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Abstract 

In this master thesis an optimal inspection interval for pressure relief valves (PRVs) is determined. The 

data sets of three companies (Company A, Company B, and Company C) are used and are analyzed in 

terms of the Rp ratio, which provides the only indication of the condition of the PRV.  

A mathematical model is built that determines the optimal inspection interval for PRVs by trading off the 

costs that are associated with preventive maintenance and risk. In order to define risk, the probability of 

failure (POF) is essential. Before determining the POF, first is explored whether subdivision of the PRVs is 

required.  

Four failure causes are analyzed in order to categorize PRVs: cold welding, sticking, corrosion, and 

plugging. The data showed evidence that only for corrosion and plugging (combined into medium type) 

the data could be split in two groups: the utilities and the non-utilities. 

For each category, an attempt is made to determine the probability of failure. However, since no time of 

failure is known, the probability of failure cannot be determined. Due to the absence of clear results, the 

advice that is provided to Company A and Company B is continue with the current strategy for the 

determination of inspection intervals for PRVs. 
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Executive summary 

This chapter gives a summary of the graduation project that is conducted for the Master Operations 

management and logistics at Eindhoven University of Technology. 

Introduction 

Installations are equipped with pressure relief valves (PRVs), which are mechanical devices that protect 

against overpressure. In case the pressure of the installation exceeds a specified threshold the PRVs has 

to open such that the excessive pressure is released. Once in the X years PRVs have to be inspected 

because of two reasons: 

1. From legal perspective. The government imposed inspection intervals in which the PRV has to 

be inspected.  

2. From the perspective of safety. A PRV is expected to have an increasing probability of failure 

(POF) (API 581). In order to require an integer PRV, the PRV has to be inspected (and revised) 

such that its POF is reduced to the initial level. Integrity refers to the condition of the PRV.  

Currently, the maximum allowable inspection intervals are used, provided that the integrity of the 

installation in guaranteed. However, there are some disadvantages associated with this strategy.  

1. The actual probability of failure of the PRV is unknown. Practitioners are able to estimate this 

based on gut-feeling but concrete numbers are missing. 

2. The inspection intervals imposed by the government do not distinguish among PRVs. They 

assume every PRV as identical in terms of failure. This rises the question whether sub-division is 

required. 

3. Safety integrity levels (SILs) are introduced to assess the risk of installation. This level indicates 

the reliability of the device. Nowadays, every electronic device has a SIL classification. However, 

PRVs are non-electronic devices and have thus no SIL classification, which makes it difficult to 

assess the SIL of the installation. 

4. On average the revision costs are 1000 euro per PRV. On the location X over 1500 PRVs are 

present. Since, in general, the maximum allowable inspection intervals are used, it might be the 

case that the optimal inspection interval is smaller than the maximum allowable inspection 

interval. This implies that leaving the PRV into service for its maximum length the associated risk 

is too high, which in turn means that the integrity of the PRV is not guaranteed during its time in 

service. 

The following problem statement is defined: 

Currently the inspection interval of PRVs are mainly based on the Dutch legislation. Company A and Company B 

want to gain more insight in whether this current practice is optimal1 with regard to the required integrity of the 

PRVs. 

The goal is defined as:  

Create an (hierarchical) overview that depicts the optimal inspection interval for PRVs 

 

                                                             
1 Optimal refers to a tradeoff that is based on costs 
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The following research question is defined: 

What is the optimal1 inspection interval for pressure relief valves such that the integrity of the PRV is 

guaranteed? 

Decisions to make in advance of the data analysis 

Two decisions have to be made a priori. One is concerned with the term failure while the second is 

related to the use of the available data. 

Definition of failure 
Before PRVs are revised by Company C, the PRV is subject to a pretest. This test is the only indication of 

the condition of the PRV. During a pretest the opening pressure (or test pressure (TP)) of the PRV is 

measured. In literature and according to practitioner’s expertise the Rp ratio, which is defined as the 

fraction of the test pressure over the set pressure, is used for the indication of the PRV’s condition. 

In order to find a threshold for when PRVs failed the pretest, literature is combined with the views of 

practitioners, which is depicted in table 1. A detailed explanation of the margins can be found in chapter 

8. Note that the table starts from Rp ratios of 1 since the focus of this project is on failure to open only 

Rp ratios starting from 1 are included. In case a PRV opens to early, this can also be interpreted as failure 

but a dangerous situation is averted (safe-fail situation). 

Note that PRVs with an Rp ratio lower than 1.3 are considered as integer in this project. 

Table 1: Failure expressed in terms of Rp ratio 

 

 

 

 

Data pooling  

Three companies are involved in this project: Company A, Company B, and Company C. Both Company A 

and Company B are asset owners of PRVs and Company C revises the PRVs for Company A and Company 

B. In this project the data sets from Company A and Company B are pooled. Pooling of data is justified 

from theoretical and statistical point. See chapter 13 for more explanation.  

Results  

This section describes the mathematical model that is built and defines the POF. 

Mathematical model 
In order to determine an optimal inspection interval a mathematical model is developed, which 

minimizes the total expected costs by trading-off the costs that are associated with preventive 

maintenance and the risk that is associated with leaving the PRV for X years in-service. The 

mathematical model is analyzed in detail in section 22.3.1.  
Three restrictions are added. One refers to the fact that the optimal inspection interval can be never 

larger than what is maximum allowable. Second, the probability of failure may not exceed a specified 

threshold, for instance, a safety integrity level of 2 level. Details about safety integrity levels are 

discussed in section 21.1. Thirdly, the risk may not be larger than a specified level.  

Rp ratio Consequence 

[1-1.1) 
Passed pretest 

[1.1-1.3) 

[1.3-1.5) 
Failed pretest 

[1.5-∞) 
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Parameters that need to be defined 

For the model at hand, an additional parameter, the risk has to be defined. Risk is a product of the 

probability of failure and the cost of failure (expressed in monetary units). Before determining the POF, 

the following question has to be answered: can the population of PRVs be seen as one large group or is 

sub-division required? Thus, is it possible to distinguish groups based on the medium type the PRV is 

exposed to, as API 581, for instance, suggests. The following section answers this question.  

    1. Categorization 

The question that rises in the context of categorization is which criteria’s have to be considered in order 

to determine whether sub-division is required. Essentially, one searches for the initiating event that 

leads to deterioration of the PRV. As starting point the parts of the PRV are considered. For each part it 

is discussed whether this part is critical (essential for the performance of the PRV) and what are the 

failure causes of the parts. For more detailed information, see chapter 9. Figure 1 gives an overview of 

the results that are obtained by the combination of literature and field expertise. Note that it is the 

combination of parts that causes a PRV to fail the pretest instead of failure of one individual part. 

 

 

Figure 1: Hierarchical tree with root causes for the critical parts 

Four second level factors are explored (see figure 1): cold welding, sticking, corrosion, and plugging. The 

last factor can be seen as a combination of corrosion and plugging. The reasoning behind this 

aggregation is that the root causes that are indicated in figure 1 are too precise for this project. 

Therefore, in agreement with the company’s supervisors is decided to aggregate corrosion and plugging 

into medium type. For more explanation, see section 10.1.3. 

Only the factor medium type is discussed in this summary. The analysis of the other two factors is 
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discussed in chapter 14 (sticking) and 15 (cold welding) and is analogous to this procedure. 

In order to explore the influence of the medium type on the condition of the PRV three clusters are 

defined by me. These clusters, which are depicted in figure 2, are the result of the combination of 

literature, field expertise, and failure analysis. Failure analysis refers to the analysis of the failure in 

terms of the medium type. Thus, PRVs exposed to which media failed the pretest.  

 

Table 2: Definition of the pre-defined clusters 

Cluster Description 

Low failure rate 
Clean gasses in which no aqueous phase may be present are part of this 

category. Gasses have to contain low concentrations of sulphur and chlorides 

 

Moderate failure 

rate 

 

Medium types that are lightly corrosive and have a small probability to 

polymerize can be classified as moderate, as well as medium types that 

contain some concentrations of sulphur or chloride. A dissolution of water may 

be present but in minor degree. 

 

High failure rate 

 

Polymerizing and solidifying media fall in this category, as well as media that 

are corrosive and have high concentrations of sulphur and chlorides. Also 

medium types that belong to the "utilities*" (excluding nitrogen) are included 

in this category. 

 * Medium types that are part of the utilities are air, water, and vapor 

 

Although that from the failure analysis appeared that more than half of the failures can be addressed to 

“utilities”, no separate cluster is reserved for this group. However, an overview of the numbers and 

percentages of failures (table 56 and 57, section 16.4) indicates that it can be beneficial to split the 

cluster high failure rate in utility and non-utility. 

The following clusters are compared with the associated results: 

1. Low, moderate, and high failure rate     significant difference 

2. Low and moderate failure rate, and utility    significant difference 

3. Low and moderate failure rate, and non-utility    non-significant difference 

The conclusion that can be derived from these results is that two groups have to be distinguished: 

 Utilities 

 Non-utilities 

The conclusion for sticking and cold welding is as follows:  
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 No evidence is found for sticking, which might indicate that sticking is only present when the 

fluid has the chance to settle between disc and seat, thus when the PRV opens in-service. For 

more explanation, see chapter 14. 

 No evidence is found for cold welding. However, the results show that a distinction based on the 

set pressure might be possible but this relation is not explored. For more explanation, see 

chapter 15 

    2. Probability of failure 

Two groups can be distinguished, implying that two POFs have to be determined. For the inspection 

data of the PRV it is not possible to fit a distribution through the data points of the PRVs that failed the 

pretest because the moment does not coincide with the time of inspection. If the PRV failed the pretest, 

one knows that the PRV failed somewhere between the moment of installation and the time of the 

inspection. The same applies for PRVs that pass the pretest. These PRVs will fail at some time between 

the time of inspection to infinite.  

Experts are questioned whether they can estimate the probability of failure. However, even with their 

knowledge it is not possible to estimate the time of failure.   

The consequence of the lack of the time of failure is that the POF and subsequently the risk and the 

optimal inspection interval cannot be determined. 

Conclusion and recommendations 

From this research follows that two groups can be distinguished: “utilities” and the “non-utilities”. 

However, due to the nature of the data, it was not possible to determine an optimal inspection interval. 

Moreover, no clear pattern is found that indicates that the maintenance strategy that is currently used 

has to be changed. Therefore, Company A and Company B are advised to continue with the current 

strategy. 

 

Several recommendations are proposed in order to improve the quality of the data. Most of the 

recommendations are associated with the selection of one standard format for all data. For more 

explanation and details, see chapter 23.2. 
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Part I (chapter 1 until 9) 

This report is divided into parts to improve the readability. Figure 2 shows an overview of the setup that 

is followed throughout this report. Each color refers to a part. It is at this phase of the report not 

essential to understand the meaning of the figure. Details are discussed in section 3.4 

Part I is associated with the conceptualization phase. In figure 2 can be seen which points are discussed. 

 

 

 

       

 

 

 

 

        
       Figure 2: Setup of this report 
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1. Introduction 

This chapter introduces the problem that is central in this report. First, a description is given of the 

companies that are involved in this project. Next, the relation among the companies is discussed and 

finally, the last section introduces the problem that will be extended in chapter 2. 

1.1 Introduction of the involved companies 

This section gives a brief description of the companies that are involved in this project 

 

1.1.1 Company A 

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

 

1.1.2 Company B  

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

1.1.3 Company C  

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

 

1.2 The relation between the companies in context of the pressure relief valve 
The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

 

1.3 Problem introduction 
Installations that operate under pressures that are higher than atmospheric pressure are protected by 

PRVs. Other names for PRVs are pressure safety valve, safety relief valve, or just safety valve. 

Throughout this report the term PRV is used consequently. PRVs are used to protect installations. When 

the pressure in the installation becomes too high, the PRV opens with the results that the excessive 

pressure is released into the open air or into a collection tank. Since PRVs protect installations, it is 

essential that they are in perfect condition. In case the pressure becomes too high and the PRV fails to 

relieve the pressure, pipes can crack or even explode. When the medium in the pipes is non-hazardous, 

such as water or nitrogen, the consequences are relatively small. However, when the medium is toxic or 

flammable the consequences are much higher since environment and people can be harmed.   

PRVs are accepted as protection by the legislation and its probability of failure is assumed to be low. 

Nowadays, installations are also equipped with instrumental equipment on top of the mechanical 

protection. The instrumental protection is strongly related to the safety integrity level (SIL) of the 

installation. The SIL can be defined as categories of the probability of failure on demand (Marszal and 

Scharpf, 2002). It is essential to make statements about the reliability of the mechanical protection, 

since both types of protection can nowadays be found on installations. Practitioners expect that they 

can estimate the SIL “fairly accurate”. This research is set-up in order to explore whether the gut feeling 
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of practitioners is right. After all, a report that has analyzed the data has more credibility than the 

intuition of the practitioner. 

1.4 Chapter summary 

Company A and Company B have the feeling that the strategy they currently can guarantee an integer 

PRV. Company A and Company B want to have this confirmed. Therefore, this project is setup. 
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2. Problem statement 

This chapter elaborates on the problem statement, which is briefly described in section 1.3 and serves as 

set-up for chapter 3 in which the research questions are presented.  

2.1 Disadvantages of the current strategy for determining inspection intervals 

This section discusses four disadvantages that are associated with the current strategy that is used for 

PRVs. 

2.1.1 The probability of failure of PRVs 

The government imposes inspection intervals. The inspection intervals of the PRV may not be longer 

than the length of the inspection interval of the asset assembly. In general, most PRVs have a legal 

inspection interval of six years (changed from 2005 from 4 to 6 years). However, for practitioners it is 

unknown what the associated risk is of leaving the PRVs for six years in the asset assembly. It can be the 

case that the probability of failure of the PRV is much higher than expected, meaning that when the 

owners were aware of this, the PRV’s interval was shortened.   

 

2.1.2 Distinction among groups 

The Dutch government imposes the maximum length of the inspection intervals. However, these 

intervals are universal and applicable to every type of PRV. API 581, for instance, advises asset owners to 

distinguish between the medium type to which the PRV is exposed. Intuitively, inert gasses are expected 

to affect the condition of the PRV in a lesser extent than aggressive medium types. This rises the 

question whether subdivision of PRVs is required, implying that each category has a different optimal 

interval. 

2.1.3 Safety integrity level 

SILs are part of a safety instrumented system, which is a parameter that is introduced to reduce the 

chance that a process exceeds a tolerable level of risk (Marszal and Scharpf, 2002). Company A and 

Company B have for all electronic parts of an installation a SIL. This level indicates the reliability of the 

component. However, PRVs are non-electronic components and therefore have no SIL. In order to 

estimate the SIL of the installation, the SIL of each individual component has to be considered. 

2.1.4 Economical perspective 

On average the revision costs are 1000 euro per PRV. Company A and Company B have both over 1500 

PRVs. Thus, the costs that are associated with these revisions are substantial. Therefore, finding an 

optimal inspection interval by, for instance trading off the executional and integrity related costs may 

save money. 

2.2 Problem statement 
The previous section described that some improvements can be made with regard to the current 

practices. Based on these points the following problem statement is defined. 
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Currently the inspection interval of PRVs are mainly based on the Dutch legislation. Company A and Company B 

want to gain more insight in whether this current practice is optimal
2
 with regard to the required integrity of the 

PRVs. 

 

2.3 Chapter summary 

This chapter formulated the problem statement based on a couple disadvantages that are associated 

with the current strategy of determining the inspection intervals. The next chapter discusses the 

research design this project and states the research question. 

  

                                                             
2 Optimal refers to a tradeoff that is based on costs 
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3. Research design 

This chapter presents the research design of this master thesis project, based on the two previous 

chapters. Firstly, the research goal is formulated, which is followed by the deliverables and research 

questions. Finally, an outline of the report is presented.  

3.1 Research goal 

The previous chapter described the problem statement. The goal of this project is to provide a solution 

for the problem, that is, finding the optimal inspection interval for PRVs while maintaining an integer 

PRV.  

3.2 Research deliverables 

Table 3 gives an overview of the deliverables that are defined based on the problem statement and the 

research goal. 

Table 3: Overview of deliverables 

Deliverable Description 

1 Feedback of results in comparison with literature: are the results consistent 

with literature? 

2 Hierarchical diagram that shows in which groups the PRVs can be divided, 

provided that distinguishing PRVs is possible 

3 The safety integrity level for each group 

4 The optimal inspection interval for each group that can be distinguished 

                  

3.3 Research questions 

This section defines the main research question of this project and concomitantly states the research 

question that make the main question more manageable. 

3.3.1 Main research question 

The main research question is formulated as: 

What is the optimal2 inspection interval for pressure relief valves such that the integrity of the 

pressure relief valve is guaranteed? 

3.3.2 Research questions  

The main question can be split in a couple of research questions such that the steps that have to be 

taken are more manageable.  

Research question 1 

The first question that has to be answered is: what is failure? PRVs are not comparable with, for 

instance, an electromotor. A motor rotates or is broken. PRVs, in contrast, have to open at a pre-defined 

openings pressure. In case the PRVs opens to late, theoretically it has failed. However, the PRV performs 
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still his function because it opens, despite it opens too late. Therefore, an ambiguous definition of 

failure has to be given. Thus, research question 1 is defined as: 

How can failure ambiguously be defined? 

Research question 2 

The second step in this project is to define the critical parts of the PRV. For each part of the PRV (or 

combination of parts) is be discussed whether this is critical, meaning that when this part is 

deteriorated, the PRV cannot function properly anymore. The following research question is defined: 

What are the critical parts of the PRV? 

Research question 3 

When the critical parts are known, the data set can be used to examine whether it is possible to 

distinguish categories among the PRVs. Category in this context refers to a group or set of PRV that have 

a similar failure pattern. As mentioned, API 581 described that the failure pattern of the PRV can be 

dependent of the medium type to which the PRV is exposed. This part of the project explores whether 

(statistically different) categories can be found.  

Is sub-division of PRVs required? 

Research question 4 

As mentioned in the previous section, a SIL has to be determined for the PRV. Nowadays, for all 

electronic components a SIL is determined. However, for PRVs no concrete SIL is present. 

What is the safety integrity level of PRVs? 

3.4 Report outline 

This section provides an overview of the setup of the report. Furthermore, the methodology is 

supported by Mitroff and Sagasti’s (1974) research model. 

 

3.4.1 Mitroff and Sagasti’s research framework 

The framework of Mitroff and Sagasti (1974) knows six connections, as can be seen in figure 3. 

Conceptualization makes the link between the reality and the conceptualization model. During the 

modeling phase the link is made between the conceptual model and the scientific model. Variables are 

defined and the model has to be built in such a way that some manipulation is possible. When the 

scientific model is designed, it has to be solved. This can, for instance, be the execution of an algorithm, 

which provided the researcher with the solution for the model. During the last phase, implementation, 

the solution is made more relevant such that companies are able to use the solution of the model. In the 

validation phase, the model validity is checked. Thus, is the model not too abstract so that the relation 

with reality is gone? The relation “feedback” is also related to validation. Only this compares whether 

the conceptual model can actually be used to provide the desired solution (Mitroff and Sagasti, 1974). 
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Conceptual 
model

Reality, problem 
situation

Scientific 
model

Solution

ModelingConceptualization

Model solvingImplementation

Validation

Feedback

 

Figure 3: Mitroff and Sagasti's research framework 

 

3.4.2 Report’s methodology in Mitroff and Sagasti’s model 
Figure 4 shows an overview of the setup of this report. The colors refer to the connections of the 

phases. Note that the figure shows only four colors while the figure 3 has six connection. The reasoning 

behind this is that “feedback” and “validation” are two connections that make the researcher aware of 

what he is doing and that he asked him selves the question “does this model provide the answer I 

expect”. The same applies for “validation”. These two connections support the researcher in verifying 

whether he is on the right track. Therefore, these connections are not indicated. 
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Figure 4: Setup of this report 

3.5 Chapter summary 

This chapter stated the main research question. Moreover, the deliverables and research questions are 

stated. Finally, the setup of the report is presented based on the research framework of Mitroff and 

Sagasti (1974). 
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4. PRVs types of interest 

A PRV is a device that can purge an installation from an overpressure condition. More specific, a PRV is a 

device that is self-actuated, implying that when for instance the electricity is down, the PRV is actuated 

only by the medium that it protects.  

This chapter explains the working principle of the type of PRVs that are considered in this report. 

Moreover, the (dis)advantages of these types are mentioned. 

 

4.1 Different types of PRVs 

There is a wide range of PRVs available in order to meet the different performance criteria of every 

industry. In general four types of PRVs can be distinguished (Spirax Sarco). These variants are displayed 

in table 4. The focus is on the conventional, spring operated, PRV and the balanced PRV because roughly 

90% of all PRVs used by Company A and Company B are valves that belong to one of these two types.  

The other 10% is part of a category in which the valves are electronically actuated. 
 
Table 4: Types of PRVs 

Conventional PRV Most basic type of valve and therefore the most commonly used type  

Balanced PRV Balanced valves minimize the effect of back pressure  

Pilot operated PRV The valve is controlled and actuated by an auxiliary pressure relief device   

Power-actuated PRV The valve is controlled and actuated by an auxiliary pressure relief device, 

which requires an external energy source 

 

4.2. Operating principle 
From the previous section follows that only two types of PRVs are taken into consideration in this 

report. These are the conventional PRVs and the balanced PRVs. Moreover, these types of PRVs can be 

separated in two sub-types, as can be seen in table 5. This section describes the operating principle of 

these two types.  

Table 5: Types of PRVs that are considered 

Safety relief valves of interest 

Conventional spring operated safety relief valve Balanced spring operated safety relief valves 

Closed bonnet spring 

operated relief valve 

Open bonnet spring 

operated relief valve 

Balanced bellows 

spring operated relief 

valve 

Balanced piston safety 

relief valve 

 

4.2.1. Conventional Spring operated safety relief valves 
The spring operated relief valves (conventional PRV) is in general the most applied type of PRV and can 

be used for any fluid. Once the pressure becomes too high these valves can open rapidly. Figure 5A 

shows a cross section of a conventional PRV. The seat (indicated as number 2) and disc (number 3) have 

to ensure a tight/ waterproof connection. When the (pushing) force (pressure multiplied by area) of the 
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medium is higher than the force of the spring, the spring opens to relieve the excessive pressure. 

However, as the seat rises, the spring is compressed more, resulting in a higher down force restricting 

the opening height of the PRV (equation 4.1)(Hellemans, 2009). Once the force, which depends on the 

pressure (area is constant), is lowered by relieving excessive pressure, the PRV closes again. However, 

hysteresis is present (appendix C). 

 

𝐹 = 𝑘 ∗ 𝑢 (4.1) 
Where  

F = spring pressure 

k = spring constant 

u = elongation 

 

The conventional (spring operated) PRVs are the most commonly used valves in the process industry. In 

table 6, the advantages and disadvantages are indicated (Hellemans, 2009). 

 

Table 6: (dis)advantages of conventional PRV 

Advantage Disadvantage 

Wide range of materials available Prone to leakage, especially in case of metal 

seating 

Wide range of fluid compatibilities Long blowdown because of hysteresis 

Wide range of service temperatures Risk of chattering3 

Rugged design Sensitive to inlet pressure losses 

Compatible with fouling and dirty service Not easily tested in the field 

 

Hellemans (2009) distinguishes two types of conventional PRV: closed bonnet PRVs (figure 5) and open 

bonnet PRV (figure 6). The only difference between these valves is the bonnet, indicated as number 9 in 

figure 5A. Open bonnet conventional PRVs are used in environments where the operating temperature 

are high because the spring can be cooled off easier compared to the closed bonnet PRV in order to 

retain its spring rate (heating affects steel’s strength).  

 

 

 

 

 

                                                             
3 chattering is an event in which the valve opens and closes many times per second, without relieving the pressure, 
which leads to significant fluctuations of pressure (Chabane et al, 2009). Moreover, the seat get damaged, 
especially metal-seated valves are sensitive to these effects because the vibrations cause movements of the disc 
on the seat nozzle, which results in leakage (Hellemans, 2009). 
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Figure 5A: Cross-section       Figure 5B: Picture of 
conventional PRV        conventional PRV 
(closed bonnet) 

Figure 6A: Cross-section        Figure 6B: Picture of PRV 
open bonnet PRV        (open bonnet)  
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4.2.2. Balanced spring operated safety relief valves 

Balanced spring operated relief valves are designed to eliminate the effects of back pressure. Again two 

basic designs can be distinguished: the balanced bellows spring operated relief valve (BBPRV) and the 

balanced piston safety relief valve (BPPRV). 

Figure 7A depicts a cross-section of a BPRV and figure 7B shows a picture of how they look like in reality. 

BBPRVs are required to be designed with a vented bonnet (Hellemans, 2009). Basically the BBPRV is 

similar to the conventional PRV. The only difference is that a bellows is added to compensate for 

variable backpressures. Back pressure refers to pressure opposed to the desired flow in a pipe, implying 

that the discharge side of the PRV encounters pressure from outside, due to the pressure existing in the 

downstream installation. Two types of back pressure can be distinguished: built-up pressure and 

superimposed back pressure. 

Built-up back pressure is pressure existing at the outlet of the PRV caused by flow through the valve 

system and the discharge line, which are often different from atmospheric pressure.  

Super imposed back pressure is referred to when back pressure in the downstream part of the 

installation exists while the valve is closed. This may be the result of other PRVs venting into a common 

header. This pressure may be constant or variable (Crosby). 

Back pressure can damage a PRVs substantially. If the pressure in the valve outlet varies while the valve 

is closed, the set pressure (SP) (pressure at which PRV opens) changes, implying that the PRV can open 

at different pressures. Another situation is that the back pressure starts to vary while the valve is open. 

This results in an irregular outlet flow because the valve lift is affected. Hellemans (2009) argues that the 

flow, in such a case is less than half of its design value.  

In case the backpressure is up to 30%, a balanced PRV is recommend. When backpressure stays under 

the 10%, conventional spring operated valves can be used. However, these valves can chatter, even 

while the back pressure is far below the 10% (Hellemans, 2009).  

