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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 
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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:  

 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. 

 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.  

 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. 

 Developments are necessary in the cost effectiveness of inspection programs 

by shifting capitals to solve the vital few issues. 
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1.3 Objectives 

The objectives of this project are as follows: 

 To develop a Risk-Based Inspection (RBI) model for heat exchanger tube 

bundles. 

 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: 

 Main components of heat exchanger, which are shell, tube bundles and 

baffle that are critical and usually exposed to failures. 

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

 Input data for the FMECA of a heat exchanger tube bundles used in 

industry, mostly on thickness data and corrosion. 

 Comparison between quantitative and semi-quantitative risk analysis of 

bundles that combines both advantages of qualitative and quantitative 

analysis. 

 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.  
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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, API RP 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). 
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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 

et al., 2005, Kumar, 1998 and Van Heel et al., 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 

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

Scheduling, 2015) 

http://www.sciencedirect.com/science/article/pii/S0950423009000059#bib17
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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.  
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2.3.1 Probability of Failure from the Weibull Plot 

 

 

 

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, β and the 

characteristic life, η 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, η.  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, β 

indicates which class of failure is present: 

 β < 1.0      : infant mortality 

 β = 1.0      : random failures (independent of age) 

 β > 1.0      : wear out failures 

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

     
            ……………….…………… (2.1) 

where,   MR = median rank 

    i     = failure order number 

    N    = total number of failure / data  

       ሺ  ሻሺ   ሻ ሺ   ሻሺ    ሻ   ……………….……… (2.2) 

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 
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manager. From the plot, engineers can obtain the value of the characteristics life, 

η and the shape factor, β. 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. 

          ሺ ሻ        [ ቀ  ቁ ]………….…. (2.3) 

where,                = probability of failure 

      = independent variable time in years 

    η = Weibull characteristic life in years 

    β = Weibull shape factor 

 

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

probability of failure can be calculated.  

    ሺ   [        ]ሻ   ………………………. (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: 

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

 Method 2: Using Weibull parameters, β and η specified by owner-user 

 Method 3: Using Mean Time to Failure, MTTF specified by owner-user 

 Method 4: Specific Bundle Inspection History 
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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, β and η can be measured from the plot accordingly. Chapter 

3 will discuss further on the steps and process flow in obtaining the probability 

of failure,    from Weibull plot.  

2.4 PVE% as The Method for Goodness of Fit Test 

Apart from using the r2 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. 

 ( ሺ   ̅ሻሺ   ̅ሻ)  ሺ   ̅ሻ   ሺ   ̅ሻ              …………………. (2.5) 

 
 

where,       = ln TTF 

     ̅  = mean of ln TTF 

       = ln(ln(1/(1-MR))) 

     ̅  = mean of ln (ln(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 ln (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. 

 ሺ ሻ       ቀ  ቁ  

   ሺ ሻ     ቀ  ቁ    (   ሺ ሻ)   (  )  

  (     ሺ ሻ)   (  )  

  [  (     ሺ ሻ)]     (  ) 
  [  (     ሺ ሻ)]     (  )   ቂ  ቀ     ሺ ሻቁቃ            ………………...…… (2.6) 

 

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   ቂ  ቀ     ሺ ሻቁቃ corresponds to the Y,     corresponds to X,   corresponds to m or the gradient and the C or y-intercept 

having the value of –    . 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   and   values through rank regression method will be 

further discussed in Chapter 3.    
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2.6 Consequence of Failure 

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

due to a bundle tube leak.                                              …………. (2.7) 

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

by using Equation 2.8. 

                 ቀ          ቁ    ……………..……….. (2.8) 

where,                      = rate reduction of production impact 

                         = unplanned shutdown days to repair 

 

Equation 2.9 may be used to estimate the bundle replacement cost (API RP 

581,2008). 

                  ቆ         ቇ           ………………….. (2.9) 

 

where,                      = bundle replacement cost in $ 

                         = heat exchanger shell inside diameter in in             = tube length of the bundle in ft 

                          = material cost factor 

   The replacement         referred to Equation 2.9 depends on the type of 

material and dimensions of the bundle used. For example, API RBI assumes         

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

long bundle with a volume of 3.016m3.  
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2.7 Risk Analysis 

According to a classical definition (Henley and Kumamoto, 1981; Vose, 2000), the 

risk of failure,           is defined as:  

                       ……………….…………. (2.10) 

where,            = probability of failure 

                        = cost given failure 

To an operator of production equipment          may include several components 

(Todinov, 2007): 

 Cost of production 

 Medical costs 

 Insurance costs 

 Legal costs 

 Cost of cleaning up polluted environment 

 Costs of mobilisation of emergency resources 

 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: 

 Loss of sales 

 Penalty payments 

 Compensation and legal costs 

 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 
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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.  

