoft Excel
The Analysis ToolPak is a Microsoft Office Excel add-in program that is
available for the Excel’s users. It is an Excel add-in program that provides data

analysis tools for financial, statistical and engineering data analysis.

SUMMARY OUTPUT

Regression Statistics weibu“ PIOt
Multiple R 09777
R Square 0.9558 ;;;; 24707278
. v =2.47x-7.27
djusted R Squa 05411 = p.o0o0 Ri=

Standard Error  0.2809

(73
2
Observations 5 = -1.0000
2 15000
ANOVA T 20000
df 55 MS F Significance F -2.5000 *
Regression 1 5.1254 5.1254 64,9470 0.0040 3.0000
Residual 3 02368 0.0788 1.9000 2.1000 2.3000 2.5000 2.7000 2.2000 3.1000 3.3000
Total 4 5.3622 Infdata value)
Coefficients  Standard Error t Stat P-valug Lower 95%  Upper 95%  Lower 95.0% Upper 95.0%
Intercept -7.2791 0.8065 -9.0262 0.0029 -0.8456 -4.7127 -9.8456 -4.7127
Injdata value) 2.4700 0.3065 8.0550 0.0040 14346 3.4454 1.4846 3.4454
Beta 2.4700

Alpha 19.04553206

Figure 2.8: The Analysis ToolPak by the Microsoft Excel.

The Excel Analysis ToolPak can be used to validate the program as it
provides the beta and alpha values for the Weibull distribution through regression
function. It also has the ability to perform other statistical tasks e.g., Fourier
analysis, F-test, t-test, Z-test etc. Apart from that, it is also useful to calculate the
pve% and the MTTF of the failure distribution. Weibull probability plot can be
drawn based on the values provided in the Summary Output. This feature can be
used to inspect the relationship of the data drawn on the Weibull plot and the
value of pve% as a method for the goodness of fit test. Chapter 4 will elaborate
further on the validation process of the developed application and its result by

using these two statistical tools.

22



2.10 Heat Exchanger

A heat exchanger is equipment designed to Gonnections

Tubesheet

efficiently transfer or "exchange" heat from
one matter to another. The fluid used to
transfer heat could be a liquid, such as water

or oil, or could be moving air. The most

Baffles Bundle

familiar example of heat exchanger is a car Mounting

Gaskets

radiator. In a radiator, the antifreeze or
ethylene glycol and water mixture used to .

y &y Figure 2.9: Segments of a
transfers heat from the engine to the radiator  tubular exchanger. (Source:

and then from the radiator to the ambient air Cripps, 2014)
flowing through it. This process helps to keep a car's engine from overheating
(Lytron, 2014).

Heat exchangers work on the heat transfer principle that states heat
naturally flows from higher temperature to lower temperatures. Hence, if a cold
fluid and a hot fluid are separated by a heat conducting surface, heat can be
transmitted from the hot fluid to the cold fluid (Cripps, 2006).

In a heat exchanger, normally two fluids of different temperatures are brought
into close contact there will be physical barrier to prevent them from mixing.
According to (Andreone &Yokell, 1998), the temperature of both fluids will tend to
equalize. It is possible for the temperature at the outlet of each fluid to get close to
the temperature at the inlet of the other by arranging counter-current flow. The heat
content from one fluid is simply exchanged with the other and no energy is added or

removed.

2.10.1 Tabular Exchangers Manufacturers Association (TEMA)

The Tubular Exchanger Manufacturers Association (TEMA) is an association of
manufacturers of shell and heat exchangers tube bundles. TEMA has established
a set of construction standards for Shell and Tube Heat Exchangers. The
construction standards by TEMA are regularly updated and published. Most of
the shell and tube exchangers operated by the process industries and ordered for
other high-severity applications throughout the world are built according to
TEMA standards. The Standards recognize three classes of heat exchanger

construction:
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o Class R for the severe requirements of petroleum processing (and usually
including most large scale processing applications).
e Class C for general commercial application.

e (lass B for chemical process service.

TEMA has its own nomenclature and designation. The name is usually
divided into three section which are first section defines the internal diameter of
vessel, second section defines the tube length and third section defines the type
and configuration of the exchanger. For example, 23-192-BEM indicates that the
internal diameter of the vessel is equal to 23 units, the tube length is equal to 192
units and the type of the exchanger is BEM. The B defines the type of front
head, E defines the shell type and M indicates the type of rear head.

2.11 Inspection Codes
Throughout this project, there will be three API codes that will be used as reference

which are API 510, API 580 and API 581 (main guidance). The descriptions are as

follows:

e API 510: This code covers the maintenance, inspection, repair, alteration and
re-rating procedures for pressure vessels used by the petroleum and chemical
process industries.

e API RP 580: Provides users with the basic elements for developing,
implementing and maintaining a risk-based inspection (RBI) program. It is a
generic document on RBI that can be used as a measuring stick by which the
quality of any and all RBI methods and work processes could be evaluated to
determine if they meet the level of quality prescribes in the Recommended
Practice (RP)

e APIS81: The purpose of this publication is to provide quantitative RBI
methods that support the minimum general guidelines presented by API RP
580.
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CHAPTER 3
METHODOLOGY

3.1 Chapter Introduction

This chapter will discuss the methodology used in completing the project. First
section will discuss the process flow of the project through the project flowchart.
Several processes involved in this project will be discussed in detail on how the tasks
are being conducted. Then, the next section will explain the planning of the tasks to
be carried out with respect to the timeline by using the Gantt chart. Last section will
discuss the methodology used in developing the application through the flow of
several algorithms diagrams related to this project. The developed application has
been named as RIHEX which stands for Risk-based Inspection for Heat Exchanger
Tube Bundles and the term RIHEX sometimes will be used in Chapter 3 until Chapter

5 to refer to the application.

3.2 Project Process Flow

Figure 3.1 shows the flowchart used to illustrates the process flow of the tasks
required for this project. The first task involved in this project is to define the project
details which include the objectives, the project scope and any assumptions that need
to be made to proceed with the project. The huge scope of the main guidelines used in
this project needs to be narrowed down to certain scope in order to accomplish the
objectives of the project. This is important to ensure the time available is consumed
wisely and no unnecessary tasks are being carried out. The scope of study also will
state any limitations to this project thus some assumptions can be made beforehand to
ensure the project is carried out accordingly and will not be out of topic. Once all the
project background has been stated clearly, the research and literature review is
performed. Research is done through several sources. These include research papers
and journals accessible through the E-Resources subscribed by Universiti Teknologi
Petronas (UTP), books available in UTP IRC etc. All the required mathematical
formulae and functions are collected through several sources, mainly from the API
581. Research is also done qualitatively through consultation with the project
supervisor and personnel from industry who come to UTP during career talk and
adjunct lectures. The next process is to develop the Excel mathematical functions
based on the formula and equations collected earlier. The algorithms diagrams are

constructed beforehand to ease the task of writing the Excel functions to solve for any
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required values in this project. This project involves a lot of Excel mathematical
functions since most of the calculations in the application are executed by using the
Excel worksheet. Proper and accurate Excel functions are required to avoid any

dispute in the values calculated in the result section.

Defining the RBI Scope &
Any Assumptions

v

Past Research & Literature
Review

v

Develop Excel
Mathematical Functions

v

Design Graphic User
Interface (GUI)

v

VBA Coding for Data Input € ~

& Yes

Debugging & Preliminary
Testing

Problem exist?

No

[ > RIHEX Validation <€ ~

No
Validated?

Yes

Amend any necessary
mathematical functions

Figure 3.1: The project flow chart.
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After setting the Excel mathematical functions to the each of the specific cell
in the worksheet, the succeeding process is to design the Graphic User Interface, GUI
by using the Microsoft Visual Basics for Applications, VBA. In this project, VBA is
used as the ‘form’ for the user to enter all necessary input for the system to process. It
also sends the input data to the Excel worksheet to be analysed with the Excel
functions that has been set before. Most of the programming tasks involved in VBA
are to deliver the input data to the worksheet and to direct the user to several sections
of the applications. Attractive and user-friendly GUI has to be considered in
conducting this task. Once the GUI has been designed, the coding is required to run
the application. Simple and precise codes used while doing the coding for the program
are among the criteria in programming this application. This is to avoid any issues

related to complexity of the coding which can end up with unstable application.