Chattering (or fluttering) is a phenomenon in which the valve opens and closes many times per second, 

preventing the fluid to relief the system (Chabane, 2009). Chattering of PRVs needs to be avoided at all 

times because it can damage the seat, especially metal-seated valves are sensitive to these effects 

because the vibrations cause movements of the disc on the seat nozzle, which can cause misalignment, 

seat damage, and in later stadium mechanical failure of the moveable parts of the PRV. Chattering can 

be caused by excessive backpressure or excessive inlet pressure drops. In addition, Parcol argued that 

chattering often occurs in high fluid speeds, which provide resonance and high pressure waves. Despite 

chattering is detrimental for the PRV, failure to open occurs rarely. In most of the cases the seat is 

damaged, which causes leakage. However, when the PRV is equipped with bellows, the SP can be 

affected because the bellows can rupture due to fatigue (Hellemans, 2009). Practitioners argue that 

chattering is partly caused by oversizing. Specifically, the inlet size of the PRV is in such cases too large. 
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4.2.2.1 Balanced bellows  
The bellows prevents from backpressure acting on the top side of the disc that is covered by the 

bellows. The disc area outside the bellows and the bottom side are equal, resulting in an equal force 

acting on the disc. This reduces the effect of back pressure (Spirax Sarco). However, bellows failure lifts 

the equal surfaces and affects the SP. The balanced bellows SORV is very effective for corrosive of dirty 

media because the bellows isolates the spindle guide and prevents contact between spring and medium. 

Table 7 shows the (dis)advantages for BBPRV (Hellemans, 2009).  

 
Table 7: (dis)advantages balanced PRV 

Advantage Disadvantage 

Guiding surfaces protected Prone to leakage, especially in case of metal 

seating 

Set point unaffected by back pressure Sensitive to inlet pressure losses 

Wide range of materials Limited bellows life 

Wide range of temperatures Difficult to test 

Compatible with fouling and dirty media Higher maintenance costs compared to 

conventional valves 

Inappropriate for cryogenic applications 

 

Figure 5A showed of which parts the conventional PRV exist. Figure 6A shows a cross-section of the 

balanced PRV. As can be seen, the only difference between both figures is the bellows (figure 8). 

 

Figure 7A: Cross-section   Figure 7B: Picture of  
balanced bellows   balanced PRV 
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Figure 9: Schematic 
representations of piston 
balanced PRV 

 

 

 

Figure 8: Comparison of parts between conventional and balanced PRV 

 

4.2.2.2 Balanced Piston PRV 

Instead of a bellows like the balanced bellows PRV, the balanced piston PRV has a piston (figure 9), 

which ensures that the area on top of the disc is equal to the bottom. This means that the effective 

surfaces exposed to backpressure are equal. Balanced bellows have a different surface sizes after 

failure. Balanced pistons, in contrast do not have this problem. Similar to the balanced bellows PRV, the 

spring bonnet is vented (Spirax Sarco). Although both types are nearly similar, table 8 mentioned the 

differences between the two types of balanced PRVs.  
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Table 8: (dis)advantages of piston balanced PRV w.r.t. balanced bellows PRV 

Advantages  Disadvantage 

Design is more compact Lower backpressure tolerance 

Less sensitive to failure (not equipped with bellows) Sealing is not perfect 

More reliable (not equipped with bellows) Purchase price is high 

 

Despite that balanced piston PRVs have several benefits, these types cannot be find in the field, implying 

that this type can be disregarded. 

4.3 Chapter summary 

Many different design are present among PRVs, ranging from fully mechanical PRVs to electronic 

actuated ones. This chapter described that the focus of this project is on the conventional PRVs and the 

balanced PRVs. Furthermore, the principle of these PRVs is described and the (dis)advantages of them 

are mentioned. 



17 
 

5. Inspection intervals of PRVs 

 
This chapter discusses why it is necessary that PRVs are frequently inspected. Two perspectives are 

described. The first one is considered from a cost perspective while the second view describes the legal 

obligation for inspection.  

5.1 Inspection interval from a cost perspective 

This section discusses what types of maintenance types are present and which is applicable to PRVs. 

5.1.1 Maintenance in general  

In general three types of maintenance can be distinguished: corrective, preventive, and conditional 

maintenance (Tan, 2013). Figure 10, depicts the relation between the three types. Corrective 

maintenance or reactive maintenance is concerned with a reaction on failures, meaning that action will 

only be taken when a particular part has failed and these actions are unplanned. In contrast, proactive 

maintenance, also called preventive maintenance, focusses on replacing critical parts before failing, 

meaning that maintenance can be scheduled. Conditional based maintenance is also a form of proactive 

maintenance. As the name already implies, this type is concerned with the condition of the 

component/system. For instance, when a bearing reaches the end of his life it has another vibration 

frequency than a new one. By measuring the frequency an idea is obtained of the bearing’s condition. 

 

Maintenance

Proactive 
Maintenance

Reactive 
Maintenance

Preventive 
Maintenance

Condition Based 
Maintenance

Corrective 
Maintenance

 
Figure 10: Maintenance types 

5.1.2 Reactive maintenance 

In general, reactive maintenance is performed when the component is broken. For instance, an 

electromotor is replaced when it is broken. However, in the context of the PRV, this is not that simple. 

PRVs do not indicate failure itself and also have no sensors that indicate failure (chapter 7 elaborates on 

this). This implies that the only symptoms that indicate failure are exploded pipes of the installation. 

However, installations are equipped with PRVs in order to prevent these situations that are associated 

with high costs (higher than 10^6 euro) of failure. Therefore, corrective maintenance is not an issue in 

this project. 

 

5.1.3 Proactive maintenance 

Proactive maintenance is performed in order to avoid failure, which is often associated with high down 

time costs (Ebeling, 2010). In general, the earlier the maintenance activity is scheduled, the lower the 

probability of failure (assuming an increasing failure rate). However, the earlier the proactive 
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maintenance is scheduled, the higher the maintenance costs are. Thus, there is a trade off between 

failures and proactive maintenance cost.  

The government imposes maximum inspection intervals, implying that preventive maintenance is 

imperative. Moreover, also from cost perspective preventive maintenance is most suitable solution 

because exploding or cracked pipes should be avoided at all times. 

5.2 Intervals set by authorities 

While the previous section elaborated on the time of inspection based on costs, this section discusses 

the inspection intervals that are prescribed by the government. 

Since almost all industrial processes are controlled by external power sources, for instance, electricity, 

the law obliges an independent working device is present in the installation that is works fully 

mechanical. Thus, without the use electricity. In case that the electricity is down, the installation is still 

protected (Hellemans, 2009). 

 

5.2.1 Inspection intervals used by Company A 

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

 

5.2.2 Inspection intervals used by Company B 

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

5.2.3 The Dutch regulations 

In 1999 the Dutch government introduced a general measure for hazardous equipment. In the context 

of PRVs this code is called (in Dutch) “warenwetbesluit drukapparatuur” and applies on pressure 

equipment whose operating pressure is higher than 0.5 bar. The code is divided into two types: 

regulations for new pressure equipment and regulations for the usage of pressure equipment. The 

former deals with certification and regulations of new pressure equipment before it is approved. The 

latter is concerned with inspection such as the inspection intervals for PRVs 

An elaboration of the “warenwetbesluit drukapparatuur” is “Praktijkregels voor drukapparatuur” 

(PRDA). This code discusses all aspects with regard to inspection, design, and reparation into detail. 

PRDA prescribes three intervals: 2, 4 and 6 years. PRDA uses the following reasoning to prescribe an 

inspection interval. In case the pressure vessels have an inspection interval of 4 years, the inspection 

interval of the PRV is similar. When the interval of the pressure vessels is 6 years, a 6 year interval for 

PRV satisfies. These inspection intervals are maximum periods, implying that inspections more frequent 

are allowed. Note that for assigning an inspection interval, every PRV is considered to be the same. 

Thus, no distinction is made between, for instance, the medium type that the PRV is exposed to, as API 

suggested. 

 

5.3 Chapter summary 
This chapter explained the essence of inspecting PRVs from two perspectives: 1) cost perspective 2) 

legal obligation. The next chapter continues with the inspection interval. 
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6. Testing of PRVs 

The previous chapter explained why PRVs are subjected to inspection. This chapter discusses how the 

testing procedure is performed. Two different types of testing methods for PRVs are highlighted that 

indicate the condition of the PRV: trevi-testing and bench testing. Furthermore, a description is provided 

from the approach that Company C uses. Company C is one of the five reputable companies for revision 

of PRVs in the Netherlands that revises the PRVs of Company A and Company B. 

 

6.1 Testing methods 

To evaluate the (aging) condition of a PRV, it has to be subjected to a test. To reduce the probability of 

failure (POF)(on demand), testing and reconditioning of PRVs is a recognized safe practice (API 581). 

Testing can be done in two ways: with or without disassembling the PRV. Testing without disassembling 

the PRV is called Trevi-testing. Testing PRVs outside the location on special test setups is referred to as 

Bench testing 

A Trevi-test is a testing method in which the test is conducted while the installation is running. 

Therefore, it is called in-service testing. The benefit of in-service testing is that the processes are not 

interrupted. The manufacturers argue that these tests provide results with high precision. Based on the 

test results mechanics are able to assess the condition of the PRV (Furmanite).   

Despite the advantages of trevitests, they have one major disadvantage; trevitests can only display the 

status of the PRV. Furthermore, the trevitest is by the Dutch regulations not accepted as a full periodic 

tetst. Revising the PRV and subsequently label it “as new” is not possible, which is possible for the bench 

tests. A bench test is a test that examines the condition of the PRV in workshops. One disadvantage of 

bench testing is that the PRV has to be dissembled from the installation. However, due to revision the 

POF drops to its initial level. Figure 11 shows that the POF of the PRV increases over time, which is 

confirmed by API 581; Bukowski and Goble, 2009, while the failure rate after the bench test drops to the 

initial level. Furthermore, it is possible to test whether the PRV leaks during a bench test. Table 10 gives 

an overview of the (dis)advantages of the testing methods. 
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Figure 11: Bench test vs. Trevi-test (assuming increasing probability of failure) 

 

 

Table 10: (dis) advantages of bench and Trevi-testing 

 

 

6.2 Company C’s procedure 
This section describes the procedure that Company C uses for the revision of the PRVs. 

The first step is disassembling of the PRVs from the process installation. This is performed by the asset 

owners or contractors. Before transporting the PRV to Company C it need to be cleaned in order to 

protect the revision mechanics. Cleaning is done by the asset owner by the use of a pressure washer. 

Remark that the cleaning can affect the performance of the PRV. Especially the smaller PRVs with low 

spring constants can be affected by cleaning because the PRV can open by the pressure of the pressure 

washer. 

After cleaning, the PRV is transported to Company C. The first step is a pretest. This test examines 

whether the PRV indeed opens at the right pressure (SP). Concomitant to this a leakage test is 

Bench testing Trevi-testing 

Advantages Disadvantages Advantages Disadvantages 

After revision PRV is 
tagged “as new” 

Disassembling from 
installation 

In-service test After testing the PRV is 
not “as new”  

Leakage can be 
indicated 

  Cannot detect leakage 

   After testing the PRV 
has opened 

   Not accepted as full 
periodic test 
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conducted. This test places a soap film over the outlet of the PRV, which will burst when the PRV leaks. 

After performing these tests, the opening pressure, the leakage rate, and a graph of the pressure is 

logged into data base B (data base of Company C). Normally one pretest is conducted; however, in 

accordance with the customer this number can be increased. Both Company A and Company B use a 

procedure in which one pretest is performed. 

During the pretest the pressure is increased until the PRV opens. However, it can be the case that the 

PRV does not open at the pressure it should. In such cases the pressure is increased until a maximum of 

130% of the SP. When the PRV is still closed it is rejected. However, the pressure can be increased to 

150% in accordance with the supplier. Because of safety reason Company C exceeds only the 130% limit 

with fluids. Normally PRVs are tested with air, nitrogen, water, or oil. Meaning that the 130% is 

exceeded only with oil and water because fluids are incompressible, implying that the associated risk is 

lower. 

The next step after the pretest is revision. First the PRV is inspected visually. In case that the PRV is 

contaminated this is noted in data base B. Subsequently, the PRV is disassembled. Every PRV is 

disassembled even if the TP during the pretest is similar to the SP. When the PRV is disassembled all 

parts are cleaned. Especially attention is paid to the seat. The seat is lapped, comparable with polishing 

in order to guarantee a tight connection between seat and nozzle. 

After cleaning, the PRV is assembled and tested. This test, which is referred to as the functional test and 

consist of two tests. The first one is the functional test.  During this test the PRV is set to the right set 

pressure. In the Netherlands the maximum allowed tolerance is +/- 3% for a set pressure higher than 5 

bar and +/- 0.1 bar for a set pressure lower than 5 bar. The second test is a leakage test. A soap film is 

placed over the outlet of the PRV and the pressure becomes increased until 90% of SP. The acceptable 

intervals are provided by API standard 527. 

Finally, the PRV is conserved with paint. The type of paint is dependent of the operating temperature 

and the material of the PRV. After painting, the PRV is ready for transport to location X and assembly. 

The only difference between Company C’s procedure compared to API 581’s method is that Company C 

revises every PRV, even when the TP/SP ratio is between the 0.9-1.1. The reason for this is that when a 

PRV falls within this ratio there is no guarantee that the PRV will hold this (good) condition until the next 

inspection interval. 

6.3 Testing of PRVs in stock 
Gross et al. (2006) analyzed the aging factor (ratio TP/SP) over time for PRVs. By plotting the values of 

PRVs from 1 to 6 years in operation and subsequently fitting a regression line, Gross et al. were able to 

describe whether the time in service contributed to failure. They showed that the maximum slope was 

2.3% for soft seated PRVs with a small inlet (< ¾ ”), implying that the time in service has a minimal 

influence on the aging trend. The result of this conclusion is that when the PRV fails the pretest, it has 

already failed prior to installation, implying that a test before installation should reduce the failures 

among PRVs. However, Gross et al. (2006) is not clear about the status of the PRV that were part of their 

analysis. For instance, were the analyzed PRVs new or were they revised.  

 

When the PRVs are revised by Company C and are tagged “as new”, the PRV opens at the right pressure. 

In case the in service time has little effect on the failure rate, as Gross et al (2006) argue, the PRV can 

only deteriorates during storage.   

Company A and Company B store only parts for high pressure systems. Practitioners estimate that about 
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5% of the PRVs are stored such that these PRVs can be replaced directly. Most of them are related to 

high pressure systems. A sound reasoning why these are kept in inventory is not found. One thing is 

sure, this is not related to the failure behavior of these PRVs. Probably the revision costs are much 

higher for these PRVs. 

How do Company A and Company B interpret the aging trend of the PRV during storage? Company A 

tests PRVs when they are stored for more than a half year. Company B in contrast, performs a test when 

the PRV is stored for more than one year. In case the PRV is installed before reaching one year, no pre-

installation test is done. Both companies cannot give sound arguments for this number.  

 

When a new PRV is ordered from the manufacturer both companies perform a pretest to assess 

whether the PRV actually opens at the desired pressure. An exception is made for the small PRVs, for 

instance, the ones that are assembled on water taps. 

6.4 Chapter summary 

This chapter described what the difference is between in-service testing and the bench test. The main 

difference lies in the fact that after the bench test the PRV is tagged “as new” while this is not the cast 

after a Trevi-test. Furthermore, the testing procedure of Company C is described. 
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7. Intermediate activation 
 

PRVs are the last line of defense. This implies that in an ideal situation the PRV is not activated at all. 

However, it is possible that a PRV is activated during operation. Theoretically, a PRV can open several 

times before it starts to leak. In the field this can be different, meaning that the PRV, ideally, has to be 

replaced after each activation. This section discusses whether there are some indicators present that 

can indicate that the PRV leaks or is opened. 

7.1 Determination of leakage on demand 

This section discusses the indicators that can indicate leakage of PRV. Failure due to leakage is in general 

conceived as a safe-fail situation. When a PRVs leaks substantial, the installation is still protected against 

over pressure situation (assuming that the PRV functions properly). However, the amount of medium 

that leaks can cost the company a substantial amount.  

7.1.1 Electronic indicators of PRVs leaking on demand 

One of the indirect indicators, related to leakage is that are (pressure) sensors. In case a PRV has been 

activated and has experienced reseating problems, the PRV starts leaking. When a substantial amount of 

media is leaking, the pumps are not able to maintain nominal pressure. This can indicate a leaking PRV. 

However, one knows only that one PRV is leaking but which one is unclear. 

In general there are three types of connections for the medium after relieving: collection tank, torch, 

and air. In case the medium is toxic or not flammable use is made of a collection tank; the PRV relieves 

the medium into a collection tank, which is equipped with level sensors. In case a PRV leaks substantial 

the level in the tank will rise, which will be noticed by the sensors. The second option, the torch, is used 

mainly for media that contain hydrocarbons. These media are burnt instead of collected. In the torch is a 

flow meter present that detects the amount of medium that is burnt. The third type cannot be detected 

by sensors. This type is used for environmentally friendly media, for instance, nitrogen. In case the 

installation maintains its nominal level no sensors indicate the leakage, implying that the PRV leaks until 

its next inspection moment.  

7.1.2 Symptoms of failures that can be recognized by practitioners 

Although PRVs do not have sensors, they can show some indications that direct to leakage. In general 

three points can indicate leakage: 

1) formation of ice at the outer side that can exist when compressed gasses leak.  

2) inlet and outlet of the PRV have the same temperature. Often this indicates leakage.  

3) whistling sound of PRV. A few PRVs operates at 1000 bar. When such a valve is activated the whole 

neighborhood will hear the sound of medium that is relieved. In such a case the valve is replaced after 

activation.  

Based on these symptoms can be decided to plan corrective maintenance.  

7.2 Determination of failure on demand 

Failure due to not opening of the PRV can cause an installation to explode. In contrast to leakage, a PRV 

that does not open cannot be detected during operation (leaving Trevi-test aside). PRVs are fully 

mechanical, meaning that no electronics components are added that can indicate the condition of the 

PRV. Moreover, PRVs are also not equipped with an indicator that indicates the condition. Batteries, for 

instance, have such an indication where the color indicates the condition. 
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Initially, I thought that a PRV that fails to open could be detected by reading of pressure indicators of the 

installation. However, PRVs are the last line of defense, meaning that first electronic actuated valves are 

opened to relieve the pressure. In case an operator expects a pressure increase, he can open an 

actuated valve, meaning that the pressure seldom reaches the opening pressure of the PRV. 

7.3 Chapter summary  

This chapter discussed whether there are symptoms present that can indicate the condition of the PRV. 

It appeared that leaking can be noted. However, when leaking is detected, it is not directly clear which 

PRV is leaking. Only the sensors in the header recognize an excess of fluid. Failure to open cannot be 

detected. There are no indicators present that can indicate the condition of the PRV in the context of 

failure to open, meaning that the pretest is the only measure that can be used to indicate the condition 

of the PRV. 
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8. Definition of failure 

The previous chapter mentioned that there were no symptoms that could indicate the condition of the 

PRV, implying that the pretest is the only measure that is available that can indicate the condition of the 

PRV. The pretest is a test that imitates the actual operating condition of the PRV and therefore gives an 

indication whether the PRV would have opened during its time in service. 

In an ideal situation the PRV has to open at the SP. However, the Rp ratio, calculated by equation 8.1 is a 

conversion of the test pressure, can vary between 0 (leaking heavily) and “infinite” (do not open during 

pretest). In general, the Rp ratio is a good health indicator for the condition of the PRV (API 581, 

Bukowski and Goble, 2009; Chien et al, 2009). However, from which Rp ratio can be concluded that the 

PRV failed the pretest? This chapter determined a threshold for when the PRV is considered as failed. 

𝑅𝑝 𝑟𝑎𝑡𝑖𝑜 =
𝑇𝑃

𝑆𝑃
 

8.1 Leakage 
Figure 12 shows that a PRV has two failure modes. The focus of this project is on 

failure to open because this can result in disastrous consequences. Leakage can cost 

the company much money when the amount of medium that is leaking is 

substantial. However, in general, leaking does not cause an installation to 

explode.  

8.2 Failure to open 
From previous section follows that the focus of this project is failure 

to open. However, when has a PRV failed the pretest? This section is 

divided in two section. The first section is related to literature while the second is concerned with 

information from the field.  

8.2.1 Literature 

PRVs that have an Rp ratio of 1,5 or higher indicate that the PRV can cause a disaster. The ratio 1,5 

refers to the safety factors that engineers use for designing installation. Installations are normally 

designed with a safety factor of 1,5. This means that the maximum allowable stress is reduced by a 

factor 1,5. Carbon steel, for instance, has a tensile strength of 230 N/mm2. Using a safety factor of 1,5, 

steel can be maximum loaded until 153 N/mm2 (230/1.5). For the installation this implies that the 

components in an ideal situation cannot resist higher pressures. Therefore, any ratio higher than 1,5 

causes serious damage to the installation. In literature ratios higher than 1,5 are called “stuck shut” (API 

576). 

Rp ratios lower than 1,5 should in an ideal situation be withstood by the installation. I say ideal because 

installations are exposed to several factors that affect the condition of the installation, for instance 

exposure to moisture can cause corrosion, which affect the condition of steels, whereby the strength of 

steel decreases. This implies that the safety factor of the installation decrease over time. 

Therefore, API 581 and ASME PCC-3-2007 consider an Rp ratio of 1,3 and higher as a failed pretest. Rp 

ratios lower than 1,3 are considered as successful and are referred to as suspensions.  

API 581 states also that Rp ratios lower than 1.1 do not have to be revised. However, Company C revises 

every PRV because a PRV that did not fail during its time in-service does not automatically mean that the 

PRV's 
failure 

Failure to 
open 

Leakage 

Figure 12: Failure modes of PRV 
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PRV stays integer for another interval. Moreover, this is obligated from the Dutch government. 

Ratios lower than 1 can also occur, implying that the PRV opens at a lower pressure than the SP, thus, 

too early. Rp ratios lower than 1 are not considered in this project. The focus in this project is on failure 

to open on demand. Thus, avoiding overpressure situations. Rp ratios lower than 1 indicate a “safe-fail” 

situation. The consequences of such a failure are lower than in case the PRV opens too late. This implies 

that leakage is also not considered in this report because this can also be referred to as a safe-fail 

situation. 

Table 9 shows an overview of which Rp ratios are used in literature. 

Table 9: Failure expressed in terms of Rp ratio 

Pretest result Rp ratio Terminology 

Passed 
[1-1.1) “suspension”  

[1.1-1.3) “suspension” 

Failed 
[1.3-1.5)  

[1.5-∞) “Stuck shut” 

 

8.2.2 Field information 

In the field, the Rp ratio is a much discussed topic. Until today, practitioners have not agreed upon a 

threshold for failure, yet. One thing is sure: PRV with an Rp ratio higher than 1.3 are considered as 

failed. Although document Z (a document of regulations established by Company A) describes that a PRV 

with an Rp ratio of 1.1 can be considered as failure, practitioners do not interpret this results as failure. 

This means that the threshold has to be somewhere between 1.1 and 1.3. However, the opinions of the 

practitioners are divers since, in general, only above the 1.3 damage might occur. Some see this area as 

safe margin while others argue that 10% is already a significant increase. 

 

8.3 Chapter summary 

The goal of this chapter was providing an answer to the question: from which Rp ratio has a PRV failed 

the pretest? Among practitioners, this topic is much discussed. However, until today they are not able to 

mention a clear threshold. Literature, in contrast, distinguishes four categories (table 9) from which 

appears that the threshold of 1.3 is used as definition when a PRV has failed the pretest. Thus, Rp ratios 

lower than 1.3 pass the pretest and ratios higher than 1.3 fail the pretest. 

Note that only Rp ratio higher or equal to 1 are considered in this report because the focus is on PRVs 

that fail to open on demand. In other words, avoiding overpressure situations. PRVs that open to early 

or leak indicate a safe-fail situation. Although the PRV did not function properly, an overpressure 

situation is avoided. Note that PRVs with an Rp ratio lower than 1.3 are considered as integer in this 

project. 
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9. Selection of critical parts of the PRV 

The previous chapter has determined a threshold for which Rp ratio can be considered as failure. This 

chapter defines the area of interest of the PRV. Thus, which parts can cause a PRV to fail and what is the 

likelihood that a part fails. Moreover, a combination of parts is discussed. It can be the case that an 

individual part cannot cause a PRV to fail but a combination of parts can offer a reason for a higher Rp 

ratio. As starting point for this chapter a cross-section of a PRV is used (figure 5A). By discussing each 

part of the PRV, the critical parts (or combination of parts) can be found. In case a part is critical, this 

part is essential for the performance of the PRV. Comparable with the motor of a conveyer. Without the 

engine the conveyer is useless. In addition, the influences (factors) that affect the part (or combination 

of parts) is discussed. This indicates how the part can fail/ deteriorate. 

Remark that this approach deviates from the “normal approach” in maintenance, namely focusing on 

parts/ installations that have the highest idle time. For instance, the roller conveyer has the highest 

percentage of idle time. Therefore, the conveyer is the focus of such a project. This approach is not 

functional for the PRV because no one can indicate how long a part of the PRV is idle. On top of this it is 

hard to say whether a PRV opens at the right pressure (functions properly) when it is in service. 

Therefore, a cross section is taken as starting point. 

Figure 5A is central in this chapter. Each part in this cross section (including bellows) is discussed. The 

information of literature is combined with the opinion of practitioners (mechanical engineers of 

Company A, the inspection officer of Company B, and revising staff of Company C) in order to decide 

which parts are critical. Note that the experiences of practitioners might vary per company because the 

circumstances under which the PRV operates may be different. Moreover, for assessing the criticalness 

of the components, influences from outside (factors) that can affect the condition of the parts have to 

be considered. Therefore, this chapter yields the critical parts and the factors that affect the condition of 

these parts. Furthermore, for each factor is determined what the root causes are. By determining the 

root causes factors can easily be compared with each other. For instance, the factor medium type and 

corrosion are unambiguously. Corrosion depends partly on the medium type.  

