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Abstract 

A comparative study was undertaken to assess the primary and secondary stress levels in 

various boiler valve body designs between finite element analysis in ANSYS, following the 

ASME BPVC Section III Division I NB approach and through the RemLife software developed 

by ANSTO (Australian Nuclear Science and Technology Organisation). The purpose of the 

research was two-fold. First, to assess the correlation in results between these three 

assessment methods, primarily aimed at identifying the levels of conservatism embodied in 

the ASME and RemLife assessments. Then, using the same results, it aimed to assess the 

accuracy of the RemLife software. 

This dissertation provides a background on the area of research, particularly in relation to 

the significance of primary and secondary stresses in the pressure equipment industry. This 

is followed by a comprehensive literature review, beginning with understanding the 

formulation of the current ‘Design by Analysis’ method adopted in the ASME BPVC codes, 

stress categorisation, stress linearisation, and the nature of stresses encountered in valve 

bodies. 

The stresses derived from the ASME approach and RemLife software were compared to the 

exact solutions obtained from finite element analysis. The methodology for each of the 

three assessment methods are described in sufficient detail, including a description of how 

they were implemented. The finite element method followed the stress linearisation 

procedure for decomposing total equivalent stress fields into the individual stress categories 

outlined in the ASME BPVC codes. A total of five valve body designs were modelled and 

assessed in this study, all of which are commonly encountered in the power generation 

industry.  

In the ASME assessments, it was found that there was a good correlation to ANSYS, with the 

primary stresses averaging 9.03% higher than ANSYS and the secondary stresses 12.40% 

across the various valve designs. A key finding from this study, however, was that the ASME 

approach is highly constrained to assessing secondary stresses at a steady-state operating 

temperature of 260℃ and a specific ramp rate of 56℃/ℎ, with the code providing no 

guidance or method of varying this loading condition. Nevertheless, the correlation in 

results at this temperature validated the accuracy of the ANSYS models. 
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In the RemLife assessment, the software initially returned primary and secondary stress 

results with a significant discrepancy to that obtained from ANSYS and ASME. In some cases, 

the error margins compared to ANSYS were as high as 53.14% and 120.87% for the primary 

and secondary stresses, respectively. However, during the undertaking of this project, the 

results were released to ANSTO for review and comment, where several errors in the 

RemLife software were identified. Consequently, with the aid of the present research, 

ANSTO employed several updates to the RemLife software to correct these inaccuracies. 

Following the updates, the RemLife software returned results with average error margins of 

2.90% and 5.35% for the primary and secondary stresses, respectively.  

Overall, it was identified that the ASME assessment and updated version of the RemLife 

software contained a level of conservatism of approximately 8-10% and 3-5%, respectively. 

In addition, the accuracy of the RemLife software was confirmed.  

 

 

  

 

 



iv | P a g e  
 

Disclaimer 

The Council of the University of Southern Queensland, its Faculty of Health, Engineering & 

Sciences, and the staff of the University of Southern Queensland, do not accept any 

responsibility for the truth, accuracy or completeness of material contained within or 

associated with this dissertation. 

Persons using all or any part of this material do so at their own risk, and not at the risk of 

the Council of the University of Southern Queensland, its Faculty of Health, Engineering & 

Sciences or the staff of the University of Southern Queensland. 

This dissertation reports an educational exercise and has no purpose or validity beyond this 

exercise. The sole purpose of the course pair entitled “Research Project” is to contribute to 

the overall education within the student’s chosen degree program. This document, the 

associated hardware, software, drawings, and other material set out in the associated 

appendices should not be used for any other purpose: if they are so used, it is entirely at the 

risk of the user. 

 



v | P a g e  
 

Certification of Dissertation 

I certify that the ideas, designs and experimental work, results, analyses, and conclusions set 

out in this dissertation are entirely my own effort, except where otherwise indicated and 

acknowledged. 

I further certify that the work is original and has not been previously submitted for 

assessment in any other course or institution, except where specifically stated. 

Callum Remington 

 

Signature 

 

04/10/2021 

Date 

 



vi | P a g e  
 

Contents 

Abstract ...................................................................................................................................... ii 

Disclaimer .................................................................................................................................. iv 

Certification of Dissertation ....................................................................................................... v 

Contents .................................................................................................................................... vi 

List of Figures .......................................................................................................................... viii 

Notations and Definitions ......................................................................................................... xi 

Chapter 1: Introduction ........................................................................................................ 12 

1.1: General Background .................................................................................................. 12 

1.2: Project Scope and Aims ............................................................................................. 14 

1.3: Objectives .................................................................................................................. 15 

1.4: Limitations ................................................................................................................. 15 

1.5: Motivation ................................................................................................................. 16 

1.6: Organisation of this Dissertation ............................................................................... 16 

Chapter 2: Literature Review and Background .................................................................... 18 

2.1: Introduction ............................................................................................................... 18 

2.2: History of the ASME BPVC Code ................................................................................ 18 

2.3: Stress Categories ....................................................................................................... 20 

2.4: Reason for Stress Categories ..................................................................................... 23 

2.5: Stress Linearisation .................................................................................................... 25 

2.6: Stresses in Valve Bodies ............................................................................................ 33 

Chapter 3: Valve Modelling .................................................................................................. 35 

3.1: Overview .................................................................................................................... 35 

3.2: Material Properties .................................................................................................... 38 

3.3: Valve Dimensions ...................................................................................................... 38 



vii | P a g e  
 

Chapter 4: Methodology ...................................................................................................... 39 

4.1: Finite Element Analysis (ANSYS) ................................................................................ 39 

4.2: ASME BPVC Section III Division 1 NB Approach ........................................................ 53 

4.3: RemLife ...................................................................................................................... 62 

Chapter 5: Results and Discussion ....................................................................................... 65 

5.1: Summary .................................................................................................................... 65 

5.2: Stress Results ............................................................................................................. 70 

5.3: Discussion .................................................................................................................. 85 

5.4: Accuracy and Consistency ......................................................................................... 91 

5.5: Research Limitations ................................................................................................. 93 

Chapter 6: Conclusion and Further Research ...................................................................... 94 

6.1: Dot Point Summary ................................................................................................... 94 

6.2: Further Research ....................................................................................................... 95 

Appendix A – Project Specification .......................................................................................... 97 

Appendix B – Risk Management Plan .................................................................................... 101 

Appendix C – Valve Dimensions ............................................................................................. 104 

Appendix D – MATLAB Script ................................................................................................. 110 

References ............................................................................................................................. 115 

  



viii | P a g e  
 

List of Figures 

Figure 2.3-1: Overview of the stress categories defined in the ASME BPVC Codes  

(ASME.BPVC.Sec.III.1-NB 2015). .............................................................................................. 23 

Figure 2.5-1: Typical stress classification line (Hollinger & Hechmer 1998) ............................ 28 

Figure 2.5-2: Membrane and bending stresses (Hollinger & Hechmer 1998). ........................ 28 

Figure 2.5-3: Stress classification line through the section of interest (ANSYS 2020). ........... 31 

Figure 2.5-4: Typical stress distribution (ANSYS 2020). ........................................................... 31 

Figure 2.6-1: Neck to flow passage junction (ASME.BPVC.Sec.III.1-NB 2015). ........................ 33 

Figure 3.1-1: Valve A - Check Body Design. ............................................................................. 36 

Figure 3.1-2: Valve B - Globe Body Design. .............................................................................. 36 

Figure 3.1-3: Valve C - Gate Body Design................................................................................. 37 

Figure 3.1-4: Valve D - Y Pattern Globe Body Design. ............................................................. 37 

Figure 3.1-5: Valve E - Angle Body Design. .............................................................................. 38 

Figure 4.1-1: Valve A – Generated tetrahedral mesh. ............................................................. 40 

Figure 4.1-2: Valve A – Histogram of the element quality. ..................................................... 40 

Figure 4.1-3: Valve A – Model constraints. .............................................................................. 41 

Figure 4.1-4: Valve B – Generated tetrahedral mesh. ............................................................. 41 

Figure 4.1-5: Valve B – Histogram of the element quality. ...................................................... 42 

Figure 4.1-6: Valve B – Model constraints. .............................................................................. 42 

Figure 4.1-7: Valve C – Generated tetrahedral mesh. ............................................................. 43 

Figure 4.1-8: Valve C – Histogram of the element quality. ...................................................... 43 

Figure 4.1-9: Valve C – Model constraints. .............................................................................. 44 

Figure 4.1-10: Valve D – Generated tetrahedral mesh. ........................................................... 44 

Figure 4.1-11: Valve D – Histogram of the element quality. ................................................... 45 

Figure 4.1-12: Valve D – Model constraints. ............................................................................ 45 

Figure 4.1-13: Valve E – Generated tetrahedral mesh. ........................................................... 46 

Figure 4.1-14: Valve E – Histogram of the element quality. .................................................... 46 

Figure 4.1-15: Valve E – Model constraints. ............................................................................ 47 

Figure 4.1-16: SA-335 P22 – Isotropic Elasticity. ..................................................................... 48 

Figure 4.1-17: SA-335 P22 – Isotropic Instantaneous Coefficient of Thermal Expansion. ...... 48 



ix | P a g e  
 

Figure 4.1-18: SA-335 P22 – Isotropic Thermal Conductivity. ................................................. 48 

Figure 4.1-19: SA-335 P22 – Specific Heat Constant Pressure. ............................................... 49 

Figure 4.1-20: Typical pressure load applied to the internal surface of the valve body. ........ 49 

Figure 4.1-21: Valve A - Stress classification line. .................................................................... 50 

Figure 4.1-22: Valve B - Stress classification line. .................................................................... 50 

Figure 4.1-23: Valve C - Stress classification line. .................................................................... 51 

Figure 4.1-24: Valve D - Stress classification line. .................................................................... 51 

Figure 4.1-25: Valve E - Stress classification line. .................................................................... 51 

Figure 4.1-26: Typical thermal load applied to the internal surface of the valve body. ......... 53 

Figure 4.2-1: Valve A – Fluid and metal areas. ........................................................................ 54 

Figure 4.2-2: Valve B – Fluid and metal areas.......................................................................... 54 

Figure 4.2-3: Valve C – Fluid and metal areas. ......................................................................... 54 

Figure 4.2-4: Valve D – Fluid and metal areas. ........................................................................ 54 

Figure 4.2-5: Valve E – Fluid and metal areas. ......................................................................... 55 

Figure 4.2-6: Stress Index for Secondary Membrane Plus Bending Stress (C3). ...................... 61 

Figure 4.3-1: General Valves module within RemLife. ............................................................ 63 

Figure 4.3-2: Load History module within RemLife. ................................................................ 64 

Figure 5.1-1: Typical comparison in primary stress results at 10 MPa. ................................... 66 

Figure 5.1-2: Comparison in secondary stress results at a steady-state operating 

temperature of 260℃. ............................................................................................................. 67 

Figure 5.1-3: Comparison in secondary stress results at a steady-state operating 

temperature of 540℃. ............................................................................................................. 68 

Figure 5.1-4: Typical comparison in primary stress results at 10 MPa with the updated 

version of RemLife. .................................................................................................................. 69 

Figure 5.1-5: Comparison in secondary stress results at a steady-state operating 

temperature of 540℃ with the updated version of RemLife. ................................................. 69 

Figure 5.2-1: Valve A – Von Mises stress contours for the pressure (primary) case. .............. 70 

Figure 5.2-2: Valve A – Primary stress comparison. ................................................................ 71 

Figure 5.2-3: Valve A – Von Mises stress contours for the thermal (secondary) case. ........... 72 

Figure 5.2-4: Valve B - Von Mises stress contours for the pressure (primary) case. ............... 73 

Figure 5.2-5: Valve B – Primary stress comparison. ................................................................ 74 



x | P a g e  
 

Figure 5.2-6: Valve B – Von Mises stress contours for the thermal (secondary) case. ........... 75 

Figure 5.2-7: Valve C - Von Mises stress contours for the pressure (primary) case. ............... 76 

Figure 5.2-8: Valve C – Primary stress comparison. ................................................................ 77 

Figure 5.2-9: Valve C – Von Mises stress contours for the thermal (secondary) case. ........... 78 

Figure 5.2-10: Valve D - Von Mises stress contours for the pressure (primary) case. ............ 79 

Figure 5.2-11: Valve D – Primary stress comparison. .............................................................. 80 

Figure 5.2-12: Valve D – Von Mises stress contours for the thermal (secondary) case. ......... 81 

Figure 5.2-13: Valve E - Von Mises stress contours for the pressure (primary) case. ............. 82 

Figure 5.2-14: Valve E – Primary stress comparison. ............................................................... 83 

Figure 5.2-15: Valve E – Von Mises stress contours for the thermal (secondary) case. ......... 84 

Figure 5.3-1: Stress Index for Secondary Membrane Plus Bending Stress (C3). ...................... 87 

Figure 5.3-2: Top 10 ranked equations from the fitting of the 𝒄𝟑 stress index curves. .......... 88 

Figure 5.3-3: Rank 8 Equation – 3D surface plot. .................................................................... 89 

Figure 5.3-4: Rank 8 Equation – Residuals. .............................................................................. 89 

Figure 5.3-5: Valve E - Secondary stress distribution. ............................................................. 91 

 

 



xi | P a g e  
 

Notations and Definitions 

ANSTO: Australian Nuclear Science and Technology Organisation 

ASME: American Society of Mechanical Engineers 

BPVC: Boiler Pressure Vessel Code 

DBA: Design by Analysis 

DBF: Design by Formula 

FDE: Finite Difference Eigenmode 

FEA: Finite Element Analysis 

FFS: Fitness for Service 

NDT: Non-Destructive Testing  

PVRC: Pressure Vessel Research Council 

SCL: Stress Classification Line 

 



12 | P a g e  
 

 

Chapter 1: Introduction 

 

1.1: General Background 

The identification and categorisation of stresses is a concept pertaining to the pressure 

equipment industry. It holds significant importance in the design of pressure equipment, 

fitness for service assessments, and in remaining life assessments. The concept behind 

stress categorisation (i.e., primary and secondary stress) is centred on the philosophy of 

‘protection against failure modes’ outlined in the ASME BPVC codes. The underlying 

principle is that not all types of stress produce the same amount of damage, and thus they 

have varying degrees of safety implications. In particular, primary stresses are regarded as 

more ‘dangerous’ or ‘significant’ than a secondary stress, as a single loading condition that 

results in the primary membrane stress exceeding the yield point of a particular material will 

result in failure, whereas secondary stresses would not. The identification of primary and 

secondary stresses using finite element analysis requires the decomposition of the total 

equivalent stress field by a technique known as ‘stress linearisation’.  