The next process is to perform the preliminary testing of the developed
application. This can be done by analyse any available data by using the application.
All the sections and command buttons of the application has to be tested with no error
in coding. If the error exists, immediate debugging will be done to fix the error in the

coding.

Once all the required coding has been programmed and tested with no error,
the application, RIHEX will be validated by using several applications and statistical
software. These include Weibull++ by ReliaSoft Corp. and Analysis ToolPak which
is statistical analysis tool pre-installed with the Microsft Excel. Several dataset can be
used to validate the application and the percentage difference will be observed.
Decision will be made whether or not the resulting data obtained through the
calculations performed by RIHEX is acceptable. If the result is unacceptable, then the
Excel functions will be checked for any mistakes and changes will be done to the
mathematical functions. Once all the necessary alterations have been done, RIHEX
will go through the validation process once again until the values in the result are

acceptable.
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3.3 The Gantt Chart

Figure 3.4 shows the Gantt chart from the beginning of Sept 2014 Semester until the

end of Jan 2015 semester.
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From Figure 3.2, at the beginning of Sept 2014 semester (FYP1), all activities
involved are in the introduction part. The objectives and problem statement are being
stated clearly for the project by the end of Week 4. Some inputs about the project are
expected during the 5 weeks. Then, the scope of study is being specified during Week
4 and Week 5. In the concept generation part which takes place during Week 6 to the
end of Sept 2014 Semester, there will be past research papers and literature review to
collect useful information and inputs for this project. All the mathematical formulae
required in the project are collected from several literatures by the end of Week 9.
After having the Proposal Defend assessment, the project continues with the Excel
functions development and writing for several parts of the calculation, mostly the
POF part. There is also minor testing of the functions and these takes place until
Week 13. Then, the Interim Report is submitted in Week 14 of the Sept 2014
Semester. For the Phase 2 (Jan 2015 semester), detail concept of RIHEX will be done
which involves Excel template design and formulation input based on the developed
functions earlier. These take place until the end of Week 4. Then, the Progress Report
1s submitted. The project continues from Week 5 until Week 11 whereby the Graphic
User Interface (GUI) was designed and the VBA coding for user inputs were
developed. Finalizing process of the design application takes place from Week 11
until the end of Jan 2015 Semester. This involves the validation process which
includes any minor changes to the application to improve its functionality and
practicality and also to make it more user-friendly. The Technical Report, Viva

presentation and Dissertation were submitted at the end of Jan 2015 Semester.

3.3.1 Project Key Milestones

There are several key milestones are being considered in this project. For
instance, all the presentations and report submissions are considered as the key
milestones in this project since there is fixed time for the task to be completed.
Lateness of the submission will subsequently affect the tasks thereafter. This
indicates the all the required input for the reports must be done to be included in
the report. Apart from that, from Figure 3.2, notice that one key milestone in
week 8 (Sept 2014 semester) which is the formulae collection. This task must be
completed within the due date to avoid lateness of report submission and

subsequently affect the writing of the Excel functions.
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3.4 The Mathematical Algorithms

In order to explain the methodology used in calculating the POF, COF and
methodology in analyzing the risk and inspection planning, algorithm diagrams will
be used as a tool in the following sections. Most of the calculation process of the
application is carried out with the use of Excel Functions through several templates
and worksheets in a single Excel Workbook. The raw data is processed through
several stages: The Rank Regression Analysis, the Probability of Failure (POF)
section, Consequence of Failure (COF) section, the Risk Analysis part ended with the
Inspection Planning part. The following sections will further discuss the methodology

implemented in each of these sections.

3.5 The Algorithms for Rank Regression Analysis.

Start RIHEX

Filter Failure

Database Legend:

TTF: Time To Failure
F: Failure

S: Suspended

n: no. of failure

N: no. of data

IR: Inverse Rank
PAR: Previous
Adjusted Rank

AR: Adjusted Rank

MR: Median Rank
IR
PAR
No
Jes B= (X(x*y)-
pve%>20%7? (EX*TY/N)(ExXA2
<((Xx)"2/N))
X v
a=(2y/N)-B(2x/N)
AR # PAR =((IR*PAR)+
(N+1))/(IR+1) v
v n=exp(-&/B)
MR=(AR- v
[ 0.3)/(N+0.4) ] MTTF=n*r(1/8
+1)
y=In(In(1/(1-MR))) x=In TTF J!
C J To POF
Y

pve%=(T (X )yy W2ATxx 2 | )
2(yy r2)*100

Figure 3.3: Algorithm Diagram for the Rank Regression Calculation.
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Figure 3.3 shows the algorithm diagram which describes the process in obtaining the
2 Weibull parameters, n and B through the rank regression method. The process starts
with the input of failure data of tube bundle by the user. The user will have two
options: to obtain the failure data or the TTF by filtering the failure database through
several matching criteria to obtain TTF of several identical exchanger or to enter the
TTF directly without going through the filtering process. The latter option is usually
possible if the exchanger has gone through several inspection sessions thus providing
the inspection result including the TTF data. While for the case of inadequate TTF
data and for the first inspection of a new exchanger, the earlier option will be

preferable.

Once the TTF data has been entered to the system, the application will read
the TTF value one by one whether it is a failure of suspension data. The total number
of data entered, N and the total number of failure data, n will be calculated for further
use. The Excel will then inverse the rank (IR) of the TTF dataset (from largest to
smallest) and assigned the data with the corresponding Previous Adjusted Value
(PAV). Next, decision will be made whether the individual data will be plotted or not
based on the status of the data. For the plotted or failure data, the process will
continue with the calculation of Adjusted Rank (AR), Median Rank (MR), x values

and y values by using the formulae stated in Figure 3.3.

The pve% will be calculated as the requirement stated in the API 581 as a
method of goodness of fit test. This is necessary to ensure that the TTF data will be
properly plotted in Weibull plot especially when the TTF is obtained from the failure
database. If a Weibull plot is created from a too broad of a cut-set on the failure
reliability database, the data will not be properly plotted on the Weibull plot. Reason
being is that multiple failure mechanisms are being considered for the single
exchanger to be evaluated. Thus, pve% value which is less than 20% as recommended
by API 518 require a more specific list of matching criteria to isolate the failures to

one mechanism. This is illustrated in Figure 3.3.

Once the pve% satisfies the minimum of 20% for the goodness of fit, the two
important Weibull parameters, n and B will then be calculated followed by the MTTF

by using the formulae stated in the algorithm diagram.
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3.6 The Algorithm for Probability of Failure, POF

From TTF

w

Legend:

ID: Installation Date
LEE: Life Extension
Effort

LEF: Life Extension
Factor

InsD: Inspection Date
TD: Today Date

PD: Planned
Inspection Date

New [D=InsD-(1
LEF)*(InsD-ID)

POF=1-exp(-(t/n)"R

’
—Ay

t=PD-D
v

POF=1-exp(-{t/n)*p

Figure 3.4: Algorithm Diagram for the Probability of Failure
Calculation.
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Figure 3.4 shows the algorithm diagram for the second section which is the
POF calculation part. From the Weibull parameters estimation section, n and B were
calculated and these parameters will be used to obtain the value of POF for several of

time duration in this section.

The process starts when the system reads the values of n and B. Then, it will
be an input of Installation Date by the user. Next, decision will be made whether the
system has any Life Extension Effort (LEE) done before. This will be confirmed by
the user. If the exchanger has the history of LEE before, there will be an input of Life
Extension Method (LEM) and the Inspection Date when the LEE was performed. Life
Extension Factor, LEF value which has been initialized or pre-saved in the application
will then be read by the system. LEF is depending on the type of life extension
method that has been performed whether it is plug tubes, 180deg bundle rotation,
partial re-tube, total re-tube or install spare bundle. (Refer to Table 2.4 for LEF
value). Next, the new installation date will be calculated based on the formula shown

in Figure 3.4.

The process continues with the calculation of RBI POF after the system
received the input of today’s date. RBI POF is defined by API 851 as the Probability
of Failure of the bundles at the date of RBI analysis was performed. The duration
time, t is calculated from the date of installation until the date of RBI was performed.
Then, the Cumulative Distribution Function, CDF of Weibull distribution will be used
to calculate the POF as shown in the algorithm diagram. System then will print the

RBI POF and send it to the result page.