9.1 Inlet nozzle 

Number 1 in figure 5A is the inlet nozzle. The inlet nozzle is mostly shaped according to a funnel, which 

allows high coefficients of discharge. This part of the PRV is constantly in contact with the fluid.  

Two types of nozzles can be distinguished (Parcol), which are also used by Company A and Company B: 

PRV in which the connection between nozzle and body is threated (figure 13A) and the molded nozzle 

that forms one solid part with the PRV (figure 13B).A benefit of PRVs with threated nozzle is that a 

higher quality material can be used for the nozzle, implying that the degradation of the nozzle is 

minimalized. Moreover, threated nozzles can be easily replaced when damaged. In case the PRV is 

molded in one piece, the whole PRV exist of the same material, implying that it is too expensive to use 

high quality materials. In case nozzles and the housing are molded in one part a lower quality material is 

used. Therefore, these types are more sensitive to degradation.   
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Figure 13A: PRV with separate nozzle 

 

9.1.1 Literature 

As mentioned above, two types of inlet nozzles can be distinguished: the molded and the separate 

nozzle. Inlet nozzles can deteriorate due to corrosion (Hellemans, 2009). In a later stadium the nozzle 

can crack. However, the degree to which this happens is low. 

9.1.2 Field information 

Practitioners argue that the only reason that a valve can fail is when the nozzle crakcs. Cracking can be a 

caused by thinning because the thinner the thickness of the nozzle, the lower its strength. Thinning is 

caused by corrosion, which is in turn depends on the fluid that is used. However, corroding is a process 

that goes slowly, implying that the time between inspection is small enough to take actions if necesarry.  

In addition, during the design the engineer has the task to select the right type of material to prevent 

degradation of the nozzle under the influence of the fluid, for instance, by using a high quality threated 

nozzle. 

 

9.1.3 Conclusion 

Table 10 shows an overview of the points that can influence the nozzle. Figure 14 shows the root causes 

of these factors. Although these factors can affect the nozzle, they do not contribute to the major failure 

causes practitioners argue that it is rare that nozzles fail during operation. Therefore, this part is 

considered as not critical. 

Table 10: Factors that affect the inlet nozzle 

Nozzle 

Literature Field 

Corrosion Corrosion  

Figure 13B: PRV with molded nozzle 
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Figure 14: Hierarchical tree with root causes for failure of the inlet nozzle 

9.2 Seat 

The seat, indicated as number 2 in figure 5A is the top part of the nozzle. The seat and the disc ensure a 

tight closure such that no medium can relieve the system. In general, the molded nozzle has a stellite 

layer welded on the top of the nozzle, which is referred to as the seat. A stellite layer has a higher 

hardness and is a stainless steel (SS) metal, which counteracts the forming of corrosion. Making use of 

stellite layers is an excellent solution to improve the quality of the closure region between seat and disc.  

For PRVs with separate nozzle, the seat is the contact area between nozzle and disc. Since the material is 

uniform, the term seat is somewhat unambiguous. Moreover, the seat is not a separate part of the PRV; 

it cannot be disassembled. Therefore, the seat will not be discussed in terms of literature and field 

knowledge. 

9.3 Disc 

Number 2 in figure 5A refers to the disc. The disc is designed to make ensure a tight connection 

between the inside (fluid) and outside (atmosphere or collection tank).  Without disc the there is no 

tight occlusion, implying that the PRV cannot function well. This makes the disc a critical part of the PRV. 

Disc are available in a variety of materials and sizes and can be divided into three main categories: 

plastic, elastomer (rubber) or metal. Table 11 shows the three types and their (dis)advantages. Some 

aspects form this table are explained. Plastics have a memory, which can give problems by reseating of 

the disc after activation. Another point is the temperature, which influences the properties of the disc. 

Elastomers can adopt other shapes when temperature is high because their melting point is relatively 

low. Therefore, metal discs are applied in cases where the operating temperature is high (Hellemans, 

2009). According to practitioners, Company A and Company B are 95% of all PRVs equipped with metal 

discs. 
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Table 11: Disc types 

plastic elastomer metal 

+ - + - + - 

Chemical 

compatibility 

reSILience reSILience chemical 

compatibility 

High 

temperature 

Stay not tight 

for long 

 memory memory High 

temperature 

 get damaged 

after opening 

  soft    

 

9.3.1 Literature 
Hellemans (2009) proved that soft-seated valves need 2.5 times less maintenance than metal-seated 

valves. Moreover, Bukowski et al (2013) demonstrated that stainless steel discs can fail to open due to 

adhesion between disc and seat. Gross et al. (2008) found that a corrosion can cause disc and seat to 

get stuck. The result of this is that the force to open the PRV is significantly higher than the SP and 

therefore fails the proof test. This is in accordance with Gross et al (2006), who mentioned that 

especially stainless steel are sensitive to galling. Bikerman et al. (1995) investigated the phenomenon 

adhesion and concluded that adhesion can be divided into three groups: micro-welded, diffusion 

bonded (or cold welding), and galled together (or sticking) (figure 15). Micro-welding is a process in 

which two surfaces adhere when they are brought together under a vacuum. This term can be 

disregarded since none of the installations operates under a vacuum. 

 

 
Figure 15: Lower level factors of adhesion 

Bukowski (2007) showed that failures due to adhesion occur in the same proportions to new valves as to 

old ones. It can be interpreted as an aging process because there was no difference in the occurrence of 

PRVs that were used as stand-by part or PRVs in-service. 

Another study of Bukowski et al (2013) focused on the question whether adhesion is correlated with the 

size of the PRV. The size of a PRV is measured by its orifice diameter (outlet) and set pressure. In their 

research only new PRVs are considered in order to exclude particular factors, for instance, the vibration 

level. Bukowski et al. (2013) concluded that adhesion between disc (SS) and seat occurs in about 46% of 

the cases. Moreover, 0.31 to 2.00% of the PRVs with diameter < 2.5 cm (1 inch) and set pressure < 10.34 
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bar (150 psig) fails the pretest (test before revision to examine the condition of the PRV) or fails during 

operation due to adhesion. Therefore, it is wise to perform pre-installation tests for PRVs that fall within 

this range. In addition, Hellemans (2009) mentioned some other aspects beyond the ones in table 11, 

which have to be taken into account for the metal seated valves. In case the PRV is used for fluids which 

contain particles that can scratch over the surface, which increases the probability of leakage. In this 

circumstance a plastic seated PRV is preferable because a higher tightness can be maintained compared 

with metal seated PRVs, explained in API 527. Moreover, metal-seated valves should be avoided in cases 

where the operating pressure is close to the set pressure. When the net difference between these 

pressures is small the probability increases that the PRV opens minimal, but enough for the fluid to 

escape, for several times. Metal seated PRV start leaking in these situations. Plastic, resilient seated 

PRVs are more suitable for these cases.  

Bukowski et al. (2013) announced in their article that their next topic is to examine adhesion with 

respect to the contact area between seat and disc. Although, this is an interesting topic, it is not 

published yet. 

 

Intergranular corrosion is another event that can affect the performance of the PRV. Intergranular 

corrosion is a form of corrosion where the boundaries of crystallites of the material are more 

susceptible for corrosion than the granules itself (Perry et al, 1984). Especially stainless steel (material 

type) are sensitive to this. In contrast, carbon steels are not susceptible at all for this type of corrosion. 

9.3.2 Field information 
The points that literature pointed out are also found relevant in the field. In addition, some other points 

are mentioned that can affect the dsic. The first point is chattering. When PRVs chatter the seat moves 

up and down many times per second, the chance exists that the disc does not reseat (adopting the 

original closed position), which results in leakage. The OP/SP ratio can explain why PRVs chatter. In an 

ideally situation this ratio is lower than 90%. Practitioners argue that in some cases the 90% is exceeded, 

implying that the PRV opens at a minimal increase of pressure. The pressure in pipelines in can vary 

because of the pulsating flows from pumps. In case the SP and operating pressure (OP) are close to each 

other the PRV opens by every pulse.  This implies that the seat can experience problems with reseating. 

Since the disc is a critical part much attention is paid to this part during revision. Every seat is lapped 

before installation. Lapping is a process in which the contact region of the disc with the seat is polished 

and flattened. This is done to improve the occlusion. However, this rises a new failure factor; sticking of 

disc and seat. Especially when the fluid is oil. This is comparable with two glass plates that are lying on 

each other. To separate these plates much more force is necessary than the plate’s own weight. The 

same phenomenon happens to disc and seat. This can influence the TP. However, the influence of oil 

between disc and seat also depends on the contact area between disc and seat. When the contact area 

is small the influence of the oil is negligible. However, in case the contact surface is large and the SP is 

low, the test pressure (TP) is substantial higher, implying that the PRV can fail. 

 

Intergranular corrosion is also mentioned by practitioners. However, not much attention is paid to this 

type of corrosion since it can easily be solved by replacing the stainless steel seat by a carbon one. 

Intergranular corrosion takes place between the metals granules. Another issue mentioned by 

practitioners is corrosion, which connects the disc to the seat. Figure 16 depicts a schematic 

representation of the formation of rust. When the PRV opens the disc moves upwards. However, the 
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rust has to be broken first before the PRV can relieve the excessive pressure. This can be an explanation 

for a higher TP 

 

Figure 16: Corrosion as cause of failure 

The same applies for plugging. Plugging can be caused by polymerization. Polymerization is a process in 

which relatively small molecules, monomers, are combined during an adverse chemical reaction into 

polymers, large (chainlike) network of monomers. It can be the case that polymers formed from the 

liquid phase may remain dissolved. The consequence of this is that the dissolved parts can stick to disc 

and seat. Another occurrence is that the monomers of a fluid gas phase undergo a chemical reaction in 

which the monomers end up in a more less solid phase (solidifying) (Perry et al, 1984). Perry describes 

an example about styrene. After the polymerization took place the viscosity increases from 0 to 60%. In 

case the PRV is designed for fluids, polymerization can have huge consequences on the life time of the 

PRV. The two most common consequences are blocked inlet nozzles and reseating problems during 

operation (Hellemans, 2009; Chung, 200). 

9.3.3 Conclusion 

Table 12 shows an overview of the points that can influence the seat. Several points are mentioned and 

most of them offer a plausibe reason for PRV’s failure. Thererfore, this part (in combination with the 

seat) are considered as a critical part. Figure 17 gives an overview of the root causes that underly the 

factors that were discussed in this section.  

Table 12: Factors that affect the disc 

Disc 

Literature Field 

Adhesion  Adhesion 

Chattering Chattering 

Contact area between seat and nozzle Contact area between seat and nozzle 

Corrosion Corrosion 

Material type  

Medium type (particles) Medium type (intergranular corrosion/ particles) 

Ratio operating pressure and set pressure Ratio operating pressure and set pressure 
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Figure 17: Hierarchical tree with root causes for failure for the disc 

 

9.4 Disc holder 

Part 4 in figure 5A is the disc holder (or stem). As the name already implies the function of this part is to 

convey the force of the spring to the disc. Moreover, there has to be a fixed connection between disc 

holder and disc because in case the disc is not guided it experiences huge reseating problems after 

activation.  

 

9.4.1 Literature 

The seat holder is held in place by a conduction (comparable with a plain bearing).  In case the PRV 

relieves into open air and is located outside, the disc holder is subject to, for instance, moisture, which 

causes the disc holder to corrode. A consequence of corrosion can be that it can deteriorate the moving 

parts in the PRV (Hellemans, 2009). Once corrosion is formed between disc and nozzle, the seat holder 

can no longer move upwards, resulting in failure to open. Especially carbon steels are susceptible for 

corrosion (Perry et al, 1984). 

  

9.4.2 Field information 

Practitioners mention, like literature, corrosion as cause of failure for the disc holder. However, they 

also mentioned that corrosion happens occasionally.  In addition, no other reasons were mentioned for 

seat holder failures.  

9.4.3 Conclusion 

Table 13 and figure 18 give an overview of the factors that influence the disc holder. As mentioned, 

failure due to corrosion is not a major cause of failure. Therefore, the disc holder in not considered as a 

critical part of the PRV. 
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Table 13: Factors that affect the disc holder 

Disc holder 

Literature Field 

Corrosion Corrosion 

 

 

Figure 18: Hierarchical tree with root causes for failure for the disc holder 

  

9.4 Valve body and Bonnet and Cap 

Part 5 (valve body), 7 (cap), and 9 (bonnet) are combined in this section because these parts form the 

housing of the PRV. In an unopened position, these parts are not in contact with the medium, implying 

that the medium cannot affect these three parts. The only influence that these parts are exposed to are 

weather influences. This means that corrosion is probably the main reason of failure. However, 

literature is scarce about these parts. Moreover, from the field is mentioned that failure of one of these 

parts rarely occurs because during revision, the outside of the PRV is conserved by adding a paint layer. 

Therefore, parts 5, 7, and 9 are not of interest in this report. 

9.5 Set pressure adjusting screw and Spring  

Part 6 (adjustment screw) and part 8 (spring) are parts that are related to the set pressure of the PRV. 

The spring ensures that the PRV opens at the right pressure. By rotating the adjustment screw, the 

spring becomes longer (pressure decreases) or shorter (pressure increases). In this way, the PRV can be 

configured such that it opens at the right pressure. Only Company C (or other qualified companies) are 

allowed to change this screw. 
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9.5.1 Literature 

The spring is an essential part of the PRV because it ensures that the PRV opens at the right pressure.  

However, the opening pressure can vary because the properties of steel are affected by temperature. 

The higher the temperature, the lower the strength of steel (Perry et al, 1984). Hellemans (2009) states 

that above 232°C special alloy springs should be used. Moreover, for high temperatures bellows are 

advised in order to protect the spring from heat. Another possibility is the use of open bonnet PRV. In 

this case the outside temperature cools the spring, so that the spring characteristic is less affected.  

 

In addition, Parcol mentioned several other causes. These are: defects in the spring, fatigue at low 

number of cycles, corrosion, and embrittlement of the material due to the presence of hydrogens. The 

first point is material defects. Material defects are always present, meaning that the engineer has to find 

a way of how to deal with them. Generally, this is done by using safety factors (over dimensioning) 

during the engineering phase, implying that the influence of material defects are diminished. The second 

point refers to ruptures of hardened springs due to fatigue at low number of cycles. Especially when the 

temperature is high and the spring pre-loaded with a high force. Thirdly, embrittlement of the spring can 

be caused by hydrogens. The result of embrittlement is that the spring loses his flexibility, implying that 

it will rupture much earlier than a flexible one. The last point was corrosion. Corrosion can also affect 

the performance of the spring.  Due to corrosion the diameter of the spring winding decreases, implying 

that the set pressure is affected, which in a later stadium results in rupture (Perry et al, 1984). Despite 

several causes are mentioned, Parcol stated “the rupture of the spring is luckily an event which happens 

seldom” (p. 7). 

Information about the adjustment screw is scarce. Probably because this part is comparable with a 

treated rot. However, this part does not move, meaning that even when the threated rot would 

corrode, the PRV still functions. 

9.5.2 Field information 

From the practical side is mentioned that the spring of PRVs can rupture during operation. However, the 

frequency of this occurrence is low. Moreover, no clear reason is mentioned why springs break. 

Practitioners expect that it is a combination of fatigue and corrosion. 

9.5.3 Conclusion 

Table 14 and figure 19 give an overview of influences that can the spring of the PRV. Although corrosion 

and temperature can affect the performance of the PRV, during the design phase measures can be taken 

in order to prevent these effects. In addition, the percentage of springs that break is close to zero, 

implying the influence of the mentioned factors is low. Therefore, the spring is not considered as a 

critical part of the PRV. 
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Table 14: Factors that affect the spring 

Spring 

Literature Field 

Corrosion Corrosion 

Temperature Fatigue 

Embrittlement   

Fatigue  

 

 
 

Figure 19: Hierarchical tree with root causes of failure for the spring 

9.6 Seal 

Part 9 is the seal. The function of the seal is to prevent that the fluid comes in contact with the spring 

during activation. PRVs can be designed with and without seals. In case the medium is not aggressive, 

seals do not add value and are left out. Even without the seal the PRV can function well.  It serves as 

safety. Therefore, the seal in no critical part of the PRV. In addition, from the field is mentioned that 

seal’s failure is close to zero. Therefore, this part is not considered in this report. 
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9.7 Outlet 

Part 10 in figure 5A is the outlet. Much research is done on this part in the context of the shape. 

Diameter and surface are some aspects that are related with the shape. Other aspects that are found 

interesting for scientist is the discharge coefficient. Despite the interest of scientists, the outlet in not of 

interest in this research because the size of the outlet does not influence whether the PRV fails or not. 

Moreover, in case the outlet is cracked the PRV can still relief excessive pressure.   

 

9.8 Bellows specific failure 

All parts of the conventional PRV are discussed. However, two types of PRVs are considered in this 

report. The difference between the conventional PRV and the balanced PRV is that balanced PRVs are 

equipped with bellows. Therefore this section discusses this part. 

9.8.1 Literature 

The bellows is indicated in figure 5A. Bellows are the most fragile and expensive parts of the PRV. 

Usually three faillure modes can be distinguised: mechanical, fatigue, and corrosion (Hellemans, 2009). 

Mechanical failure can occur during excessive pressure fluctuations, these fluctuations can deform and 

damage the bellows. The second failure is material fatigue, which is damage from repeated/ fluctuating 

loads. Even though the PRV is may be stable during a relief cycle, the bellows can vibrate due to pumps 

or compressors, resulting in fatigue (Hellemans, 2009). The third failure mode is corrosion. As 

mentioned above, the benefit of bellows is that the guiding mechanism (seat holder) is seperated from 

the fluid. However, the bellows may also be subject to corrosion. While corrosion of the thicker sections 

is acceptable, thin sections can crack. Typical media that cause corrosion are sulpher and chloride 

(Hellemans, 2006). 

 

9.8.2 Field information 

Practitioners argue also, that bellows are fragile parts and mention that mainly bellows fail due to 

fatigue. In case the OP is close to the SP, the valve can open easily. During each opening the bellows 

becomes shorter and during closing the bellows takes back his old initial length. When this process 

happens several times bellows cracks. In addition, practitioners argued that failure due to pressure 

fluctuations are rare because installations are desgned to maintain its nomial pressure level 

Chattering is also mentioned to be a cause of failure. Chattering is even more detrimental for bellows 

than a SP/ OP ratio that is close to 1, because the valve opens many times per second. In addition, the 

opening height is higher than when the SP/OP is close to one. 

 

9.8.3 Conclusion 

Table 15 and figure 20 gives an overview of the factors that can affect bellows. The factors found show 

that the bellows is a fragile part of the PRV. However, API 581 states “an analysis of the industry failure 

rate data shows that balanced bellows PRVs have the same probability of failure of failure on demand as 

their conventional pressure reilief device counterparts” (p. 1-34). This would imply that the bellows can 

be considered as not critical. However, it can be interesting to check whether the conclusion of this data 

set is the same. Since the time for this project is limited, the bellows are addressed to a lower priority. 
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Table 15: Factors that affect the bellows 

Bellows 

Literature Field 

Corrosion Corrosion 

Mechanical Fatigue 

Fatigue Chattering 

 

 

 

Figure 20: Hierarchical tree of root causes of failure for the bellows 

 

9.9 Chapter summary  

This chapter discussed each part of the PRV in order to define the area of interest for this project. In 

general, the component with the highest idle time deserves the attention but PRVs do not have 

(continuously) moving parts, like a motor. Therefore, it is harder to define the area of interest. It 

appeared that failure is caused mainly by a combination of parts instead of the failure of one individually 

part. The combination of disc and seat is essential for the condition of the PRV. In case the disc and seat 
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are connected by, for instance, corrosion, the PRV does not function properly. 

Figure 17 (section 9.3) shows several factors that can affect the disc or the movement of the disc. Some  

factors with associated root failure causes can be eliminated. Leakage, for instance, is such a bifurcation 

in the tree because Chapter 8 described that the focus of this project is failure to open. Disregarding this 

bifurcation means that only the combination of seat and disc are of interest, which makes sense because 

the first level factors that are described deal with impeding the movement of the PRV. When the 

movement of the PRV is impeded the OP will be higher and therefore the PRV fails the pretest. 

Disregarding leakage result in 3 (adhesion, contamination, and chattering) first level factors that can be 

a cause for PRVs that fail the pretest. However, chattering cannot be considered because no information 

is present about the operating pressure. As can be seen in the tree (figure 21), chattering can be caused 

by back pressure and a high OP/SP ratio. It is not possible to verify whether a PRV is exposed to back 

pressure. Back pressure is caused by other PRVs that relieving fluid of gas into the flare. On top of this, 

not every opening of other PRVs on the same header have to cause back pressure. The same applies for 

the OP/SP ratio. Only when the ratio is higher than 1, the PRV opens. Ideally the OP/SP ratio is 0.9. 

However, operations manager decide sometimes to increase this ratio in order to increase the 

throughput. In case this ratio is increased, PRV that are installed close to the compressor/ pump can 

therefore open frequently. Assessing whether the plant has an OP/SP ratio higher than 1 and taking the 

location of the PRV into account is too detailed for this project. Therefore, the first level factor 

chattering will not be examined in this project, implying that figure 21 shows the factors that are 

considered in the rest of this report. 

 

Figure 21: Hierarchical tree with root causes for failure of critical parts of the PRV 

 



40 
 

Figure 22: Setup of report part II 

Part II (chapters 10 until 17) 

 
Part II is related to the second phase in the research framework of Mitroff and Sagasti (1973) (figure 22). 
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10. Presence of parameters needed for analysis second level factors in Data base B 

and Data base A  

The previous chapter defined the critical parts of the PRV. This chapter discusses which other 

parameters are of interest beyond the root cause parameters for showing the influence/ presence of 

each second level factor (figure 21). In the remainder of this report the second level factors are explored 

because these factors are the lowest level such that the meaning of the factor is clear. For instance, the 

factor “material type”; this factor does not direct imply what is meant, in contrast, cold welding does.  

Based on only the root causes that followed from the previous chapter, the occurrence of the factor 

cannot be showed. The Rp ratio, for instance, is necessary. This parameter indicated the condition of the 

PRV. In the second part of this chapter is explored whether the parameters that are needed are actual 

present in the data set.  

10.1 Formal notation  

This section provides the formal notation of the factors, that is, for each factor a function is given that 

indicates on which root causes the factor depends. Moreover, by the use of an example is showed that 

some other parameters can be added that are related to the degree in which each factor occurs. 

10.1.1 Sticking  

Sticking occurs according to literature only for specific medium types. However, concrete examples are 

not mentioned. The occurrence is not only dependent of the medium type, also the contact area, which 

is related to the inner and outer disc diameter and the set pressure are important because, intuitively 

one can argue, the larger the contact area, the more medium can be located between seat and disc, 

implying that the area that holds the two surfaces (disc and seat) together is larger. This thought is 

supported by an example (table 16). This example shows the influence of changing one parameter while 

the other two are constant (partial analysis). In an ideal situation the PRV opens when the (pushing) 

force is increased by the difference between the force of fluid on disc and force of spring (in table 17 S-

D). However, when adhesion is present the PRV opens at S-D+A. As can be seen in table 17, the ratio 

(A+S/D) is higher for lower SPs, which is in line with the hypothesis. Therefore, can be concluded that 

the degree of failure can be related to the set pressure, inner and outer disc diameter.  

Table 16: Parameters that influence the degree of deterioration of the PRV 

Imaginary example 
(Assumed that the adhesion force is 0.5 N/mm2 and OP is 90% of SP) 

SP 
Outer 
diameter 

Inner 
diameter 

Contact 
area  

Counterforce 
adhesion (A) 

Force of fluid 
on disc (D) 

Force of 
spring 
(S) 

Ratio 
(A+S)/D 

10 bar 15 mm 13 mm 56 mm2 28 N 152 N 169 N 1.3 

25 bar 15 mm 13 mm 56 mm2 28 N 423 N 380 N 1.1 

       

 

10 bar 15 mm 13 mm 56 mm2 18 N    

10 bar 25 mm 13 mm 75 mm2 37,5 N    
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Figure 21 (section 9.9) shows that the sticking depends on the adhesiveness of the medium type. 

Equation 10.1 shows this relation in formal form. Note that SP, inner and outer disc diameter are added 

because these parameters affect the degree in which sticking occurs and can thus be used as predictor 

for the Rp ratio. In addition, the time in service (TIS) can the used as predictor. The TIS is the time 

between two consecutive inspections. Sticking is a phenomenon in which the medium interferes 

between disc and seat. One can argue that this process is dependent of time. Moreover, the probability 

that the PRV opened during its time in service increases. Thus, the probability that medium is located 

between disc and seat increases also. Therefore, the TIS is also added as predictor for sticking.  

 

𝑓𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 (
𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒𝑛𝑒𝑠𝑠 𝑜𝑓 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒, 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟,

𝑜𝑢𝑡𝑒𝑟 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑆𝑃, 𝑇𝐼𝑆
) 

 

(10.1)  

10.1.2 Cold welding  

From Figure 21 followed that disc and seat material are root causes for high Rp ratio. Cold welding can 

only occur for SS. Also, for this factor applies that the inner and outer disc diameter, and SP have an 

influence on the degree of cold welding. Furthermore, the TIS is added because, intuitively, one would 

expect that this process is dependent of time. After all pressing two SS parts together does not 

immediately result in cold welding. The formal notation is showed by formula 10.2. Note that the 

parameter “material type (disc) seat” is categorical. Two categories are present: SS and non-SS.  

 

𝑓𝑐𝑜𝑙𝑑 𝑤𝑒𝑙𝑑𝑖𝑛𝑔 (
𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑜𝑢𝑡𝑒𝑟 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑑𝑖𝑠𝑐,

𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑒𝑎𝑡, 𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒
) 

 

(10.2) 

10.1.3 Corrosion and plugging  
From Figure 21 follows that corrosion and plugging can be formally defined by equation 10.3 and 10.4. 