In the design of pressure equipment in line with ASME BPVC Design by Analysis rules, the 

maximum allowable stresses within an item of pressure equipment varies dependent on the 

‘category’ to which the respective stress is classified. A primary plus secondary stress range, 

for example, is permitted to exceed the design stress intensity of the particular material by a 

factor of three, whereas a primary membrane stress is limited to a factor of one. As a stress 

distribution varies significantly based on the geometry of the component and the loading 
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conditions applied, the categorisation of stress requires significant knowledge and 

judgment, especially for three-dimensional stress fields. Fundamentally, running a finite 

element analysis and looking at the highest equivalent stresses is not adequate in the 

context of pressure equipment stress analysis. 

Furthermore, fitness for service assessment are quantitative evaluation procedures that are 

widely used throughout the power generation, oil, gas, and chemical industries to assess the 

structural integrity of an in-service component that may contain flaws or damage, or that 

may be operating under a specific condition that might result in failure (API.579-

1/ASME.FFS-1 2016). These assessments are essential to allow the continued safe operation 

of a component where damage may have been identified during an inspection regime.  In 

general, most fitness for service assessment standards are broken into multiple levels. Each 

successive level (i.e., Level 1, 2, and 3 of the API 579-1/ ASME FFS-1 standard) requires 

increasing amounts of data, calculations, effort, and cost to arrive at the most accurate 

outcomes and possible longer equipment remaining life.  

A Level 1 assessment is a relatively quick and straightforward analysis requiring little data 

and provides a conservative screening tool. On the other hand, Level 2 and 3 assessments 

provide a more detailed evaluation that produces a more precise result. Required in several 

Level 2 and 3 fitness for service assessments methodologies (i.e., assessment of crack-like 

flaws) is the identification of the primary and secondary stress and are used to calculate the 

‘crack growth rate’ and the ‘critical defect size’, amongst other things. The evaluation of 

these stresses requires advanced stress analysis techniques to define the state of stress at 

the location of the flaw due to complicated geometry and/or loading conditions. In addition, 

if a fitness for service outcome produces an acceptable result, an estimated remaining life 

assessment is often included in the assessment. The calculated remaining life of a 

component is used to establish an appropriate inspection interval, an-service monitoring 

plan, or the need for remediation (API.579-1/ASME.FFS-1 2016). 

Given the number of valve body designs that exist in the industry today, along with the 

various software packages and industry standards available to undertake stress analyses, 

the calculated primary and secondary stress results should remain accurate regardless of 

the valve design or assessment method utilised. The research undertaken in this dissertation 
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investigates this issue by comparing the difference in results between three possible 

assessments methods across several valve body designs. 

1.2: Project Scope and Aims 

The scope of this project is to undertake a comparative study on determining primary and 

secondary stress levels in a variety of valve body designs. This study will model several valve 

designs in SolidWorks and conduct finite element analyses in ANSYS to determine primary 

and secondary stress levels. This assessment will then be compared to the results obtained 

through the ASME BPVC Section III Division I NB approach and the RemLife software. 

The overall aim of this study is to assess the correlation in results between these three 

assessment methods, primarily aimed at identifying the levels of conservatism embodied in 

the ASME and RemLife assessments. The main criteria that will be used to evaluate this 

correlation are accuracy and consistency. The accuracy of the method is the difference in 

results obtained through the three assessment methods (ANSYS, ASME, RemLife). 

Consistency refers to the accuracy between each of the valve designs. Both the accuracy 

and consistency will be determined by comparing the error margins for each assessment 

method across the various valve designs.  

In addition, from the same results, the research seeks to confirm the RemLife software is 

sufficiently capable of accurately determining primary and secondary stresses in valve 

bodies.  

The following valve designs are to be modelled: 

o Valve A: Check Body  

o Valve B: Globe Body  

o Valve C: Gate Body  

o Valve D: Y Pattern Globe Body  

o Valve E: Angle Body 
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1.3: Objectives 

To achieve the aims of this research, the project will be separated into the individual 

objectives. These include:  

i. Undertake a literature review pertaining to the fundamental concepts behind the 

ASME BPVC codes, Design by Formula and Design by Analysis methodologies, stress 

field decomposition, stress linearisation, and the nature of stresses encountered in 

valve bodies.  

ii. Identify the most feasible method of decomposing the total stress field obtained by 

a finite element analysis into the stress categories defined in the ASME BPVC codes. 

iii. Design and model five-valve body designs in SolidWorks in accordance with the rules 

and requirements of ASME BPVC Section III Division I NB Article NB-3500 and ASME 

B16.34. 

iv. Undertake pressure and thermal finite element analysis’s in ANSYS Mechanical to 

evaluate the primary and secondary stresses in each valve design. 

v. Undertake the assessment of primary and secondary stresses established in Article 

NB-3545 of the ASME BPVC Section III Division I NB code, by the development of a 

MATLAB script.  

vi. Undertake an assessment of the primary and secondary stresses for each valve 

design in the RemLife software. 

vii. Release the results and findings from this study to ANSTO for further review and 

validation. 

viii. Compile dissertation for submission.  

1.4: Limitations 

The limitations of the project are summarised as follows: 

• No experimental testing is to be conducted.  

• All results are subject to the limitations of the software used (i.e., ANSYS, 

SolidWorks, RemLife). Where possible, the same element type and size will be used, 

but this may not be possible for the varying model geometries. Limitations of the 

software will be discussed further in the methodology.  
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• There is limited ability to account for the differing geometries of components in the 

RemLife software. The software takes the main dimensions of components as input, 

but smaller more refined geometric changes cannot be accounted for. 

1.5: Motivation 

The RemLife software was developed by the Australian Nuclear Science and Technology 

Organisation (ANSTO), and was acquired by my place of employment, ALS Industrial, in 

2015. The software was primarily developed for use in the power generation industry to 

undertake remaining life assessments of power plant components, considering the complex 

interaction of creep-fatigue at high-temperature.  

Since the development of the software, however, the ‘Valve Module’ has not been 

adequately assessed or validated. This is contrast to other modules of the software (i.e., 

Piping, Headers, Branch and Nozzle Connections, and Turbine Components), which have all 

undergone rigorous testing and validation. Therefore, the research seeks to assess the 

accuracy of the software in assessing primary and secondary stress levels in various valve 

body designs. The outcomes from this study will provide both ANSTO and ALS Industrial with 

a greater understanding of the RemLife software’s capabilities, along with its accuracy in 

undertaking fitness for service and remaining life assessments.   

1.6: Organisation of this Dissertation 

This dissertation is comprised of six chapters, as follows: 

Chapter 1 – Introduction  

The first chapter addresses the general background, objectives, and scope of the proposed 

research work, along with any limitations of the research and the motivation behind the 

project's undertaking. 

Chapter 2 – Research   

The second chapter presents a comprehensive review of the literature pertaining to the 

research area. This includes aspects relating to the history and development of the ASME 

BPVC Code, design by formula and design by analysis methods, stress categorisation and 

linearisation, and the nature of stresses encountered in valve bodies. 
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Chapter 3 – Valve Modelling   

The third chapter provides an overview of the five-valve body designs that are assessed in 

this research project.  

Chapter 4 – Methodology   

The fourth chapter presents the methodology employed in each of the three assessments 

methods to determine the primary and secondary stresses. The geometry, meshing, and 

constraints applied to the models in ANSYS Mechanical are discussed, along with the loading 

conditions and techniques employed in the pressure and thermal simulations. This section is 

followed by the methodology applied to determine the primary and secondary stresses 

following the ASME BPVC Section III Division I approach, along with that utilised in the 

RemLife software. 

Chapter 5 – Results and Discussion  

The fifth chapter presents the primary and secondary stress results obtained from the three 

assessments methods: FEA in ANSYS, ASME BPVC, and RemLife. This is followed by a 

detailed discussion of these results in line with project’s scope.  

Chapter 6 – Conclusion and Further Research   

The sixth chapter summarises and concludes the contributions and findings in this 

dissertation. This chapter also presents some guidelines for further research. 
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Chapter 2: Literature Review and Background 

 

2.1: Introduction 

The theoretical concepts pertaining to the research work of this dissertation are presented 

in this chapter. The research covers an extensive volume of literature relating to the ASME 

BPVC code, design by formula and design by analysis methods, stress categorisation and 

stress linearisation, and valve body stress analysis. These theories and concepts are used 

extensively in the research work presented in this dissertation. 

2.2: History of the ASME BPVC Code  

The use of finite element methods in the design and analysis of pressure equipment is a 

relatively recent development in the overall historical perspective of the ASME BPVC code. 

Prior to 1963, all pressure vessels and equipment were designed to a systematic ‘Design by 

Formula’ (DBF) approach, which was primary based of simple mechanics and experience. 

Essentially, the vessels geometry and major dimensions were calculated for a given loading 

condition using straightforward equations and graphical data (Slagis 2005). One of the main 

benefits of this approach, particularly in relation to the present research, was that the 

outputs from the assessments aligned directly with the stress categories defined in the 

ASME BPVC codes, allowing for a relatively straightforward identification of the primary and 

secondary stresses, with some engineering judgement. However, even though the design by 

formula approach produced designs which were both safe and reliable, it came with several 

shortcomings. The most notable of these was that due to the simplistic nature of the design 
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process, engineers could not cover every conceivable detail in the pressure equipment 

design, which was ultimately accounted for by employing a higher factor of safety. This in 

turn, led to a highly conservative and rather uneconomical approach to design pressure 

equipment which considered safety as the prime design criteria (Karthikeyan et al. 2020). 

Come the rise of nuclear technology in the 1950’s, pressure equipment designs 

requirements needed to be improved to allow for higher allowable stresses without 

reducing the overall safety of the equipment. These requirements led to the development of 

the now widely adopted ‘Design by Analysis’ (DBA) method, which was first implemented in 

1961 with the publication of the nuclear vessel code, ASME BPVC Section III. In the design by 

analysis method, the admissibility of a given design is checked or proven by a detailed 

investigation of the structures behaviour under a particular loading condition, typically using 

finite element methods, with the results evaluated by code limits (Slagis 2005). This 

approach to design pressure equipment gave engineers increased freedom to optimise their 

designs for specific applications without sacrificing the overall safety of the equipment, 

assuming they remained within the applicable code limits. Essentially, the design by analysis 

method reduced some of the conservatism that was embodied in the design by formula 

method by increasing the complexity of the design process, particularly by employing 

advanced stress analysis techniques. This reduced conservatism was proven by a study 

undertaken by Murtaza and Hyder. 

Murtaza and Hyder (2015) undertook a study using both the design by formula and design 

by analysis approaches on a PWR reactor vessel. The primary objective of their study was to 

quantify the additional conservatism embodied in the design by formula method and if an 

increase in design pressure can be safely recommended using the design by analysis 

approach. In their work, they identify that the design by formula method utilises a 

membrane stress state condition to determine shell thickness and assume large factors of 

safety in the areas of stress concentrations and geometric discontinuities, thus scaling up 

the thickness of the vessel shell. In addition, they recognise that an increase in shell 

thickness can often lead to undesirable failure mode arising, namely increased susceptibility 

to stress corrosion cracking and decreased fracture toughness. Murtaza and Hyder 

undertook the analysis in ANSYS, following a similar methodology to the one undertaken in 
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this paper, and found that by using the design by analysis method, they could safely 

increase the maximum allowable pressure of the PRV vessel by 17.7%, thus proving their 

hypothesis. The finding of Murtaza and Hyder were similar to those obtained by Kumar et al. 

(2014), where they undertook a comparative study of the design by formula and design by 

analysis methods on a saddle support for a horizontal pressure vessel. Their design by 

formula approach followed the traditional mathematical methodology stepped out in the 

relevant standard and their design by analysis was performed in ANSYS. A comparison of the 

resultant stresses obtained between the two assessment methods showed that the design 

by formula approach yielded stresses approximately 10% higher than those obtained 

through ANSYS, thus confirming the conservatism that was seen by Murtaza and Hyder.  

Although the design by formula method produces acceptable pressure equipment designs, 

the inability to optimise designs for specific applications, coupled with the additional 

conservatism embodied in the method, resulted in the design by analysis method becoming 

the prominent industry design tool. In addition, the rise of computing technology and the 

introduction of finite element software packages saw an increased preference in using more 

advanced stress analysis techniques.   

The design by analysis method consists of evaluating the stresses at critical locations within 

a component, typically by finite element methods, and checking the results against 

maximum allowable limits specified in the code (also known as ‘stress intensity limits’). 

However, the key difficultly in this approach is that the ASME BPVC code places these 

maximum allowable limits based on the ‘category’ to which the given stress distribution 

belongs and not the total equivalent stress field provided by a finite element analysis. 

Therefore, unlike in the design by formula method where the assessment outputs align 

directly with these stress categories, the design by analysis method requires the 

decomposition of the total equivalent stress field to identify the structure of the stress 

distribution.  

2.3: Stress Categories 

In the design by analysis method, elastic stresses are categories into primary, secondary, 

and peak stresses. Therefore, before we proceed, a discussion will be provided to aid in 
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distinguishing these three terms. Peak stresses are not directly related to the present 

research, although they will be included in the discussion for completeness.  

2.3.1: Primary Stress 

Primary stresses are all the normal and shear stresses generated by the direct application of 

a mechanical load to satisfy force and moment equilibrium (ASME.BPVC.Sec.III.1-NB 2015). 