Next, calculation of POF for Plan Inspection Date will be done whereby it
starts with the input of the next planned inspection date by the user. Time duration
will be calculated from the installation date until the next plan inspection date. The
POF for the time duration will then be calculated by using the CDF of Weibull

distribution and it will send it to the result page.
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3.7 The Algorithm for Consequence of Failure (COF).

From POF

Legend:

UPC: Unit Production Cost
ROR: Rate of Reduction
Dsd: Unplanned Shutdown Days
PC: Prod. Cost

RC: Replacement Cost
SD: Shell Diameter

TL: Tube Length
TM:Tube Material
Mf:Material Cost Factor
BC: Bundle Cost

EC: Environmental Cost
MC: Maintenance Cost

\ 4

PC=UPC*ROR/

Read PC

\ 4

BC+MC

A

\ 4

To Risk
Read Mf Analysis
\ 4
BC=RC*
(TrSDA2/4)*TL* > Read BC
Mf
: EW Read EC
N
\ 4
M Read MC

Figure 3.5: Algorithm Diagram for the Consequence of Failure
Calculation.

Figure 3.5 displays the algorithm diagram for the calculation of Consequence of
Failure (COF). Generally, there will be four main values required for the calculation
of COF as illustrated in the last process box just before the “To Risk Analysis”
connector and the “Print COF” output. These four values are the Production Cost,

Environmental Cost, Bundle Cost and the Maintenance Cost. These values are

determined by several numbers of inputs by the user.
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The process of COF calculation starts with the input of Unit Production Cost,
Rate of Reduction, ROR of production bypassed due to the bundle failure and the
Unplanned Shutdown Days to repair the exchanger in the case of bundle failure.
Then, the Production Cost due to the failure will be calculated by using the formula

shown in the algorithm diagram based on the inputs stated earlier.

The next step is to calculate the second type of cost which is the Bundle Cost
due to the failure. Four specifications of the bundle are taken into account while
calculating the Bundle Cost value. These are the Replacement Cost, Shell Diameter,
the Tube Length and the Tube Material. All these values will be entered by the user.
The system will read the Tube Material Cost Factor, M¢ based on the tube material
entered by the user. Based on these values, the application will calculate the Bundle

Cost associated with the bundle failure.

The third and the fourth costs which are the Environmental Cost and the
Maintenance Cost will be directly entered by the user. API RBI assumes the
environmental cost for the cooling water service is $100,000. Finally, the COF will be

calculated based on the four costs associated with the bundle failure.

3.8 The Algorithm for the Risk Analysis.

Figure 3.6 shows the algorithm diagram to analyze the risk based on both the POF
and the COF calculated in the earlier sections. No formula is required to obtain and
analyze the risk. The algorithm can be divided into two parts: the POF part and the
COF part. Both parts have their own sets of range to locate the category for POF and
COF. These sets of range are defined based on the API 581. Nested IF function as

shown in Table 3.1 can be used to gives the output for the category.

Table 3.1: Nested IF Functions.

No. | Section / Part Written Nested IF Excel Functions
1 POF =IF(G26="","" IF(G26<0.1,1,IF(G26<0.2,2,IF(G26<0.3,3,IF(
G26<0.5,4,IF(G26<1,5,IF(G26=1,5,"")))))))
2 COF =[F(N17="","",IF(N17<10000,"A",IF(N17<50000,"B",IF(N17
<150000,"C",IF(N17<1000000,"D",IF(N17>1000000,"E",""))
)

*Note: Cell G26 contains the POF while Cell N17 contains the COF in this case.
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Read POF

Category=1

Category=2
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0.1<POF<0.2?
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0.2<POF<0.3?
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Yes
0.3<POF<0.5? Category=4
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(POF)

Category=3

Read COF

Category=A
Category=B |

No
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Category=C
Category=D

Category=E
To Inspection
Planning

Figure 3.6: Algorithm Diagram for the Risk Assessment.
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3.9 The Algorithm for the Inspection Planning.

From Risk
Analysis (COF)

Legend:

RT: Risk Target

TPOF: Target POF
User RT TID: Target Insp. Date
NPID: Next Plan Insp. Date

‘l! TD: Thickness Data
FD: Failure Definition
TPOF = RT/COF TLID: Thickness Last Insp. Date

ID: Installation Date

tdur: t duration
A 4 TR: Thinning Rate
t=n(-In(1- Tori: Original Thickness
TPOF)M(1/ Tins: Thickness on Last Inspection
B PBL: Adjusted Predicted Bundle Life
TNPID: Thickness Next Plan Insp.
A 4 Date
TID=ID+t

TD Available?

_ TR=(Tori-Tins)
/UserFD/L) tdur=TLID-ID  |-> e
v
PBL = (FD- | T™NPID=ID+P
. Tori)TR » B

< J

Figure 3.7: Algorithm Diagram for the Inspection Planning.

The last part of calculation for the RIHEX application is the Inspection Planning. This
is the result part of the RIHEX application where it displays when the next inspection
should takes place. Two main outputs will be displayed here: The Target Inspection
Date which is based on the Risk Target by the User and the Next Inspection Date

based on the thinning rate of the bundles.

The algorithm starts with user input of Risk Target. Risk Target should be in

the unit of $. Once the system reads the user’s Rist Target, it will then calculate the
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TPOF which stands for Target Probability of Failure or the maximum acceptable POF
for any bundle. TPOF is calculated by using the Equation 2.11. Once the TPOF is
obtained, the time to reach the desired Target Risk will be calculated based on the

formula shown in the algorithm diagram (4™ process box).

The Target Inspection Date based on the Risk Target by the user can be
calculated by adding the time to reach the TPOF to the exchanger installation date.
The Target Inspection Date will then be compared to the Next Planned Inspection
Date. If the Target Inspection Date falls before the Next Planned Inspection Date,
RIHEX will return an output “To Perform Inspection on Calculated Target Inspection

Date”. Otherwise, the next inspection can be done on the planned inspection date.

Next, the user has to confirm the availability of thickness data of the tube
bundles. This data is recorded during corrosion inspection of the bundle. If the
thickness data is available, the user is required to enter the FD or the user Failure
Definition. It is denoted with RWT; in API 581 which stands for the Remaining Wall
Thickness for failure to occur. Then the duration time between the installation date
and the thickness inspection date will be calculated. The next step is to calculate the
thinning rate of the bundles by using the formula mentioned in the algorithm diagram.
Then the PBL or the Predicted Bundle Life adjusted for inspection can be calculated
before the next inspection date based on the thinning rate is calculated. This marks the

end of RIHEX application.
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CHAPTER 4
RESULT & DISCUSSION

4.1 Chapter Introduction

This chapter will discuss the result of the modeled application of RIHEX. First
section will discuss the resulting Excel worksheet for the Rank Regression process to
estimates the parameters, worksheet for the Probability of Failure (POF) and
Consequence of Failure (COF) and lastly the Risk Analysis together with the
Inspection Planning. The next section will explain the developed RIHEX application
including the coding developed in the VBA and the process flow of the input data to
the Excel template. Then, the result of validation process of RIHEX will be discussed
in the following section. Lastly, there will be discussion on the limitation of this

project.

4.2 The Excel Worksheets Developed

There are several Excel worksheets used in this project to perform most of the
calculations based on the algorithms as described in Chapter 3. Most of the
calculations are required in estimating the Weibull parameters through the Rank
Regression method. As described earlier in Chapter 2, the rank regression and
median rank methods requires several steps to be followed. These include media
ranking, inverse ranking, adjusting the previous rank etc. These all tasks have to be
performed by the Excel worksheets.

Figure 4.1 shows the worksheet named “Probability Analysis” where the
process of calculation involved in carrying out the rank regression takes place for the
Rank Regression section. There are several columns used for the calculation in
estimating the parameters such as Prev. Adjusted Rank, Adjusted Rank, Media Rank,
calculation for the In (In(1/1-MR)) which is the Y-value for probability plotting and
In TTF as the X-value. Note that the data shown in the worksheet is used for the
explanation purpose only. Table 4.1 shows the Excel functions written for each of the
columns displayed in Figure 4.1. Please refer to number of row and column alphabet

contained in the functions to locate the cell in Figure 4.1.
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Table 4.1: Excel Functions Used in Rank Regression.