However, the information that is necessary to explore the influence of corrosion and plugging is too 

detailed for this project. Finding for each medium type whether corrosion can occur is not only a hard 

task it is also time consuming because more than 500 different medium types are present at location X. 

Moreover, the company supervisors discouraged to continue with this. Therefore, is concluded to 

aggregate the low level factors corrosion and plugging into medium type (equation 10.3 and 10.4 are 

changed in equation 10.5).  

𝑓𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛(𝑜𝑥𝑖𝑔𝑒𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒, 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑚𝑒𝑡𝑎𝑙) 

 

(10.3) 

 

𝑓𝑝𝑙𝑢𝑔𝑔𝑖𝑛𝑔(𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑔𝑟𝑒𝑒, 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑔𝑟𝑒𝑒) 

 

(10.4) 
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𝑓𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒 (
𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒, 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑜𝑢𝑡𝑒𝑟 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒,

𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒
) 

 

(10.5) 

Although medium type itself is no failure mode, this label is used. The essence is to cluster the medium 

types into clusters that have a similar failure pattern. Basically two methods can be used: 

1) theory driven approach 

2) date driven approach 

The theory driven approach defines cluster based on theory. Accordingly, the medium types are 

categorized among the clusters. In contrast, the data driven approach starts, as its name implies, from 

the data set. By using a statistical method the data set can be clustered in an X number of cluster. 

However, since the medium types in this case have to classified based on the Rp ratio, this method is 

awkward. Most of the medium types have different labels, mainly caused by typing errors and by the 

fact that English and Dutch terms are used interchangeably, which affects the understandability of the 

clusters. Therefore, is chosen for a theory driven approach. X number of cluster will be defined for the 

medium types. Each cluster has a description of which medium types belong to that cluster, for instance, 

clean gasses belong to one cluster. The formation of the cluster is based on literature and expert 

knowledge. Equation 10.5 shows the formal form. Note that also for medium type the inner and outer 

disc diameter and SP are relevant for the result of the pretest. Moreover, the TIS is added because, for 

instance, polymerization is a process that is dependent of time (Perry et al, 1984).  

 

10.2 The parameters that are needed for analysis of the factors 

The previous section showed which parameters are related to each factor. This section makes the link 

between the factor and the parameters that are necessary to show the existence or influence of each of 

the three factors. In section 10.4 is for each parameter checked whether the data base provides this 

information and in case the database does not directly provide this information whether it can be 

determined indirectly (combining the information of several other parameters). Table 17 gives an 

overview of the information that is necessary to investigate the influence of each factor. 

 

 

 

 

 

 

 

Table 17: Data needed 

  Factor 
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  Medium type Adhesion 

   Cold welding Sticking 

Required 
information 

Parameters that 
affect the degree 

in which factor 
occurs 

Inner disc diameter Inner disc diameter Inner disc diameter 

Outer disc diameter Outer disc diameter Outer disc diameter 

Set pressure Set pressure Set pressure 

Time in service Time in service Time in service 

Factor related 
parameters 

Medium type Material type of disc Adhesiveness of 
medium type 

 Material type of seat  

Indication of 
condition PRV 

Pretest value (TP) Pretest value (TP) 

2nd pretest value 

Pretest value (TP) 

2nd pretest value 

Cause of failure 
Description of 
condition PRV 

Description of 
condition PRV 

Description of 
condition PRV 

 

 

10.3 Data sets that are available 

The data that is available for this research is provided by three companies: Company C, Company B, and 

Company A. The dataset of each of the three companies is discussed briefly. 

The first company is Company C. Company C is one of the few companies that are authorized cq 

qualified for conducting revisions to PRVs. The data base that is currently used by Company C is Data 

base B. This program stores information of properties, applications of valves, and their associated test 

results. Every time a PRV is revised, a new test report is prepared and stored in Data base B. Revision 

data is thus stored per PRV per test, implying that previous test results are not shown in revision 

reports. 

 

Company A and Company B use Data base A. In Data base A two documents are stored. The first 

document “object information” stores information, such as properties, dimensions. This document 

normally never changes throughout the PRV’s life. The second document shows when a particular PRV 

was subjected to an inspection from the time that the PRV is placed into service, implying that this 

document is updated regularly. In addition, for every inspection/ revision a summary is made of the 

remarks that Company C mentioned in their revision report, so this document presents an overview of 

the past of a PRV. 

 

The difference between the two data sources is that the revision reports of Company C contain all 

information that Data base A provide except that Data base A contains a historical overview. Company C 

mentions only the time of revision and does not store the revision results of one individual PRV. 

Nevertheless, the historical overview will not be used, at least at the beginning of this project. 
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Therefore, Company C’s data base serves as starting for this project. In addition, the comments of 

Company C are more extensive than the comments of Company A and Company B. This enhances the 

efficiency of the analysis.  

10.4 Data that is available 

In order to show the influence of each factor the parameters mentioned in table 17 have to be 

compared with the available data. Table 18 depicts which values can directly be found in the dataset.  

Table 18: Availability of data 

Values from medium type and adhesion Available in dataset 

Adhesiveness medium type  

Description of condition PRV  

Inner disc diameter  

Material type (disc and seat)  

Medium type  

Outer disc diameter  

Pretest value (2nd test)  

Pretest value  (TP)  

Time in service  

Set pressure  

 

As can be observed in table 18, a few parameters are lacking. Each of them is discussed. 

Adhesiveness of medium type 

This parameter is missing. Literature did not provide a factor that indicates the adhesiveness of medium 

types, implying that sticking cannot be analyzed in terms of adhesiveness. 

2nd pretest value 

The second pretest is a useful indicator whether the disc is impeded during opening. In case the first TP 

is higher than the 2nd TP, it is highly likely that a form of adhesion is present. 2nd pretests are not 

conducted by Company C for Company A and Company B. Thus, this parameters cannot be used. 

Time in service 

The time that an PRV has been in service is not mentioned. However, Company C indicates the date of 

the inspection of the PRV on the report. Thus, by subtracting the dates from two consecutive revisions, 

TIS can be obtained. 

 

10.5 Consequences of missing parameters 
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The previous section stated the formal notation of which parameters the factors depend. However, 

some parameters are missing, implying that the existence of the factor becomes more difficult. In can be 

the case that the missing parameters are essential, meaning that with the available ones, the occurrence 

of the factor cannot be showed. Nevertheless, the equations are reformulated in terms of the available 

parameters. Each section is devoted to a factor. 

10.5.1 Sticking 

From previous section follows that the 2nd pretest value and adhesiveness of the medium type cannot 

be used because this data is missing. This implies that it becomes hard to show the existence of sticking 

since both parameters are necessary for sticking. However, another approach will be suggested that can 

be used. Table 16 shows that if sticking occurs, it is likely that it occurs for PRVs with low SP and high 

disc diameter because the higher the disc diameter, the more fluid can form a film on the disc. Thus, the 

higher the adhesion force. This implies that sticking probably occurs in a specific area (figure 23). 

Therefore, this relation has to be explored. However, as mentioned before, no clear limits are present 

for sticking. Moreover, these limits are different per medium type since the adhesiveness per medium 

type differs. 

Equation 10.6 shows the renewed formal notation for sticking. 

 

𝑓𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔 (
 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒, 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑢𝑡𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟,

𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒
) 

 

 

(10.6) 

 

Figure 23: Expected region where sticking occurs 

10.5.2 Cold welding 

For cold welding applies also that the 2nd pretest is missing, which makes it hard to show the existence 

of cold welding. By the use of the 2nd pretest could be checked whether indeed adhesion is the cause of 
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failure. In case the first TP is higher than the 2nd TP, a form of adhesion is present. However, the same 

logic can be applied as above. Intuitively, one would argue that when the pressure per squared 

millimeter is high, cold welding appears more often than for lower values, which is in accordance with 

the imaginary example, mentioned above. This implies that cold welding is expected to occur in the red 

region of figure 24. 

The fact that the 2nd pretest is lacking does not change the formal notation of cold welding. Thus, 

equation 10.2 remains unchanged.  

 

 

Figure 24: Expected region where cold welding occurs 

10.5.3 Medium type 

The parameters that were missing are not related to the factor medium type. Therefore, equation 10.5 

remains unchanged. 

10.6 Chapter summary 

This chapter continued on the previous chapter in which the root causes of each factor were described. 

Moreover, this chapter explored which additional parameters are necessary in order to show the 

existence of each factor or the degree in which each factors occurs. It appeared that the 2nd pretest 

value and the adhesiveness of medium types are lacking. Moreover, these parameters cannot be 

determined by the use of other parameters, which was the case for contact area and TIS. Therefore, the 

“original hypothesis” is adapted. 
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11. Data preparation   

The previous chapter showed which parameters need to be extracted from the data sets. This chapter 

describes the method that has been used for each parameter. Moreover, the data base of Company C 

(Data base B) is compared with the data base of Company A and Company B (Data base A). 

11.1 Data description 

Table 19 shows an overview of the data that has to be extracted from the data files. Theses parameters 

follow from previous chapter. Only the identity number is added in order to exchange data between 

data sets. 

Table 19: Parameters that are need to be extracted from data set 

Data of interest for this project 

Contac area Rp ratio 

Identity number Time in service (revision date) 

Material type (disc and seat) Set pressure 

Medium type Disc diameter 

 

 

11.2 Comparison of PRV within Data base B and Data base A  

Three datasets are present for this research. Company C uses Data base B while Company A and 

Company B use Data base A. Company C’s database is the most extensive with regard to the parameters 

that will be used in this research (Appendix D shows an overview of the contents of Data base B/ Data 

base A). Therefore, Data base B serves as starting point in this project. The data that is available in Data 

base B ranges from 19-12-1969 until 26-3-2014. Unless otherwise stated, the data that is used in 

figures, tables, and text belongs to this interval 

 

Before extracting data, the similarity of the data set is checked in terms of the identity numbers (IDs). 

Company C’s database contains more IDs than Company A or Company B’s database. For each PRV the 

name of the company is mentioned, which gives the possibility to split Company C’s data between PRVs 

belonging to Company A and Company B. Figure 25 displays the number of similar IDs between 

Company C and Company A/ Company B’s database. As can be seen, from the 31711 PRVs that Company 

C has 7190 PRVs are from Company B. However, Company B has only 3762 PRVs. Thus, Company C has 

about 3500 PRVs in Data base B that Company B not has. The difference can partly be explained by the 

plants that are owned by Company B. Data base B contains data related to PRVs from different plants 

(table 20). However, several of these plants do not belong to Company B. In consultation with the 

supervisors from the involved companies is decided to exclude these PRVs from analysis because the 

supervisors prefer to analyze the data over which they have control. The difference is not explored in 

detail, after all it is not the goal to investigate what the cause of the differences is. Though, it is 

mentioned. 

In the remainder of this report, only the PRVs are used that are present in Company A/ Company B’s 

and Company C’s data because when there are PRVs present in Data base B that are not present in Data 

base A or vice versa, the exchange from date between Data base B and Data base A is complicated. 
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IDs of Company A 5791       
        
      Similar IDs 5021 
        
   IDs of Company A 6521    
        
IDs of Company C 31711       
        
   IDs of Company B 7190    
        
      Similar IDs 3762 
        
IDs of Company B 3762       
Figure 25: Similarities of PRV's ID between data bases 

 

Table 20: Companies that are part of data set Company B 

The content of this table can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

11.3 Extracting parameters from the data bases 

In this chapter it is described how the parameters are present in Data base B and which steps have to be 

taken in order to obtain the value that is appropriate for the analysis. Note that no section is devoted to 

the identity number and the SP because these values can be extracted from the data easily. 

11.3.1 The pretest value 

This section shows how the pretest values are extracted from Data base B. The result of the pretest is 

described as numerical value and as non-numerical (textual). The first section deals with the numerical 

extraction while the second deals with the textual result of the pretest.  

11.3.1.1 Extraction of the numerical pretest value 

The pretest value has to be extracted from the data because this value determines whether the PRV 

would have failed in operation. As mentioned, Data base B serves as starting point. Data base B 

describes the result of the pretest in textual form. Figure 26 depicts the aim of this section; extract for 

each revision report the pretest value. 

 

Figure 26: Result that extraction has to yield 

The first step is associated with extracting the pretest values. Since 2014 the TP-values are added in a 

separate column of the revision report (“meetdrukPiek”). This makes it easy to use these values in 

contrast to the TP-values before 2014 that were stored in the dataset as textual data.   

The first problem arises by searching for the word “pretest” since Company C uses no universal input 

code this word is written in three different ways (table 21). 
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After replacing this term by “pretest” a query is entered that extracts 50 characters when “pretest” is 

found, starting from the “p”. Table 22 shows some results that were obtained by the query. As can be 

seen, the TP-value (number) is located at different places. Therefore, 50 characters are used to ensure 

that the numerical valued is selected. Initially, the idea was to search for “bar” (the unit of pressure) 

because the numerical value is in general followed by its unit. However, this value is not consistently 

used (table 22).  

Table 21: Variants of the word "pretest" 

 

 

 

 

 

 

Table 22: Different examples of how TP-value is registered 

Examples of how the results are entered in Data 

base B 

pretest 6.7 bar 

pretest; opende op juiste  drukken standaardrevisi 

pretest, veiligheid werkte op de juiste insteldruk 

pretest, in orde.   

pretest   -[ werking  en  instellingen  was  oke   

pretest nozzel ok. 

pretest kon niet 

pretest was goed 7.55 bar 

pretest en is perfect! openingsdruk is 3.08, ook 

pretest direct lek Balg ok gestraald en geconserve 

pretest bij 150 graden, openingsdruk 42 bar 

pretest;opende bij 4.5  bar balg vern.nr;952480-01 

 

As can be seen in table 22, several identities contain the word “pretest” without a numerical value. The 

next section elaborates on this.  

After deleting the alpha-characters, numerical values with punctuation are left (table 23). However, 

Variants of pretest 

Pretest 

Pre-test 

Pre test 
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some values contain numerical values that cannot be used because they can refer to an article number 

as can be seen in the last row of table 23. This was the case for a few hundred of revisions. These 

numbers are deleted manually. The same applies for the dots in front and after the numbers.  

Table 23: Some examples after removing the alpha-characters 

Numerical values with different punctuation 

°°  4,1   [11.0 ] 

, 4.08 -->4.6  

……..5.2……. ;………34,8…. 

-25 --20.5-- 

1,02. 4,5 ;952480-01 

 

11.3.1.2 The textual pretest value 

Although most of the identities contain numerical values for the pretest, a substantial amount is not 

expressed in numerical values. These ones are described with text. As can be seen in table 22, the 

second until sixth row express the performance of the PRV in textual (non-numerical). This section 

describes how the textual expressions are extracted.   

Row 9 in table 22 contains the word  “lek” (leak). In case “lek” is mentioned combined with “pretest”, 

this implies that the TP is not valid. In most cases the test equipment is not able to reach the openings 

pressure of the PRV because the capacity of the testing pumps is too low to overcome the releasing 

testing medium. Therefore, the word combination “pretest” and “lek” will not be considered in this 

research because this indicates a safe-fail situation. 

Textual values that indicate a TP that is near to SP (passed) are “in orde”,”opende op de juiste druk”, or 

“pretest ok”. By using a query that searches to the specified string, these terms are extracted.  

Textual values that are used for PRVs that did not open during the pretest are “opende niet”. This can be 

interpreted as the “Stuck shut” condition, which gives rise to serious consequences. In case the 

excessive pressure cannot be relieved, pipes or pressure vessels can burst. This was the case for 84 

PRVs. 

11.3.1.3 Validation of extraction pretest values 

In general, the pretest value is mentioned in text box. Therefore, a query is made that extracts this 

value. Subsequently, the excessive dots and commas (table 23) are removed manually. Two actions are 

performed in order to get the format that is needed for this project. This implies that some irregularities 

appear. It can be the case that the program (Excel) did not recognize a text string for whatever reason or 

I can have made a mistake. In order to check the accuracy of the query in combination with the manual 

action a sample is taken. In case 95% of the data converted correctly, the conversion can be interpreted 

as succeeded. The sample size is determined by the use of the following formula (Epitools).  

𝑛 =
𝑍2 ∗ 𝑃(1 − 𝑃)

𝑒2
 

 

(11.1) 
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Where  

Z = the corresponding value of the normal distribution for the confidence level (Z=1.96 for 95%) 

P = expected true proportion 

e = desired precision 

 

Table 24: In and output data of tool 

Input  

Confidence level 95% 

Estimated proportion 0.0001 

Desired precision 0.005 

Population size 46000 

Output  

Sample size  16 

 

Table 24 shows that a sample of 16 data points has to be taken to verify the accuracy. As can be seen in 

the table 25, the sample shows no deviations. Thus, the method that is used to convert the textual 

values into numbers is succeeded.   

 

Table 25: Validation results 

Random number Verification Random number Verification 

36395  32614 

24430  34567 

34086  36192 

35904  9846 

43412  8315 

13642  27411 

39525  15512 

34199  38832 

 

 

11.3.2 Time in service 

Each revision report is related to an ID and a date. The time in service is obtained by subtracting the 

date of subsequent revision reports for each ID. By subtracting the date from the PRV with the last 

revision date, the time in service can be obtained (table 26). However, the first date of the revision 
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serves as starting point (zero point), implying that no time in service can be determined because when 

the PRV is taken in operation is not mentioned in here.  

 
Table 26: Example of how the TIS is determined 

Raw data Activity Result Activity TIS 

2000-04-05 

Order descending 

1998-03-31 

Subtract dates 

 
1995-03-31 2000-04-05 795 
2009-06-08 2009-06-08 3351 
2011-03-19 2011-03-19 649 

 

11.3.3 Material type of disc and seat 

The material is considered in order to show the existence of cold welding. Under the influence of cold 

welding, the pretest can be significantly higher than for other non-stainless steels.  

Each revision report should contain information about the materials, such as the body, inlet, seat and 

nozzle of the PRV. Both Data base A and Data base B display information about the materials. Data base 

B has reserved for each part (body, disc, inlet, and seat) a cell in their data set. This enhances the 

efficiency of extraction of the material types in contrast to Data base A, which has all material 

information stored in one cell.  

Since cold welding occurs between seat and disc, only the materials of the seat and disc are of interest. 

Once extracted the material types of disc and seat from Data base B, the missing values are 

complemented with the information from Data base A. The procedure used for extracting the material 

types from Data base A is the same as for the pretest, meaning that a query is made that searches to 

“seat” and “disc”. Next, 30 characters are selected because the material type X6CrNiMoTi17-12-2 

contains already 17 characters. The same is query is made for the Dutch terms “zitting” and “klep” 

because the Dutch and English terms are used interchangeably.  

The next phase is concerned with transforming the material types into the parameters: stainless steel 

and non-stainless steel.  

The type of material that is present in the revision report consist of three different scales: DIN, AISI, and 

material number. The appellations can be compared with temperature that can be measured in 

different units (Celsius, Kelvin, and Fahrenheit). Table 27 shows the three different appellations for a 

particular type of stainless steel (SS) (Budinski and Budinski, 2009). 

 

Table 27: Different appellations for one material type 

Type Material number DIN AISI 

SS 1.4404 X2CrNiMo 17-12-2 316L 

 

Appendix E shows which materials types are mentioned and for each material type whether it can be 

categorized as stainless steel or metal.  
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In total Data base B contains 41935 data points. By combining Data base A with Data base B, only for 

2813 PRVs the material type of disc and seat was specified, which is significantly low. 

11.3.4 Medium type 

The medium types will be analyzed because each medium has another influence on the PRV. For 

instance, nitrogen, which is a clean gas has probably another influence on the PRV than cooling water, 

which is highly corrosive. 

Data base B has a separate column reserved for the parameter medium type, implying that no 

transformation have to be conducted. However, as table 28 shows, there a several terms used in the 

data set that indicate the same medium type. In total 790 unique media (after removing the duplicates) 

are present. Despite this is cumbersome, there is decided not to transform these medium types into one 

type. The reasoning behind this is that when the medium types are classified in the pre-defined clusters, 

similar medium types belong to the same category. Thus, the many different descriptions for one 

medium type should not impede this project. 

 

Table 28: Variants of the medium type medium type E 

Variants of the medium type E 

Medium type P  

Medium type P GAS  

Medium type P (gas) 

Medium type P (GAS) 

Medium type P (GASV.) 

Medium type P (GASVORMIG) 

Medium type P (T -20 tot 83) C 

Medium type P/ GAS 

 

 

11.3.5 Inner and outer disc diameter 

By subtracting the squared outer by the squared inner diameter the contact area is obtained. This is the 

area where the seat and disc touch each other (figure 27). The spring presses the disc on the seat. This 

ensures a tight closure, provided that both surfaces are flat and are positioned as prescribed by the 

manufacturer. Every tiny opening is enough to release gasses. Therefore, high requirements are 

imposed to the revision process.   
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Figure 27: Cross-section balanced PRV 

The contact area is a variable that is part of the hypothesis that PRVs equipped with SS seats and discs 

will fail the pretest sooner in case the pressure per square inch is relatively high. Exact numbers were 

not mentioned in literature, yet. 

11.3.4.1 Determination of contact area 

Initially, the idea was to use the variables “kleinste doorlaat” (inner disc diameter) and “diameter 

klepopening” (outer disc diameter)(figure 28A). After subtracting “diameter klepopening” by “kleinste 

doorlaat” the contact area should be obtained. However, this is incorrect. These parameters apply to 

the discharge of the medium. Figure 28A is a schematic representation of the area of interest in figure 

27. Figure 28B shows another type of PRV. In this type the “klepopening” equals the “kleinste doorlaat”.  
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Figure 28A: Schematic cross-section PRV    Figure 28B: Schematic 
“klepopening” > “kleinste doorlaat”   cross-section “klepopening” =    
        “kleinste doorlaat” 

Figure 29 magnifies the area of interest in figure 28B. Taking a closer look at this figure, one can see that 

the parameter “klepopening” only indicates the inside diameter of the seat. In order to calculate the 

contact area, the outer diameter of the contact area is necessary. However, this variable is unknown in 

both data sets. 

 

Figure 29: Schematic cross-section enlarged 

Despite this variable is interesting to analyze, I was not able to determine values for this parameter. 

Every PRV brand has its own designs and even among the brands there exist different types. This implies 

that for each type of PRV information has to be inquired from designers. After contacting some brands, 

it appeared that it is impossible to determine for each PRV the contact area within the available 

timespan for this project.  

Moreover, Dr. Bukowski concluded the same. In her article “Investigation of Adhesion Formation in New 

Stainless Steel Trim Spring Operated Pressure Relief Valves” (2013) was announced that this is the topic 

of the next research. However, after informing how she dealt with gathering this information, I received 

a mail that stated “we gave up last year to pursue other ideas”. 

As a last attempt it has been tried to obtain a threshold value for the contact area. One can imagine that 

the contact area has some design limits. For instance, the difference between inner and outer diameter 

may be up to 1mm. However, after contacting suppliers no useful information was obtained.   

11.3.4.2 Implications for further research with regard to contact area 
The hypothesis stated that PRVs equipped with SS materials (seat/ disc) fail the pretest more often than 

PRV equipped with non-SS materials. SS is more sensitive to cold welding than non-SS. Since the contact 

area cannot be determined, only the pretest ratios between SS and non-SS PRVs will be determined. By 

using the research results of Bukowski et al. (2013), the occurrence of cold welding may be showed. 

Meaning that when the analysis shows similar results as the article by Bukowski et al (2013), cold 

welding can be the phenomenon that causes a higher Rp ratio. 

Beyond cold welding, medium type and sticking depend on the contact area. Instead of the contact area, 
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the disc diameter will used. The disc diameter provides less information than the contact area but at 

least this parameter takes the size of the PRV into account.  

11.3.4.3 Extraction of disc diameter  

The disc diameter can like the SP easily be extracted from the data set. 

11.4 Chapter summary 

In this chapter is described how the parameters pretest value, time in service, and material type are 

selected from the data bases Data base B (Company C) and Data base A (Company A/ Company B). Data 

base B served as starting point in this chapter. In case much data was missing in Data base B, this data is 

complemented by using the data of Data base A, which was especially the case for the parameter 

material type. 

Unfortunately is concluded that the parameter contact area was impossible to determine. Therefore, 

this parameter is replaced by the disc diameter. Although the disc diameter provides less information 

than the contact area, this parameter at least gives an indication of the size of the PRV. 

The next chapter deals with coding errors, such as errors which are the result of transforming textual 

data into numerical information. This is the last step towards a data set that is useful for analysis.  
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12 Cleaning and transforming the extracted data 

In this chapter, the data set is finalized so that the data can be analyzed.  In the previous chapter, a data 

set has been composed by combining Data base B with Data base A. However, during the extraction 

some outliers are detected. This are values that have unusually high values, which can be the cause of 

human error. Moreover, some parameters adopt a value that cannot be right. The TIS is such an 

example. Values higher than the maximum allowable inspection intervals cannot be right.  

For each parameter (table 29) is discussed whether the range of values that a parameter can adopt are 

realistic. In case these values are unrealistic, clear boundaries are provided. Note that only the bold 

parameters are discussed. The remaining parameters are in the right format for the analysis. 

Note that in this chapter the data of Company A and Company B is temporary pooled. Pooling is justified 

since the three parameters have the same margins for both companies. For TIS applies that both 

Company A and Company B face the same governmental regulations. Moreover, for the Rp ratio applies 

that literature and practitioners agree that Rp ratios of 1,5 are too high are too high and have to be 

avoided at all times. Finally, for material type applies that the PRVs used by Company A and Company B 

have the same brand(s) of PRVs. 

Table 29: Parameters that are used 

Data of interest for this project 

Disc diameter Rp ratio 

Identity number Time in service  

Material type (disc and seat) Set pressure 

Medium type  

 

12.1 Cleaning and transforming Rp ratios based on magnitude 
In the previous section that is related to pretest, a method has been described how the textual pretest 

values are transformed into numerical ones. For analyzing the data an Rp ratio is imperative and makes 

it possible to compare the test results of PRVs with each other. This ratio is calculated by dividing the TP 

by SP. Chapter 8 provided clear threshold from which Rp ratio a PRV has failed the pretest. 