The fundamental characterises of these stresses are that they are not self-limiting; that is, 

they continue to act even if major plastic strains are generated in the structural member 

after the yield point has been exceeded (Mueller 1981). Primary stresses that exceed the 

yield stress of a material will result in failure. An example of a primary stress is the stresses 

generated by an internal pressure load in a vessel or pipe. Here the stresses within the 

material will continue to develop even if the structural member deforms. 

Within the ASME BPVC codes, primary membrane stresses are subdivided into three 

categories (Hossain 2009; Mackenzie 2017): 

o Primary General Membrane (𝑃𝑚): The average stress across the thickness of a 

component developed due to the mechanical loading, excluding discontinuities and 

concentrations. 

o Primary Local Membrane (𝑃𝐿): The average stress across the thickness of a 

component developed due to the mechanical loading, including discontinuities, but 

not concentrations. 

o Primary Bending (𝑃𝑏): The component of primary stress that is proportional to the 

distance from the centroid of the solid section and is produced due to the 

mechanical loading. 

The local stress concentrations are not considered in the primary stresses. 

2.3.2: Secondary Stress 

Secondary stresses are the stresses arising from geometric discontinuities or stress 

concentrations. They are all the normal and shear stresses generated when strains or 

deformations produced in a structural member are impeded by adjacent zones of the same 

structural member or by adjacent members (Mueller 1981). The most important secondary 

stress is thermal stress. Thermal stresses are caused by a difference in thermal expansion 
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rates within a component when a temperature differential exists or if the component 

consists of materials with different thermal expansion properties (Mueller 1981). The basic 

characteristic of secondary stresses is their self-limiting capability; that is, if the strains or 

deformations are subsequently given room to displace, secondary stresses would not be 

present. This is because once the yield point has been passed locally around the stress 

concentration, the direct relationship between load and stress is broken due to the reduced 

post-yield stiffness of the material (i.e., the cause of the stress is reduced or removed). This 

contrasts with primary stresses, which will continue to increase in overall magnitude, in 

direct proportion to the applied load, irrespective of the shape of the stress-strain curve 

until failure occurs. For materials that can deform, failure due to secondary stress is unlikely 

to occur from only several load cycles. 

2.3.3: Peak Stress 

Peak stresses are concerned with the size over which the stress occurs. If the given area is 

tiny, exceeding the yield point will not visibly change the shape of the structural 

components. The fundamental characteristics of peak stress is that they do not cause any 

noticeable distortion and is objectional only as a possible source of a fatigue crack or a 

brittle fracture (Mueller 1981). An example of peak stresses is the thermal stress in the wall 

of a vessel or pipe caused by a rapid change in temperature of the contained fluid and the 

stress at a local structural discontinuity.  

Figure 2.3-1 shows a graphical representation of the stress categories.  
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Figure 2.3-1: Overview of the stress categories defined in the ASME BPVC Codes  
(ASME.BPVC.Sec.III.1-NB 2015). 

2.4: Reason for Stress Categories  

The concept behind the categorisation of stresses in the design by analysis method is 

centred on the philosophy of ‘Protection Against Failure Modes’. Essentially, not all types of 

stress produce the same amount of damage. Primary stresses, for example, are considered 

more ‘dangerous’ or ‘significant’ compared to secondary stresses, as a single loading 

condition that results in the primary membrane stress exceeding the yield strength of the 

material will result in failure, whereas secondary stresses would not. Therefore, instead of 

specifying a maximum allowable stress value for an item of pressure equipment as a whole, 

the code allows for a more optimised approach in which the maximum allowable stress 

value varies depending on the category in which the stress is classified, thus the necessity to 

classify the stresses. The categories of stress defined in the ASME BPVC codes are concerned 

with the following failure modes: 

o Primary Stress – Gross Plastic Deformation 

o Secondary Stress – Incremental Plastic Collapse 

o Peak Stress – Fatigue Failure 

This approach of stress categorisation in the design by analysis method allows an engineer 

to design pressure equipment based on the type of stress that is encountered in that 
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particular component or specific area of the equipment. For example, the stresses seen 

around a nozzle connection to a cylindrical shell (i.e., a gross structural discontinuity) would 

likely produce a high equivalent stress field in a finite element analysis but, because these 

contain a secondary stress that is superimposed by an underlying primary stress, they are 

permitted to exceed the design stress intensity limit by a factor of three. In contrast, if these 

stresses were restricted to the design stress intensity limit, like that of primary general 

membrane stress, the equipment would likely need to be re-designed to reduce the 

equivalent stress below the design stress intensity limit, which would ultimately result in an 

over-engineered final design. Typically, stress categories are limited to the following stress 

intensities (ASME.BPVC.Sec.III.1-NB 2015): 

o Primary General Membrane Stress Intensity (𝑃𝑚): 𝑆𝑚 

o Primary Local Membrane Stress Intensity (𝑃𝐿): 1.5 ∗ 𝑆𝑚 

o Primary Local Membrane + Primary Bending Stress Intensity (𝑃𝐿 + 𝑃𝑏): 1.5 ∗ 𝑆𝑚 

o Primary Plus Secondary Stress Intensity (𝑃𝐿 + 𝑃𝑏 + 𝑄): 3.0 ∗ 𝑆𝑚 

Where, 𝑆𝑚 is the Design Stress Intensity Value for the given material as specified in ASME 

BPVC Section II Part D. 

Fundamentally, running a finite element analysis and looking at the highest equivalent 

stresses is not adequate. Approaching the design of pressure equipment in this context will 

result in a vastly over-engineered component and one that is also uneconomical. Therefore, 

for a detailed stress evaluation following the design by analysis rules, the primary, 

secondary, and peak stresses, along with each of their subcomponents (primary general 

membrane, primary local membrane, primary bending, secondary stress, and the peak 

stress), must be determined at all points of interest within the component, and at all loading 

and operating conditions (Mueller 1981). However, a finite element analysis provides a total 

stress solution at an infinite number of locations. Therefore, to allow a direct comparison 

with the code allowances, the total stress field obtained through a finite element analysis 

must be decomposed and categorised into the individual stress components listed above. 
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2.5: Stress Linearisation 

2.5.1: General Background 

The categorisation of stresses requires the identification of the membrane, bending, 

membrane plus bending, and peak components from a total equivalent stress field. 

Analytical methods, such as shell element interaction analysis (i.e., design by formula) 

provide these directly. That is, the method first determines internal forces and moments 

and then process them into the individual components (Hollinger & Hechmer 1998). 

However, finite element analysis (i.e., design by analysis) provide total stress fields, 

independently of internal forces and moments. Therefore, the identification of these 

stresses is indirect, requiring an activity known as ‘Stress Linearisation’ to decompose the 

stresses into the individual components (Li et al. 2017; Mackenzie 2017).  

The term stress linearisation was first coined by Kroenke (1974) and further established by 

Kroenke et al. (1975), where a mathematical technique was developed to interpret two-

dimensional stresses using a axisymmetric finite element analysis. In the approach spelled 

out in these two papers, a straight stress classification line is defined through the thickness 

of the model. The component stresses are then rotated from the global R-Z coordinate 

system to a local R-L coordinate system parallel and perpendicular to the stress classification 

line. The forces acting on this plane of revolution are then decomposed by integrating along 

the stress classification line over the given surface area. The membrane stress is equal to the 

volume under the stress distribution divided by the area over which it acts; the bending 

stress is equal to the linear equivalent stress minus the membrane stress if peak is present, 

or the total stress minus the membrane stress if peak is not present; and the peak stress is 

equal to total stress minus the membrane stress and bending stress. One of the 

shortcomings in this approach, however, is that the shell is assumed to be straight which is 

not always case in practical terms. Kroenke’s procedure is still in use today, just with some 

modifications (Muscat et al. 2009). 

Gordon (1976) continued on the work of Kroenke (1974) and Kroenke et al. (1975) by 

proposing a modified procedure that allowed the evaluated stress resultants to be directly 

linked to the ASME BPVC Section III stress limits (i.e., the upper limits placed on each stress 

category). In addition, Gordon’s modified procedure catered for the straight shell 
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assumption pertained in Kroenke’s approach, thus further expanding the possible areas of 

application of the stress linearisation technique. In essence, Gordon’s procedure followed 

that of Kroenke’s, but deviated with a shift of the neutral axis in the model. Both Kroenke’s 

and Gordon’s procedures, however, were limited to 2D axisymmetric models. Thus, they did 

not allow for a plane to be defined by a stress classification line in the case of a 3D model. 

Therefore, an alternative rationale was required to justify stress integration along the 

classification line in this context. 

Hollinger and Hechmer undertook the next, and perhaps the most significant research on 

stress linearisation to date. Throughout the 1980s and 1990s, Hollinger and Hechmer 

further developed on the work Kroenke (1974), Kroenke et al. (1975) and Gordon (1976) by 

expanding stress linearisation into three-dimensional pressure vessel design analysis. The 

most substantial portion of their work was undertaken in two phases: Three-Dimensional 

Stress Criteria (Phase 1) (Hollinger & Hechmer 1991) and 3D Stress Criteria (Phase 2): 

Guidelines for Application (Hollinger & Hechmer 1998). 

In Phase 1 of their work, Hollinger and Hechmer (1991) define the problems and issues 

involved in assessing stress results from three-dimensional finite element analyses. In 

particular, they addressed the requirement for correlating stress distribution to failure 

criterion. At this time, the ASME BPVC code spelled out the following modes of failure that 

must be addressed to ensure acceptable pressure vessel designs: 

1. Excessive elastic deformation, including elastic instability. 

2. Excessive plastic deformation. 

3. Brittle fracture. 

4. Stress rupture and creep deformation. 

5. Plastic instability; incremental collapse. 

6. High strain; low cycle fatigue. 

7. Stress corrosion. 

8. Corrosion fatigue. 

Hollinger and Hechmer also highlighted the problems that the industry currently faced in 

assessing primary and secondary stress limits in 2-D and 3-D structures, particularly as the 

various approaches used at that time gave substantially different results. The Phase 1 report 
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concluded that additional study and assessment was needed to produce guidelines for 

application. In effect, this led to them defining four areas requiring further research: 

o Area 1: The relation between failure mechanisms and the ASME Code stress 

categories. 

o Area II: The appropriate stresses for each stress category. 

o Area III: The appropriate locations for assessing the stress categories. 

o Area IV: Calculating the membrane plus bending stresses. 

In Phase 2 of their work, Hollinger and Hechmer (1998) directly address these four research 

areas. In this paper, Hollinger and Hechmer outline specific guidelines on how to 

appropriately linearise stress in three-dimensional structures in accordance with the ASME 

BPVC stress categories. Their procedure can be summarised as follows: 

1. Map/interpolate finite element stress on to a stress classification line in the region of 

interest. 

2. Compute internal forces and moments by integrating component stresses along the 

stress classification line.  

3. Choose points along the stress classification line for evaluation of 𝑃𝐿 + 𝑃𝑏 or 

(𝑃 + 𝑄). Typically, these points are on the surface of the component. 

4. Compute the membrane and bending stresses using integrated force and moment 

equations.  

Figure 2.5-1 shows a typical stress classification line and Figure 2.5-2 highlights the 

membrane and bending stresses within a component. 
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Figure 2.5-1: Typical stress classification line (Hollinger & Hechmer 1998) 

 

Figure 2.5-2: Membrane and bending stresses (Hollinger & Hechmer 1998). 

To further define and explain their stress linearisation procedure for three-dimensional 

structures, Hollinger and Hechmer provide a set of 11 example geometries in which they 

evaluate and discuss their results in detail. For each respective geometry, they deliberate on 
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each of the four research areas individual and then synthesise them for a more holistic 

picture.   

Hollinger’s and Hechmer’s research into stress linearisation is considered one of the 

industry's most precise structural stress guidelines. Since the publication of their Phase 2 

report in 1998, their work has been endorsed by the ASME BPVC Committee and the 

Welding Research Council. In addition, many of Hollinger’s and Hechmer’s research and 

ideas have been implemented into the ASME BPVC Codes, notably Annex 5A of Section VII 

Division II.  

2.5.2: Alternative Approaches to Stress Linearisation 

Some alternative methods of stress linearisation have been proposed in the literature. 

These include Reduced Modulus Method, GLOSS R-Node Method and the Elastic 

Compensation Method.  

Jones and Dhalla (1981); Dhalla (1986) introduced an inelastic procedure known as the 

Reduced Modulus Method. The method was originally proposed to calculate the extent of 

elastic follow-up in piping systems at elevated temperature, specifically in a Nuclear Liquid 

Metal Fast Breeder Reactor, but was later implemented in more general pressure vessel 

applications. Jones and Dhalla argued that clamp induced stresses could be categorised as 

secondary by proving they redistributed on the account of material or geometric non-

linearity, and by systematically reducing the elastic modulus they successfully proved this 

claim. Having understood that it is possible to use linear elastic analyses for simulating 

effects, efforts were directed towards developing procedures for categorising stresses. 

Subsequently, Marriott (1988) proposed a procedure for categorising stress based on a 

reduced modulus methodology. Mackenzie and Boyle (1994) best summarise the work of 

Marriott by stating “in the reduced modulus method, elastically calculated stress is 

partitioned into primary and secondary components by comparing the simulated inelastic 

response of a structure with ideal models of primary and secondary behaviour”. 

Seshadri and Fernando (1992) proposed the GLOSS R-node procedure for determining limit 

loads based on two linear elastic finite element analyses. In fact, this method is an extension 

of the Reduced Modulus Method proposed by Marriott (1988). The GLOSS R-node approach 

is primarily based on the ‘reference stress’ concept. Whereas the reference stress is used to 
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predict creep response, the R-node approach can be related to lower bound limit load and 

collapse load (Hollinger & Hechmer 1998; Bao et al. 2005). Essentially, the method utilises 

the systematic redistribution of the stress to find the load-controlled locations in a 

component to estimate the collapse load. Seshadri and Fernando argue that when inelastic 

actions occur, the statically indeterminate stress undergoes redistribution throughout the 

component except at the R-nodes, which are essentially statically indeterminate locations. 