No. Column Name Written Excel Function

1 | Data No =IF(D9="","",1), D10 onwards:
=IF(D10="","",B9+1)

2 | Invers Data No =IF(B9="","",RANK(B9,B9:B43,0))

3 | In Service Duration (Input from VBA Userform)

4 | Status (Input from VBA Userform)

5 | Sorting Data =IF(B9="","",LARGE($D$9:$D$43,C9))

6 | Rank =IF(D9="","" RANK(F9,$F$9:$F$100,1))

7 | Inverse Rank =IF(D9="","" RANK(F9,$F$9:$F$100,0))

8 | Plot/No Plot =IF(D9="","" IF(G9="failure","Plot","No Plot"))

9 | Prev. Adjud Rank For K9, =0, K10 onwards: =L.9

10 | Adjusted Rank =IF(D9="","", IF(J9="plot",((19*K9)+($V$7+1))/(
9+1),K9))

11 | Median Rank =IF(OR(D9="",J9="no plot"),"",((L9-0.3)/
($V$7+0.4)))

12 | In(In(1/(1-MR))), Y =IF(OR(D9="",J9="no plot™),"",LN(LN(1/(1-
M9))))

13 | In (TTF) (X Value) =IF(OR(D9="",J9="no plot"),"",LN(F9))

14 | XiYi =[F(OR(D9="",J9="no plot"),"",(N9*Q9))

15 | Xin2 =IF(OR(D9="",J9="no plot"),"",((09)"2))

From Table 4.1, it is noticed that all of the functions will start with (="",””) for a

given IF function. This is added to ensure the cell is empty for easy viewing and to

avoid “#ref” error if the dependent cell is missing in value or set to be empty.

Figure 4.2 shows the continuation part of Figure 4.1 which is the right side of

Figure 4.1. It illustrates the calculation for the pve%, Mean Time to Failure (MTTF),

Weibull shape parameter,  and the Weibull characteristic life, n. Table 4.2 shows the

Excel functions written to calculate the required values as shown in Figure 4.2.

From Figure 4.2, the table on right side is used to calculate the pve%. It is not

involved in the process of estimating the Weibull parameters. Pve% is required per

API 581 as a goodness of fit test as an indicator whether or not the TTF data well

fitted with the Weibull distribution.
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(8] P a 5 T U v W X ¥ 7
6
7 pl(n\il;]] X Xin2 Total number of available data 9
g8 Sum of Y-Value -5.35685 (Xxb)(v-vh) | (xb)rz | (v-vb)r2
9 | 2.079441542 | -5.32117 (4.324077 Sum of X-Value 13.0025 0.775110583| 0.271502( 2.212866
10 | 2.302585093 | -3.71175 | 5.3018598 Sum of XiYi -12.1991 0.161059731| 0.088753|0.292274
11 Sum of Xi*2 34.45939
i; 2.63905733 | -2.48744 | 6.964624 Calculated Weibull Parameters 0.004967083| 0.001487| 0.016595
14 Shape factor, p 2.522462
15 | 2.890371758 | -1.05936 | 8.354249 Characteristic Life, n 20.59878 0.204318547| 0.084026| 0.496824
16 | 3.091042453 | 0.380644 | 9.554543 0.585960605| 0.240632| 1.426865
17 acap -7.63103
18 Sum 1.731416548| 0.686399| 4.445424
15 Xb 2.6005
20 ¥b -1.07137
21
22 pvels 98.24557
23
24 MTTF [ 18.28066
25
26 |No of plot data | 5 |
Figure 4.2: Excel Template for Weibull Parameters Calculation.
Table 4.2: Excel Functions Used in Rank Regression.
No. Row Name Written Excel Function
1 | Total Number of =COUNT(D9:D643)
Available Data
2 | Sum of Y-Value =SUM(N9:N135)
3 | Sum of X-Value =SUM(09:0127)
4 | Sum of XiYi =SUM(P9:P125)
S5 |acap =IF(D10="","",(V8/U26)-(V14*(V9/U26)))
6 | Xb (as mean of X) =V9/U26
7 | Yb (as mean of Y) =V8/U26
8 | pve% =IF(D10="","",((X6"2)/Y6/76)*100)
9 | MTTF =IF(D10="","", VI5*(EXP(GAMMALN(1+(1/V14
)
10 | No. of Plot Data =COUNTIFJ9:J43,"plot")
11 | (X-Xb)(Y-Yb) =IF(OR(D9="",J9="no plot"),"",(09-$T$19)*(NO9-
$T$20))
12 | (X-Xb)"2 =IF(OR(D9="",J9="no plot"),"",(09-$T$19)"2)
13 | (Y-Yb)\2 =IF(OR(D9="",J9="no plot"),"",(N9-$T$20)"2)
14 | Sum (X-Xb)(Y-Yb) =SUM(X9:X51)
15 | Sum (X-Xb)*2 =SUM(Y9:Y51)
16 | Sum (Y-Yb)*2 =SUM(Z9:751)
17 | Shape factor, 3 =IF(D10="","",(V10-((V9*V8)/U26))/(V11-
((V9"2)/U26)))
18 | Characteristic Life, n =[F(D10="","" EXP(-T17/V14))
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The calculation of the POF and the COF are performed in the same worksheet
namely Input and Output worksheet. The worksheet is divided into two segments:
POF segment and COF segment. The estimated values of Weibull parameters from
previous worksheet will be send to this worksheet for the POF calculation while for
the COF calculation will be based on the input by the user. Figure 4.3 shows the
worksheet for the POF and the COF calculation and Table 4.3 shows the list of

functions used in performing the calculations.

Probability of Failure, POF Consequence of Failure, COF

Enter : Particluar
- Select Data y "
In-Service Unit production cost, $

N Status
Duration (TTF)

Rate of reduction, %

Failure = Unplanned shutdown days to repair, day

Failure E Production cost, $

Censored E Environmental cost, $ 100000

Failure Replacement cost, $ 20000

Censored h ! ; y . . Shell diameter, m 0.5

Censored = Tube length, m 6

Failure E Bundle generic material Carbon Steel

Censored Tube material cost factor

Failure Comment Bundle cost, $

Maintenance cost, $

Consequence of failure, 5

categoyotcor | D |

Figure 4.3: The worksheets used to calculate POF and COF.

Table 4.3: The Excel functions used to perform the
calculations.

No. | Cell Cell Excel Function

1 | G26 | POF calculation on | =IF(C8="","",WEIBULL.DIST(F200,G16,
Plan Ins. Date (PID) G17,TRUE))
2 | F200 | Duration time from | =(YEAR(C200)-

Install Date to PID YEAR(C202))+(MONTH(C200)-
MONTH(C202))/12)
3 | C200 | PID (Input from User)
4 | C202 | Installation Date (Input from User

From Table 4.3, Weibull function is used to calculate the POF of the next
Planned Inspection Date (PID). G16 and G17 are the B and m respectively. The
duration time from the installation date to the next plan inspection date can be

calculated by using the function as shown in the second row of Table 4.3.
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Figure 4.4 shows the COF calculation section of the worksheet attached with

the column alphabets and the row numbers for easy viewing and Table 4.4 shows the

corresponding Excel functions used for the calculation. The cells with the input from

User are not shown in the table.

) K L M

Particluar

Unit production cost, 5

Rate of reduction, %

Unplanned shutdown days to repair, day

Production cost,

Environmental cost, $

Replacement cost, 5

Shell diameter, m

Tube length, m

Bundle generic material

Carbon Steel

Tube material cost factor

1

Bundle cost, §

Maintenance cost, §

Consequence of failure, 5

Figure 4.4: The COF calculations.

Table 4.4: The Excel functions used for the calculations.