12.1.1 Transforming pretest ratios 
In Data base B several textual values were given about the performance of the PRV, such as “pretest in 

orde”. This implies that no numerical value is present for these PRVs. This holds for PRVs that have 

passed the pretest as well as ones that failed the pretest. In general, replacing textual values with 

numerical ones has to be avoided because this procedure can affect the nature of the data. However, in 

the subsequent chapters the four intervals (1-1.1, 1.1-1.3, 1.3-1.5) are used, which makes it possible to 

place each textual test result into a range.  

Textual values that indicate a good test result are replaced in the range 1 to 1.1. This value is chosen in 

alignment with the operations manager of valve services. When practitioners use textual terms that 

refer to a passed pretest, the ratio is always between 1 and 1,1.  

Textual values that indicate a failed pretest are essential for this project because the focus is on these. 

Therefore, also, their textual values are replaced by a range. As mentioned in the previous chapter, 

some PRVs have the pretest result “opende niet”. Normally, Company C increases the pressure during 
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the pretest until 1,5 times the SP. In case the SP is below the 10 bar the pressure can be increased to 2 

time the SP. Therefore, both textual values that indicate failure are allocated in the range 1.5 and 

higher. Note that this is in contrast with the procedure described in section 6.3. 

12.1.2 Coding errors with regard to pretest ratio 

During the transformation of textual values into numerical values some coding errors may appear. 

Coding errors are in the context of this section mean Rp ratios that are unusually high. Practitioners of 

Company Cs mentioned that they never exceed the pressure by 100%. Thus, values higher than this 

value can indicate a mistake. Therefore, pretest ratios higher than 2 are checked. In total 15 PRVs had a 

ratio above 2, of which 8 PRVs had a deviating value. The cause of the errors was due to position of the 

pretest value in the textual string. For instance, one error occurred in the following string: “gepretest bij 

150 graden, openingsdruk 42 bar”. Instead of 42, 150 has been selected as pretest value.  

12.2 Cleaning and transforming time in service data 

The time in service is the time between two revisions and is calculated by subtracting the dates of 

revisions. This section is divided into two sub-sections. The first one is concerned with the upper limit, 

while the second discusses the lower limit of the time in service. 

12.2.1 Upper limit of time in service 

The government imposes regulations that obligate that the user performs inspections frequently. 

According to the Dutch regulations the maximum time in service is six years (2190 days).  This interval 

can be exceeded by a maximum of ½ a year. However, this number is seldom reached, according to 

practitioners. In alignment with them is decided to cut off the data at 2300 days (6 ¼ year). The 

reasoning behind this is the inspections in most of the cases are performed on time. However, they 

argue that in case of exceeding the maximum inspection interval, this is with a maximum of a quarter of 

a year. Remark that it was not possible to extract this upper limit from data. As can be seen in figure 30, 

there no clear limit present from which the upper limit can be determined. One would expect that the 

data points cannot exceed 2373 days (6.5 years) since this is legally impossible.    

 

Figure 30: Plot of the distribution of TIS 

A few of the data points that have a time in service higher than 2500 were explored in order to explain 

why several data points exceed the 6.5 years. It appeared that Company C’s data base did not provide 

the full range of reports (appendix F). Some revision reports were lacking. In Data base A it was 

mentioned that the PRVs, which were taken as sample, were revised once more, meaning that the 
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information of one revision is missing in the Data base B.  

Another cause for the high time in service times can be explained by the fact that sometimes PRVs are 

revised at another company. Obviously, this information is not available in Data base B.  

Approximately 20% (table 30) of the data points have a time in service higher than 2300. There is 

decided to exclude these points form the analysis since near 4000 data points can be referred to as a 

large data set (Montgomery and Runger, 2010). 

Table 30: Frequency of PRVs with TIS smaller than 
2300 days 

 

 

 

12.2.2 Lower limit of time in service 
The data set contains values for the parameter time in service of 0.008 days (12 min.). These values are 

not realistic since it cannot be the case that the valve has an inspection interval of 12 minutes. This 

would impliy that the PRV is revised several times a day.  

Figure 31 shows a plot of the frequencies of data points that have a time in service time smaller than 15 

days, only for indication. As can be observed, most of the points are located in the interval from 0 to 1.  

 

 

Figure 31: Frequency of PRVs having TIS less or equal to 15 days 

A few of these points (135) are explored. It appeared that these values indicated the right time. Table 31 

shows that the small values can be explained by the fact that Company C performed several consecutive 

pretests in a small time span. Company C argues that they do not perform a pretest more than once for 

Company A and Company B. 

Range Frequency 

<2300 3724 

>2300 724 
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Table 31: Explanation of small TIS-values 

Revision dates of PRV plastomers 

1994-12-07 00:00:00 
1998-09-01 16:13:58 
1998-09-01 16:25:26 
1998-09-01 16:28:24 
1998-09-01 16:37:16 
1998-09-01 16:07:31 
2002-01-29 11:08:19 
2010-04-06 10:23:49 
2014-03-26 08:20:53 

 

In total 115 PRVs had a time in service lower than 1, which is unrealistically low. Therefore, these data 

points are excluded from the data. Values until half a year a discussable, since the lowest inspection 

interval that is assigned to PRV (which have a shortened interval due to failure) is half a year. However, 

data points lower than half a year can be explained by disturbances. For instance, during the restart 

phase of an installation, the maximum pressure cannot be reached because a PRV does not close 

properly. In such a situation the PRVs of the whole installation will be checked again by Company C, 

meaning that a time in service of two days is realistic; therefore, is decided to exclude only PRVs with TIS 

that are smaller than 1 day. 

12.3 Cleaning and transforming material data 

For material no changes are made since this data is categorical (non-metal, SS, and non-SS), meaning 

that upper or lower limit are not of interest.  

Figure 32 gives an indication of the data points that are present for the parameter material type. Only 

10% of the data points contained material info.  
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Figure 32: Frequency plot of the occurrences of material types for disc and seat 

12.4 Chapter summary 
This chapter finalizes the data preparation phase by removing coding errors and by selecting the right 

range for continuous variables. Moreover, is decided to exclude TIS values lower than 1 because a PRV is 

not revised within one day. Often disturbances can explain why the TIS is two days. As mentioned in 

chapter 8, Rp ratios lower than 1 are not considered since the focus of this project is on failure to open. 

In the remainder of this report the refined data is used, meaning that the data that is excluded will not 

be used anymore. Until now, the following refinements are made: 

 Non-overlapping PRVs identities between Company A/ Company B and Company C are excluded 

(section 11.1) 

 Rp ratio lower than 1 are excluded 

 TIS outside [1,2300] days are excluded 

The next chapter discusses the (dis)advantages of data pooling. 
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13. Pooling data of Company A and Company B 

The previous chapter finalizes the data pre-processing phase, meaning that from now on the data is in 

the right format to analyze. The question that arises now is whether the data from Company A and 

Company B can be pooled? This chapter answers this question.  

13.1 Theoretical motivation for data pooling 

In general there are two main reasons pooling data:  

1) pooling from the perspective “more of the same data” 

2) pooling from the perspective “different data” 

1. More of the same data 

Although both data sets are large, the credibility of the pooled results can rise. For instance, in case a 

disaster happens and the government decides to reduce the maximum inspection intervals. By the use 

of this report can be showed (provided that the results of this project are positive for the companies) 

that the inspection intervals that are currently used result in an integer PRV. If this conclusion comes 

from a pooled data set, the credibility is much higher than when only Company A or Company B 

provides this report to the government based on their data set.  

Note that it is not essential to pool the data for the perspective of the sample size. Both Company A and 

Company B have over the 1500 data points, which can be considered as a large data set. Therefore, the 

data can be analyzed individually. 

2. Different data 

The second point emphasizes the benefit of data pooling. By combining data “different data” is get. 

Company A and Company B use already a form of data pooling because the revision reports of Company 

C are analyzed and based on the results is decided whether the PRV can maintain its original inspection 

interval. This is a form of data pooling since Company A and Company B could also pay the receipt and 

do not care what the testing results are.  

Company C can benefit from pooling the data set of Company A and Company B because they get a 

better overview of the failure behavior of the PRV. It can be the case that some PRVs fail at Company A 

that Company B does not have. From such situations can Company C benefit, meaning that the prices 

can be made more competitive. 

In conclusion, the three involved companies benefit from pooling the data. Thus, the data is pooled, 

provided that pooling is statistically justified. The following sections deal with the statistical part. 

13.2 Test I: Environmental aspects 

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

13.3 Test II: The number of failures per year 

The second test is a global test that examines the number of failures per year. This test can discourage 

pooling in a simple way. If appears that the proportions of failures between Company A and Company B 

differ substantially, pooling the data sets of both companies is not a suitable option. 

13.3.1 Proportions of failures per year 

Figure 33 shows the proportion of PRVs that failed. The percentage is determined by dividing the PRVs 
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that failed the pretest by the PRVs that passed the pretest. The years refer to the moment that the PRV 

is inspected. Based on figure 33 no structural difference is present that discourages pooling the data of 

Company A and Company B. Note that before the year 2000, the percentages of failure are higher than 

after the year 2000. This can indicate that it might be wise to split the data before and after the year 

2000. The following section elaborates on this. 

 

 

Figure 33: Proportions of failures per year 

Figure 34 shows the absolute number of failures, while figure 33 shows the proportion of failures. As can 

be seen in figure 34, the failures (Rp ratio 1.3) are spread randomly in time for both companies.  

Note that the PRVs that failed the pretest are replaced by an Rp ratio of 2 and PRVs that passed the 

pretest are replaced by 1.05. These values are chosen in order to highlight the failure behavior.  

Both figure 33 and 34 show no clear evidence that discourage pooling the data. 
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Figure 34: Rp ratios per year 

13.3.2 Splitting the data at year 2000 

This section discusses whether the data has to be split in separate years because figure 33 shows that a 

decreasing trend in the proportions of failures per year is present among the failures. This can, for 

instance, indicate that the revision strategy is improved or the PRV are designed with high quality 

materials that are less sensitive to failure, which is an ongoing process.  

Until the year 2000, the percentages of failure are significantly higher than after the year 2000. This can 

be explained by the fact that around the year 2000 more attention is spent to the revision reports. 

Before 2000, the revision results are summarized into one sentence (figure 35). Moreover, the number 

of PRVs that are tested (thus where a TP value is mentioned) increases substantial from the year 2000 

(appendix G1). This might imply that only the PRVs that failed the pretest are registered and that the TP 

of the PRVs that passed the test are left out. This hypothesis is not explored in more detail because this 

implies that all PRVs have to be checked individually. This goes beyond the scope of this project; 

exploring the data from a higher level perspective. Moreover, practitioners are not able to confirm or 

reject this hypothesis. They mention that the importance of the inspection results is become more 

important over the years. However, what data is actually registered before the year 2000 is not clear.  

In conclusion, the data set of PRVs is not split in terms of years. Although the data shows that dividing 

the data before the year 2000 and after the year 2000 is possible, this opportunity is not used because 

there is no evidence, yet, that actually states that the percentages of failures are indeed higher. This can 

be explained by the fact that data warehousing is improved after the year 2000.  

 

The content of this figure can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

Figure 35: Part of revision report 
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13.4 Test III: The nature of the data 

Beyond the environmental aspects and the percentage of failures, the nature of the data has to be the 

same. Thus, can be showed that the data sets of Company A and Company B can come from one 

population? Two parameters are chosen: TIS and Rp ratio because they are the most important in the 

context of this project. Only the analysis of the TIS is explained in this section. The Rp ratio is explained 

in appendix G3. 

The similarity can be examined based plots (subjective) and on statistical tests. When plots show a visual 

similarity and are supported by the statistical tests, the data of Company A and Company B can be 

pooled into one data set. Note that the previous section discussed the date of inspection, thus the year 

that the inspection is performed, while this section elaborates on the time in service. 

13.4.1 Visual similarity between the data of Company A and Company B 

Figure 36 shows a plot of how the time in service is distributed in time. Note that this picture depicts 

percentages since the population sizes are not equal. As can be seen, the distribution of the time in 

service is, based on this plot, similar. Note that the distribution of the percentages is almost identical for 

both companies, which is remarkable since the data is coming from two different companies. 

Table 32 gives an overview of the descriptive statistics for the time in service. The table shows also that 

the means of both populations are slightly different. The difference is 0.19 year (33 days). On an average 

of three and a half year, this amount is negligible. The difference is highly likely caused by the planning 

of the TA/ small stops instead of that Company A inspects the PRVs a month later. The regulations 

imposed by the government are after all the same.  

 

Figure 36: Distribution of TIS 

 

Table 32: Descriptive statistics of TIS 

 

 

 

 

 

 Sample size Mean Std. Deviation 

Company A 13862 3.46 1.38 

Company B 12026 3.37 1.42 
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Equation 13.1 shows the formula with which the variation is determined (Field, 2005). 

𝜎2 =
1

𝑁
∑ (𝑥𝑖 − �̅�)2

𝑁

𝑖=1
 

(13.1) 

 Where 

N = number of data points in population 

�̅� = mean time of service of population 

𝑥 = value of individual data points within population 

Table 32 shows that the variation (squared std. deviation) of the time in service between Company A 

and Company B is near similar. Figure 37 shows this in a graphical way. Based on this plot can visually be 

concluded that the variation of the time in service is the similar. 

 

Figure 37: Variance of TIS of Company A and Company B 

 

13.4.2 Statistical similarity between the data of Company A and Company B 
Before deciding which statistical test is used for comparing the two parameters, the normality 

assumption is checked. Whether the data is distributed normally is an important line of demarcation in 

finding a suitable statistical test for comparing the similarity of parameters (Field, 2005). Table 33 shows 

the results of the test for normality. As expected the values are highly significant, implying the null-

hypothesis that the time in service is normally distributed is rejected. This is also in accordance with 

figure 37 since the well-known bell shape is missing. 

Table 33: Results of the test for normality 

Kolmogorov-Smirnov test 
for normality 

Significance value for 
TIS 

Company A 0.000 
Company B 0.000 
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Since the test for normality is non-significant, non-parametric test has to be used for comparing the 

mean and variance. Non-parametric test rely on the principle of ranking the data, that is, finding the 

lowest score and giving it a rank of 1, then finding the next highest and giving this a rank of 2. The result 

of this process is that high scores are represented by large ranks and low scores refer to small ranks. 

Subsequently, the analysis is carried out on the “new ranking data” instead of the actual data (Field, 

2005) 

Table 34 shows which test are performed for non-normal data. Each test is discussed briefly in appendix 

G2.  

Table 34: Tests for non-parametrical data 

 Non-normal data 

Comparing mean Mann-Whitney test 
Comparing variance Levene’s test 

 

 

13.4.2.1 Mann-Whitney’s test for the time in service 

Figure 38 shows the distribution of the TIS for Company A and Company B. Conducting the M-W test (in 

SPSS) gives a significance level of 0.024 (table 35). In general confidence interval of 95% is accepted 

within statistics. This implies that the populations can be interpreted as different since the p-value is 

smaller than the critical value (0.05 > 0.024), implying that the null-hypothesis is rejected. The p-value is 

used in statistics to quantify the statistical significance level in the context of testing the null hypothesis 

(Field, 2005). This is in contrast with the visual plots.  

The confidence interval is increased to 99%, implying that there is no statistical difference between the 

two populations since the p-value is smaller than the critical value (0.01 < 0.024). The sample sizes are 

not exactly equal. Moreover, some outliers may be present that influence the result of the M-W test. 

Increasing the confidence level is justified since the sample sizes are not equal and outliers may be 

present that influence the outcome of the test.  

 

Figure 38: Frequency of TIS of Company A (0) and Company B (1) 
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Table 35: Result of Mann-Whitney's U test 

Statistical test Significance level 

M-W test 0.024 

 

13.4.2.2 Levene’s test for the time in service 

Conducting Levene’s test (in SPSS) yields the following results (table 36). According to the test the 

variances of both populations differ. Reflecting this back to the plot in section 13.4.1, the plot shows 

that after about 2000 days (5.3 year) the variances start to differ. Performing the same test for the 

equality of variances for times in service smaller than 5.3 years (1935 days), the test indicates that the 

variances are similar (table 37), meaning that the values above 5.3 years, which equals 4% of the dataset 

cause the difference in variation. 

Table 36: Test result Levene's test 

Levene’s test 

 F Sig. t df Sig. 

Equal variances assumed 67.038 .000 5.496 25886 .000 
Equal variances not assumed   5.484 25135.957 .000 

 

 

Table 37: Test result Leven's test (for TIS values lower than 5.3 year) 

Levene’s test for time in service values smaller than 5.3 year 

 F Sig. t df Sig. 

Equal variances assumed 101.447 .000 2.361 24766 .018 
Equal variances not assumed   2.353 24047.045 .019 

 

13.5 Chapter summary 
This chapter explored whether the data set of Company A is similar to the data set of Company B. Table 

38 gives an overview of the results. Only the variance of the time in service between Company A and 

Company B is different. However, selecting the points lower than 5.3 years in service the difference is 

not significant anymore, meaning that only 4% of the data points are the cause of this significant result. 

Since the majority of the test indicate that the data is similar, the data of Company A and Company B is 

pooled. Thus, from now on the data sets are not discussed separately anymore. 
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Table 38: Overview results for pooling the data 

Criterion    Similar Dissimilar 

Theoretical motivation      
Environmental 
circumstances (test I) 

     

Number  of failures per 
year (test II) 

     

Nature of data (test III) Time in service Visual plots Distribution   
   Variance   

  Statistical test M-W test   
   Levene’s tets   

 Rp ratio Visual plots Distribution   
   Variance   

  Statistical test M-W test   
   Levene’s test   

 

Note that no attention is paid to the similarity of the different plants of Company B and Company A. As 

can be seen in figure 39, the data set of Company A and Company B consist of several plants. This 

analysis is not performed for each plant in order to examine whether the data among each plant can be 

pooled. The goal of this project is to use a high level view, which makes the results generalizable for the 

whole site instead of finding plant specific intervals. 

 

Figure 39: Sub-divisions of companies are part of Company A and Company B 

The content of this figure can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties.  
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14 Analysis of the parameter sticking 

The previous chapter has finalized the data, implying that the data set can be analyzed in terms of the 

described parameters; material type, sticking, and medium type (figure 40).  These parameters have 

according to literature and practitioners a significant effect on the condition of the PRV. Formally the Rp 

ratio can be expressed as follows: 

𝑇𝑃

𝑆𝑃
= 𝑓(𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑦𝑝𝑒, 𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔, 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒) 

 

(14.1) 

 

 

Figure 40: Overview of content of following three chapters 

This chapter explores whether the failures of PRVs are due to sticking. Sticking is a state in which the 

medium fills the pores of the two surfaces (seat and disc) so that the medium holds the two surfaces 

together (Bukowski et al, 2011), which increases the TP and accordingly the Rp ratio. 

14.1 Parameters that are related to sticking  

From chapter 11 followed that the contact area could not be determined. Therefore, the parameter is 

replaced by the disc diameter such that the size of the PRV is considered. Formula 14.2 displays the 

“new” parameters that are related to sticking and are explored in this chapter. The TIS is considered as 

constant in this chapter. Chapter 17 elaborates on this. 

 

𝑓𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔(𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒, 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒) 

 

(14.2) 

14.2 The way of reporting failure due to sticking 
When a PRV fails due to sticking, medium can be found between the seat and the disc. Even when the 

seat and nozzle have a tight connection, the medium can penetrate this space (Bukowski et al, 2011). 

However, the amount that can penetrate the space between seat and disc is limited. This limited 

amount of medium gives problems to indicate sticking as cause of failure for a failed proof test. 

Moreover, the medium that is present between seat and disc can be blown away by the test medium 

PRV's 
failure 

Sticking 

Chapter 14 

Cold 
welding 

Material 
type 

Chapter 15 

Medium 
type 

Chapter 16 
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when the PRV pops open.  

Despite it is hard to address to cause of failure to sticking, occasionally there are clear symptoms of 

sticking. For instance, when medium M24is the medium that is protected by the PRV. This medium type 

is known for sticking among practitioners. When a PRV opens, either slightly, medium type M24 will 

solidify at the outside of the PRV. In such a case it is much easier to address the cause of failure to 

sticking. This is indicated in the revision report of Company C with “kleven/ kleeft” (Dutch for sticking). 

In general, practitioners indicate that medium type M24 and medium type M27 are two medium types 

that solidify and should therefore fail the pretest more often than other media. 

In addition, the PRVs have to be handed over to Company C in a cleaned state, meaning that much of 

the symptoms that indicate failure can be blown away of cleaning the PRV with a pressure washer.  

 14.3 Analysis of sticking 

Since the data set contains over the 500 medium types, the failures are used as starting point for the 

analysis. Figure 41 shows a roadmap of the steps that are taken in order to make statements about 

sticking.  

Initially, the idea was to analyze the average pretest ratio and the percentage that fails per fluid. 

However, this method does not take into account that sticking occurs is a specific area. Imagine that 

when only one PRV from a group of similar medium types has a low SP and a small disc diameter, then in 

percentage terms this failure (assuming due to sticking) is not noted. The same applies for the average 

Rp ratio. The higher Rp ratio will not be noted when the other perform the pretest perfect. This shows 

that the SP and disc diameter have to be considered. Therefore, the following road map is presented: 

      Select failures (Rp ratio > 1,3)  

  

 

  

    Select Liquid media 

  

 

  

    Select Rp ratios in interval [1,1.3) of each medium type that has at least one failure 

  

 

  

    Plot the SP vs. disc diameter for all PRVs within a particular medium type 

  

 

  

    Observe whether the plot shows characterizations of sticking 

      Figure 41: Overview of approach for analyzing sticking  

14.3.1 Selection of liquid of the failed PRVs 

The first step in figure 41 is to select the failures and delete all gasses because these working fluids 

cannot cause sticking (Hellemans, 2009), table 39 depicts which medium types will be analyzed.  
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Table 39: Medium types that are considered irw. sticking 

PRVs with the following medium types failed the pretest 

M1 M12 M22 

M2 M13 M24 

M3 M14 M25 

M4 M14 M30 

M6 M16 M32 

M7 M17 M33 

M8 M20 
 M10 M21 
 

14.3.2 Select all pretest values from each failed liquid  

The following step is to look up each medium type into the data set of the whole population and select 

all medium types that are similar to the ones mentioned in the table. It appeared that six of the medium 

types mentioned above were not suitable to analyze (table 40) since theses medium types contain at 

most three data points. Therefore, these are excluded. 

Table 40: Medium types that are containing to less data points 

Medium types containing less than four data points 

M3 M8 

M4 M17 

M7 M33 

Note that M14 and M15 are combined to increase the sample size. This is a typo. Therefore, combining 

these “different” medium types is justified. 

14.3.3 Plot the SP vs. disc diameter for all PRVs within a particular medium type 

Formula 14.2 shows that sticking depends on four variables: Rp ratio, SP, disc diameter, and medium 

type. It is impossible to plot all four variables into one figure. Therefore, a plot is made for each medium 

type that has failed. Considering all medium types encompasses making more than 500 plots. The 

medium types of which none of the PRVs has failed (Rp ratio > 1.3) are not included in this analysis. 

Moreover, the medium types are not recoded, meaning combining, for instance, water and H2O 

because not only is recoding time consuming but in the end this problem solves it selves because if 

water sticks than H2O should stick also. 

To avoid a three dimensional figure, the Rp ratio are categorized in the four groups that were proposed 

in chapter 8.  

The hypothesis states that sticking occurs only for PRVs that have low SPs and disc diameters. Figure 23 

(chapter 10) shows how the plot should look like when sticking is present among the medium. However, 

as mentioned before, no clear limits are present for sticking. Moreover, these limits are different for 

each medium.  

14.3.4 Characterization of sticking 

A plot is made for each of the medium types that are mentioned in table 39 (excluding table 40). At first 
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glance none of the plots (plots are enclosed in appendix H note that fluid names that end on “*” have 

scaled axis in order to focus on the critical region) show a similar figure as depicted above in figure 23. 

Only the medium types M17 and M18 show a more less similar pattern of sticking. A detailed 

explanation can be found in appendix H2. Table 41 shows an overview of the conclusion. 

 

Table 41: Overview of result of sticking 

Fluid name Presence of sticking 
from observing plots 

Result after consulting 
expert 

 No Debatable Yes No Yes 

M1 X   X  
M2 X   X  
M6 X   X  
M10 X   X  
M12 X   X  
M13 X   X  
M14 X   X  
M16 X   X  
M20 X   X  
M21  X  X  
M22   X X  
M24   X X  
M25 X   X  
M30  X  X  
M32  X  X  

 

14.4 Dependency among other second level factors 

The previous section showed that none of the medium types showed a failure pattern that could 

indicate sticking. It might be the case that the results are be biased by other factors and therefore show 

a deviating pattern. However, looking at the plots in appendix H there can be seen that the failures are 

not located in the left-top part of the graph. Moreover, the medium type water, for instance, has many 

passed pretest that are located above the failed pretest in the graph. In case sticking would be 

influenced by other factors, more failures are expected in the region of higher DD (keeping SP constant).   

The influence of other factors can be disregarded since the PRVs that were located in the region, in the 

graph, where a failure was expected did not fail the pretest. Moreover, if sticking occurs, this is expect 

for all PRVs. Since this is not the case, the influence of other factors can be neglected 

14.5 Chapter summary 

In this chapter the data has been analyzed in terms of sticking. The plots that are made in combination 

with expert knowledge show that none of the medium types show evidence that could indicate sticking.  

The conclusion that can be drawn is that the medium probably will not penetrate between disc and seat 

when the PRV is not activated in operation. However, taking into account whether the PRV opens is not 

possible because this is not registered, meaning the new hypothesis/ conclusion cannot be further 

investigated. 
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15. Analysis of the parameter cold welding 

This chapter explored the influence of cold welding on the Rp ratio. Cold welding is a phenomenon in 

which the material types of the disc and seat join without the use of heat. This process occurs only for 

stainless (SS) parts. 