As such, the GLOSS R-node approach provides a technique for obtaining estimates of lower 

bound limit load and the collapse load (Hollinger & Hechmer 1998). In effect, this method 

allows for the segregation of primary membrane plus bending stress (load-controlled) from 

the secondary membrane plus bending stress (deformation-controlled) at a discontinuity, 

thus aligning with the ASME BPVC stress categories.  

Mackenzie and Boyle (1992) proposed a procedure for determining limit loads based on an 

iterative elastic analysis called the Elastic Compensation Method. Seshadri and Fernando 

(1992) GLOSS R-node procedure of limit load determination is adopted in this method, and 

approximate failure mechanisms are simulated in an iterative elastic finite element analysis. 

This is achieved by systematically modifying the moduli of elements to effectively stiffen the 

structure at low-stress regions and soften it in high-stress regions, thus causing the stress to 

redistribute. The process is continued until stable results are obtained. From here, stress, 

strain and displacement fields relations are identified and substituted into plastic bound 

theorems to obtain approximate failure loads for the structure, thus allowing for the 

identification of primary and secondary stresses. However, Hollinger and Hechmer (1998) 

and Mangalaramanan (1997) note several concerns with this approach. 

2.5.3: ANSYS Mechanical 

Several of the commercial finite element codes facilitate the linearisation of stresses during 

the post-processing modules. ANSYS Mechanical adopts an approach that is fundamentally 

based to that of Gordon (1976) discussed above (ANSYS 2020). 

In ANSYS Mechanical, the stress linearisation tool is performed along a predefined pass (i.e., 

stress linearisation line) running through the section of interest. The path is defined by two 

nodes (i.e., 𝑁1 𝑎𝑛𝑑 𝑁2) which are generally located on the free surface of the component, 

with 47 points placed along the given path by default. Refer to Figure 2.5-3. 
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Figure 2.5-3: Stress classification line through the section of interest (ANSYS 2020). 

The finite element total continuum results provide the raw stress data at the 47 points along 

the path. The linearisation tool takes the nodal data for each complex stress pattern and 

breaks them down into the individual stress components. Then, using the equations detailed 

below, the membrane (constant), bending (linear), and peak stress categories are 

calculated. Figure 2.5-4 shows a typical stress distribution. 

 

Figure 2.5-4: Typical stress distribution (ANSYS 2020). 
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Membrane Stresses 

The membrane values of the stress components are calculated from (ANSYS 2020): 

𝜎𝑖
𝑚 =

1

𝑡
∫ 𝜎𝑖  𝑑𝑥𝑠

𝑡
2

−
𝑡
2

 

 

Where: 𝜎𝑖
𝑚 = Membrane value of stress component ‘i’.  

𝑡 = Thickness of the section (i.e., length of the path), as shown in Figure 2.5-3 

𝜎𝑖 = Stress component ‘i’ along the path from the total stress field. 

𝑥𝑠 = Coordinate along the path, as shown in Figure 2.5-3 

 

The subscript ‘i’ is allowed to vary from 1 to 6, representing 𝜎𝑥 , 𝜎𝑦, 𝜎𝑧 , 𝜎𝑥𝑦, 𝜎𝑦𝑧 , 𝜎𝑥𝑧, 

respectively. These stresses are in global cartesian coordinate systems.  

Bending Stresses 

The bending values of the stress components at Node 𝑁1 are calculated from (ANSYS 2020): 

𝜎𝑖1
𝑏 = −

6

𝑡2
∫ 𝜎𝑖  𝑥𝑠 𝑑𝑥𝑠

𝑡
2

−
𝑡
2

 

 

Where: 𝜎𝑖1
𝑏 = Bending value of stress component ‘i’ at Node 𝑁1. 

𝑡 = Thickness of the section (i.e., length of the path), as shown in Figure 2.5-3 

𝜎𝑖 = Stress component ‘i’ along the path from the total stress field. 

𝑥𝑠 = Coordinate along the path, as shown in Figure 2.5-3 

 

Noting that the bending stresses at the extreme fives of the component (i.e., start and finish 

of the defined path, 𝑁1 𝑎𝑛𝑑 𝑁2) will be equal in magnitude but opposite in direction. 

Therefore, the bending stress at Node 𝑁2 is simply (ANSYS 2020): 

𝜎𝑖1
𝑏 = −𝜎𝑖2

𝑏  

Where: 𝜎𝑖1
𝑏 = Bending value of stress component ‘i’ at Node 𝑁1. 

𝜎𝑖2
𝑏 = Bending value of stress component ‘i’ at Node 𝑁2. 
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This area is also known as the ‘crotch region’ of a valve body and is the most highly stressed 

portion of the body when subject to internal pressure (ASME.BPVC.Sec.III.1-NB 2015). Here, 

the stress is characterised by circumferential tension normal to the plane of the centre lines, 

with the maximum stress value located on the inside surface.  

The three assessment methods employed in this study (ANSYS, ASME, RemLife) will evaluate 

the primary and secondary stresses in this crotch region. The process of determining the 

stresses will follow the ‘stress linearisation’ method discussed above, with the results 

obtained forming the basis of this comparative study. 
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Chapter 3: Valve Modelling 

 

3.1: Overview 

This chapter provides an overview of the five-valve body designs that are assessed in this 

research project. The valve designs are as follows: 

o Valve A: Check Body  

o Valve B: Globe Body  

o Valve C: Gate Body  

o Valve D: Y Pattern Globe Body  

o Valve E: Angle Body 

To ensure accurate dimensional tolerances between the ASME BPVC Section III Division 1 NB 

code and the FEA models (and RemLife), each of the valves was constructed by importing 

Figure NB3545.1(a)-1 from the code into SolidWorks and tracing the geometry of the given 

designs. The sketches obtained were then constructed into complete 3D models.   

All the rules and requirements of the ASME BPVC Section III Division I NB Article NB-3500, 

along with those specified in ASME B16.34, were adhered to in the valve model designs. 

An overview of the completed designs is provided in Figure 3.1-1 to Figure 3.1-5. 
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Figure 3.1-1: Valve A - Check Body Design. 

 

  

Figure 3.1-2: Valve B - Globe Body Design. 
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Figure 3.1-3: Valve C - Gate Body Design. 

 

  

Figure 3.1-4: Valve D - Y Pattern Globe Body Design. 
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Figure 3.1-5: Valve E - Angle Body Design. 

 

3.2: Material Properties 

All five valves were modelled as SA-335 P22. This material was chosen as it is a common 

choice for high-temperature piping systems within the power generation industry, where 

the present research is focused. It should be noted, however, that one of the limiting factors 

for material selection in this research project was the RemLife software. The software only 

has a limited selection of materials built into the software with no option to manually define 

new ones.  

3.3: Valve Dimensions 

To facilitate the ASME BPVC and RemLife assessments, detailed valve measurements were 

required. All dimensions were measured in SolidWorks on the complete 3D models. The 

detailed valve dimensions are provided in Appendix C. 
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Chapter 4: Methodology 

 

This chapter details the methodology adopted for each of three analysis methods. These 

include an assessment utilising finite element analysis in ANSYS, following the ASME BPVC 

Section III Division 1 NB approach, and by the RemLife software developed by ANSTO. 

4.1: Finite Element Analysis (ANSYS) 

4.1.1: Overview 

The assessment of primary and secondary stresses utilising finite element analysis is 

explored in this subsection. Each of the valve models detailed in the previous chapter were 

imported into ANSYS SpaceClaim and subsequently loaded into ANSYS Mechanical.  

The assessment of the primary stresses was undertaken on a linear elastic material model in 

a static structural analysis with only the pressure load considered. The assessment of 

secondary stresses followed a similar approach but only considered a transient thermal 

analysis to simulate the stresses induced into the component by a temperature gradient 

under a continuous ramp rate loading condition.   

4.1.2: Geometry, Mesh and Constraints 

4.1.2.1: Valve A – Check Body Design 

Valve A was reduced to a half-model due to symmetry of the component. A mesh was 

automatically generated and consisted of 59,806 quadrilateral tetrahedral elements. Figure 
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4.1-1 shows the overall mesh for Valve A. The average element quality is 0.78, with 1.0 

being perfect, as shown in Figure 4.1-2.  

 

Figure 4.1-1: Valve A – Generated tetrahedral mesh.  

 

Figure 4.1-2: Valve A – Histogram of the element quality.  

The model was constrained by applying symmetric constraints to the sectioned faced, the 

nozzle flange face, and one side of the valve body. Figure 4.1-3 shows the constraints 

applied. 
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Figure 4.1-3: Valve A – Model constraints. 

4.1.2.2: Valve B – Globe Body Design 

Valve B was reduced to a half-model due to symmetry of the component. A mesh was 

automatically generated and consisted of 76,991 quadrilateral tetrahedral elements. Figure 

4.1-4 shows the overall mesh for Valve B. The average element quality is 0.78 as shown in 

Figure 4.1-5.  

 

Figure 4.1-4: Valve B – Generated tetrahedral mesh. 
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Figure 4.1-5: Valve B – Histogram of the element quality. 

The model was constrained by applying symmetric constraints to the sectioned faced, the 

nozzle flange face, and one side of the valve body. Figure 4.1-6 shows the constraints 

applied. 

 

Figure 4.1-6: Valve B – Model constraints. 

4.1.2.3: Valve C – Gate Body Design 

Valve C was reduced to a half-model due to symmetry of the component. A mesh was 

automatically generated and consisted of 78,190 quadrilateral tetrahedral elements. Figure 

4.1-7 shows the overall mesh for Valve C. The average element quality is 0.78 as shown in 

Figure 4.1-8.  
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Figure 4.1-7: Valve C – Generated tetrahedral mesh. 

 

Figure 4.1-8: Valve C – Histogram of the element quality. 

The model was constrained by applying symmetric constraints to the sectioned faced, the 

nozzle flange face, and one side of the valve body. Figure 4.1-9 shows the constraints 

applied. 
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Figure 4.1-9: Valve C – Model constraints. 

4.1.2.4: Valve D – Y Pattern Globe Body Design  

Valve D was reduced to a half-model due to symmetry of the component. A mesh was 

automatically generated and consisted of 50,053 quadrilateral tetrahedral elements. Figure 

4.1-10 shows the overall mesh for Valve D. The average element quality is 0.78 as shown in 

Figure 4.1-11.  

 

Figure 4.1-10: Valve D – Generated tetrahedral mesh. 

 



45 | P a g e  
 

 

Figure 4.1-11: Valve D – Histogram of the element quality. 

The model was constrained by applying symmetric constraints to the sectioned face and one 

side of the valve body. An additional displacement constraint was applied to the top face of 

angled nozzle to prevent movement in the Z-direction of the local cylindrical coordinate 

system. Figure 4.1-12 shows the constraints applied. 

 

Figure 4.1-12: Valve D – Model constraints. 

4.1.2.5: Valve E – Angle Body Design 

Valve E was reduced to a half-model due to symmetry of the component. A mesh was 

automatically generated and consisted of 66,551 quadrilateral tetrahedral elements. Figure 

4.1-13 shows the overall mesh for Valve E. The average element quality is 0.78 as shown in 

Figure 4.1-14. 



46 | P a g e  
 

 

Figure 4.1-13: Valve E – Generated tetrahedral mesh. 

 

Figure 4.1-14: Valve E – Histogram of the element quality. 

The model was constrained by applying symmetric constraints to the sectioned faced, the 

nozzle flange face, and one side of the valve body. Figure 4.1-15 shows the constraints 

applied. 
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Figure 4.1-15: Valve E – Model constraints. 

4.1.3: Materials 

As discussed in Section 3.2, all valves were modelled as SA-335 P22. The material property 

parameters applied to the valve models in ANSYS Mechanical are shown in the following 

figures: 

o Figure 4.1-16: SA-335 P22 – Isotropic Elasticity. 

o Figure 4.1-17: SA-335 P22 – Isotropic Instantaneous Coefficient of Thermal 

Expansion. 

o Figure 4.1-18: SA-335 P22 – Isotropic Thermal Conductivity. 

o Figure 4.1-19: SA-335 P22 – Specific Heat Constant Pressure. 

The material density was fixed at 7900 𝑘𝑔/𝑚3. 
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Figure 4.1-16: SA-335 P22 – Isotropic Elasticity. 

 

Figure 4.1-17: SA-335 P22 – Isotropic Instantaneous Coefficient of Thermal Expansion. 

 

Figure 4.1-18: SA-335 P22 – Isotropic Thermal Conductivity.  
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Figure 4.1-19: SA-335 P22 – Specific Heat Constant Pressure. 

4.1.4: Primary Stress Assessment 

To determine the primary stress, a linear elastic material model was assessed in a static 

structural analysis. The assessment methodology followed the approach detailed in the 

ASME BPVC Section III Division I NB Article NB-3545.1, where an internal pressure load was 

to all internal surfaces of the valve body, as shown in Figure 4.1-20. 

 

Figure 4.1-20: Typical pressure load applied to the internal surface of the valve body.  

For each valve model, the pressure load was simulated from 1 MPa up to 18 MPa. This 

loading condition was chosen to simulate the stresses a valve would be subject to during the 
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start-up/ shutdown regime of a boiler in the power generation industry, with 18 MPa being 

a typical operating temperature experienced in a high-temperature steam main.  

The identification of the primary stresses required the decomposition of the total stress 

field obtained by the finite element analyse into the individual stresses stipulated in the 

ASME BPVC codes, as discussed in Chapter 2. Following the requirements of ASME BPVC 

Section VIII Part 2 Chapter 5 ‘Design by Analysis Requirements’, the general primary 

membrane stress is calculated by the equivalent stress, derived from the average value 

across the thickness of the section. Therefore, to simulate this requirement within ANSYS, a 

series of geometric constructions paths, known as stress classification lines, were defined 

diagonally though the crotch regions of the valve, which is where the highest primary 

membrane stress exists in a valve body. From here, the ‘Linearised Equivalent Tool’ in ANSYS 

Mechanical, which is fundamentally based on the approach developed by Gordon (1976), 

was utilised to linearise the total stress field into membrane, bending, membrane plus 

bending, and peak stress categories. The identification of the primary stresses correlated 

with the ‘membrane’ stress category.  