No. | Cell Cell Excel Function

1 | N8 Production Cost =N5*(N6/100)*N7

2 | N14 | Material Cost Factor =IF(N13="Carbon Steel",1,IF(N13="1-1/4
Cr",2,IF(N13="5 Cr"4,JF(N13="9
Cr",6,IF(N13="304/309/310
SS",8,IF(N13="3041L/321/347
SS",10,IF(N13="316
SS",14,IF(N13="316L
SS",14,IF(N13="317 SS",18,"")))))))))

3 | N15 | Bundle Cost =N10*(PI)/4*(N1172))*N12*N14

4 | N17 | Consequence of =N8+NO+N15+N16

Failure
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Figure 4.5 shows the result worksheet consists of the risk analysis and the
inspection plan calculation. For the risk analysis, an X mark will be automatically
located in the risk matrix by using the Excel function based on the category of POF
and COF calculated earlier. Then, there will be comment located below the risk
matrix based on the location of the X in the risk matrix. For the inspection plan, there
will be display for the target date based on the risk target entered by the User and the
next planned inspection date based on the thinning rate. These values are obtained

through calculations as described in Chapter 3 by using Excel functions.

4.3 The RIHEX Application
RIHEX consists of two parts which are the VBA part and the Excel template part.
This section will discuss the use VBA as the Graphic User Interface (GUI) and the

input platform for the User to enter the input data.

Exit

Developed by: Mubammad Hsyamuddn bin Basi & Dr. Ainul Akmar bint Mokhtar
Mechanical Eng. Department, Universiti Teknologi PETRONAS |

Any estion, pl: tact: hisyamuddin.basir @gmail. S et =
FRRKAS of e pleees cmact: i i beek et <o Tube Bundie Handling at Chevron Refinery in California. Photo Courtesy: Careyiift.com

Figure 4.6: The Main Menu of RIHEX.

Figure 4.6 shows the Main Menu of RIHEX application. It consists of four
command buttons which are Introduction of RIHEX, Instruction, Start RIHEX and
Exit button. These all buttons has been assigned with programming code to direct the
User to the specific page based on the button clicked by the User. For example,
Introduction to RIHEX will direct the User to the introduction part of the application

as shown in Figure 4.7.
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(|
I Whatis RI-HEX ? How RI-HEX works? I

RI-HEX is an application to assess the reliability and remaining life Time to Failure (TTF) data of previous inspection of the bundle and
of heat exchanger bundles. The application was developed mainly identical bundle to be evaluated will be collected and this dataset is
based on methodology described in API 581. Risk Based Inspection the raw data for RI-HEX . User is expected to have this dataset ready
(RBI) approach used by REHEX allows decision to be made on the before using this application. PoF is calculated based on this failure
Probability of Failure (PoF) and the Consequences of Failure (PoF) data and CoF will then be calulcated based on the cost asscociated
of the exchanger bundle. with the risk. Target inspection date will be proposed based on the

risk target by the user.

Why RI-HEX ?
« Easy to use: Simple Excel-based Template with step by step

instruction.
o Reliable source: Based on standard API 581.

o Fast: Quantitative analysis without any sets of questionnaire. btarihic)
e Low cost: Avoid the expensive licence of commercial
software.
Who requires RI-HEX ?
e Mai e engineer: To assist engi in ing the
reliability of exchanger bundles. e
e Student: To help students in maintenance engineering
course to understand the calculation & algorithm used in b
developing RBI model in spread sheet. o

Figure 4.7: The introduction page of RIHEX.

To proceed with the analysis, User has to click on the Start RIHEX button and the
analysis page will be displayed as shown in Figure 4.8. For the instruction on how to

perform the analysis, User may click on the Instruction button on the Main Menu.

Bundle Failure Library Data  Add Failure Data i Inspection Date | Inspection History | Risk Asscoc. Cost | Bundle Specifications |

[~ Time To Faiure Entry

Continue from Previous Session | Clear Data & Start New Session

Bundle Tag Number

Bundle Part Number

Time To Failure (Year)

" Faiure " Suspension

( Data Status

Submit Data ‘

View History | View Database |

Figure 4.8: The input data for analysis.
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From Figure 4.8, there are several tabs in the analysis sections which include
the Bundle Failure Library Data tab, Add Failure Data tab, Inspection Date tab,
Inspection history tab etc. All these entries must be completed by the User to perform
the analysis.

Throughout the project, there are two versions of RIHEX has been developed
which are Version 1.0 and Version 2.0. Version 1.0 has been developed for the risk
and inspection analysis only whereby Version 2.0 has been included with the
Reliability Database functions. This additional feature enables the User to enter the
reliability data from any inspections done on the bundles. Apart from that, filtering
the TTF form the identical exchanger can be performed by using this feature.

To ensure the data is safely kept in the database, the worksheet has been
protected by the password. Thus, the worksheet can be only entered by using RIHEX
application and observed by the User. Figure 4.9 shows the code used in VBA to

transfer the data to the worksheet named “Database”.

ools  Add-Ins  Window Help
W 4 @ Lol Co

ymmandButton29 ﬂ |Click

Set ws = Worksheets ("Database Entry")
ws.Unprotect "IOEXN™

Dim dRow As Long

Dim dws A= Worksheet

Set dws = Worksheets ("Database Entry")

dRow = dws.Cells.Find(What:="*",6 SearchOrder:=xlRows, _
SearchDirection:=xlPrevious, LookIn:=xlWValues).Row + 1

dws.Cells (dRow, 1) .Value = Me.txtplantlocation.Value
dws.Cells (dRow, 2).Value = Me.txXtprocessunit.Value
dws.Cells (dRow, 3).Value = Me.txttagnumber.Value

Figure 4.9: The coding for entering the reliability data.

From Figure 4.9, there is a line of code written “ws.Unprotect XXXXX” on
the top part of the VBA coding. This code is required to unprotect the protected
worksheet in order to enter the reliability data. On the bottom part of the code, there
will be a line of code to protect the worksheet back after the data has been entered.

For further information on the use of RIHEX application, one copy of the

application has been attached on the back cover of this report.
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4.4 RIHEX Validation

The developed application, RIHEX requires validation process to ensure that the
methodology and the algorithms in the calculating the Weibull parameters used are
correct. The validation process has been done with the use of Weibull++ software and
the Analysis ToolPak by Microsoft Excel. The In-Service Duration or the TTF data

used for the validation process is shown in Table 4.5.

Table 4.5: The TTF data used for the validation.

In-Service Duration (years) Failure Reported
18 Yes
22 Yes
16 No
10 Yes
12 No
13 No
14 Yes
25 No
8 Yes

These data will be analyzed with all three applications, RIHEX, Weibull++
and the Analysis ToolPak. The values of n and B calculated by the three applications
will be recorded and the percentage different among them will be analyzed. Figure
4.10, Figure 4.11 and Figure 4.12 shows the values of n and 3 obtained from RIHEX,
Weibull++ and Analysis ToolPak respectively.

Probabhility of Failure on Next Planned
Inspection Date

Calculated B 2.52246217
Calculated n 20.5987759
PVE % 98.2455731
MTTF 18.2806642

Calculated POF | 0.23276746
Category of POF 3

Figure 4.10: Parameters value from RIHEX.
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Main 4

STANDARD FOLIO

¢7 | Distribution [T
z
ANOVA
l'Ll‘-':|;| Analysis Settings df 55
P RRY SRM Regression 1 4.367252163
= FM MED Residual 3 0.077971096
= F=5/5=4 Total 4 4445223259
Ir'}'\
= Analysis Summary
" parameters Coefficients |Standard Error [i
=T Beta 2.530879 Intercept -7.631080104| 0.511153286
=11 Eta (¥r) 20.591263 X Variable 1 2.522492732| 0.194595136
Other
= 2.901450 Beta 2.522492732
g7 LK Value -18.981631 Alpha 20.59841048
=00
Figure 4.11: Parameters value from Figure 4.12: Parameters value from
Weibull++. Analysis ToolPak.

Figure 4.13 summarizes the values of parameters obtained from these three
applications and the percentage difference between the values obtained from the

analysis.

RIHEX Weibull++ ToolPak
B 2.522 2.531 2.522
n(years)| 20.599 20.591 20.598
Percentage Difference %
RIHEX vs Weibull++ | RIHEX vs ToolPak
B 0.356 0
n (years) 0.039 0.005

Figure 4.13: Percentage difference between the
parameters.