15.1 Parameters that are related to cold welding  

Chapter 10 states that cold welding depends on 6 parameters (equation 10.2). Replacing the contact 

area by disc diameter is for cold welding discouraged. Essentially, the pressure per squared millimeter 

has to be analyzed. After excluding the contact area, equation 15.1 shows the parameters that are left. 

Note, that the disc/seat material type is used as categorical variable (SS and non-SS). 

𝑓𝑐𝑜𝑙𝑑 𝑤𝑒𝑙𝑑𝑖𝑛𝑔 (
𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑦𝑝𝑒 𝑑𝑖𝑠𝑐, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑦𝑝𝑒 𝑠𝑒𝑎𝑡,

𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒
) 

(15.1) 

 

Bukowski et al. (2013) stated that cold welding only occurs among SS materials. However, before 

exploring cold welding, the difference between non-SS and SS is examined. This is an intermediate step 

since cold welding occurs only for SS materials. In case cold welding occurs, one should expect that PRVs 

equipped with SS materials have a higher Rp ratio than PRVs equipped with non-SS materials.  

Note, that in this chapter the TIS is considered as constant, like sticking. Chapter 17 explores the 

influence of the TIS. 

 

15.2 Expanding the data set with regard to the material types of seat and disc 

Table 42 shows the number of PRVs that contain information about the seat and disc in the data set. It 

appeared that only 5% of the PRVs have information about the material types of disc and seat, which is 

remarkable low. 

Table 42: Number of data points available of material types 

Total data points 4673 

Data points with material description of seat/ 

disc 

241 

 SS 226 

 Metal/ non-SS 13 

 Non-metal 2 

 

In contrast, the vast majority of the data points contains information about the body material, which 

was a non-SS material. By submitting this information to an expert in the field of mechanical 

engineering, he mentioned that the body material could be related to the material of the seat and disc 

because of galvanic corrosion.  

Galvanic corrosion is a special type of corrosion induced when two dissimilar materials have a different 
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electrode potential. When two metals that have a different electrode potential come into contact, one 

of the metals becomes the anode while the other becomes the anode. This implies that the anode 

corrodes faster than it would do normally while the cathode corrodes slower than it would do on its 

own (Corrosion doctors).  

When a SS comes into contact with a non-SS an electro potential difference exist, implying that the non-

SS (anode) corrodes. Because of galvanic corrosion, one would expect that the body material of the PRV 

is related to the inside material. To test this hypothesis, a service manual is used of the brand Sempell, 

type VSR 1, open bonnet (Appendix I). The parts body, seat zone, disc, and disc seal are of interest 

(numbers 2, 3, 4, and 4.1 respectively). According to the hypothesis, the body material should be of 

similar type (SS/ non-SS) as the parts that are associated with the closure. For both types (columns 12 

and 13) the body material is non-SS (HII or X20CrMo171) while the disc seal is made of SS (DIN-No. 

1.7335), implying that the hypothesis is rejected that the body material is related to inner parts. Thus, 

the data set cannot be extended based on the material type of the body.  

15.3 Results of analysis of material type 

From the previous section follows that the data set cannot be extended with regard to the material type 

of the seat and disc. Initially, the material type of disc and seat were subtracted from the data set. 

However, after grouping the materials in the three main categories, it appeared that for all reports of 

PRVs that contained information about the material type, the material of the seat is equal to the 

material of the disc. Remark that this is in contrast to the type of PRV (Sempell, type VSR 1) that is 

discussed in the previous section.  

15.3.1 Visual analysis 

Table 43 shows some descriptive statistics about the three groups. As can be observed, the group of 

non-metals can be disregarded since this group has only 2 data points (Field, 2005). Furthermore, non-

SS has no failures, which should indicate that this group has performs better in the pretest than the SS 

group. However, the sample sizes are different, which makes it hard to make any conclusion that are 

only bases on this table. 

Table 43: Descriptive statistics of the condition of the PRV wrt. material type 

Material type Metal Non-metal  

 Non-SS SS  

Mean 1,026 1,044 1,109 

Sample Variance 0,000871 0,010635 0,007051 

data points 13 225 2 

    

Interval Rp ratio 1-1,1 10 205 1 

Interval Rp ratio 1,1-1,3 1 16 1 

Interval Rp ratio 1,3-1,5 0 0 0 

Rp ratio 1,5 and higher 0 4 0 
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Furthermore, the differences of table 43 might be explained by the properties of the PRV. Therefore, the 

disc diameter and the SP are plotted (figure 42 and 43).  

 

 

Figure 42: Set pressure vs. disc diameter of non-SS materials 

 

Figure 43: Set pressure vs. disc diameter of SS materials 

The properties of the PRV do not offer a plausible solution for the fact that the non-SS materials have no 

failures. The distribution of the data points of the non-SS materials looks, in general, similar to the 

distribution of the SS materials, implying that the properties of the PRV cannot explain why non-SS 

materials have no PRVs that failed the pretest. Therefore, in the following section is explored by the use 

of a statistical method whether it is possible to distinguish two categories of PRVs based on the material 

type. 

15.3.2 Statistical analysis 

To increase the strength of the visual conclusion, a statistical program is used to compare whether the 

distribution of the PRVs among the groups non-SS and SS is equal. Proportions of contingency tables can 

be tested by the use of the Chi-square distribution. Contingency tables represent the cross-classification 

of two or more categorical variables. The number of observations per category is noted in each cell in 

the table (Field, 2005). The Chi-square test counts for every observation how many data points are 

expected and how many are present. By comparing these two values with each other per cell, the 
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program is able to show whether the two groups are statistically different from each other. However, 

because table 43 contains several “0” values, no statistical test can be used. Each test assumes at least 

an expected frequency of 1 (Field, 2005). Therefore, another method will be used that invigorates the 

visual results.  

In order to compare the proportions use is made of clustering methods. Clustering is a procedure in 

which objects are grouped such that objects in the same group are more similar to each other than to 

object that are part of another cluster. Appendix J discusses several variants of clustering methods. Two 

of them are used in this chapter: Euclidean distance and K-means. The theory is also discussed in 

appendix J. 

 

Table 44 and 45 show the results of the hierarchical clustering. Since the group non-SS contains no 

failures, it is hard to compare the interval widths. Therefore, clusters 1 from group SS will again be 

clustered by the use of the Euclidean distance and k means in order to compare the intervals in the 

same width. The bottom part of table 44 and 45 shows the results. As can be seen, the widths of the 

intervals are different. Especially for cluster 3 where no overlap is between the intervals. 

Table 44: Results of the Euclidean clustering method 

  Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Non-SS Rp ratio [1-1,02) Rp ratio [1,03-1,04) Rp ratio [1,05-1,06) Rp ratio [1,06-1,15) 

SS Rp ratio [1-1,17) Rp ratio [1,2-1,29) Rp ratio [1,75-1,76) Rp ratio [2-2,1) 

     Rp ratio 
[1-1.17) 
of SS Rp ratio [1-1,06) Rp ratio [1,06-1,11) Rp ratio [1,11-1,13) Rp ratio [1,13-1,17) 
 

Table 45: Results of the K-means clustering method 

  Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Non-SS Rp ratio [1-1,02) Rp ratio [1,02-1,06) Rp ratio [1,06-1,114) Rp ratio [1,114-1.15) 

SS Rp ratio [1-1.1) Rp ratio [1.1-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

     Rp ratio 
[1-1.17) 
of SS Rp ratio [1-1,03) Rp ratio [1,03-1,06) Rp ratio [1,07-1,1) Rp ratio [1,11-1,17) 

 

15.3.3 Section conclusion 

It is hard to make any conclusions since non-SS has no failures and SS has failures but has a larger 

sample size. Reducing the sample size by taking a sample of the SS data equal to the size of the non-SS 

can offer a solution. However, this digresses from the essence of this project. Therefore, the question 

whether a significant difference is present between SS and non-SS keeps unanswered. 
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15.4 Results with regard to Bukowski et al. (2013)  

The previous section analyzed the difference between PRVs equipped with SS and non-SS parts. This 

section tries to show whether cold welding is present by using the research results of Bukowski (2013). 

They examined whether there is a difference present between non-SS and SS seated PRVs in terms of 

initial failure, caused by cold welding. The findings of this research were that SS seated PRVs with a disc 

diameter lower than 25.4 mm (1”) and SP lower than 10.34 bar (150 PSI) can fail due to cold welding. 

This was in line with their hypothesis that the smaller the diameter of the PRV, the larger the pressure 

needed to overcome the resistance of the adhesion (cold welding). Bukowski et al (2013) their research 

is primarily based on a second pretest value. In case the second TP was lower than the first TP, this could 

indicate cold welding. However, Company C does not perform a second pretest for Company A and 

Company B. Another point that has to be mentioned is that Bukowski et al. (2013) used new valves for 

this research. In this way many factors could be excluded, such as the influence of medium type, 

temperature. 

The only option that is left to analyze this parameter is by using the results of Bukowski et al. (2013) and 

exploring whether this data sets shows a similar pattern. Similar results may indicate that the failure is 

due to cold welding.  

Cold welding can only occur when the PRV is equipped with a SS seat and disc (Bukowski et al, 2013)). 

Therefore, only the group SS (table 42) is analyzed. Table 46 shows some descriptive statistics of the 

four groups.  

As can be seen in the table 57, the average Rp ratio (mean) does no differ that much among the groups. 

However, the left part has a slightly higher mean than the right part. This might indicate that the SP is 

more decisive for failure to cold welding than the disc diameter. 

Moreover, looking at the proportions per interval, it is remarkable that quadrant II has only “perfect 

scores” for the pretest. Also for the proportions applies that the right part, SP higher than 10,34 bar, has 

better test results than the left part. 

On the occasion of these observations three comparisons are interesting to analyze:  

1) quadrant II with III,  

2) quadrant III with I, II, IV  

3) quadrant I and III with II and IV (thus disregarding the disc diameter). 
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Table 46: Descriptive statistics for cold welding 

  

 Quadrant I   10,34 bar (150 PSI) Quadrant II 
 

 

  Mean 1,072 Mean 1,016 
 

 

  Sample Variance 0,030 Sample Variance 0,000 
 

 

  Count 34 Count 21 
 

 

  
 

  
 

  
 

 

  Interval (1:1,1] 28 Interval (1:1,1] 21 
 Disc diameter Interval (1,1:1,3] 5 Interval (1,1:1,3] 0 
 

 

  Interval (1,3:1,5] 0 Interval (1,3:1,5] 0 
 

 

25,4 mm 
(1") Interval (1,5:∞) 1 Interval (1,5:∞) 0 

25,4 mm 
(1") 

 
  Mean 1,053 Mean 1,026 

 

 

  Sample Variance 0,012 Sample Variance 0,001 
 

 

  Count 104 Count 66 
 

 

  
 

  
 

  
 

 

  Interval (1:1,1] 92 Interval (1:1,1] 65 
 

 

  Interval (1,1:1,3] 10 Interval (1,1:1,3] 1 
 

 

  Interval (1,3:1,5] 0 Interval (1,3:1,5] 0 
 

 

  Interval (1,5:∞) 2 Interval (1,5:∞) 0 
 

 

0 Quadrant III   10,34 bar (150 PSI) Quadrant IV 
 

  

Set pressure 
  

15.4.1 Comparison between quadrant II and III 

The first comparison is between Quadrant II and III. This relation should according to Bukowski et al. 

(2013) give a significant difference. However, looking at table 46 many zero values are present. In order 

to use contingency tables a minimal expected frequency of 1 is imperative (Field, 2005). Quadrant II has 

three zero counts in it, which makes it impossible to conduct a statistical test based on only the 

proportions.  

 

The statistical analysis is only performed on the PRVs belonging to the interval [1-1,1) because otherwise 

two different criteria’s are compared. After clustering the PRVs a pattern has to be visible in which the 

first width of cluster 1 of quadrant III has to be smaller than quadrant II because visually can be seen 

that quadrant II performs the pretest better than quadrant III. Table 47 shows the output of the 

clustering. As can be seen, two clusters are used because the less clusters, the better the differences are 

visible. Appendix K shows the same procedure for three clusters. The output shows indeed what was 

expected, namely that the first interval of quadrant II is wider than quadrant III. Therefore, can be 

concluded that there is a difference present between the failure pattern of quadrant II and quadrant III. 

  

Table 47: Results of clustering methods for quadrant II and III 

  Rp ratio [1-1,1) Rp ratio [1,1-1,3) Rp ratio [1,3-1,5) Rp ratio (1,5:∞) 
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Quadrant II 21 0 0 0 

Quadrant III 92 10 0 2 
 

Eucledian 
distance  Cluster 1  Cluster 2 

Quadrant II Rp ratio [1-1,067) Rp ratio [1,067-1,1) 

Quadrant III Rp ratio [1-1,05) Rp ratio [1,05-1,1) 
 

K-means  Cluster 1 Cluster 2  

Quadrant II Rp ratio [1-1,035) Rp ratio [1,036-1,1) 

Quadrant III Rp ratio [1-1,029) Rp ratio [1,030-1,1) 
 

15.4.2 Comparison between quadrant III and I, II, IV 

The second comparison that is examined is quadrant III with I, II, IV. Table 48 shows the proportions of 

each group. Based on these numbers, visually can be argued that there is a difference present. Quadrant 

three has the fewest data point but the highest failures. For comparing the proportions, the interval 

[1.3-1.5) are left out because both groups have a zero value in this interval. 

 

Table 48: Proportions per Rp ratio interval per group 

 

 

 

In order to compare the distribution of the proportions of PRVs among the clusters a Chi-square test is 

conducted. This statistical test compares whether the frequency of the PRVs belonging to a quadrant is 

as expected by comparing this frequency with the expected frequency. By determining the Chi-square 

test statistic (sum of standard deviations), this value can be compared with the actual Chi-square value. 

Based on these two values can be concluded whether the difference is significant. For using the Chi-

square for contingency tables, two assumptions have to be satisfied (Field,2005): 

1) independency of data 

2) the expected frequency of the cell has to be greater than five, otherwise the approximation of the 

Chi-square is not accurate enough 

In 33% of the cases the expected frequency is lower than 5, which indicated that the (Pearson) Chi-

square is not valid. However, the Fisher’s exact test, which is also based on the Chi-square distribution, 

is especially designed to deal with values lower than five but also for this test a minimal expected 

frequency of 1 is required. This test indicate that there is no difference between the groups (Chi square 

value = 2.412, p-value 0.306). The outcome of the test is different than expected. By looking at the 

proportions, one would say that quadrant III has a higher proportion of failure. Despite that, is 

  Rp ratio [1-1,1) Rp ratio [1,1-1,3) Rp ratio [1,3-1,5) Rp ratio (1,5:∞) 

Quadrant I, II, IV 114 6 0 1 

Quadrant III 92 10 0 2 
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concluded that there is no statistical difference between quadrant III and the other three. 

 

15.4.3 Comparison between quadrant I and III 

The third comparison is related to the SP. SPs lower than 10.34 bar are compared with PRVs with SPs 

higher than 10.34 bar. The disc diameter is neglected in this comparison. Table 49 shows the 

proportions of PRVs that belong to each interval. Again, the interval [1.3-1.5) can be disregarded since 

both groups have a zero value. After deleting this interval, still, one zero value is present in the table. 

This is solved by only looking at the first two intervals ([1-1.1), and [1.1-1.3)). If appears that there is a 

difference between the groups than this number/ interval can increase the strength of the test. 

The (Pearson) Chi-square test yielded a significant difference between the two group (Chi-square value= 

7.850, p-value 0.006). If the last interval ((1,5:∞)) could be included, possible the result would indicate 

that the test value would be higher, indicating a lower p-value since this enhances the contrast. Thus, 

the SP is related to the number of failures. This relation has not been explored in further detail since 

these results follow only from the threshold provided by Bukowski et al. (2013). Nevertheless, it can be 

interesting to investigate this relation.   

 

Table 49: Proportions of PRVs per Rp ratio interval 

  Rp ratio [1-1,1) Rp ratio [1,1-1,3) Rp ratio [1,3-1,5) Rp ratio (1,5:∞) 

Quadrant II, IV 86 1 0 0 

Quadrant I, III 120 15 0 3 
 

15.5 Dependency among other second level factors 

Three factors are analyzed in this project (equation 14.4), from which this chapter discusses one. 

Moreover, as Bukowski et al.(2013) stated, the occurrence of cold welding is dependent of the SP and 

disc diameter. In the analysis performed above the other factors are considered as constant. In order to 

show that the failure is caused ambiguously by one factor, the influence of others have to be excluded. 

Sticking appeared to have no decisive effect on the failures. The factor that is left is medium type.  

In general, PRVs that protect corrosive medium type are expected to be equipped with SS materials, 

implying that failure due to corrosion can be eliminated. However, polymerizing medium types cannot 

be eliminated since polymerizing is independent of the material type. The influence of polymerization or 

contamination is, like rust dependent of the SP and disc diameter (table 16). Therefore, the SP and the 

disc diameter are checked. Figure 44 depicts a plot of the SP versus the DD for PRVs equipped with SS 

seat and disc. As can be seen, most failures are located in the critical region. Table 50 shows the medium 

types that belong to PRVs with an Rp ratio higher than 1.1 (orange and yellow dots in figure 44). Note, 

that these plots and tables are made to check whether the failure can be addressed to the medium type. 

Table 50 shows that most of the failures can be addressed to utilities. Utilities foster the formation of 

corrosion. However, these PRVs are equipped with SS parts, implying that the failure due to corrosion is 

small. Moreover, the other medium types that are mentioned in table 50 are clean. Therefore, can be 

concluded that the influence of medium type on the failures that are considered in this chapter are 

minimal.  
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Figure 44: Set pressure and disc diameter of SS disc and seat 

 

Table 50: Medium types belonging to Rp ratios higher than 1.1 

Medium type Rp ratio  Legend  

M21 1,10   Utilities 

M28 1,10   Medium types cannot cause failure 

M28 1,11   Clean medium types 

M19 1,12    

M31 1,13    

M21 1,15    

M21 1,17    

M18 1,21    

M11 1,23    

M26 1,26    

M23 1,29    

M32 1,74    

M28 1,76    

 

 

15.6 Chapter summary 
This chapter has analyzed the data in terms of the factor cold welding. Since the comparison of material 

types (SS and non-SS) is an intermediate step with regard to the data preparation, this relation is also 

examined. The results indicated that there was too less data present to make conclusion about the 

influence of the material type of the seat and disc. 

Moreover, the presence of cold welding is explored based on the research findings from Bukowski et al. 

(2013). Severa; critical variables were missing the data set, such as 2nd pretest value and the contact 

area. Table 46 shows the limits that were found in the article by Bukowski et al. (2013). The following 

conclusions were made (quadrants refer to table 46). 

- Quadrant II and III are different 
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- Quadrant III and quadrant I, II, and IV do not differ 

- Quadrant I and III and quadrant II and IV differ 

From the result can be concluded that a difference is present between quadrant II and III. However, by 

taking the two other overlapping quadrant I and IV into account this results fades, implying that there is 

no clear indication of cold welding. However, another relation is found, namely that the SP has an 

influence on the failure pattern of the PRV. This influence is not been explored in further detail since 

these details were only related to Bukowski’s et al (2013) research results, meaning that no hypothesis 

underlies this finding. Though it can be interesting for future research. 
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16. Analysis of the parameter medium type 

This chapter analyses whether the failures are medium specific. The medium types are classified into 

three clusters, based on three sources: literature, expert knowledge, and failure analysis. Subsequently, 

the clusters are analyzed in order to show whether the failure pattern (Rp ratios) among the clusters is 

different.  

16.1 Parameters that are related to medium type 

Chapter 10 discussed why the title of this chapter is “medium types” since this is not a failure mode. 

Moreover, equation 10.5 showed which parameters are related with the factor medium type. However, 

since the contact area cannot be determined, equation 10.5 is adapted to equation 16.1 

𝑓𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒(𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒, 𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒) 

 

(16.1) 

16.2 The way of reporting the medium types 
For each PRV it is mentioned to which medium the PRV is exposed to.  

16.3 Analysis of the parameter medium type 

The previous section described that is chosen to cluster the medium types in pre-defined clusters. This 

section describes the formation of these clusters. 

In order to define clusters use in made of three different sources (figure 45). 

 

Figure 45: Overview of sources used for the definition of pre-defined clusters 

Table 51 shows which clusters are defined. The derivation of the clusters is described in appendix L. The 

labels that are attached to each clustered are copied from API 581 and refer to the expected failure rate.  
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Expert opinion 

Failure analysis 
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Table 51: Description of pre-defined clusters 

Cluster Description 

Low failure rate 
Clean gasses in which no aqueous phase may be present are part of this 

category. Gasses have to contain low concentrations of sulphur and chlorides 

 

Moderate failure 

rate 

 

Medium types that are lightly corrosive and have a small probability to 

polymerize can be classified as moderate, as well as medium types that 

contain some concentrations of sulphur or chloride. A dissolution of water may 

be present but in minor degree.  

 

High failure rate 

 

Polymerizing and solidifying media fall in this category, as well as media that 

are corrosive and have high concentrations of sulphur and chlorides. Also 

medium types that belong to the "utilities*" (excluding nitrogen) are included 

in this category. 

 * Medium types that are part of the utilities are air, water, and vapor 

 

16.4 Analysis of the parameter medium type 

In the previous section three clusters are established in order to classify the medium types. Several 

experts in the field of technology are asked to fill in the table of medium types that belong to their field.  

Appendix M shows the classification.  

16.4.1 Interpretation of the results 

The aim of the classification was to see whether there is a difference presents in the numbers of PRVs 

that failed per cluster. Intuitively, one would expect that the cluster “low failure rate” has fewer failures 

than category “high failure rate”. In order the check this hypothesis the number of failures (Rp ratio > 

1.3) and the percentage of failures per cluster are determined. Table 52 shows the result. Four points 

can be remarked: 

1) The cluster “low failure rate” has 16 failures. This category includes PRVs that operate in clean gasses, 

which cannot affect the condition of the PRV. It can be the case that these PRVs fail due to mechanical 

failure. Whether the failures will be attributable to mechanical failure will be discussed in the following 

sub-section. 

2) The cluster low and moderate failure rate are near similar.  

3) The cluster “high failure rate” has a slightly lower percentage of PRVs that are located in the interval 

[1-1.1), which is as expected since the “aggressive” media are located in this cluster and from these 

medium types is expected that the number of failures is higher. 

4) The Rp ratio interval [1.3-1.5) contains only a few PRVs, implying that a PRV either fails or functions. 

As verification, whether the decision to include the utilities in the cluster “high failure rate” is correct, as 

mentioned in appendix L, this cluster is split in “utilities” and “high failure rate without utilities”. Table 

52 and 53 show the results. On the occasion of the results one can argue to split the utilities in a fourth 
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cluster since this group outperforms the category “high failure rate”. Another option is pool the data of 

the three categories together and keep the utility group separated since this group has about 2% less 

PRVs that are located in the interval from 1 to 1.1. The next section analysis the data by the use of a 

statistical program. Note that appendix N shows the medium types that are part of the utility group. 
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Table 52: Descriptive statistics of the three pre-defined clusters 

Low failure 
rate           

 
Total Rp ratio [1-1.1) Rp ratio [1.1-1.3) Rp ratio [1.3-1.5) Rp ratio [1.5-∞) 

 
1379 1292 67 4 16 

 
(100%) 93,7% 4,9% 0,3% 1.2% 

 
  

    Moderate 
failure rate           

 
Total Rp ratio [1-1.1) Rp ratio [1.1-1.3) Rp ratio [1.3-1.5) Rp ratio [1.5-∞) 

 
1353 1271 62 4 16 

 
(100%)  93,9% 4,6% 0,3% 1,2% 

 
  

    High failure 
rate           

 
Total Rp ratio [1-1.1) Rp ratio [1.1-1.3) Rp ratio [1.3-1.5) Rp ratio [1.5-∞) 

 
1796 1635 110 12 39 

 
 (100%) 91,0% 6,3% 0,8% 2,2% 

 

 

 

 

 

Table 53: Descriptive statistics of a sub-set of "high failure rate" cluster 

Utilities           

 
Total Rp ratio [1-1.1) Rp ratio [1.1-1.3) Rp ratio [1.3-1.5) Rp ratio [1.5-∞) 

 
1441 1304 91 12 34 

 
(100%)  90,5% 6,3% 0,8% 2,4% 
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High failure 
rate without 
utilities           

 
Total Rp ratio [1-1.1) Rp ratio [1.1-1.3) Rp ratio [1.3-1.5) Rp ratio [1.5-∞) 

 
355 331 19 0 5 

  (100%)  93,2% 5,4% 0% 1,4% 
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16.4.1.1 Analysis of failures in the category “low failure rate” 
In order to explore whether the cause of failure is due to mechanical failure, the failures in the cluster 

“low failure rate” are analyzed. Table 54 shows the medium types that are part of the group “low failure 

rate” and that had failed the pretest. It is remarkable that “M9” and “M28” have failed that many times 

because, as section 16.3.3.2.2 describes, these media are clean and are not likely to cause failure. 

 

Table 54: Number of failures per medium type belonging to cluster "low failure rate" 

Medium type Frequency 

M1 1 

M3 3 

M8 1 

M9 5 

M13 1 

M28 4 

M34 1 

 

The reason of failure is decisive to underpin the statement that these PRVs have failed the pretest 

because of mechanical failure. Unfortunately, only for two medium types the reason for failure is 

mentioned (table 55). Failure due to a corroded spindle can be related to mechanical failure. However, 

the second reason for failure is ambiguously. Though, this is interpreted as corrosion in the outlet of the 

PRV, meaning that this failure is not caused by the medium. 

 

Table 55: Cause of failure for medium types mentioned in table 54 (only two were present) 

Medium type Description of failure 

M9 Spindle was corroded 

M9 Internally rusted  

 

To conclude, the cluster “low failure rate” contains more failures than expected. However, the reason 

why the PRVs fail is missing, which makes it hard to make any conclusions.   