Figure 4.1-21 to Figure 4.1-25 show the defined stress classification line for each valve 

design. 

  
Figure 4.1-21: Valve A - Stress classification 
line. 

Figure 4.1-22: Valve B - Stress classification 
line. 
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Figure 4.1-23: Valve C - Stress classification 
line. 

Figure 4.1-24: Valve D - Stress classification 
line. 

 

 

 

 Figure 4.1-25: Valve E - Stress classification 
line. 

 

 

4.1.5: Secondary Stress Assessment 

Similar to the primary stress assessment, the secondary stress assessment was undertaken 

on a linear elastic material model in a static structural analysis. This assessment, however, 

neglected all pressure loads and only considered the stresses generated by a thermal 

loading condition, which is in accordance with ASME BPVC Section VIII Part 2 Chapter 5 

‘Design by Analysis Requirements’ which specifies that if a model is analysed with only stain-

controlled loads specified (i.e., thermal load), the computed equivalent stresses represent 

secondary stresses alone.  

The thermal analysis was undertaken in a transient thermal analysis based on a continuous 

ramp change in fluid temperature of 56℃/ℎ𝑜𝑢𝑟, as stipulated in the ASME BPVC Section III 
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Division I NB code. To comply with the design requirements of the code, and to align with 

the RemLife software methodology, the secondary stress simulation was undertaken in two 

separate analyses, as follows: 

Initial Temperature: 22℃ 

Ramp Rate: 56℃/ℎ 

Steady State Operating 
Temperature: 

Analysis #1: 260℃ 

Analysis #2: 540℃ 
 

The purpose of Analysis #1 was to comply with the design requirements of the ASME BPVC 

Section III Division I NB code, which stipulates that in the design of a valve body, the primary 

and secondary stresses must be below a specified stress limit whilst at a steady-state 

operating temperature of 260℃. In contrast, Analysis #2 was undertaken to align with the 

RemLife software’s methodology, which was developed for use within the power generation 

industry in high-temperature creep-fatigue damage assessments. 540℃ being a typical 

operating temperature for high-temperature steam mains on a power generation boiler.  

In both cases, the thermal load was applied to the internal surface of the valve body to 

simulate a liquid or gas medium entering into the valve body chamber, as shown in Figure 

4.1-26. 
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Figure 4.1-26: Typical thermal load applied to the internal surface of the valve body. 
 

4.2: ASME BPVC Section III Division 1 NB Approach 

4.2.1: Overview 

The assessment of primary and secondary stresses utilising the ASME BPVC Section III 

Division 1 NB approach will be explored in this subsection. The dimensions for each of the 

valves were measured in SolidWorks on the complete 3D models. All the stress calculations 

were performed in MATLAB by coding the rules of NB-3500 into a script file. The detailed 

valve dimensions and MATLAB script is provided in Appendixes C and D, respectively.  

4.2.2: Primary Stress 

In line with the methodology employed in the ANSYS primary stress assessment, the 

pressure load in this assessment was also simulated from 1 MPa up to 18 MPa, allowing for 

a comparison in results over a range of operating conditions. Following Article NB-3545.1, 

the primary membrane stress in the crotch region of a valve if governed by the following 

equation.   
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𝑃𝑚 = (
𝐴𝑓

𝐴𝑚
+ 0.5) 𝑃𝑠 

Where: Af = Fluid area on the internal surface of the valve (mm2). 

Am= Metal area at the intersection of the neck to flow passage (mm2). 

Ps = Internal pressure (MPa). 

Valve dimensions are provided in Appendix C. 
 

The fluid area (𝐴𝑓) and metal area (𝐴𝑚) required for the primary membrane stress 

calculation are depicted for each of the valve designs in Figure 4.2-1 to Figure 4.2-5. 

  
Figure 4.2-1: Valve A – Fluid and metal 
areas. 

Figure 4.2-2: Valve B – Fluid and metal 
areas. 

  
Figure 4.2-3: Valve C – Fluid and metal 
areas. 

Figure 4.2-4: Valve D – Fluid and metal 
areas. 
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 Figure 4.2-5: Valve E – Fluid and metal 
areas. 

 
 

The fluid and metal areas are bounded by the ‘effective distances’, 𝐿𝐴 and 𝐿𝑁, which are 

also depicted in Figure 4.2-1 to Figure 4.2-5. These distances are calculated by the following 

equations. Results from these calculations are detailed in Table 4.2-1. 

 

Effective Distance -  𝑳𝑨 Effective Distance -  𝑳𝑵 

Larger value of:  

𝐿𝐴 = 0.5𝑑 − 𝑇𝑏  and  𝐿𝐴 = 𝑇𝑟 𝐿𝑁 = 0.5 𝑟2 + 0.354√𝑇𝑏(𝑑 + 𝑇𝑏) 

Where: 𝑇𝑏 = Thickness of valve wall adjacent to crotch region (mm). 

𝑇𝑟 = Thickness of body (run) wall adjacent to crotch (mm). 

𝑑 = Inside diameter (mm). 

𝑟2 = Fillet radius of external surface at crotch (mm). 

Valve dimensions are provided in Appendix C. 

 

  



56 | P a g e  
 

Table 4.2-1: Effective distances 𝑳𝑨 and 𝑳𝑵. 

 𝐿𝐴 (𝑚𝑚) 𝐿𝑁 (𝑚𝑚) 

Valve A 151.60 142.06 

Valve B 137.50 96.77 

Valve C 119.31 150.57 

Valve D 60.00 75.08 

Valve E 120.00 125.46 
 

The fluid and metals areas for each respective valve design was obtained by producing a 

sketch on the cross section of the respective model in SolidWorks, adhering to the above 

effective distance values. The ‘Section Properties’ feature within SolidWorks was then used 

to determine the respective fluid and metal areas. The calculated area for each model is 

provided in Table 4.2-2 with an overview of the sketched areas shown in Table 4.2-3. 

Table 4.2-2: Fluid and metal areas. 

 Metal Area, 𝐴𝑚 (𝑚𝑚2) Fluid Area, 𝐴𝑓 (𝑚𝑚2) 

Valve A 72920.06 143162.58 

Valve B 61407.46 226972.91 

Valve C 64258.27 202371.81 

Valve D 24754.48 181921.26 

Valve E 55779.48 299957.92 
 

Table 4.2-3: Overview of the fluid and metal areas. 

 Metal Area, 𝑨𝒎 Fluid Area, 𝑨𝒇 

Valve A 
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 Metal Area, 𝑨𝒎 Fluid Area, 𝑨𝒇 

Valve B 
 

 
 

 
Valve C 

 

 
 

 
Valve D 

 

 
 

 
Valve E 
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4.2.3: Secondary Stresses 

The ASME BPVC Section III Division 1 NB code only provides direct guidance in calculating 

secondary stresses in a combined pressure and thermal loading condition, which includes 

the stresses generated due to internal pressure, pipe reactions, and thermal effects. The 

code lists this as “the range of primary plus secondary stress”, and the equation is provided 

below.  

𝑆𝑛 = 𝑄𝑝 + 𝑃𝑒𝑏 + 2𝑄𝑇3 

Where: 𝑄𝑝 = Primary plus secondary stress due to internal pressure. 

𝑃𝑒𝑏 = Secondary stress due to pipe reactions. 

𝑄𝑇3 = Thermal secondary stresses due to membrane plus bending stress. 
 

However, as we are only interested in the thermal secondary stresses alone, and because 

we are assessing the valve bodies independently of any adjoining pipework or structure, this 

approach is outside the scope of the present research. Therefore, a slight deviation from the 

standard was required to determine the secondary stresses from a thermal loading 

condition. In consultation with the Principal Research Engineer at ANSTO, a similar approach 

was employed in the RemLife software, although little guidance was given to the author of 

this paper to exactly how their secondary stresses were derived. Consequently, an attempt 

was made by the author to identify a methodology for estimating the thermal secondary 

stresses in the crotch region of a valve.  

The ASME BPVC Section III Division 1 NB code provides additional design assessments for 

fatigue analysis and cyclic loading requirements. Contained within these assessments are 

two equations used to determine thermal secondary stresses, as follows: 

1. 𝑄𝑇1 - Thermal secondary stress due to a through-wall temperature gradient. 

2. 𝑄𝑇3 - Thermal secondary stress due to membrane plus bending stress. 

The equations for these two values are provided below.  
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𝑄𝑇1 = 𝑐7(𝑇𝑒1
)

2
 

Where: C7 = 0.001 𝑀𝑃𝑎/𝑚𝑚2 for ferritic streels or 0.004 𝑀𝑃𝑎/𝑚𝑚2 for austenitic steels. 

Te1
= Diameter of the largest circle that can be drawn in an area of the crotch on either side of a line 

bisecting the crotch (mm). 
 

𝑄𝑇3
= 𝐶6 𝐶3∆𝑇′ 

Where; ∆𝑇′ =  𝐶1(𝑇𝑒1
2 − 𝑡𝑒

2) 

Where: C1= 4.6 ∗ 10−4 ℃/mm2 for ferritic streels or 1.2∗ 10−3 ℃/mm2 for austenitic steels. 

C3 = Stress index for secondary membrane plus bending stress. 

C6 = Eα = Product of young’s modulus and the coefficient of linear thermal expansion at 260℃. 

te = Minimum body wall thickness adjacent to the crotch region for calculating thermal stress 

(mm). 

Te1 = Diameter of the largest circle that can be drawn in an area of the crotch on either side of a 

line bisecting the crotch (mm). 
 

Following the literature on stress categorisation (discussed in Chapter 2 of this paper), the 

thermal secondary stress due to a through-wall temperature gradient (𝑄𝑇1) appears to 

correlate with the ‘membrane’ stress category. In addition, 𝑄𝑇3 is listed as the ‘membrane 

plus bending’ stress. Therefore, it is theorised that the summation of 𝑄𝑇1 and 𝑄𝑇3 should 

equate to the secondary stresses provided by a finite element analysis.  

In combined and expanded form, the summation of 𝑄𝑇1 and 𝑄𝑇3 yields the following 

equation to determine secondary stresses in the crotch region of a valve. 

Secondary Stress = 𝑐7(𝑇𝑒1
)

2
+ 𝐶6 𝐶3 𝐶1(𝑇𝑒1

2 − 𝑡𝑒
2) 

Where: Te1 = Diameter of the largest circle that can be drawn in an area of the crotch on either side of a 

line bisecting the crotch (mm). 

te = Minimum body wall thickness adjacent to the crotch region for calculating thermal stress 

(mm). 

C1= 4.6 ∗ 10−4 ℃/mm2 for ferritic streels or 1.2∗ 10−3 ℃/mm2 for austenitic steels. 

C3 =  Stress index for secondary membrane plus bending stress. 

C6 = Eα = Product of young’s modulus and the coefficient of linear thermal expansion at 260℃ 

(ASME BPVC Section II Part D (Metric)). 

C7 = 0.001 𝑀𝑃𝑎/𝑚𝑚2 for ferritic streels or 0.004 𝑀𝑃𝑎/𝑚𝑚2 for austenitic steels. 

Valve dimensions are provided in Appendix C. 
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It will be highlighted now but discussed further in the Results and Discussion Chapter, that 

none of the stress calculations in the ASME BPVC Section III Division 1 NB code include a 

steady-state operating temperature variable. This is also true for the calculation detailed 

above. There is a slight exception of the material properties in the c6 term (young’s modulus 

and coefficient of thermal expansion), which can be selected from temperature-dependent 

material properties; however, this parameter alone cannot extend the analysis to assess 

stress levels at other operating temperatures. Therefore, the above approach of combining 

𝑄𝑇1 and 𝑄𝑇3 will only hold valid at an operating temperature of 260℃, as this temperature 

is specified in the code for the design requirements. Thus, the code provides no guidance or 

method of calculating secondary stresses at a specified temperature.  

The secondary stress assessment using the ASME BPVC code was therefore only undertaken 

at 260℃, as the assessment at 540℃ would provide no meaningful results. Nevertheless, if 

the above approach of combining 𝑄𝑇1 and 𝑄𝑇3 correlates with ANSYS at 260℃, this will 

validate that the thermal finite element analyses in ANSYS are returning accurate secondary 

stress results. Therefore, a comparison between ANSYS and RemLife can be undertaken at a 

steady-state operating temperature of 540℃, with confidence that the ANSYS results are 

correct.  

Finally, detailed in the above equations is the stress index for secondary membrane plus 

bending stress variable (𝑐3). Following the code, this term requires graphical interpretation 

of Figure NB-3545.2(c)-4 from the ASME BPVC Section III Division 1 NB code to identify the 

respective secondary stress index. Refer to Figure 4.2-6. 
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Figure 4.2-6: Stress Index for Secondary Membrane Plus Bending Stress (C3). 

To provide a more autonomous means of obtaining this value, particularly for use within 

MATLAB, the curves were fitted to equations using the Table Curve 2D software developed 

by SYSTAT. The curve fitted equations for the C3 term is detailed in Table 4.2-4. 

Table 4.2-4: Stress index for secondary membrane plus bending stress – curve fitted 
equation. 

𝑥 = 𝑙𝑜𝑔 (
𝑇𝑒2

𝑡𝑒
) 

𝑦 = 𝑙𝑜𝑔 (
𝑟

𝑡𝑒
) 

𝑍1 = 0.40531 + 𝑥(0.037697 + x(0.21195 − 𝑥0.05669)) 

𝑍2 = 𝑦(−0.14015 + 𝑦 0.01783) 

𝑍3 = 1.0 + 𝑥 0.0624596 

𝑍4 = 𝑦((−0.5723 + 𝑦(0.14770 − 𝑦 0.01349)) 

𝑐3 =
𝑍1 + 𝑍2

𝑍3 + 𝑍4
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4.3: RemLife 

4.3.1: Primary and Secondary Stresses 

The assessment of primary and secondary stresses in RemLife is closely based on the 

approach outlined in the ASME BPVC Section III Division I NB code but also considers 

elements of EN12953 (ANSTO 2021). In contrast to the other two assessments methods 

discussed in this paper, RemLife calculates the primary and secondary stress in a combined 

pressure and thermal analysis; however, these two stress components are still calculated 

independently within the software, allowing for a direct comparison with the previous 

assessment methods.  