From Figure 4.13, most of the percentage difference for the B and n for
RIHEX vs. Weibull++ and RIHEX vs. ToolPak are noticeably low. Note that there is
small percentage difference between RIHEX and Weibull++ for both B and n. This is
due to the difference method used to estimates the parameters by both applications.
Since the percentage difference recorded are insignificant, thus RIHEX is validated to

be used to perform Life Data Analysis (LDA) and the inspection planning.
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4.5 The Limitation of the Project

API RBI recommends the 90% Lower Bounds Confidence to be included in
calculating the Time in Service or the time to the next failure for a given POF. This is
to account for the statistical distribution in the data especially when the TTF is
obtained from the reliability database (not the historical data of the exchanger to be
evaluated). Figure 4.14 shows the example of the Weibull probability plot with 90%
confidence bounds on time whereby the blue error indicates the Time in Service
which falls on the 90% lower bound confidence of the raw data for a given fixed

value of the unreliability or the POF.

Probability - Weibull

Unreliability, Fit)
L

Figure 4.14: The Weibull probability plot.

In order to fulfill this recommendation, Fisher Matrix Bounds has been
proposed by most of the literature including API 581 to solve for the 90% LBC on the

Time in Service. The confidence bounds on time (Type 1) can be estimated by the

T B
lnR=—(—>
4]

In(=1In &) = Aln (%)

In{—InR) =0@(InT —Inn)

following methods.

v==In(-InR)+In7n

Wl
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Where u=In(T)
R = the reliability (1-POF)
T = Time in Service (90% LBC required)

The lower confidence bounds on u is estimated from Equation 4.1.

vy =u+ Kqr/Var(uw)

...................... 4.1)
Where
Var(u)=—[In{—In B)|*Var(8)+= Var(7)
n
1 In(—Iln R -~
() (252 on o)
B s 42)
Thus, the lower confidence bounds on time can be found by Equation 4.3.
Ty = € 4.3)

From Equation 4.2, the variance and covariance of the two parameters can be found
from the Fisher Matrix Equation as shown by Equation 4.4.

i 527 a2y | |
B -5 B[ ek,

Fy =

5 82
Bolads], B[],

The subscript O indicates that the quantity is evaluated at b, = b, and

5'2 - 820 » which is the true values of the parameters but for this case, it is n and B.

Thus, for a sample of N units where R units have failed, M have been
suspended, and P have failed within a time interval then, N=R + M + P and with this
equation a sample local information matrix can be obtained as shown by Equation

45.
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_ 5'15'1- _ 081 S
F =
8% -
Bf2061 863

Equation 4.6 shows the log-likelihood function for censored data. It is
obtained by using the Maximum Likelihood Estimates (MLE) for a two parameter

distribution.

In[L] =A = In[f(T; 61, 65)]
"
+ Z In[1 — F(Sj; 61, 85)]
=1

P
+ Y I {F(L,;61,65) — P(L,;61,65)}
=1

In the Equation 4.6, the first summation is for the complete data, the second
summation is for right censored data and the third summation is for interval or left
censored data. Then, by inverting the matrix and substituting the values of estimated
parameters of n and B into 68, and O,, the local estimate of the covariance matrix can

be found as shown in Equation 4.7.

& (5 A 7 52 524 71
[ Var (8,)  Cov(d,8:) [ —Z _m'l
o (0,5)  va(a) | |2 %]

e (A7)

Since this project involved 2-parameters of Weibull distribution, the Fisher
Information Matrix become more complex to be executed with the non-statistical

software like Microsoft Excel.

Other simpler alternatives can be considered to perform confidence bound on
time. Several alternatives have been described in several literature and reference
books including Practical Reliability Engineering written by Patrick O’ Conner under
Section 3.6.3 Alternative Methods for Calculating Confidence Bounds. The text
explains in detail on the alternatives for Fisher Matrix in obtaining the confidence

bounds on time. One of the method is to include the confidence bounds on the
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parameters instead of apply it on time. Most of the alternatives which based on this
approach are based on formulation that depends on which analytical method is used to
obtain the parameters bounds. These include Fisher Matrix, Monte Carlo or Bayesian
Confidence Bounds. However these methods of parameters bound still requires

statistical software package to be done.

There is simplified formula developed based on the Maximum Likelihood
method in performing confidence bound on parameters. It is a two-tailed confidence
bound of the  and n as shown by Equation 4.8 and Equation 4.9 respectively. The
90% LCB of parameters can be found by using these two equations. Then, The Time
in Service can be calculated by using Equation 2.4 by putting in the values of the

bounded n and B as well as the desired POF into the equation.

B exp(_o'j/ﬁzmj << ,éexp((lp’rj_%]
" " e (48)

?}exp[%} <p< ?}exp[l'oszaﬂ)
Pl P (4.9)

Before deciding to implement this approach, justification is required whether
or not this method can be implemented into the project thus providing the
unambiguous result of Time in Service to the user. Justification can be done by
comparing the resulting 90% LBC time with the nominal value of 90% value

provided in the API 581.

The values of 90% LBC given in the API 581 as show in Table 4.6 has been
verified first with the Weibull++ software to ensure there is no misprint or mistakes in
the calculation. Once all the values are certified true, then the calculated value of 90%

LBC by using Equation 2.4 is compared with the values shown in Table 4.6.
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Table 4.6: 90%LBC on time. (Source: API 581)

Time in Service (years)
Method POF=1% | 2% 5% 10% 20% 50% 90%
Weibull, Raw Data 3.48 4.47 6.43 8.51 11.4 17.7 28.3
90% LBC 1.51 224 3.78 5.57 8.31 14.3 21.3

90% Confidence Bound for Parameters
nom beta lower upper
2.568 1.449258 | 4.027371
nom eta lower upper
20.45 15.15149 | 25.89027
Given POF [ Time in Service ( By Equation) APl Value Percentage Error %
90% LBC |Raw Data| 90% UBC | 90% LBC | Raw Data | 90% LBC | Raw Data
0.01 0.633787 | 3.409779 | B.261826 1.51 348 5B8.02733 | 2.017841
0.02 1.026063 | 4.475134 | 9.825804 2.24 a4.47 54.19361 | 0.114862
0.05 1.951581 | 6.43251 | 12.3835 3.76 6.43 48.09625 | 0.039033
0.1 3.206971 | 8.513657 | 14.80698 5.57 8.51 4242421 | 0.042977
0.2 5.382366 | 11.4032 | 17.83978 82.31 11.4 35.23025 | 0.028079
0.5 11.76586 | 17.73003 | 23.63814 14.3 17.7 17.72126 | 0.169658
0.9 26.93936 | 28.29717 | 31.84748 21.3 28.3 26.47585 | 0.009993

Figure 4.15: Percentage error of the 90% LBC.

Figure 4.15 shows the screenshot of the Excel worksheets where the
calculation has been done. As shown in Figure 4.15 (the red box), there is
considerably high percentage error between the value of 90% LBC from API RBI and
the value calculated by using the parameters obtained by the Equation 4.8 and
Equation 4.9. However, the raw data (nominal on Weibull probability plot) shows
acceptable range of percentage error with the highest value of 2.018% for the given

POF value of 0.01.

Due to this reason, this project disregard the recommendation by the API 581
to include the 90% LBC on the Time in Service leaving with only Raw Data is being
used in the calculation. Further research might be done to formulate simple equations
to estimate the confidence bounds on time like the ones that have been done for the

parameters as shown in Equation 4.8 and Equation 4.9.
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CHAPTER 5
CONCLUSION & RECOMMENDATIONS

As the conclusion, the project has been conducted successfully in order to
accomplish the objectives stated in the Chapter 1. The first objective of the project is
to develop a Risk-Based Inspection (RBI) model for heat exchanger tube bundles.
This objective has been fulfilled through several tasks starting with the collection of
data and theoretical formulae required to model an RBI for the heat exchanger. Then,
the calculation starts with the constructing the algorithm diagrams to perform the
calculation for the POF, COF, risk analysis and the inspection planning. The second
objective to apply Microsoft Excel and VBA in developing RBI application in order
to perform calculation, analyze information and visualize data for RBI model. This
has been accomplished by starting with the developing the Excel functions to
perform the calculations. All necessary values and standards required by the main
reference which is the API 581 have been calculated in the worksheet to perform the
analysis. These include the estimating the Weibull parameters through rank
regression method in order to calculate the POF of the bundles. Then, Excel
functions also have been utilized to calculate the COF of the tube bundle which gives
the output of the category of POF and the COF. Then based on this, risk analysis is
performed by using the risk matrix. The next inspection plans are performed based
on the POF of the planned inspection date, risk target and the thickness data provided
by the User.