 

 

Risk assessment matrix 

Likelihood of adverse effect 

Unlikely Possible Frequent 

1 2 3 

Severity of 
consequences 

Minor 1 1 2 3 

Moderate 2 2 4 6 

Severe 3 3 6 9 

 

 

 

 

 

 

Figure 2.3: Risk assessment matrix. (Adapted from Tolley’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 

Severity of 
consequences 

Minor Low Low Medium 

Moderate Low Medium High 

Severe Medium High 
Very 
high 

     

 

 

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,            as a function of the risk target specified by the user,         and the 

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

                         …………………….……..…. (2.11) 

By utilising Equation 2.11 together with Equation 2.4, the time to a target 

inspection date,      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.  

      ሺ   [            ]ሻ    …………….……… (2.12) 

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. 

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

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

Figure 2.5: Weibull plot of similar bundle data. (Source: API 
RP 581) 

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. 
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Figure 2.6: Weibull plot with 50% additional uncertainty 
(Source: API RP 581) 

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.  
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Table 2.1: Matching Bundles from Relaibility Database. 
(Source: API RP 581) 

Table 2.2: Time in-service as s function of POF and uncertainty 
(Source: API RP 581). 

 

 

 

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 

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

 

 

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       can be determined by using Equation 2.13. 

 

       
 ̅      ̅              ……..………….…....……. (2.13) 

where,    ̅    = average furnished wall thickness 

                ̅    = average of wall thickness as measured on the last     

                                                 inspection 
 

For bundle with thickness inspection history, the predicted bundle life 

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

        
ሺ    ሻሺ ̅    ሻ     …….………..……..……. (2.14) 

where,        = fraction of remaining wall thickness (failure point) 

           = 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,       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. 

 

 

 

The adjusted service duration,         will then be calculated using the 

LEF value in accordance with Equation 2.15. 

         ሺ     ሻ     ………..…….……….. (2.15) 

 

The actual service duration,      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,       
                                ……………….. (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. 

                                      ..…………….… (2.17) 

Table 2.4: Effects of Life Extension Methods (Source: API 
RP 581) 
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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. 

 

 
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. 

 

 

 

 

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.  

  

Figure 2.8: The Analysis ToolPak by the Microsoft Excel. 
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Figure 2.9: Segments of a 
tubular exchanger. (Source: 

Cripps, 2014) 

2.10 Heat Exchanger 

A heat exchanger is equipment designed to 

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 

familiar example of heat exchanger is a car 

radiator. In a radiator, the antifreeze or 

ethylene glycol and water mixture used to 

transfers heat from the engine to the radiator 

and then from the radiator to the ambient air 

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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 Class R for the severe requirements of petroleum processing (and usually 

including most large scale processing applications). 

 Class C for general commercial application. 

 Class 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: 

 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. 

 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) 

 API581: 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.  

     

 

 

  

 

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 

is 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. 

 

 
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, η and β 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, η and β 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 

 

 

 

 

 

 

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, η and β 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 η and β. 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). 

 

 

 

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. 

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

 

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 =IF(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. 

   

Table 3.1: Nested IF Functions. 
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Figure 3.6: Algorithm Diagram for the Risk Assessment. 
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3.9 The Algorithm 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 

Figure 3.7: Algorithm Diagram for the Inspection Planning. 
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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 (4th 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 RWTf   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 ln (ln(1/1-MR)) which is the Y-value for probability plotting and 

ln 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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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: =L9 

10 Adjusted Rank =IF(D9="","",IF(J9="plot",((I9*K9)+($V$7+1))/(I
9+1),K9)) 

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

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

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

14 XiYi =IF(OR(D9="",J9="no plot"),"",(N9*O9)) 

15 Xi^2 =IF(OR(D9="",J9="no plot"),"",((O9)^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, β and the Weibull characteristic life, η. 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.     