The dimensions of each of the valve designs were imported into the ‘Valve Module’ of the 

software. Here, RemLife takes the following ten variables as inputs: 

o Valve Internal Radius 

o Valve Outside Radius 

o Branch Internal Radius 

o Branch Outside Radius 

o Metal Area 

o Fluid Area 

o Te1 Diameter of Crotch Circle 

o Te2 Diameter of Crotch Circle 

o Valve Fillet Radius 

o Angle of Nozzle 

All of the valve dimensions inputted into RemLife were the same as those utilised in the 

ASME BPVC assessment and are detailed in Appendix C. Each valve was assigned 2.25Cr 

1Mo (P22) material properties. Refer to Figure 4.3-1. 
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Figure 4.3-1: General Valves module within RemLife.  

The loading conditions specified in the ‘Load History’ module of RemLife, were in line with 

the methodologies employed in the ANSYS and ASME BPVC assessments. Each valve was 

simulated from 1 MPa up to 18 MPa to determine the corresponding primary stress valve 

and a transient thermal load of 0.933 ℃/𝑚𝑖𝑛 (equates to 56 ℃/ℎ𝑜𝑢𝑟) was applied to 

determine the secondary stresses.  

The RemLife assessments were also undertaken at both a steady state operating 

temperature of 260℃ and 540℃, as discussed in the ANSYS methodology section. Figure 

4.3-2 below shows the loading conditions applied for an analysis at a steady state operating 

temperature of 540℃ with an operating pressure of 10 MPa.  
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Figure 4.3-2: Load History module within RemLife. 
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Chapter 5: Results and Discussion 

 

5.1: Summary 

A total of three assessment methods were used to calculate the primary and secondary 

stresses for the five-valve models: finite element analysis using ANSYS, the ASME BPVC 

Section III Division I NB approach, and the RemLife software. For clarity, it is worth briefly 

restating the aims of the present research. The overall aim was to assess the correlation in 

results between these three assessment methods, primarily aimed at identifying the levels 

of conservatism embodied in the ASME and RemLife assessments. Then, using the same 

results, it aimed to assess the accuracy of the RemLife software. The tolerance for similarity 

was assessed by evaluating the accuracy and consistency. The accuracy refers to the 

difference in results obtained through the three assessment methods, and consistency 

refers to the accuracy of the results between each valve design.  

Overall, for the primary stress assessment, the ASME assessment returned results 

correlating well with those obtained by finite element analysis in ANSYS, with error 

percentages ranging between -3.59% below to 16.21% above that of ANSYS across the five-

valve designs. In RemLife, however, there was a large discrepancy. For Valves B and C, the 

results were nearly identical to that of ANSYS, although they differed significantly for Valves 

A and D with primary stress results 53.14% above and -45.65% below that of ANSYS, 

respectively. Valve E provided a reasonable correlation of -14.41%, although it was expected 

that RemLife would return a higher result than ANSYS. 
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Overall, it was identified that the ASME assessment and updated version of RemLife 

software contained an absolute level of conservatism of approximately 8-10% and 3-5%, 

respectively. In addition, following the modifications to the RemLife software, the accuracy 

of this software was confirmed.  

5.2: Stress Results 

5.2.1: Valve A - Check Body 

5.2.1.1: Primary Stress 

The Von Mises stress contours of Valve A for the pressure (primary) case are shown in 

Figure 5.2-1. The primary stress in the crotch region of the valve was obtained by linearising 

the stress to obtain the average membrane stress across the section. The primary stress 

results for the three assessment methods are shown graphically in Figure 5.2-2 and are 

further detailed in Table 5.2-1. 

 

Figure 5.2-1: Valve A – Von Mises stress contours for the pressure (primary) case. 
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5.2.2: Valve B - Globe Body 

5.2.2.1: Primary Stress 

The Von Mises stress contours of Valve B for the pressure (primary) case are shown in 

Figure 5.2-4. The primary stress in the crotch region of the valve was obtained by linearising 

the stress to obtain the average membrane stress across the section. The primary stress 

results for the three assessment methods are shown graphically in Figure 5.2-5 and are 

further detailed in Table 5.2-3. 

 

Figure 5.2-4: Valve B - Von Mises stress contours for the pressure (primary) case. 
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5.2.3: Valve C - Gate Body 

5.2.3.1: Primary Stress 

The Von Mises stress contours of Valve C for the pressure (primary) case are shown in Figure 

5.2-7. The primary stress in the crotch region of the valve was obtained by linearising the 

stress to obtain the average membrane stress across the section. The primary stress results 

for the three assessment methods are shown graphically in Figure 5.2-8 and are further 

detailed in Table 5.2-5. 

 

Figure 5.2-7: Valve C - Von Mises stress contours for the pressure (primary) case. 
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ANSYS models. However, RemLife failed to correlate, vastly overestimating the secondary 

stresses in both the 260℃ and 540℃ simulations. 

5.2.4: Valve D - Y Pattern Globe Body 

5.2.4.1: Primary Stress 

The Von Mises stress contours of Valve D for the pressure (primary) case are shown in 

Figure 5.2-10. The primary stress in the crotch region of the valve was obtained by 

linearising the stress to obtain the average membrane stress across the section. The primary 

stress results for the three assessment methods are shown graphically in Figure 5.2-11 and 

are further detailed in Table 5.2-7. 

 

Figure 5.2-10: Valve D - Von Mises stress contours for the pressure (primary) case. 
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5.2.5: Valve E - Angle Body 

5.2.5.1: Primary Stress 

The Von Mises stress contours of Valve E for the pressure (primary) case are shown in Figure 

5.2-13. The primary stress in the crotch region of the valve was obtained by linearising the 

stress to obtain the average membrane stress across the section.  The primary stress results 

for the three assessment methods are shown graphically in Figure 5.2-14 and are further 

detailed in Table 5.2-9. 

 

Figure 5.2-13: Valve E - Von Mises stress contours for the pressure (primary) case. 
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5.3: Discussion 

5.3.1: ASME BPVC Section III Division I NB 

In all valve designs, the ASME assessments evaluated primary stress results that correlated 

well to ANSYS, with ASME returning a marginally higher result. There was a slight exception 

in Valve C, which returned primary stresses slightly below the ANSYS result; however, this 

was likely due to the sharp section change in this valve’s internal crotch region. It is believed 

that the finite element simulations more accurately assessed this valve design, with ASME 

failing to account for the stress raiser created by the particular geometry of this design. 

Nevertheless, the primary stresses were still with in an acceptable error margin. For the 

other valve designs, ASME returned primary stresses between 6% and 16% above ANSYS. 

This marginal increase, however, was expected due to the conservatism and safety factors 

that are typically embodied in industry standards. Therefore, these results were deemed 

acceptable. 

The assessment of the secondary stresses at an operating temperature of 260℃ utilising the 

ASME code returned results consistent with ANSYS, with error margins typically between 5% 

and 13%. Valve D did display a slightly higher result than expected (26%), although it is 

speculated that this is due mainly to the increased complexity of this valve design and the 

relatively low-stress results and, therefore, deemed satisfactory. The agreement between 

ASME and ANSYS at this operating temperature confirmed that the finite element analyses 

are returning accurate secondary stress results, thus providing a basis for further 

assessment with ANSYS at other operating temperatures with confidence that the 

simulations are correct. 

One of the key findings from this study was that the ASME approach is highly constrained to 

an operating temperature of 260℃ and a specific ramp rate of 56℃/ℎ. Attempts were 

made to modify the ASME calculations to account for varying operating conditions, 

particularly concerning the 𝑐3 and 𝑐6 terms, although these attempts provided no 

correlation with the ANSYS models. Therefore, it was concluded that the ASME approach for 

determining secondary stresses was constrained to the design requirements of the code 

alone. For the primary stresses, however, the ASME code was capable of determining stress 

values across any specified operating pressure.  
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5.3.2: RemLife  

The primary and secondary stress results obtained from RemLife yielded significant 

discrepancies compared to both the ANSYS and ASME results. In some valve designs, 

RemLife returned primary stress almost precisely that of ANSYS; however, in other designs, 

the error margin was as high as 53% over that of ANSYS. The secondary stresses returned 

even worse results, with RemLife failing to accurately assess the secondary stresses in all 

five-valve designs at both steady-state operating temperature loading conditions.  

During the undertaking of this project, however, the results from this project were released 

to ANSTO for review and comment. Following review, ANSTO identified several errors in the 

RemLife source code, resulting in the software inaccurately determining the primary and 

secondary stresses.  

Two of the key inputs into the RemLife ‘Valve Module’ are the fluid and metal areas, the 

same variables required in the ASME assessment. The RemLife software stipulates that if 

these variables are not provided, the software will attempt to approximate the areas based 

on the given valve dimensions. It was identified by the author of this paper that varying 

these parameters in RemLife, or not entering them at all, made no difference to the final 

results. Therefore, it appeared that a ‘bug’ in the source code was leading to the software 

approximating these two areas in every analysis. ANSTO corrected this error in the RemLife 

source code, and the valves were re-assessed. Table 5.3-1 details a typical comparison of 

the primary stress results between ANSYS, ASME, and RemLife at an operating pressure of 

10 MPa with the corrected RemLife code – an error percentage now ranging from 0.82% and 

5.83%. 

Table 5.3-1: Comparison of primary stress results at 10MPa with the corrected RemLife 
code. 

Valve ANSYS 
ASME RemLife 

Results Error % Results Error % 

A 22.00 24.63 11.98% 22.18 0.82% 

B 36.73 41.96 14.25% 38.87 5.83% 

C 37.84 36.49 -3.59% 38.91 2.83% 

D 73.83 78.49 6.32% 75.83 2.71% 

E 50.58 58.78 16.21% 51.76 2.33% 
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For the secondary stress assessment, ANSTO identified a fundamental mistake in the 

RemLife methodology. As opposed to calculating the temperature gradient across the 

thickness of the valve based on a step-change in fluid temperature, the RemLife software 

was calculating it whilst the valve was in a thermal metastable state. Subsequently, with the 

aid of the present research, ANSTO modified the methodology in the RemLife software. 

To re-assess the temperature gradient based on a step-change in fluid temperature, a 1D 

finite difference eigenmode (FDE) solver was employed. The temperature gradients were 

calculated based on a simplified cylindrical shape representing the thickness of a valve body, 

with the loadings conditions assessed on a continuous ramp rate of 0.933℃/𝑚𝑖𝑛 (equates 

to 56℃/ℎ), in line with the ANSYS and ASME assessments.  

Elements from the ASME BPVC Section III Division I NB code were then incorporated into 

the RemLife software to further correct the secondary stress results. Figure 5.3-1 below 

shows the curves provided in the code to determine the Membrane Plus Bending Stress 

Index (𝑐3) based on the particular valve dimensions.  

 

Figure 5.3-1: Stress Index for Secondary Membrane Plus Bending Stress (C3). 
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Initially, an attempt was made to use 2D curve fitted equations of the above figure in 

RemLife but, the secondary stress results still yielded a high error margin compared to 

ANSYS. Consequently, a more detailed curve fitting assessment was employed by fitting the 

curves to 3D surface equations. The assessment was based on a nine-parameter model with 

a total of 37,290 equations fitted. Figure 5.3-2 lists the top 10 ranked equations based on 

their r2 value. 

 

Figure 5.3-2: Top 10 ranked equations from the fitting of the 𝒄𝟑 stress index curves. 

The top six ranked equations from Figure 5.3-2 are based on Chebyshev Polynomials, which 

were not chosen due to the added programming complexity. The first equation in standard 

form was rank 7; however, issues arose when 𝑇𝑒2/𝑡𝑒 where below a value of one. The rank 

8 equation provided the most stability and was therefore selected. The rank 8 equation is 

detailed below.  

 

The 3D surface plot for this equation is shown in Figure 5.3-3, and the residuals are shown in 

Figure 5.3-4. 
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Figure 5.3-3: Rank 8 Equation – 3D surface plot. 

 

Figure 5.3-4: Rank 8 Equation – Residuals.  

Following this correction to the RemLife software, the valves were re-assessed. Table 5.3-2 

details a typical comparison of the secondary stress results between ANSYS and RemLife at a 

steady-state operating temperature of 540℃ with the corrected RemLife code – an error 

percentage now ranging from -10.43% and 3.63%.  
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Table 5.3-2: Comparison of secondary stress results at 540℃ with the corrected RemLife 
code. 

Valve ANSYS 
RemLife 

Results Error % 

A 53.03 49.71 -6.26% 

B 12.65 11.33 -10.43% 

C 31.98 29.93 -6.41% 

D 14.99 13.90 -8.79% 

E 31.14 32.27 3.63% 
 

5.3.3: Finite Element Analysis (ANSYS) 

The primary and secondary stresses obtained by finite element analysis in ANSYS were used 

as the base results for this comparative study. However, there were some important issues 

encountered during this study that may have affected the final results.  

For the primary stress assessment, the ASME BPVC Section III Division 1 NB code does not 

explicitly specify the location on where to place the stress classification lines to decompose 

the total equivalent stresses into the membrane, bending, membrane plus bending, and 

peak stress categories. Some guidance was contained within the ASME BPVC Section VIII 

Part 2 Chapter 5 Annex 5-A ‘Linearisation of Stress Results for Stress Classification’; 

however, there was no discussion relating to linearising stresses in valve bodies. Therefore, 

the approach taken in this study consisted of specifying a large number of stress 

classification lines through the crotch region of the valve to identify the highest stress 

profile. In almost all valve designs, the highest stress was located diagonally through the 

crotch region between the centre of the internal and external radiuses, thus this stress 

classification line was selected (refer to Section 4.1.4). However, due to the design of Valve 

B (i.e., the large internal ‘flap’), this was vastly more ambiguous. In this case, the stress 

classification line was chosen by selecting the line that best represented the diagonal 

position through the valve crotch if the ‘flap’ was not present. This selection, although 

ambiguous, correlated with the ASME results and the updated version of RemLife, thus 

proving its adequacy.  
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The precise location for obtaining stress values was greatly exacerbated in the simulations 

for the secondary stress assessments. Typically, the highest stresses were not located in the 

valve crotch region, with the stresses increasing as you encroached further up towards the 

thick flange face of the valve or the particular location where the constraint was applied, as 

shown typically for Valve E in Figure 5.3-5. 