For the recommendation, further research might be done to solve the
complexity of the method required to produce the 90% LBC on the Time in Service.
Currently, most of the literature recommends Fisher Matrix as the common method
to be used in obtaining the 90%LBC. Other simplified formulae may be proposed in

the future to gives a good estimation to the 90%LBC on the Time in Service.
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP

Required
Bundle Attribute Comments/Example Input Bundle Failure
Library Data
General Data
Compomation Corporation Mo
Plam Plant Location Yes
Unit Process Unit Yes
Bundle Tag Mumber, e.g. E101-T3, where E101 represents the exchanger 1D
Tag Number or Tag number and T1, T2, T3, etc. represents the bundles that have been Yes
installed in the exchanger, T1 being the erginal bundle.
o Exchanger Description, eg. Debutanizer Reboiler, Crude O/H exchanger, may
Description be found on the TEMA datashest. No
Status Active or Inactive. Inactive bundles are past bundles that have been removed Mo
from service
Start Date Exchanger Stad Date [YYYY-MM-DD) Mo
AES BELI
AET EFU
TEMA Type iﬁg S;'(LL’J Yes
AJS Brown Fintube
AKL Plate & Frame
Steam Generator ‘aporizer
HSRGWaste Heat Boiler Vapor Condenser
Steam Reboiler Vapor Cooler
Exchanger Type | | i.id Steam Heater HT Feed/Effluent Exchanger Y.
Frocess Liquid Water Cooler Product Cooler
Liguid/Liquid Heat Exchanger Compressor Vapor Coolers
Exchanger ] :
Orientation Heorizontal or Vertical Yes
Shell Diameter Shell Diameter, mm [in] Mo
Bundle Details
Install Date Bundle Installation Date [YYYY-MMDD) Yes
Tube Type Plain, finned tube ortwisted tube; default is Plain Mo
Tube Quantity Mumbser of fubes, required for statistical analysis and for bundle cost estimate Yes
Tube OD Tube Outside Diameter, mm [in] Yes
Tube Length Tube Length, ft [m] Mo
Number of Tubes ide Mo
Passes
Tube Furnished ; ;
Thickness The average wall thickness, mm [in] Yes
SA-106-B S5A-213-T5
SA-1T9 SA-213-T9
Tube Spedfication | SA-213-TP304 SA-213-T1 Mo
SA-213-TP316 SA-214
SA-213-TP316L Unknown

58




Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP

581) (cont.)
Required
Bundle Attribute Comments/Example Input Bundle Failure
Library Data
Carbon Steel Femalium 255 Alloy BOD
C-1/2 Mo Zeron 100 Alloy 825
1Cr Alloy 20Cb3 Alloy 800
1.26Cr 904l Alloy 625
2.25Cr ALEXMW/254 SMO Alloy C276
SCr 430 55 Mickel 200
SCr 439 55 Thanium Gr, 2
Tube Material 12Cr 444 55 Titanium Gr. 12 Yes
3040L321/347 Sea-Cure/E-Brite Titanium Gr. 16
3043097310 Admiralty Brass Aluminum Alloy
316L Aluminum Brass Zirconium Alloy
317L Red Brass Bimetallic
2205 Duplex 55 SO0 CuMi Ceramic
2304 Duplex 55 TO/30 CuNi Plastic
2507 Duplex 88 Monel 400 Cther
Tube Coating MNane, 10, OD, orboth ID and OD No
L-Tube PWHT Yes orNo Mo
Impingement Flate | Yes or No, may be found on the TEMA datasheet. Mo
Triangular Rotated Square
Tube Layout Square Unknewn Ne
Tube Pitch Tube pich, mm [in] No
Single Segmental
Baffle Type Double Segmental Eﬁn%ﬂe Me
Triple Segmental
Baffle Cut Baffle Cut (%), may be found on the TEMA datasheet. Mo
Baffle Spacing Spacing between baffles, mm [in] , may be found an the TEMA datasheet, Me
. ' Rolled Only Strength Welded
Tube Joint Design Seal Wekled Unkriown Yes
SA-182-F316 SA-266-11
SA-105-11
Tubesheet Material | SA-1B2-F5 gﬁ’ﬂg’?;ﬁ gﬁ’:g;ﬁ N
: : ~240- i o
Specification SA-182-F9 SA-740-316L Oith
SA-182-F11 Srogic -
5A-240-TP321 Unknown
Carbon Steel Alloy 20CH3 Alloy 825
C-1/2 Mo S04L
Alloy 800
1Cr ALSXN Al
loy 625
1.25Cr 430 55
Alloy C276
2.25Cr 438 58 Mickel 200
; e Hﬂmi_ralty Brass Titanium Gr. 2
Tubesheet Material | 9Cr Aluminum Brass Alumi .Px.lk:- Me
12Cr Red Brass i
304L/321/347 80/10 CuNi é';:; i loy
304/309/310 7030 CuMi Plastic
3186L Copper-other Other
317L Manel 400 P
2205 Duplex 55 Alloy 8OO
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP

581) (cont.)
Required
Bundle Attribute Comments/Example Input Bundle Failure
Library Data
Carbon Steel 2507 Duplex 85 i::g:, ggg
C-112 Mo Alloy 20CH3
Alloy 800
1Cr o04L
1250 Alloy 825
. r ALEXN
Allpy C278
2.26Cr 430 38 .
50 4395 Tranium Gr. 2
Tubesheet Cladding | 9Cr Sea-Cure/E-Brite Titanimn Gr. 12 Mo
Material 12Cr Admiralty Brass Titanium Gr- 186
304L5321/347 Aluminum Brass Alurminum "’*."W
304/308/310 Red Brass S
316L 90/10 Culi AN 2
317L 70/30 CuNi Ef;;ir:m”'“ Costing
2205 Duplex 55 Copper-other Cithar
2304 Duplex 55 Manel 400 Unknown
Process/Operating Conditions (Tubeside and Shellside)
rivies .Ffr;"i‘fﬁgat"’" Hydrocracker (2nd Stage)
: Hydrogen Refoming
Ammatics Recovery [sormarization
Catalytic Reforming (CCR) LPG Refrigeration
Catalytic Reforming (Fixed) ks n‘f
Caustic Treating (Merox) 5 ki
kol : Polymerization
Crude Distillation Unit Partial Cridati
Braes artial Oxidation )
Selective Hydrogenation
. Dilzye 0N cker Sour Water Stripper
Process Unit Distillate Fracticnator Sulfolane fes
Bl Sulfur Recovery Unit
Ether Plant (MTBE/TAME) gulfun_c ﬁ\qd Alkylation
L } : ulfuric Acid FPlant
Fluid Cataltic Cracking ;
Tail Gas Treater
Sat Gas Plant ™ A
emal Cracking
Unsat Gas F'_Iant Vacuum Unit
Gas Separ_atmn Cooling Tower Water
HF Alkylation Gooling Water — ath
Hydrotre ater/Hydrocracker g e e
Fluid Mame Generic Mame, e.g. Crude, Effluent, HGO, stc. Mo
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP

581) (cont.)