16.4.2 Statistical analysis 

Section 16.4 discussed the results based on only a visual interpretation. This section uses a statistical 

program in order to see whether there exists a statistical difference between the groups. The statistical 

package that is used to compare the proportions of each failure rate is SPSS. Like in the previous 

chapter, the Chi-square test is used to compare the proportions of contingency tables. The proportions 

that are compared are depicted in table 52 and 53. 

From the previous section followed that the utilities can be seen as a separate group. Therefore, the 

following relations are analyzed by the use of the Chi-square test. 
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1. Compare the similarity of the categories “Low”, “Moderate”, and “High” failure rate 

2. Compare the similarity of the categories “Low”, “Moderate”, and “High without utility”  

3. Compare the similarity of the categories “Low”, “Moderate”, and “Utility”  

 

Table 56 shows an overview of the results.  As can be seen, two different statistical test are used. In 

contrast to chapter 15 where the Pearson Chi-square is used, in this chapter the likelihood ratio is used 

because the computational power of the available computer came up short. Nevertheless, the Pearson 

Chi-square is near similar to the Pearson Chi-square and has the same assumptions (Field, 2005). 

For the second comparison in table 56, the Fisher’s exact test is used because the expected frequency 

was below 5.  

The result of this test support the visual interpretation, namely that the utilities can be seen as separate 

group. 

 

Table 56: Overview of Chi-square test 

Comparison Statistical test Test value Significance level 

Low-Moderate-High Likelihood ratio 15.087 0.022 
Low-Moderate-High 
without utilities 

Fisher’s exact test 1.281 0.979 

Low-Moderate-Utilities  Likelihood ratio 19.023 0.005 

 

16.4.3 Dependency among other factors 
In order to show the influence of a factor, the influence of other factors must be excluded, otherwise 

the results are not unambiguously.  

The high TP can be explained by the fact that the force needed to overcome the influence of medium 

type (corrosion/ polymerization) or cold welding is relatively higher than for PRVs that have a higher SP 

and disc diameter (DD). This implies that the influence of cold welding can explain the amount of failures 

in the category “low failure rate”. Despite the cluster low failure rate contains only medium that are 

clean and affect the condition of the PRV minimal, several failures were present in this group. In total 20 

failures were reported. 10 of them are located in the “critical region” (figure 46), implying that cold 

welding may be present and take on a part of the failures. However, it is hard to make any conclusion 

about this since only one of these failures has the material type mentioned in the data set. 
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Figure 46: Failures in cluster "low failure rate" in the "critical region" 

Figure 47 shows how the data points belonging to the category moderate failure are related with SP and 

the disc diameter. As can be seen in the figure, several failures are present that can be caused due to 

cold welding. However, since medium types that are lightly corrosive and polymerizing are categorized 

within this group, these failures can also be caused by the medium type itself. Moreover, for the failed 

PRVs no material description was given, implying that failure due cold welding cannot be excluded. 

 

 

Figure 47: Moderate failure rate depicted in terms of SP and DD 

 

Figure 58 shows a plot of the high failure rate. This plot is spilt in the high failure rate without utilities 

and the utility group (figure 49 and 50). For the utilities many failures are located in the region where 
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cold welding also appears but utilities exist mainly out of medium types that contain oxygen molecules, 

which stimulate corrosion and like cold welding corrosion affects the TP in the same region. Which of 

the two has the largest share is hard to say since it is highly likely that SS materials are used for corrosive 

media.  

For the high failure rate without utilities, the failures are distributed randomly over the plot (figure 52), 

implying that the influence of cold welding can be disregarded. 

 

Figure 48: High failure rate depicted in terms of SP and DD 

 

 

Figure 49: Utilities depicted in terms of SP and DD 
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Figure 50: High failure rate without utilities depicted in terms of SP and DD 

 

Note that from previous section appeared that dividing the population based on a SP of 10 bar provided 

a statistical difference. However, this relation cannot be find in these plots. Especially, this relation is 

expected to be visible in the figure 49 because utilities are known for their corrosion. Therefore, these 

PRVs have to be equipped with SS parts. However, the material type of disc and seat is only present in a 

small percentage, which makes it hard to make conclusions about this.  

 

16.5 Chapter summary 

This chapter described why for the analysis of medium type a slightly different approach is used and 

explained that pre-defined clusters were the most suitable for this factor. The results showed that the 

low and moderate failure rate show a near similar pattern. After splitting the high failure rate group into 

utilities a high failure rate without utilities it appeared that the utilities have the highest number of 

failures in percentage terms with regard to the other groups. The statistical tests support this 

conclusion. Therefore, the cluster high failure rate has to be split in utilities and non-utilities. 

A second point that has to be considered is the dependency among cold welding. It is difficult to address 

the failures ambiguously to medium type since the material types of the disc and seat are missing for all 

failures except one, meaning that a combination of medium type and cold welding cannot be excluded. 
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17. Analysis of the time in service  

Chien et al. (2009) used inter alia, the time in service (TIS) as variable to predict the Rp ratio. The TIS is 

the time between two consecutive revisions. As mentioned in previous chapters, when Company C 

revises the PRVs, the date of revision is mentioned. By subtracting the dates between two revisions, the 

TIS is obtained.  

The TIS can be a good indicator of the condition of the PRV. Bukowski and Goble (2009) showed that 

PRVs have an increasing probability of failure. In other words, the likelihood that a PRV fails becomes 

higher as the PRV is longer in service. For this reason the government imposes inspection moments. 

Intuitively, one could argue that increasing failure rate must be present since rust, which is a failure 

mode, “grows” under the influence of time. Thus, after some time rust can influence the PRV. The same 

applies for cold welding.  

This chapter explores the relation of the factors with TIS. In the previous chapters (13-16) the TIS is 

considered as being constant. This chapter explores the relation of TIS with cold welding and medium 

type 

17.1 Variation of time in service 

The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

17.2 Analysis of the time in service 

To get a good understanding of the aging condition the TIS has to be plotted versus the Rp ratio because 

this ratio shows the condition of the PRV. In case a POF is present the pattern of figure 56 is expected. 

When the PRV is revised, the PRV is tagged “as new”. As time passes, more PRVs start failing, meaning 

that more PRVs reach a higher TP, resulting in a higher Rp ratio. This figure shows a trend that is 

expected. However, it might be possible that this trend is visible beyond the inspection moments, 

meaning that the PRVs fails beyond their inspection interval. Moreover, the pattern may vary per 

medium. For instance, one medium causes to corrode carbon steel faster than another. 

 

 

Figure 51: Expected pattern of PRVs failing the pretest 

Note, that this figure does not take into account that the failure can happen anywhere in the TIS, that is, 

if a PRV is in service for 5 years, the failure is occurred between the interval of 4,5 and 5 years, although 

in reality it can be possible that the failure occurred at year 2. 
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17.3 Aging condition per year for total population of PRVs 

This section explores whether in general (over the whole population) an aging trend can be found. 

Figure 52 and 53 show the numbers of PRVs that passed (failed) the pretest. These figures give the 

impression that the failures are random. In case an aging trend would be present, the trend that started 

at year 3,5 should continue. To get a better impression, the percentages of failures is calculated per half 

year (figure 54). Thus, per half year the number of failed PRVs is divided by the number of passed PRVs. 

Based on these plots it is hard to make any statements about the aging condition because the plots 

include all PRVs. From previous chapters appeared that, for instance, chattering can cause a PRV to fail. 

This implies that the TIS smaller than, say two years can be disregarded because, now, a PRV that 

chatters is compared with a PRV that fails due to the influence of medium type. Moreover, it is not 

possible to exclude the PRVs that chatter because the cause of failure is mentioned occasionally. Thus, 

there can be concluded that the total population gives no clear insight in the deterioration of the PRV as 

function of the TIS. 

 

 

Figure 52: Number of failures per year (absolute) 

 

Figure 53: Figure 58 enlarged 



98 
 

 

Figure 54: Percentage of failures per year (relative) 

17.4 Aging condition for sticking 

Chapter 14 discussed that the data showed no signs of sticking. The following conclusion was made: 

sticking is probably related with whether the PRV has been activated during its time in service because 

when the PRV opens medium can form a film between seat and disc. Thus, sticking is dependent of the 

time of opening of the PRV instead of the TIS. Therefore, the TIS is not discussed in relation with sticking. 

17.5 Aging condition for medium type 

The previous section showed no clear evidence for the presence of an aging trend. This section explores 

whether an aging trend can be found by examining (1) the medium types of the PRV that failed the 

pretest and the failures belonging to the pre-defined clusters (2). 

17.5.1 Aging condition for failures 
Chien et al. (2000), for instance, argued that the TIS is a predictor for the Rp ratio of PRVs. In case the TIS 

has a significant effect on the deterioration of the PRV, one expects that the failures take place just 

before the maximum inspection interval. Assuming that an increasing POF is present, the likelihood that 

a PRV fails at the end of its life time is higher than that the PRV fails in the beginning of its life time. In 

order to see whether the data set supports this view for each medium type that belongs to a PRV that 

failed the pretest, a plot is made. Appendix O shows an overview of the plots.  

Note that for the failures of the medium types depicted in table 57 no plot could be made since no TIS 

was present. Probably this is the result of data points that are excluded in chapter 12 because the TIS 

was higher than 6 years 

 

 

 



99 
 

Table 57: Medium types without TIS 

Medium types without TIS 

M1 

M12 

M20 

M34 

 

Table 58 gives an overview of which of the failures show an aging pattern. Thus, which of the plots show 

evidence of an increasing Rp ratio in time (or POF). As can be seen in table 58, almost half of the PRVs 

exposed to the following medium types that failed the pretest show evidence of aging. This cannot be 

taken for granted since in several plots, such as H2O, the aging trend can start after four years, implying 

that the inspection is planned at the right time. However, this is uncertain since no information is 

available after six years. Moreover, some medium types have too less data points in order to make 

statements about the failure. From the medium types mentioned in table 58 only M22 and water show 

evidence to assume an aging trend. However, the medium M22 is (near) similar to M16 and M32 is 

(near) similar to M14 and both M16 and M14 show different patterns than their equalS. Thus, the 

medium types show no evidence of aging. 
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Table 58: Overview of PRVs exposed to the following that show an aging condition 

Medium type Evidence aging           Debatable No aging present 

M2 
 

X 

M34 
 

 

M5 
 

X 
M7 

 
X 

M9 
 

X 

M13                               X 
 M14                               X 
 M16                               X 
 M21 

 
X 

M22         X 
 M23 

 
X 

M24 
 

X 

M25 
 

X 

M28                             X 
 M29 

 
X 

M30                              X 
 M32         X 
 4This medium type has only three data points, which is too small in order to 

say something about the aging trend 

 

17.5.2 Aging condition for pre-defined clusters 

The cluster high failure rate, for instance, contains medium types that are corrosive and polymerizing. 

One would expect that these PRVs start showing higher Rp ratios much earlier than the cluster low 

failure rate. However, the inspection intervals might be too conservative, meaning that the failure rate 

starts to increase beyond the inspection interval, implying that no aging trend will be found.  

Appendix O2 shows similar plots, like in the previous section. Thus, one plot shows the number of failed 

(passed) PRVs per half year while the second plot shows the percentage of failures per half year. The 

plot “percentage of failures per year for low failure rate” shows after three years an increasing aging 

trend.  Only year 4,5 and 6 are an exception on this. However, one can also argue that the POF is more 

less constant since the plot “numbers of failures per year for the low failure rate” shows that only a few 

PRVs are revised after 6.5 years, implying that the percentage can be high when only one failure is 

detected. In case that year 6.5 is disregarded, the failure pattern is more less constant. Since this 

clusters exists of mainly clean gasses that cannot harm the condition of the PRV, no aging condition is 

expected. 

From the analysis of medium types (chapter 16) is concluded that the clusters “low” and “moderate” 

failure rate were near similar because the numbers of failures had no significant difference. Therefore, 

the plot of moderate failure rate should look similar to the plot of low failure rate. Appendix O2 shows 

that the plot can be interpreted in two ways: 
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1) no aging condition is present. Moreover, the plot shows a similar pattern as the figures of low failure 

rate. This is in accordance with the results of the analysis of medium type. 

2) from the second year an aging condition is present and the failures before the second year can be 

explained as “run in” failures. 

Although option 1 sounds more logical, option 2 cannot be excluded. Before a conclusion is made, first 

the high failure rate is assessed since one expect that the moderate failure rate is located in between 

the high and low failure rate. 

Appendix O2 shows the plot of the high failure rate. As mentioned for these PRVs an aging trend would 

be expected since the formation of rust, for instance, happens under influence of time. However, 

looking at the plot, no aging trend can be found, which is remarkable. This might imply that the medium 

type has no decisive influence on the condition of the PRV.  

Once concluded, that no aging trend is present, the most logical option for the moderate failure rate is 

option 1, namely that also here no aging trend is present since moderate is in between low and high.  

The previous paragraph describes that the results were different than expected. Therefore, the high 

failure rate is split in the group utilities and high failure rate without utilities, like is done in the chapter 

16. 

Appendix O2 shows the plots of these two groups. The plot of the high failure rate without failures 

shows little failures. Only in year 6,5 one PRV failed but the total PRVs that were revised during this 

period is four, meaning that there are too little data points to make any statement about this time 

interval. Moreover, notice that it is remarkable that the percentages are that low since this cluster (and 

the utilities) is expected to have the highest failure frequency.  

The utilities show, also, no aging trend. This group was distinguished since many failures could be 

addressed to medium types that contain water, which cause PRVs to corrode. The utilities do not differ 

much from the low and moderate group. The only difference is one or two peaks, for instance, in the 

year 3.  

In conclusion, the three pre-defined clusters of medium types did not show the failure pattern as 

expected in time. None of the clusters showed an aging trend. It was remarkable that many failures 

happened during the beginning of the time in service. This would indicate on the one hand that PRVs 

have a “run in period”, which can be explained by the occurrence of chattering, although it is not likely 

that chattering causes that many failures. On the other hand, the sketched pattern is expected when 

failure of the PRV can be ambiguously addressed to the medium type, Thus, the failure occurred just 

before the inspection, which is probably not the case. Sound arguments cannot be stated since the 

failure causes are lacking.   

17.6 Aging condition for cold welding 

Although chapter 15 indicated that no evidence is found that indicate cold welding, the TIS in relation 

with cold welding is analyzed. It can be the case that cold welding occurs after, say five years, meaning 

that the TIS of most PRVs is too small to encounter cold welding. 

Literature is scarce about the time that is needed to for the disc and seat to weld together. One can 

imagine that cold welding will not happen instantly. This phenomena is subjected to time. Thus, one 

would expect to see higher Rp ratios as time passes.  Figure 55 shows a plot of the numbers of failures 

for the PRVs that are located in quadrant III (table 46). Remark that this figure is not accompanied by a 

plot that displays the failures in percentage terms since only two failures were present.  

The figure shows that after the year 4,5 the ratios are slightly increasing. This might indicate cold 
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welding since the influence of cold welding is unknown.  

In order to see whether the failures can be caused by cold welding, the disc diameter and the SP of the 

PRVs that had a ratio between [1.1-1.3) are compared with the interval [1-1.1) for year 6 since there are 

the most PRVs that had a ratio between [1.1-1.3). Table 59 shows different results than expected. Table 

16 shows that the smaller diameters and lower SP are most sensitive to contamination or cold welding, 

implying that the interval of [1.1-1.3) was expected to have both a lower SP and smaller diameter but 

only the SP is lower. 

Although the graph shows a lightly increase in in the Rp ratios in time, too little evidence is present to 

conclude that this pattern is due to cold welding. It might be the case that the SP is a more decisive 

variable than disc diameter but without a 2nd pretest value this is impossible to say. Despite this 

conclusion, the fact that the higher Rp ratios/ failures are due to cold welding can still hold. The type of 

SS can also be assigned as factor. For instance, the percentage of chrome can be related to cold welding. 

However, sub-dividing SS becomes too detailed for this project. Therefore, the individual material types 

are not considered. 

  

 

Figure 55: Number of failures for PRVs equipped with SS disc and seat 

Table 59: Descriptive statistics for year 6 

  SP [bar] Disc diameter [mm] 

  Mean  st. deviation Mean  st. deviation 

Rp ratio [1-1.1) 7,13 0,61 5,66 15,14 

Rp ratio [1.1-1.3) 3,31 1,56 10,25 2,25 

 

 

17.7 Chapter summary 
This chapter analysis the failures in terms of an aging trend. It appeared that no aging trend is present. 

Even among the medium types no difference is found between the time in service and the Rp ratio. The 

result found in this chapter might indicate that the inspection intervals currently used are too 

conservative, meaning that the POF is only visible after six years.  
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Figure 56: Setup of report part III 

Part III (chapters 18 until 23) 
Part III is related to the third phase in the research framework of Mitroff and Sagasti (1973) (figure 56). 
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18. PRVs that failed at least twice the pretest 

This chapter explores whether there exist PRVs that failed at least twice the pretest. Essentially, when a 

PRV has failed the pretest, its interval can be reduced in case the inspection officers expect that this can 

happen again when the inspection interval is unchanged. This chapter makes a start by exploring what 

reasons underlie reducing the inspection interval. In other words, what is the explanation for reducing 

the inspection interval by one year and not two years? This should imply that the inspection officers can 

estimate the lifetime/ POF of the PRV. These findings will accordingly be compared with the results of 

the data analysis in order to see whether similarities are present. Figure 57 shows an overview of how 

the consecutive chapters are related with the subject of building understanding on how inspection 

officers come to a particular number by which the inspection interval is reduced.  

 

 

Figure 57: Overview of next three chapters 

  

18.1 Analysis of PRVs that failed at least twice 

In total four PRVs have failed at least twice the pretest, based on Data base B. Each of these PRVs is 

discussed in the following sub-sections. Note that these PRVs belong to Company B.  

18.1.1 PRV with identity number 8  

The first PRV that is discussed protect the medium M12. As can be observed from table 60, the cause of 

failure is two times the same, namely sticking. It is remarkable that this happened in about 50% of the 

times. This is in contradiction with the results that were found in chapter 14 (based on Data base B), 

which examined whether sticking was a cause of failure. Two explanations can be given: 

1) The failure is caused by the location of the PRV. As can be seen in appendix H, the majority 

experienced no problems during the pretest. 

2) This PRVs is the only one that has been activated. In other word, this PRV is opened, which gives the 

medium the possibility to form a film between the disc and seat. 

 

The first failure appeared to be in the year 2003. Both the Rp ratio was high and contamination was 

found. During the third revision (2005), the results were “perfect” (no failure and Rp ratio < 1.1). 
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failure rate of a PRV 

from the experts view 

Analyzing PRVs that 
failed at least twice 

Chapter 18 

Analyzing PRVs that 
have a shortend 

interval 

Chapter 19 

Interviews with 
inspection officers 

Chapter 20 



106 
 

Nevertheless the inspection interval is not shortened. This interval is shortened after that the results of 

the subsequent revision was “perfect”. However, the increase was afterwards too high with failure as 

result. Therefore, the interval is reduced with two years. In the year 2014, the inspection officer is more 

conservative in extending the interval and chooses for 1 year.  

The only conclusion that can be based on this inspection rapport the following relation: 

 

𝐼𝑓(𝐴𝑛𝑑(𝑅𝑝 𝑟𝑎𝑡𝑖𝑜 > 1.3, 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑓𝑜𝑢𝑛𝑑)) 

𝑡ℎ𝑒𝑛 𝐼𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 2 𝑦𝑒𝑎𝑟 
 

(18.1) 

Table 60: Inspection report of 8  

Date (next inspection interval) Rp ratio Data base A (summary) 

1999 Rp ratio 

0.98 

 

2003 (2jaar) Rp ratio 1.5 “kleverig product tussen klep 

en zitting” 

2005 (2jaar) Rp ratio 

1.06 

 “niet inwendig vervuild” huis 

licht geroest 

2008 (4jaar) Rp ratio 

1.05 

 “niet inwendig vervuild” huis 

licht geroest 

2012 (2jaar) Rp ratio 

1.36 

“Het niet openen werd 

veroorzaakt door 

kleefwerking (plakeffect 

medium) tussen de klep en de 

zitting” 

2014 (3jaar) Rp ratio 

0.98 

 

 

Remark that this data (coming from Data base A) indicated sticking as “kleven”. In chapter 14 was 

mentioned that the term “kleven” could not be found in Data base B. After verifying this, it appeared 

that Data base A contains more information than Data base B (table 61), which might indicate that using 

Company C’s data base as starting point is not the best decision, at least in this section. 
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Table 61: Revision report (Data base B) 8  

Date Data base B (summary) 

1999  
2003  
2008 In en uitwendig licht geroest 
2012 In en uitwendig oppervlakkig geroest.  
2014  

 

18.1.2 PRV with identity number 4 
The medium of the second PRV that is discussed is M21. Form the analysis of chapter 15 can be 

concluded that M21, which is part of the utility group has the highest percentage of failures. As 

expected, the cause of failure is corrosion (table 62). 

The history of this PRV is interesting because even when contamination was found the interval is 

extended (2003). On the other hand, by increasing this interval an equilibrium is reached; the PRV 

performs well in the pretest and despite the PRV is contaminated, it does not affect its performance.  

For this PRV that is exposed to cooling water no clear/ logic formula can be given. 

 

Table 62: Inspection report of 4  

Date (next inspection interval) Rp ratio Data base A 

1998 (2jaar) oke “Veiligheid was zeer sterk 

vervuild” 

2000 (2jaar) Rp ratio 1.6 “inwendig vervuild met roest” 

2002 (1jaar) Rp ratio 1.9 “toevoer zat verstopt door 

roest” 

2003 (2jaar) oke “roest tussen klep en zitting” 

2004 (2jaar) Rp ratio 

0.98 

“veiligheid vervuild door 

modder en roest” 

2005 (2jaar) Rp ratio 1 “veiligheid geheel vervuild 

door modder en roest” 

2006 (2 jaar) Rp ratio 1 “niet vervuild” 

2008 (4 jaar) Rp ratio 

1.02 

“niet vervuild” 

2012 Rp ratio 

1.02 
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18.1.3 PRV with identity number 0 

M27, the medium type of this PRV, is known for its sticking composure. The cause of failure is sticking. 

However, as can be seen in table 63, this medium type has affected the conduction and the spring, 

which is remarkable since normally sticking is present between seat and disc. When M27 is present in 

the spring this means that the PRV is activated. A second possibility is that the contamination is caused 

by another PRV. Because several PRV are connected to one flare/ header, it is possible that the medium 

type of another PRV end up in the outlet of another PRV. 

Table 63 shows that an inspection interval of 1 year is the lowest interval that the inspection officer 

addresses to this medium. Even when the PRV is found in optimal condition (2004, 2005) the interval is 

not increased. However, when the PRV is found in optimal condition in year 2008, the inspection 

interval is increased by a year, while this was not the case for the years 2004 and 2005. Also, this lacks 

consistency based on only this table. May be some changes are made to the installation that should 

decrease the probability of failure and make the decision for the inspection officer easier to increase the 

interval.  

Like the previous PRV, also for this one no logic reasoning can be found. 

 

Table 63: Inspection report of 0 

Date (next inspection interval) Rp ratio Data base A 

1999  In orde  

2001 (1jaar) Rp ratio 

1.36 

vervuiling (t.h.v. spindel, 

geleiding en veer) met M27 

2003 (1jaar) Rp ratio 

1.39 

vervuiling (t.h.v. spindel, 

geleiding en veer) met 

uitgeharde M27 

2004 (1jaar) Rp ratio 

1.04 

“niet vervuild” 

2005 (1jaar) Rp ratio 

1.01 

“niet vervuild” 

2006 (1jaar) lek vervuild met “stroperig” 

product 

2007 (1jaar) Rp ratio 1 vervuild met “teerachtig” 

product 

2008 (2jaar) Rp ratio 

0.99 

“niet vervuild” 

2010 (2jaar) Rp ratio 

1.27 

“niet vervuild” 
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18.1.4 PRV with identity number 5 
This PRV had two times a TP of 7,1 for the pretest in the year 2002 and 2004. In Data base B was 

mentioned that the SP was 4 bar and that from the year 2008 the SP is changed to 7 bar. This implied 

that the Rp ratios are 1.775 for both test. However, assessing the inspection report in Data base A 

provides the information that the SP always has been set to 7 bar, implying that both ratios are not valid 

because these are calculated with a SP of 4 bar instead of 7 bar. Recalculating the Rp ratio of these 

pretest results in a value of 1.01. Therefore, this PRV can be disregarded in this chapter. 

18.2 Chapter summary 

In this chapter the PRVs are analyzed that failed at least two times. Two of them failed in a consecutive 

inspection period. After analysis it appeared that no logic reasoning can be detected in assigning an 

inspection interval based on only the information that is present in the inspection reports that are 

stored in Data base A. This implies that more parameters should underlie the determination of an 

interval than history, Rp ratio, and the physical condition. 

A possibility for finding no clear relation can be that the installations are “upgraded”, meaning that the 

problems are solved. This could be the case for PRV with identity 4 from 2006 because the interval is 

increased to 4 years while the history is worry some.  
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19 Analysis of the PRVs that have a shortened inspection interval 

PRVs are inspected frequently. When appears that the PRV contains, for instance, contamination, 

inspection officer (IO) can consider to shorten the length between two revision intervals. The PRVs that 

have a shorter inspection interval might contain valuable information that can be used to predict the 

probability of failure. For instance, when corrosion is found, the PRV’s interval is reduced by two years.  

This chapter analyses PRVs that are assigned a shorter inspection interval. For each factor (or cause of 

failure) is explored whether a pattern is visible. For instance, when corrosion is found, the inspection 

interval is shortened by X years. 

19.1 Selecting PRVs that are assigned a shortened interval 

The data set that has been used in the previous chapters (10-16) did not contain any information about 

the length of the inspection intervals that are chosen by the IO. The only information that was available 

was the time of revision. Based on this data no clear vision can be obtained of PRVs that have a 

shortened inspection interval. Table 64 shows the reason behind this. When a PRV has to be revised in 

the year 2014, the inspection can take place from 1-1-2014 until 21-12-2014. Moreover, as chapter 17 

shows many PRVs are inspected after the maximum inspection period, implying that the time in service 

is not accurate enough in order to select PRV that have gotten a shorter inspection interval. 