 

Figure 5.3-5: Valve E - Secondary stress distribution. 

Figure 5.3-5 clearly depicts the highest value of stress not being located in the valve crotch 

region, thus leading to the ambiguity in identifying the location to obtain the secondary 

stress value for comparison with the ASME and RemLife approaches. Therefore, the 

approach adopted for this project was by selecting the stress value on the internal surface 

of the valve around the apex of the crotch, which typically aligned with the termination of 

the stress linearisation line used for the primary stress assessment, as circled in Figure 5.3-5. 

5.4: Accuracy and Consistency 

Overall, the ASME approach provided both accurate and consistent results, returning 

average error margins across the five-valve designs of 9.03% and 12.40% in respect to 

ANSYS for the primary and secondary stresses, respectively. The marginally higher results, 

although not ideal, are consistent with the conservatism that is typically embodied in 
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industry standards and thus deemed satisfactory. The secondary stress average error margin 

was skewed slightly due to the somewhat high result returned for Valve D (26.77%), which is 

possible due to the increased complexity of this valves design and the relatively low-stress 

results. However, if the result for Valve D are treated as an outlier, the average error margin 

is reduced to 8.81%, almost consistent with the primary stress average error margin. 

Therefore, it can be concluded that the ASME BPVC Section III Division I NB code has a level 

of conservatism of approximately 8-10% embodied within it for valve body stress 

assessments.   

Furthermore, the levels of conservatism identified in the ASME approach aligned with the 

literature on design by formula and design by analysis methodologies. In particular, the 

study undertaken by Kumar et al. (2014) on the design of a saddle support for a horizontal 

pressure vessel (discussed in Section 2.2), identified that the design by formula approach 

yielded stresses approximately 10% higher than those obtained through ANSYS. A similar 

level of conservatism was seen in the study by Murtaza and Hyder (2015). In contrast, the 

ASME approach to assessing primary and secondary stress in boiler valve bodies (i.e., design 

by formula) yielded stress results approximately 8-10% higher than ANSYS (i.e., design by 

analysis). Therefore, the study presented in this paper further contributes to the research 

on the validity and conservatism embodied in the design by formula and design by analysis 

methodologies.  

The initial primary results returned by RemLife were in some cases accurate but failed 

significantly on consistency. This was evident in Valves B and C, which had almost identical 

primary stress results with ANSYS, although they differed significantly for the other three 

designs. The secondary stress results were not accurate or consistent. However, following 

the release of these results to ANSTO, and the subsequent update of RemLife, the accuracy 

and consistency of the software were vastly improved. Here, the absolute average error 

margins were reduced to 2.90% and 5.35% for the primary and secondary stresses, 

respectively. Therefore, it can be concluded that RemLife has a comparatively low level of 

conservatism embodied within the software of approximately 3-5%. Furthermore, these 

results successfully confirm the accuracy of the RemLife software in line with scope of this 

study. 
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5.5: Research Limitations 

5.5.1: Model Realism 

The modelled components were limited in that they were homogeneous single material 

components. This neglected features such as welds, internal valve components, 

components of varying materials. In addition, the valves were assessed without the 

consideration of any adjoining pipework, supports, or attached fixture.   

5.5.2: Materials 

Only one material was considered, P22. This material was selected as it is a common choice 

for high temperature piping systems within the power generation industry and also 

confined by the material selection options in RemLife. However, it should be highlighted 

that this material would unlikely be used in the fabrication of valve bodies in reality. Ideally, 

a larger range of materials would have been examined, however this quickly becomes 

impractical. It was assumed that the results obtained between the three assessment 

methods would remain consistent if the same material properties are assigned in case and 

thus, the overall error margins should be representative for other ferrous materials.  
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Chapter 6: Conclusion and Further Research 

 

6.1: Dot Point Summary 

The following is a dot-point summary of the key findings from this study: 

• The ASME BPVC code provides an accurate and consistent method of determining 

primary stresses in valve bodies across any specified operating pressure. The code 

does return a slightly higher result to that of ANSYS, although this can be attributed to 

a level of conservatism embodied in the standard. 

• The ASME BPVC code only provides direct guidance in calculating the primary plus 

secondary stress range, and not the secondary stresses alone. The approach of 

determining the secondary stresses theorised by the author of this paper 

(combination of 𝑄𝑇1 and 𝑄𝑇3) returned accurate and consistent results with respect to 

ANSYS, although it only holds valid at a state-state operating temperature of 260℃ 

and a specific ramp rate of 56℃/ℎ, as these conditions are specified in the code for 

the design requirements. Therefore, the ASME approach to determine secondary 

stresses can only be used when designing valves in accordance with the ASME BPVC 

Section III Division I NB code, and not for more universal stress analysis purposes. 

• The levels of conservatism embodied in the ASME assessments aligned with the 

literature on Design by Formula and Design by Analysis methodologies.  

• The RemLife software initially returned primary and secondary stress results with a 

significant discrepancy to ANSYS and ASME across the five-valve designs. However, 
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following several modifications to the RemLife source code, the software was capable 

of providing both accurate and consistent primary and secondary stress results. 

• The ASME assessment and updated version of the RemLife software contained an 

absolute level of conservatism of approximately 8-10% and 3-5%, respectively.  

• The results returned by ANSYS provides the most accurate and universal approach to 

determining primary and secondary stresses, although the added complexity and time 

of modelling and simulating valve designs in a finite element analysis may not be the 

ideal approach in some cases.  Given that the research successfully confirmed the 

accuracy of the RemLife software, the use of this software may be more economical 

for general use, particularly as one of the key features of the software is its ability to 

conduct quick and accurate assessments with only a small number of inputs.  

• The motivation for the research was to provide my place of employment, ALS 

Industrial, with a greater understanding of the RemLife software package’s 

capabilities, along with its accuracy in undertaking remaining life assessments. As the 

primary and secondary stresses are two key variables required in undertaking fitness 

for service and remaining life assessments within the RemLife software, the present 

research provides some assurance that these assessments are accurate, although 

further research is essential to fulfill this requirement entirely. Nevertheless, a deeper 

understanding of the software’s capabilities was attained.  

• There were some limitations encountered through the research. The primary concern 

was related to the realism of the models, namely as the valves were modelled as 

homogeneous single material components and key features present in a real-world 

valve body were neglected (i.e., welds, internal valve components, components of 

varying materials, adjoining structures, etc.). Therefore, the results from this research 

should only be contained to determining stress levels in idealised valve bodies alone. 

6.2: Further Research 

Although sufficient to achieve the aims of this project, there are areas of research that could 

further contribute to the findings of this dissertation. One of these key areas is identifying a 

method of determining secondary stresses at any specified operating temperature utilising 

the ASME BPVC Section III Division I NB code. Currently, this approach is highly constrained 

to assessing the secondary stresses at the design requirements specified in the code. Of 
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notable interest, however, the 𝑐7 and 𝑐1 terms are fixed at a specified value of 

0.001 𝑀𝑃𝑎/𝑚𝑚2 and 4.6 ∗ 10−4 ℃/𝑚𝑚2 for ferritic steels, respectively. These fixed values 

contrast to several other variables in the code that require graphical interpretation of the 

figures provided, thus allowing for a more robust analysis.  It is speculated that a research 

project could be undertaken to provide curve fitted equations for these two terms. Noting 

that the 𝑐7 term is used in the ‘membrane’ equation (𝑄𝑇1) and the 𝑐1 term used in the 

‘membrane plus bending’ equation (𝑄𝑇3) this appears possible. In theory, one could run 

thermal analyses in ANSYS, linearise the total equivalent thermal stress results through the 

crotch region of the valve into ‘membrane’ and ‘membrane plus bending’ stresses, then 

back-calculate the equations of 𝑄𝑇1 and 𝑄𝑇3 to identify the respective values of 𝑐1 and 𝑐7. 

Running this assessment over a wide range of temperatures would provide a series of data 

points that could be ultimately curve fitted to equations. Unfortunately, the extent of work 

involved in doing this project lies outside the scope of the present research, although the 

results from an assessment of this nature could potentially provide a means of determining 

secondary stress utilising the equations set out in the ASME BPVC Section III Division I NB 

code.  

In terms of materials, only one ferritic material was used in this research (P22). The ASME 

BPVC Section III Division I code, however, provides different variables for austenitic 

materials. As such, the correlation in results identified in this cannot be confirmed for valve 

bodies with austenitic material properties. Therefore, in a similar fashion to the 

methodology employed in this project, further research could be undertaken to compare 

primary and secondary results for austenitic steels.  
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Appendix A – Project Specification  

 

A Project Specification defining the goals, methodology, schedule overview, and resource 

requirements has been undertaken following Objective 4 of the ENG4111 Research Project 

Part 1 course objectives 
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ENG4111/4112 Research Project 
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For: Callum Remington 

  

Title: A comparative study on determining actual primary and secondary 

stress levels in boiler valve bodies between FEA simulations, RemLife, 

and the ASME BPVC Section III Division 1 NB approach 

  

Major: Bachelor of Engineering (Honours) - Mechanical 

  

Supervisors:  Assoc Prof Belal Yousif (USQ) 

Mr Aron Abolis (ALS Industrial) 
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simulations, RemLife, and the ASME BPVC Section III Division I NB 

approach 
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2. Identify the most feasible method of decomposing the total stress field obtained 

by the finite element analysis into the different stress categories defined in the 

ASME codes. 

3. Design and build the valve models in SolidWorks compliant with Article NB-3500 of 

ASME BPVC Section III Division 1 NB. 

4. Undertake pressure and thermal finite element analysis’s cases in SolidWorks or 

ANSYS to evaluate the stress levels.  

5. Assess primary and secondary stresses established in Article NB-3545 of the ASME 

code.  

6. Undertake a comparative assessment of the valve models in the RemLife software 

package. 

7. Review and evaluate findings. 

8. Compile dissertation report for submission. 

 

Project Resources 

Most, if not all, resources required for this project will be supplied by my sponsor. These 

resources include:  

• Access to the ASME BPVC codes. 

• SolidWorks software license. 

• ANSYS software license.  

• RemLife software package. 

• Access to a high spec computer for modelling and simulation. 

Any further resources required throughout the project will be sourced from my sponsor 

or by myself. 

 

Method and Frequency of Communication 

I intend to communicate monthly with Assoc Prof Belal Yousif at a minimum via email. 

Additional assistance will be sought if required. 
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Attachment A-1: Project schedule. 
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Appendix B – Risk Management Plan  

 

A Risk Management Plan outlining all the hazards and associated risks involved in 

completing this project has been undertaken following Objective 3 of the ENG4111 

Research Project Part 1 course objectives. 
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Appendix C – Valve Dimensions 

 

Tables E-1 to E-5 provide the detailed dimensions for Valves A to E, respectively. All valve 

dimensions were measured in SolidWorks on the complete 3D models detailed in Chapter 3.  
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Table C-1: Valve A – Detailed Dimensions. 

Variable Dimension Description 

𝐴𝑓 143162.58 Effective fluid pressure area (𝑚𝑚2). 

𝐴𝑚 72920.06 Metal area resisting fluid force acting on 𝐴𝑓 (𝑚𝑚2). 

Valve IR 202.3600 Internal radius of valve body for RemLife assessment (𝑚𝑚2). 

Valve OR 353.9600 Outside radius of valve body for RemLife assessment (𝑚𝑚2). 

Branch IR 150.0000 Internal radius of valve branch for RemLife assessment (𝑚𝑚2). 

Branch OR 325.0000 Outside radius of valve branch for RemLife assessment (𝑚𝑚2). 

𝑇𝑒1 160.0000 
Diameter of the largest circle that can be drawn in an area of the 
crotch on either side of a line bisecting the crotch (𝑚𝑚). 

𝑇𝑒2 218.0000 
Diameter of the largest circle that can be drawn entirely within the 
wall at the crotch region (𝑚𝑚). 

𝑡𝑒 104.8000 
Minimum body wall thickness adjacent to crotch for calculating 
thermal stresses (𝑚𝑚). 

𝑟2 80.0000 Fillet radius of external surface at crotch region (𝑚𝑚). 

Angle 90 Acute angle between the bonnet and flow passage center lines (°). 

𝑑 300.0000 Inside diameter used as a basis for crotch reinforcement (𝑚𝑚). 

𝑇𝑏 175.0000 
Thickness of valve wall adjacent to crotch region for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑇𝑟 151.6000 
Thickness of body (run) wall adjacent to crotch for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑟 254.7600 Mean radius of body wall at crotch region (𝑚𝑚). 
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Table C-2: Valve B – Detailed Dimensions. 

Variable Dimension Description 

𝐴𝑓 226972.91 Effective fluid pressure area (𝑚𝑚2). 

𝐴𝑚 61407.46 Metal area resisting fluid force acting on 𝐴𝑓 (𝑚𝑚2). 

Valve IR 176.1900 Internal radius of valve body for RemLife assessment (𝑚𝑚2). 

Valve OR 242.4400 Outside radius of valve body for RemLife assessment (𝑚𝑚2). 

Branch IR 225.0000 Internal radius of valve branch for RemLife assessment (𝑚𝑚2). 

Branch OR 312.5000 Outside radius of valve branch for RemLife assessment (𝑚𝑚2). 

𝑇𝑒1 79.4400 
Diameter of the largest circle that can be drawn in an area of the 
crotch on either side of a line bisecting the crotch (𝑚𝑚). 

𝑇𝑒2 125.6200 
Diameter of the largest circle that can be drawn entirely within the 
wall at the crotch region (𝑚𝑚). 

𝑡𝑒 66.2600 
Minimum body wall thickness adjacent to crotch for calculating 
thermal stresses (𝑚𝑚). 