Required
Bundle Attribute Comments/Example Input Bundle Failure
Library Data
Light Crude Feed E-enﬂelcri orother acid gas treating
Heawy Crude Feed Sour Water
Crude Tower O/H Tempered water/non-corrosive
Hydrogan Steam/Condensate
Ll Caustic Solution
Fuel gas Spent Causti
Ethylene AT IRUEC
Acid Gas (Tail Gas)
Syngas Sulfur Liguid
LPG (C3/C4)
Olefins H2s
. Hydrofluonic Acid
Eﬂﬂﬁml&mmm Sulfuric Acid
Fluid Category Aleohol Phosphoric Acid Yes
Light Distillate Other Add:
Medium Distillate Cooling Towear Water- corrosive
Heawy Distilate Cp-oling Tower Water- non-corrosive
Atmospheric Resid. .i:ﬁrwﬁéfr
L.ube oil (seal o) Brackish water
V;cu um Residu_ﬂ Sea water
Visbreaker Residus Waste \Water
Sludge Inert Gas
Rich Amipe i
Lean Amine coe
Operating Pressure | Operating Pressure, kPa [psig] Yes
Inlet Temperature | Inket Tempemture, °C [°F] Yes
Cutlet Temperature | Outlet Temperature, °C [°F] fes
Fluid Fhase Gas, Liquid or Twophase Yes
Unknown Moderate
Fauling Severity Maone Sevens Mo
Iild Unknown
Flowrate Fluid Flowrate, kgihr[Ib/s] Mo
Enter the fluid design velocity from the TEMA datasheet, optional entry,
Design Velocity consider entering for CW, amine, slurries or any other fluids where velocity is Mo
an imporant parameter for corrosion or ercsion.
Process Fluid Damage Modifiers (Tubeside and Shellside)
Free Water Does the tubeside or shellside fluid have any free water, Yes/No Yes
Sulfidation |s suffidation a concern for the tubeside or shellside fluid, Yes/MNo ¥es
Cealloying |s dealloying is & concern for the tubeside or shellside fluid, Yes/MNo Yes
Naphthenic Acid Lsergﬁgthenm acid comosion a concern for the tubeside or shellside fluid, Yes
Ammenium Chloride | s ammonium chlende a concem for the tubeside or shellside fluid, YesMo Yes
CO; |8 CO; corrosion a concern for the tubeside or shellside fluid, Yes/MNo Yes
Salt Deposits Ame salt deposits likely on the tubeside or shellside, Yes/Mo Yes
Weight % H:S 1f H25 is present in tubeside or shellside fluid, provide amaount, (wt. %), Yes
Mole % Sulfur If Sulfur is present in fubeside or sheliside fluid, provide amount, (mole %), Yes
Weight % Acid If Acid is present in tubeside or shellside fluid, provide amount, {wt.%). Yes
Wi ight % Caustic If Caustic is present in tubeside or shellside fluid, provide amount, (wt.%) Yes
Weight % If Ammeonium Bisulfide is present in tubeside or shellside fluid, provide Yes
Ammenium Bisulfide | amount, (mole %)
Cyanides Are cyanides present in fubeside or shellside fluid, YesMNo Yes
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP

581) (cont.)

Required
Bundle Attribute Comments!/Example Input Bundle Failure
Library Data
Emosive Padicles Am erosive particles present in tubeside or shellside fluid, Yes/No Yes
Brine Does the lubeside or shellside fluid have any Erine, Yes/No Yes
Asphaltenes or Does the tubeside or shellside fluid have any Asphaltenes or Polymer Yes
Polymear Deposits Deposits, Yes/Mo
Oxidation Is oxidation a concem for the tubeside or shellside fluid, Y es/MNo Yes
Mone
Inen (=1 mpy)
Estimated Comosion | Mildly Comosive (11 to 5 mpy) Yes
Severnty Moderately Corrosive (5 mpy to 10 mpy)
Sevenely Corrosive (10 mpy to 20 mpy)
LUnpredictable or Localized (=20 mpy)
Bundle Inspection History (Multiple Records for Each Bundle)
Inspection Date Date inspection was performed (Y Y-MM-DD). Mo
Planned S/D X
Event Type Unplanned S/0 E‘::‘:E\Eﬂ:onlme Na
Bypass - No Rate Cut
Was there a bundle leak discovered dunng the inspection? Enter Yes, No or
Bundle Leak Unknown. (Default is Unknown) No
MNone
nknown Lecalized Pitting
Tube Leak Tube Joint Leak
Failure Mode Floating Head Leak Envirenmental Cracking Mo
General Thinning Flow- nduced Damage
Underdeposit Corrosion Handling Damage
Tube End Thinning
Mone
Clean Only Retube — Same Alloy
: : Retube = Mew Alloy
Minor Repairs Renl tindind
Action Taken Rerolled T e e Mo
Flugged Tubes Redesign — New Alloy
Rotated Bundle 180° oo el
Partial Retube
MNumber of Tubes | Number of tubes plugged during inspection. Do not include any tubes plugged
FPlugged during this | as a result of handling damage, these should be documented in the Mo
sD Comments area
FR'?;EI oy Ellist Gage/Caliper
Inspection Method Remols Fiald {rﬂ:ml;r Mo
Eddy Cument
MNone
Unknown 40-80%
Percent Inspected | <10% 60-80% Mo
10-20% 80-100%
20-40%
Inspection
Effectiveness A, B, C, DorE per Table 8.5 Mo
o, Wall Loss A\._'erage measured wall thickness divided by the original fumished wall Mo
thickness
Remaining Wall ] : ’ ’
Thickness Average measured wall thickness from inspection, mm [in] Mg
Hydrotest YesiNo Mo
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP

581) (cont.)

Days

the shutdown is planned (days).

Required
Bundle Attribute Comments/Example Input Bundle Failure
Library Data
Bﬁ::mun Emvironmental Cracking
General Thinnin Flow-induced ‘ibration
Frimary Damage i . Erosion Mo
Underdeposit Corrosion :
Tube End Thinning isisiahoiend ity o
Localized Pitting Handing Damage
Bﬁzneown Environmental Cracking
General Thinnin Flow-Induced Vibration
Secondary Damage L Ergsion Mo
Underdeposit Corrosion Mechanical O
Tube End Thinning el
Localized Pittina Handling Damage
Tube Joint Leak on
Hydrotest Yes/Mo Mo
Estimated Based on the inspedtion data, provide the estimated remaining life (years), Mo
Remaining Life Required, if Remaining Wall Thickness or the % Wall Loss is not provided.
Good
Baffles, Tie-rods and | Serviceable Poar Mo
Spacers Mechanical Damage Linknown
Heawy Comosion
Unknown
IDIOD Fouling | None ﬁ:gf,f' No
Wild
Unknown
|D/OD Corrosion Mone General Mo
Mikd Heawy
Bundle Remaining Life Assessment
' User spadfied Mean Time to Failure for bundle (years). If supplied, will govern
Specified MTTF | 110 calculations. ki
Speciied Weibull 7 User specified Weibull characteristic |ffe (years). If supplied along with the ,3 Mo
value, will gowvern the calculaticns.
Specified Weibull | User specified Weibull slope parameter. If supplied along with the 77 value, -
Iij will govem the caleulations.
; Provide the bundle |ife for the bundle being evaluated (years). Required if the
Bundle Life bundle is inactive. Optional for active bundles. Yes
g;ﬁ‘j;"”" Me chanical Vibration
Centrolling Damage ; J Underdeposit Comosion
Mechanism E:;;Igz mental Cracking Severe Flugging/Fouling Yes
Tube to Tubesheet Failures Unknown
Consequences of Bundle Failure
Financial Risk -
Target User risk target (Sfyear). Mo
Tube Wall Failure | Define the fraction of wall thickness that constitutes bundle failure (number Mo
Fraction between 0.0 and 1.0).
. Unit preduction costs ($/day). This is equal to the preduction rate (bblsiday)
PIGEICion Cod times the margin ($/bbl). Ao
: Mone Bypass with Rate Reduction
Preduction Impact Bypass Shutdown Mo
Rate Reduction :zﬁ;gii;dnl{cmn (%). Required if Preduction Impact set to "Bypass with Rate Mo
Flanned Shutdown | Mumber of days required to repair or replace failed exchanger bundle when Mo
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP
581) (cont.)

Required
Bundle Attribute Comments/Example Input Bundle Failure
Library Data
MNum ber of days required to repair or replace failed exchanger bundle when
Unplanned the shutdown is unplanned (days). This should typically be a longer duration No
Shutdown Days than a planned shutdown to allow for lead time to mobilize or to purchase a
replacement bundle
Envirenmental Envienmental costs associated with bundle failure. Includes damage to Na
Impact cooling water system and towers
Lest Opportunity Additional cost beyond preduction losses or environmental costs as a result of Mo
Cost bundle failure (5)
Bundle Cost Cost of replacement bundle (5) Mo
Bundle Installation | Cost of maintenance required to remove, clean, and re-install exchanger o
Cost bundle (5)
This is the dollar amount above the economic break even point at which a
Hurdle Cost decision to inspect or eplace a bundle is made (). No
The date for the next scheduled turnargund from the REI date (Y™ M-
Turnaround Date 1 DD). Used in the risk analysis as the plan date for calculating risk. No
The date for the second scheduled turnaround from the RE| date (YY™YY-MM-
Turnarcund Date 2 | DO). Used in the cost beneft analysis to make inspection or replacement MNe
decisions,
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