 

Table 4.1: Excel Functions Used in Rank Regression. 
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No. Row Name Written Excel Function 

1 Total Number of  
Available Data 

=COUNT(D9:D643) 

2 Sum of Y-Value =SUM(N9:N135) 

3 Sum of X-Value =SUM(O9:O127) 

4 Sum of XiYi =SUM(P9:P125) 

5 a cap =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/Z6)*100) 

9 MTTF =IF(D10="","",V15*(EXP(GAMMALN(1+(1/V14
))))) 

10 No. of Plot Data =COUNTIF(J9:J43,"plot") 

11 (X-Xb)(Y-Yb) =IF(OR(D9="",J9="no plot"),"",(O9-$T$19)*(N9-
$T$20)) 

12 (X-Xb)^2 =IF(OR(D9="",J9="no plot"),"",(O9-$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:Z51) 

17 Shape factor, β =IF(D10="","",(V10-((V9*V8)/U26))/(V11-
((V9^2)/U26))) 

18 Characteristic Life, η =IF(D10="","",EXP(-T17/V14)) 

 

 

Figure 4.2: Excel Template for Weibull Parameters Calculation. 

Table 4.2: Excel Functions Used in Rank Regression. 
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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. 

 

 

 

 

 

No. Cell Cell Excel Function 

1 G26 POF calculation on 
Plan Ins. Date (PID) 

=IF(C8="","",WEIBULL.DIST(F200,G16,
G17,TRUE)) 

2 F200 Duration time from 
Install Date to PID  

=(YEAR(C200)-
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 β and η 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.  

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

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

   

 

 

 

 

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,IF(N13="9 
Cr",6,IF(N13="304/309/310 
SS",8,IF(N13="304L/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*(N11^2))*N12*N14 

4 N17 Consequence of  
Failure 

=N8+N9+N15+N16 

 
 

 

 

Figure 4.4: The COF calculations. 

Table 4.4: The Excel functions used for the calculations. 
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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. 

 

 

 

 

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. 

 

 

Figure 4.6: The Main Menu of RIHEX. 
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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. 

 

 
 
 

Figure 4.7: The introduction page of RIHEX. 

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”. 

 

 

 

 

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.  

 

 

Figure 4.9: The coding for entering the reliability data. 
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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. 

 

 

These data will be analyzed with all three applications, RIHEX, Weibull++ 

and the Analysis ToolPak. The values of η and β 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 η and β obtained from RIHEX, 

Weibull++ and Analysis ToolPak respectively.  

 

 

 

Table 4.5: The TTF data used for the validation. 

Figure 4.10: Parameters value from RIHEX. 
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Figure 4.13 summarizes the values of parameters obtained from these three 

applications and the percentage difference between the values obtained from the 

analysis. 

 

 

 

 From Figure 4.13, most of the percentage difference for the β and η for 

RIHEX vs. Weibull++ and RIHEX vs. ToolPak are noticeably low. Note that there is 

small percentage difference between RIHEX and Weibull++ for both β and η. 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.    

Figure 4.11: Parameters value from 
Weibull++. 

Figure 4.12: Parameters value from 
Analysis ToolPak. 

Figure 4.13: Percentage difference between the 
parameters. 
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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. 

 

 

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 

following methods. 

 

Figure 4.14: The Weibull probability plot. 
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Where     u = ln (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. 

………….……… (4.1) 

Where  

…….… (4.2) 

 

Thus, the lower confidence bounds on time can be found by Equation 4.3. 

 ……………………………….. (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.   

………… (4.4) 

The subscript 0 indicates that the quantity is evaluated at  and 

which is the true values of the parameters but for this case, it is η and β. 

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 

4.5. 
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………..….……… (4.5) 

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. 

………… (4.6) 

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 η and β into    and   , the local estimate of the covariance matrix can 

be found as shown in Equation 4.7. 

….... (4.7) 

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 β and η 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 η and β as well as the desired POF into the equation. 

………........……. (4.8) 

............................. (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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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.       

   

Table 4.6: 90%LBC on time. (Source: API 581) 

Figure 4.15: Percentage error of the 90% LBC. 
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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 

581) 
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP 

581) (cont.) 
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP 

581) (cont.) 
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP 

581) (cont.) 
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP 

581) (cont.) 
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP 

581) (cont.) 
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Appendix A: Basic Data for Bundles Risk Analysis (Source: API RP 

581) (cont.) 
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