𝑟2 40.0000 Fillet radius of external surface at crotch region (𝑚𝑚). 

Angle 90 Acute angle between the bonnet and flow passage center lines (°). 

𝑑 450.0000 Inside diameter used as a basis for crotch reinforcement (𝑚𝑚). 

𝑇𝑏 87.5000 
Thickness of valve wall adjacent to crotch region for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑇𝑟 66.2500 
Thickness of body (run) wall adjacent to crotch for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑟 209.3200 Mean radius of body wall at crotch region (𝑚𝑚). 
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Table C-3: Valve C – Detailed Dimensions. 

Variable Dimension Description 

𝐴𝑓 202371.81 Effective fluid pressure area (𝑚𝑚2). 

𝐴𝑚 64258.27 Metal area resisting fluid force acting on 𝐴𝑓 (𝑚𝑚2). 

Valve IR 316.2700 Internal radius of valve body for RemLife assessment (𝑚𝑚2). 

Valve OR 435.5800 Outside radius of valve body for RemLife assessment (𝑚𝑚2). 

Branch IR 225.0000 Internal radius of valve branch for RemLife assessment (𝑚𝑚2). 

Branch OR 362.4100 Outside radius of valve branch for RemLife assessment (𝑚𝑚2). 

𝑇𝑒1 139.3300 
Diameter of the largest circle that can be drawn in an area of the 
crotch on either side of a line bisecting the crotch (𝑚𝑚). 

𝑇𝑒2 207.6000 
Diameter of the largest circle that can be drawn entirely within the 
wall at the crotch region (𝑚𝑚). 

𝑡𝑒 119.3100 
Minimum body wall thickness adjacent to crotch for calculating 
thermal stresses (𝑚𝑚). 

𝑟2 100.0000 Fillet radius of external surface at crotch region (𝑚𝑚). 

Angle 90 Acute angle between the bonnet and flow passage center lines (°). 

𝑑 450.0000 Inside diameter used as a basis for crotch reinforcement (𝑚𝑚). 

𝑇𝑏 137.4100 
Thickness of valve wall adjacent to crotch region for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑇𝑟 119.3100 
Thickness of body (run) wall adjacent to crotch for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑟 375.9250 Mean radius of body wall at crotch region (𝑚𝑚). 
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Table C-4: Valve D – Detailed Dimensions. 

Variable Dimension Description 

𝐴𝑓 181921.26 Effective fluid pressure area (𝑚𝑚2). 

𝐴𝑚 24754.48 Metal area resisting fluid force acting on 𝐴𝑓 (𝑚𝑚2). 

Valve IR 207.9300 Internal radius of valve body for RemLife assessment (𝑚𝑚2). 

Valve OR 262.5900 Outside radius of valve body for RemLife assessment (𝑚𝑚2). 

Branch IR 140.0000 Internal radius of valve branch for RemLife assessment (𝑚𝑚2). 

Branch OR 220.0000 Outside radius of valve branch for RemLife assessment (𝑚𝑚2). 

𝑇𝑒1 89.8000 
Diameter of the largest circle that can be drawn in an area of the 
crotch on either side of a line bisecting the crotch (𝑚𝑚). 

𝑇𝑒2 134.0000 
Diameter of the largest circle that can be drawn entirely within the 
wall at the crotch region (𝑚𝑚). 

𝑡𝑒 54.6600 
Minimum body wall thickness adjacent to crotch for calculating 
thermal stresses (𝑚𝑚). 

𝑟2 30.0000 Fillet radius of external surface at crotch region (𝑚𝑚). 

Angle 36 Acute angle between the bonnet and flow passage center lines (°). 

𝑑 280.0000 Inside diameter used as a basis for crotch reinforcement (𝑚𝑚). 

𝑇𝑏 80.0000 
Thickness of valve wall adjacent to crotch region for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑇𝑟 54.6600 
Thickness of body (run) wall adjacent to crotch for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑟 235.2600 Mean radius of body wall at crotch region (𝑚𝑚). 
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Table C-5: Valve E – Detailed Dimensions. 

Variable Dimension Description 

𝐴𝑓 299957.92 Effective fluid pressure area (𝑚𝑚2). 

𝐴𝑚 55779.48 Metal area resisting fluid force acting on 𝐴𝑓 (𝑚𝑚2). 

Valve IR 273.3600 Internal radius of valve body for RemLife assessment (𝑚𝑚2). 

Valve OR 387.2500 Outside radius of valve body for RemLife assessment (𝑚𝑚2). 

Branch IR 225.0000 Internal radius of valve branch for RemLife assessment (𝑚𝑚2). 

Branch OR 330.0000 Outside radius of valve branch for RemLife assessment (𝑚𝑚2). 

𝑇𝑒1 135.0000 
Diameter of the largest circle that can be drawn in an area of the 
crotch on either side of a line bisecting the crotch (𝑚𝑚). 

𝑇𝑒2 198.0000 
Diameter of the largest circle that can be drawn entirely within the 
wall at the crotch region (𝑚𝑚). 

𝑡𝑒 113.8900 
Minimum body wall thickness adjacent to crotch for calculating 
thermal stresses (𝑚𝑚). 

𝑟2 80.0000 Fillet radius of external surface at crotch region (𝑚𝑚). 

Angle 61.4600 Acute angle between the bonnet and flow passage center lines (°). 

𝑑 450.0000 Inside diameter used as a basis for crotch reinforcement (𝑚𝑚). 

𝑇𝑏 105.0000 
Thickness of valve wall adjacent to crotch region for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑇𝑟 113.8900 
Thickness of body (run) wall adjacent to crotch for calculating 𝐿𝐴 
and 𝐿𝑁 (𝑚𝑚). 

𝑟 330.3050 Mean radius of body wall at crotch region (𝑚𝑚). 
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Appendix D – MATLAB Script 

 

The MATLAB script used to perform the ASME BPCV Section III calculations are included in 

this appendix. 

Author 

Callum Remington  

University of Southern Queensland  

Student Number: 0061062838  

Dissertation - Final Year Project ENG4111 & ENG4112 

 

Code Overview 

% This code calculates the primary and secondary stress levels for valve bodies  

% in accordance with NB-3500 of ASME BPVC Section III Division I NB. 

 

% Each of the five valves depicted in Figure NB-3545.1(a)-1 of the code 

% have been modelled in SolidWorks and the relevant dimensions imported 

% into this code. 

 

% Material properties have been extracted from ASME BPVC Section 

% II Part D (Metric) and imported into this code. Updating the temperature 

% below will interpolate the material properties at that temperature. 

 

% All material properties have been taken for P22. Code modification will 

% be required to update to an alternative material. 

 

% Valve Selection, Pressure, and Temperature needed to be updated by the 

% user. 
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clc, close, clear 

format short 

 

Valve Selection 

% Valve A = 1, Valve B = 2, Valve C = 3, Valve D = 4, Valve E = 5 

N = 1; 

 

Pressure Loading 

% Pressure in MPa 

Ps = 10; 

 

Temperature Loading 

% Temperature in degC 

T = 260; 

 

Valve Dimensions 

Valve_IR = [202.36, 176.19, 316.27, 207.93, 273.36]; 

Valve_OR = [353.96, 242.44, 435.58, 262.59, 387.25]; 

Branch_IR = [150.00, 225.00, 225.00, 140.00, 225.00]; 

Branch_OR = [325.00, 312.50, 362.41, 220.00, 330.00]; 

 

A_Metal = [72920.06, 61407.46, 64258.27, 24754.48, 55779.48]; 

A_Fluid = [143162.58, 226972.91, 202371.81, 181921.26, 299957.92]; 

 

Te1 = [160.00, 79.44, 139.33, 89.80, 135.00]; 

Te2 = [218.00, 125.62, 207.60, 134.00, 198.00]; 

te = [104.8, 66.26, 119.31, 54.66, 113.89]; 

 

r2 = [80.00, 40.00, 100.00, 30.00, 80.00]; 

 

Angle = [90, 90, 90, 36, 61.46]; 

 

% Dimensions for Primary Stress 

Valve_IR = Valve_IR(N); 

Valve_OR = Valve_OR(N); 

Branch_IR = Branch_IR(N); 

Branch_OR = Branch_OR(N); 

d = Branch_IR*2; 

Tb = Branch_OR - Branch_IR; 

Tr = Valve_OR - Valve_IR; 

r2 = r2(N); 

A_Fluid = A_Fluid (N); 

A_Metal = A_Metal (N); 

Type = 1; 
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% Dimensions for Secondary Stress 

Angle_Deg = Angle(N); 

Te1 = Te1(N); 

Te2 = Te2(N); 

te = te(N); 

r = Valve_IR + (te/2); 

 

Curve Fitted Equations 

% C3 - Stress Index for Maximum Secondary Membrane Stress plus Bending 

x_c3 = Te2/te; 

y_c3 = r/te; 

x_c3 = log(x_c3); 

y_c3 = log(y_c3); 

Z1 = 0.40530927133935368 + x_c3 * (0.0376966000788988 + x_c3 * (0.21195352493827321 

+ x_c3 * -0.056694602018804732)); 

Z2 = y_c3 * (-0.14015273432266859 + y_c3 * 0.017824987537416851); 

Z3 = 1.0 + x_c3 * 0.062459972798701129; 

Z4 = y_c3 * (-0.572251490241293 + y_c3 * (0.1476981912219581 + y_c3 * -

0.01349170701588674)); 

c3 = (Z1 + Z2) / (Z3 + Z4); 

 

% C4 - Maximum Magnitude of the Difference in Average Wall Temps 

x_c4 = Te1/te; 

A_I = 0.00009829; 

B_I = -0.002998; 

C_I = 0.03619; 

D_I = -0.2229; 

E_I = 0.7653; 

F_I = -0.57031; 

c4 = A_I * x_c4 ^ 5 + B_I * x_c4 ^ 4 + C_I * x_c4 ^ 3 + D_I * x_c4 ^ 2 + E_I * x_c4 

+ F_I; 

 

% C5 - Stress Index for Thermal Fatigue Stress 

x_c5 = Te1; 

if Type == 1 

    % Ferritic 

    A_z = 1.36037786349152; 

    B_z = 0.484579976852388; 

    C_z = 54.9654559398508; 

    D_z = -0.420088949864162; 

    E_z = 2.24049669740444; 

    c5 = A_z + (D_z - A_z) / ((1 + (x_c5 / C_z) ^ B_z) ^ E_z); 

else 

    % Austenitic 

    A_z = 1.45908672234977; 

    B_z = 0.344217414297936; 

    C_z = 0.776969283128142; 

    D_z = -2.43312502314806; 
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    E_z = 1.46706759211013; 

    c5 = A_z + (D_z - A_z) / ((1 + (x_c5 / C_z) ^ B_z) ^ E_z); 

end 

 

Material Properties 

% Linear Thermal Expansion Coefficient 

T_data = [20 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 

500 525 550 575 600 625 650 675 700 725 750 775 800 825]; 

a_data = [11.5 12.0 12.3 12.7 12.9 13.2 13.5 13.8 14.0 14.3 14.6 14.9 15.1 15.4 

15.7 15.9 16.1 16.4 16.5 16.7 16.8 16.9 17.0 17.0 17.1 17.1 17.1 17.1 17.1 17.2 

17.4 17.7 18.1]*10^-6; 

a = interp1(T_data,a_data,T); 

 

% Moduli of Elasticity (Youngs Modulus) 

T2_data = [- 200 -125 -75 25 100 150 200 250 300 350 400 450 500 550 600 650 700]; 

E_data = [225 220 217 210 206 202 199 196 192 188 184 180 175 169 162 155 

146]*10^3; 

E = interp1(T2_data,E_data,T); 

 

Primary Stress Assessment 

disp('PRIMARY STRESS') 

disp(' ') 

 

% Rule 1 - Determine Fluid Area and Metal 

Af = A_Fluid; 

Am = A_Metal; 

 

% Rule 2 - Crotch General Primary Membrane Stress Intensity 

Pm = ((Af / Am) + 0.5) * Ps; 

 

fprintf('1. Primary Membrane Stress (Pm) = %.3f MPa.\n\n',Pm); 

disp(' ') 

 

% Rule 3 - Bounds of the Fluid and Metal Area; LA and LN 

La_1 = 0.5*(d) - Tb; 

La_2 = Tr; 

 

La = max(La_1, La_2); 

Ln = (0.5*r2)+0.354*(sqrt(Tb*(d+Tb))); 

 

% Rule 4 - Boundaries 

% N/A 

 

% Rule 5 - Extensions of the Valve Body 

% N/A 

 

% Rule 6 - Pm in Highly Irregular Valve Bodies 

% N/A 
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Secondary Stress Assessment 

disp(' ') 

disp('SECONDARY STRESS') 

disp(' ') 

 

% Rule a - The Body Primary Plus Secondary Stresses (Qp) and Multiplication Factor 

(Ca) 

% N/A 

 

% Rule b - Secondary Stress due to Pipe Reactions 

% N/A 

 

% Rule c - Thermal Secondary Stress in the Valve Crotch Region 

c1_fer = 4.6*10^-4; % Ferritic Steels 

c1_aus = 1.2*10^-3; % Austenitic Steels 

c7_fer = 0.001; % Ferritic Steels 

c7_aus = 0.004; % Austenitic Steels 

 

if Type == 1 

    c1 = c1_fer; 

    c7 = c7_fer; 

else 

    c1 = c1_aus; 

    c7 = c7_aus; 

end 

 

% Criteria 1 - Thermal Stress Component from through-wall Temperature Gradient 

if Te1 < te; 

    Te1 = te; 

else Te1 = Te1; 

end 

 

Qt1 = c7*((Te1)^2); 

 

% Criteria 2 - Thermal Secondary Membrane plus Bending Stress 

c6 = E*a; 

dt = c1*((Te1^2)-(te^2)); 

Qt3 = c6*c3*dt; 

 

% Final Secondary Stress Calculation 

Sn = Qt1+Qt3; 

 

fprintf('2. Secondary Thermal Stress (Pm) = %.3f MPa.\n\n',Sn); 

disp(' ') 
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