Table 64: 360 days difference is not  
related with a shortened interval 

Revision data  Time between revision 

1-1-2008 3 year 363 days 

31-12-2011 2 year  2days 

1-1-2014 3 year 363 days 

   

Initially, two types of data sets were available for this project. The first one was the properties of a PRV 

(Data base A) and the second data set is the one of Company C, which provides information about the 

revisions of PRVs. Neither of the two data sets contains information about the inspection intervals. 

Therefore, another data set is required, which contains data about whether or not an interval is 

shortened.  

After Company C revises a PRV the test report (of Data base B) is send to the inspection officer of 

Company A/ Company B, who accordingly summarizes this information into Data base A and decides 

whether the inspection interval can be maintained or that is has to be shortened/ extended.  

Like in Data base B, this data set contains the information in textual form. Figure 58 shows which steps 

are taken for obtaining the PRVs that have a shortened interval. Remark that every time a PRV’s interval 

is changed by the inspection officer, this is mentioned. An example is “herbeoordelingstermijn gewijzigd 

van 2 naar 4 jaar” (inspection interval is changed from 2 to 4 years). 
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Data set about inspection intervals 

 

Select cells that contain string “jaar” (year) or “maand” (month)  

 

Deselect cells that contain the string “6 jaar” 

 

Extract the numerical value from selected cells 

 

Select the default inspection interval for each unique identity (based on this number can be decided 

whether the PRV has an interval that is shortened) 

 

Order the time of inspection ascending (this places the inspection intervals in a chronological order) 

 

Select the PRVs that have gotten a shortened interval 

 

Figure 58: Road map for extracting the PRV that have a shortened inspection 

19.2 Analysis of the PRVs that have assigned a shortened interval 

In order to analyze the data, the data is un-pooled. The PRVs that have gotten a shorter interval are 

analyzed individually because the conclusion to reduce the inspection intervals is made by the IO. Since 

Company A and Company B have different IOs that perform their job independently of the other, it is 

better to split the data. The IOs of Company A and Company B can have other criteria on which the 

decision is based.  

This section explores whether the used parameters/ factors form previous section (Rp ratio, medium 

type and sticking, cold welding) is related the decision to shorten the interval length. Note, that sticking 

and medium type are combined in this chapter because the analysis is similar. 

19.2.1 The use of the Rp ratios 

This section discusses the use of the Rp ratio.  

19.2.1.1 The use of the Rp ratio of Company B 

Only 11 of the 43 selected PRVs had a TP listed. Table 65 shows the results of the pretest of the PRVs 

from Company B. It is remarkable that only 2 PRVs had failed the pretest. Furthermore, IOs mentioned 

during meetings that leaking PRVs are no concern and therefore there inspection interval is seldom 

shortened. However, table 65 shows that 8 PRVs have gotten a shorter interval. This might indicate that 

IOs do take leakage into account. 
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Table 65: Rp ratio of Company B's PRV that are shortened 

Category Numbers belonging to category 

Leak 8 

Rp ratio lower than 1 4 

Rp ratio [1-1.3) 3 

Rp ratio [1.3-∞) 2 

 

19.2.1.2 The use of the Rp ratio of Company A 

Table 66 shows the results of the pretest of PRV that have gotten a shorter inspection interval. Also for 

Company A applies that it is remarkable that only three PRVs failed the pretest. This might imply that IOs 

pay less attention to the Rp ratio.  

Table 66: Rp ratio of Company A's PRV that are shortened 

Category Numbers belonging to category 

Leak 2 (2 with TP) 

Rp ratio lower than 1 2 

Rp ratio [1-1.3) 3 

Rp ratio [1.3-∞) 3 

 

19.2.1.3 Conclusion of the use of the Rp ratio 

The result shows that both Company A and Company B, do not use the Rp ratio as main reason for 

shortening an inspection interval. Only a small number of the failed PRV (84) are shortened (5). 

19.2.2 The use of the medium type 
This section discusses the PRVs that have shortened in relation with medium type 

19.2.2.1 Shortened PRV in terms of medium type for Company B 

Holding on to the pre-defined cluster in chapter 16, table 67 shows which frequencies are assigned to 

the three clusters.  
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Table 67: Medium types of Company B's PRV that are shortened 

Name of the pre-defined clusters 

Low failure rate Moderate failure rate High failure rate 

3 6 34 

  High failure rate without utility Utility 

  2 32 

 

Based on table 67, one should expect that the cause of failure is mainly corrosion. Table 68 shows that 

indeed the cause of failure is rust.  

Table 68: Cause of failure for Company B's PRVs that are shortened 

Cause of failure 

Chattering Contamination Corrosion Other/ none Sticking Stuck in conduction 

3 10 17 1/ 7 3 2 

 

 

19.2.2.2 Shortened PRV in terms of medium type for Company A 

Table 69 depicts the frequencies that belong to each cluster. The results are more less similar to 

Company B’s results, in the sense that most failures are located in the utility group. Table 70 shows that 

five PRVs showed contamination during the revision. However, the term contamination is used 

ambiguously because table 69 shows that 5 PRVs failed due to contamination. Summing all values 

excluding utilities amounts 3 and in total 5 PRVs failed due to contamination. From this can be 

concluded that the term contamination is also used for corrosion.  

 

Table 69: Medium types of Company A's PRV that are shortened 

Name of the pre-defined clusters 

Low failure rate Moderate failure rate High failure rate 

1 0 14 

  High failure rate without utility Utility 

  2 12 
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Table 70: Cause of failure for Company A's PRVs that are shortened 

Cause of failure 

Contamination Corrosion Other/ none Sticking 

5 7 1 1 

 

19.2.2.3 Conclusion of the use of medium types 

The results show that most of the PRVs that have a shortened interval belong to the utility group. This 

indicates that the medium type is an important factor for the determination of a shorter inspection 

interval 

19.2.3 The use of cold welding 

The PRVs that have gotten a shortened interval had no description of the material type. Thus, the 

question whether cold welding could be related to the reduction in years keeps unanswered. 

19.2.4 The use of the set pressure and disc diameter 

Table 16 showed that the SP and the DD can affect the degree of deterioration. Therefore, the PRVs that 

are shortened are explored in terms of SP and DD. 

19.2.4.1 Set pressure in relation with disc diameter for Company B 

According to Bukowski et al. (2013) and table 16, one would expect the most failures to occur in the 

region for lower SPs and DDs. Figure 59 shows that half of the data points is located in the region for 

lower SPs (10bar) and disc diameters (25mm). From this figures two points can be mentioned: 

1) Only PRVs that are shortened for one year are located in the origin of the graph, which can imply that 

in case of doubt, IOs decide to reduce the interval for PRVs that are located in the critical region. 

2) No pattern relation is present because it seems that the blue and grey dots are randomly distributed. 

In case a relation was present, the points closer to the region have to be shortened by more years. 
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Figure 59: DD and SP of Company B's PRVs that have a shortened interval 

 

19.2.4.2 Set pressure in relation with disc diameter for Company A 

Figure 60 shows a plot of the disc diameter and the SP of the PRVs that have gotten a shorter interval. 

As can be seen, also for Company A applies that half of the PRVs are located in the critical region. 

Moreover, no clear pattern is present that indicates that the closer to the origin of the graph, the higher 

the reduction of years.   

 

 

 

Figure 60: DD and SP of Company A's PRVs that have a shortened interval 
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19.2.4 Conclusion of the use of set pressure and disc diameter 

The results show that there is no clear pattern visible that indicates that IOs consider the SS and DD in 

their decision for which PRV to shorten and by how many years. 

19.3 Chapter summary 

This chapter has analyzed the PRVs that have gotten a shortened inspection interval. It appeared that 

little attention is paid to the Rp ratios since the Rp ratio is not mentioned in more than half of the data 

points. Moreover, only five of the 84 failed PRVs have gotten a shortened interval. 

Most of the medium types that have gotten a shorter interval are from the cluster utilities. Although 

chapter 16 mentioned that the percentages of failures of utilities is only a few percent higher, in 

absolute numbers they represent the cluster with the most failures. The results show that for Company 

A 80% of the PRVs is shortened. For Company B this is 74%. This creates the notion that the medium 

type where the PRV is exposed to is considered in the determination of an inspection interval. 

In addition, the PRVs that are shortened are compared in terms of the SP and DD. Throughout this 

report the factors are also analyzed in terms of the SP and DD. It appeared that no relation could be 

found. Moreover, the number by which the inspection intervals are reduced are not related to these 

two parameters. 

Comparing these result with the results of the chapter 14 to 16, there can be concluded that splitting 

the “high failure rate” cluster in utilities and non-utilities is the right choice. Most of the PRVs that are 

shortened are part of the utility group, meaning that IOs expect that these PRVs fail more often than 

PRVs of the non-utility group. 
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20. Parameters that are used by the inspection officer  

The maximum allowable inspection period of a PRV is determined Dutch government. However, in case 

the inspection officer expects that the PRV will fail before the next inspection moment, he can decide to 

reduce the inspection interval. The number of reduction is related to the condition in which the PRV is 

found during the revision at Company C. This chapter explores on which parameters inspection officers 

base their reasoning for shortening an inspection interval. The first part is related to the reasoning of 

inspection officers from Company A while the second part is related to Company B. 

20.1 The essence of interviewing inspection officer 

Inspection officers (IO) might have valuable information about the failure rate of PRVs. In case an IO 

decides to shorten an inspection interval, he expects that the PRV will fail before its next inspection 

moment. In other words, the IO makes assumptions about the time to failure of a PRV. The reasoning 

for shortening an interval by 1 year instead of 2 years should be based on some parameters. These 

parameters can accordingly be compared with the results of the data analysis in order to see whether 

some similarities are present. Or this chapter reveals some new parameters that have not been analyzed 

in the previous chapter. 

20.2 Semi-structured interview 

A semi-structured interview is the best choice in this situation. Semi-structured interviews are 

characterized by a few open questions. During the conservation several other questions appear that can 

be brought in. This to enhance two-way communication (Cooper and Schindler, 2003).  

The following questions were prepared in advance. Notice that the aim of these question is to find out 

on which parameters IOs base their reasoning to shorten an interval. Moreover, the questions are 

established in such a way that the interviewee are not provided with an answer (priming).  

1) How do you know that a PRV deserves some attention from you as IO? 

 - Is this based on the Rp ratio or on whether there is found some contamination? 

2) Is the inspection interval reduced when PRVs leak (because this can be seen as a safe-fail situation)? 

3) Do you have the feeling that you can predict the probability of failure? 

4) Can you mentioned some symptoms that are often companied by shortening the interval or that are 

considered for shortening an interval? 

 - Can you order these symptoms from important to less important? 

5) How are the numbers determined (in relation with turnarounds)?  

These five questions are central during the interview. In case IOs give an answer that needs more detail 

than other questions are asked in order to get a clear picture of the situation. The next section provides 

a summary of the answer to the questions. Note that the questions that during the conversation 

appeared are not stated explicitly. The answers to these questions are integrated in the answer to the 

main questions stated above.  
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20.3 Elaboration of the interviews 
This section gives a summary of the answer that were given during the meeting with IOs. The first sub-

section describes the answer from Company A while the second sub-section deals with the answers 

from Company B. 

20.3.1 Response of Company A 

1) Document Z, a document of regulations established by Company A, describes that the pretest is 

considered satisfactory if the pretest is between 0-10 percent of the SP. The IO indicates that they not 

use the Rp ratio but essentially, when you calculate the percentage that the PRV opened to late; this is 

the same as the Rp ratio.  

The starting point of the IO is the revision report of Company C. Normally, there is no verbal 

communication between IO and Company C. Although the IO once in a while asks to test a PRV at 

random in order to check whether Company C performs his task as expected.  

PRVs that have a TP that is higher than 10% of the SP (Rp ratio 1.1) are assessed. Although document Z 

mentions that action should be taken to avoid an Rp ratio of 1.1, in reality this is not fulfilled. The IOs 

were not able to give a clear limit from which Rp ratio they start considering to shorten the interval. 

From the conversation could be noted that a ratio of 1.3 is seen as high and this has to be avoided the 

next time. The range between 1.1 and 1.3 is seen as a grey area. Whether or not a PRV in the grey area 

is eligible for a shorter interval depends mainly on the amount of contamination that is found. In case no 

clear reason can be indicated, the IO consider this as a single failure. 

2) Intervals are only shortened when PRVs open too late. In case the PRV leaks, no action will be taken. 

3) IO answer that this procedure is subjective and that different IO can have different meanings. 

Moreover, they mentioned that they were not able to estimate the POF of a PRV accurate. This 

dependents on too many symptoms. Also, they noticed that a diagram that gives a global outcome for 

when and how many years to shorten the interval would be more than welcome. 

4) One would expect that the amount of contamination is related to the number of years between two 

revisions. However, the only information that is provided in the revision report is whether or not 

contamination is found. Sometimes a distinction is made between the amount of contamination by the 

terms “partly contaminated” and “completely contaminated”. This makes it hard for the IO the get a 

clear picture of the situation. The same applies when rust is found, for instance. 

Some other factors/ parameters that are noticed as important are the history of the PRV and the history 

of the plant, the medium type, the location, and a checklist. Each of them will be discussed. 

The history of the PRV is important for an IO because this overview shows whether a PRV fails 

frequently or whether is unexpected. In case a PRV has failed earlier, the IO is more cautious and will 

therefore shorten the interval with more years than when a PRV fails for the first time. Although the 

history provides a clear overview of the failures of the PRV, sometimes it cannot be used. In case a PRV 

fails frequently due to problem Z. After solving this problem, the history is useless.     

The second parameter mentioned in the row was the history of the plant. In case the IO sees a report of 

a PRV that deserves attention, the plant’s history is checked. It can be the case that the failure is due to 

a malfunction, implying that there is a clear reason present and that interval can be unchanged.  

The medium type is also mentioned as factor. However, this is seen as a factor that has globally two 

categories: clean media and non-clean media. When a PRV fails that protect nitrogen, no action will be 

taken because nitrogen is a clean fluid that theoretically never can fail. Only the interval of medium 
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types that are known to fail will be shortened.  

The location of the PRV is also an important parameter. For instance, if the PRV is located close to a 

compressor, the vibrations of the compressor affect the condition of the PRV. Moreover, one can 

imagine that the distance how far the PRV is placed form the flow is influential because the closer the 

PRV is to the flow, the more flow is present at the PRV. Stagnant water, for instance, is far more 

detrimental than flowing water. 

The last factor that is involved is a checklist that is associated with the conditions of the pipeline when 

the PRV is disassembled. This checklist contains questions like: “what is the condition of the support/ 

discharge pipe?” This checklist gives information about whether it is only the PRV that is contaminated 

of whether the whole installation is contaminated. Like the revision report of Company C, also these 

checklists indicate whether the contamination is high or low. A range in between is not possible to 

indicate. However, the results from this checklist cannot be found in the data base.  

Table 71 displays the importance of the factors, where 1 refers to highly important while 3 refers to less 

important. 

Table 71: Priority of factors mentioned by practitioners 

Factor Priority 

Checklist 2 

Medium type 3 

Location 2 

History of plant 2 

History of PRV 2 

Presence of contamination/ rust 1 

Turnarounds/ small stops data 1 

Test pressure 1 

 

5) On the question how these factors are related to a concrete number is still unknown. An imaginary 

example was presented to them with the question how many years they would shorten the inspection 

interval. This example was a PRV that had failed two times in the past. The question that was asked to 

them was what interval would you assign to the PRV as it will fail (pass) the coming pretest? Based on 

the information provided, the IOs were not able to mention an inspection interval. The main reason for 

this was that the turnaround periods were missing. It appeared that these data is critical for the 

determination of the next inspection period. There will always be tried to avoid that the plant has to be 

shut down only for the revision of one PRV by choosing the closest stop before its next proposed 

inspection interval. Thus, mainly, the inspection intervals are dependent of the turnaround periods. 

Beyond turnarounds, which are planned once in the 4 to 6 years, also small stops are scheduled. During 

small stops, which are scheduled a couple times are year, parts of the installation are shut down for 

maintenance. Small stops offer, like turnarounds a possibility to revise PRVs. However, the location of 
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the PRV is important. If a PRV is located at a critical point then, this PRV can only be replaced during a 

turnaround. Thus, not only the location on of the PRV on the pipeline is important but also the location 

from the strategic perspective (can the PRV be replaced during small stops). 

20.3.2 Response of Company B 

Company C has the same procedure for Company B as for Company A, meaning that the IO of Company 

B only receives the revision rapport of Company C. Based on this report the IO has to plan his next 

actions.  

The same question was asked to the IO of Company B. To the amazement turned out that the answers 

from the IO were exactly identical to the answer to the IOs of Company A. Therefore, the questions are 

not answered. Despite document Z is only established for Company A, Company B uses also the limit of 

Rp ratio of 1.1 as acceptable. However, like Company A, when the ratio is higher than 1.3, a suitable 

action must be followed. 

20.4 Chapter summary 

This chapter describes an interview with the IOs from Company A and Company B. IOs are allowed to 

shorten inspection intervals of PRV in case they expect that the risk of leaving the PRV in service for 

same number of years as before is too high. From the interviews appears that several factors/ 

parameters are of interest for assessing the POF/ risk. The only factor that IOs mentioned and that is 

analyzed in the previous chapters is medium type. However, this factor is assigned as the least 

important one. It is not possible to pay attention to the parameters that are mentioned in this chapter in 

the available time span for this project. Nevertheless, one point is sure, namely that the time in service 

has an influence on the condition of the PRV. By shortening the inspection intervals, the POF should 

decrease, which is in contrast with chapter 17. 
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21. Determination of the probability of failure and the safety integrity level 

This chapter determines for the two groups (utilities and non-utilities) the probability of failure (POF). 

Moreover, since the failure rate is closely related to safety integrity level (SIL) this level is also 

determined after providing a description of this term first.  

21.1 Safety integrity level 

SILs are part of a safety instrumented system, which is a concept that is introduced to reduce the risk 

that a process may exceed a tolerable level of risk. SIL can be divided into four categories (table 72). A 

SIL of 1 means that the instrument can fail between 1 out of 10 and 1 out of 100 times.  

Table 72: Classification of SIL 

Safety integrity level Probability of failure on demand (between) 

4 10-4 and 10-5 

3 10-3 and 10-4 

2 10-2 and 10-3 

1 10-1 and 10-2 

SIL is a design parameter for specifying the amount of risk that an instrument is required to achieve. In 

order to properly design an instrument, two critical points have to be considered (Marszal and Scharpf, 

2002): 1. specification of what the instrument should do 2. specification of how well the instrument 

performs that function. This implies that when only the action of the instrument is specified, the 

performance/ integrity is unknown.  

SILs are related to the POF (on demand) of a component. Thus, before determining the SIL, the POF has 

to be determined first. 

21.2 The nature of the data 

Before mentioning which methods are present or can be selected in order to determine the POF, first 

the nature of the (failure) data is discussed. 

The time in service that is calculated in the beginning of this report represents the time between two 

consecutive inspections, meaning that this concept does not represent the time of failure. In figure 61, 

the time in service is equal to the time of inspection (this does not imply that these terms are 

interchangeably). In the available data only the time of inspection is registered and from this the time in 

service is determined. However, as can be seen in figure 61, the moment of failure can be anywhere. 

Failure pattern C and D (green line refers to PRVs in a “good” condition while the red line refers to the 

time of failure) show that the PRV is failed before inspection; however, the PRV can have failed instantly 

after revision or just before the inspection.  

Thus, no time of failure is known, which basically is the basis of the determination of the probability of 

failure. 
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Figure 61: The moment of failure 

21.3 Determination of the failure rate 

The previous section described that the time of failure is unknown. Figure 62 shows which three 

methods that can be used to estimate the POF of the PRV. 

 

Safety integrity level 

 

Probability of failure 

 

                          Field expertise       Data censoring  Percentage of failures  

Figure 62: Overview of methods that can be used to estimate the probability of failure 
             

21.3.1 Field expertise 

Chapter 20 discussed that IOs reduce the inspection interval for a few (estimated by IOs at 5%) PRVs. To 

determine a new/ adapted inspection interval some factors have to be considered in order to make a 

decision. From the interviews appears that the interval is mainly chosen based on the date of the small 

stops/ TAs. Moreover, the IO explained that they were not able to predict the failure behavior of PRVs.  

Because of this, it is not possible to estimate the probability of failure of the PRVs by the use of experts’ 

knowledge. Initially, the idea was to use the knowledge that experts have in order to estimate the 

probability of failure of the PRVs. This information could be used to estimate the time of failure for 

passed PRVs as well as failed PRVs. The following two points elaborate on this. 

1) Assume that figure 63A shows the condition of the PRV over time of a PRV that is exposed to rust. 

Thus, at time 0, the condition of the PRV is “as new” and as time progresses the PRV will deteriorate. In 

case a PRV passes the pretest but it is corroded, the hope was that the IO could indicate in figure 63A 

that the PRV is located at point “1” in the curve and could say that in about X years the PRV is expected 

to fail.  
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2) In case the PRV had failed the test, based on the knowledge of the IO the point of failure could be 

determined. For instance, if the PRV is fully corroded, the IO could argue that the time of failure has 

been somewhere in the beginning of the life time since half of the amount of corrosion should be 

enough for failing the pretest. Thus, the condition followed the orange pattern instead of the purple in 

figure 63B. 

 

Figure 63A: Estimation of the moment of failure Figure 63B: The moment of failure 
is unknown 

21.3.2 Data censoring 

Another method that is capable of dealing with truncated life times is “censored data”. This method 

tries to predict the time of failure. However, this method is only applicable on data sets that contain 

identical components (Ebeling, 2010). Applying this method on PRVs, this implies that only one PRV 

(identity number) can be analyzed because this PRV faces every time the same conditions. Most PRVs 

have tree revisions, meaning that three data points are available per PRV. This number is too small. 

Moreover, Nelson (1972) argues that the nature of this data is often wrongly analyzed as multiply 

censored data. By interpreting the data as multiply censored data, the time of inspection is wrongly 

treated as the time of failure. Therefore, this method is not used for determining the failure rate of the 

PRVs. In contrast, Nelson described a method called “quantal response analysis” that can be used in 

order to deal with inspection data such as the PRV. Bukowski et al. (2011) applied this methodology. 

However, literature is scarce about the reasoning behind this method. Bukowski and Goble (2009) 

described which steps have to be taken in order to execute this method but the details are lacking. 

Therefore, is decided not to use this method. 

21.3.3 Percentage of failures 

The third option that figure 62 displays is related to the percentages of failure. By using the percentages 

an idea can be obtained of the probability of failure. The percentages of failure can be related to the 

probability of failure. Figure 64 depicts a graph of the percentage of failure in time. By determining the 

percentage of failure per half year such a graph can be made (appendix P). This cumulative probability of 

failure can be converted into the probability of failure, which is the goal of this chapter. However, the 

accuracy of this procedure is not accurate in the context of this project. Imagine that a PRV is pretested 

after five years in service and failed the pretest. This test value is accordingly, considered in the interval 

of 5 years in service. The actual time of failure can be located at one year while it is considered as a 

failure that occurred after 5 years. Therefore, this method is not used in this report. 
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Figure 64: Expected cumulative probability of failure  

21.4 Determination of SIL 
Mitchell et al. (2013) determined in their papers a SIL based on the book by Marszal en Scharpf (2002). 

This book assumes that the failure rate of the PRV is constant and therefore makes use of the 

exponential distribution. However, I do not agree with this statement since rust, for instance grows 

under influence of time. Moreover, when a constant failure rate would be present, shortening 

inspection intervals does not make any sense. IO are convinced that by shortening the intervals reduces 

the probability of failure. 

Figure 65 shows that SILs are classifications. Once obtained the probability of failure, the SIL level can be 

found for each year that PRV is in service. However, since no failure rate could be determined, also the 

SIL cannot be determined.  

 

 

Figure 65: Probability of failure for PRV (only for illustrative purposes) 

21.5 Chapter summary 

The goal of this chapter was to determine the probability of failure and categorize this probability in 

terms of safety integrity levels. Tree methods (expert knowledge, censoring, and percentage of failures) 

were discussed that could offer an estimate of the probability of failure. However, it appears that it was 

not possible to determine this probability of the two groups (utilities and non-utilities), implying that 

also no safety integrity level is determined.  
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22 The optimal inspection interval 

The previous chapter describes how the probability of failure (POF) can be determined. However, an 

exact POF could not be determined. This section makes the relation between the probability of failure 

and an inspection interval. Although no concrete interval is calculated, this section shows which 

parameters have to be considered and in which way these are related to an inspection interval.  

22.1 Maintenance policy  

Many maintenance policies have been developed during the past years. Figure 66 shows a maintenance 

possibility tree that guides you to find a suitable maintenance policy for the problem (De Bruijn, 2013). 

Before discussing each step, the abbreviations in the figure are explained. 

CM:  corrective maintenance. Perform maintenance when component breaks down. 

TBM:  time based maintenance. Perform maintenance after X time units (years/ working hours). 

CBM: condition based maintenance. Estimate the time for maintenance based on the condition of the    

 component. 

 

CM CM and TBM
CM, TBM, and 

CBM

CM, TBM, CBM, 
and predictive 
maintenance

Increasing failure 
rate?

Deterioration 
detectable?

Deterioration 
measurable?

Yes Yes

No No No

Yes

 

Figure 66: Tree for selecting the right maintenance policy 

 

Increasing failure rate 

PRVs are expected to have an increasing failure rate (Bukowski and Goble, 2009). This conclusion is also 

in consensus with experts’ opinion. However, the results do not confirm this. Therefore, is assumed that 

an increasing failure rate is present because otherwise CM has to be used according to figure 72. CM is 

definitely not the right decision in this project. This means inspection after failure (explosion). 

Deterioration detectable 

The process of deterioration of a PRV is not detectable in the current state. However, in part I was 

mentioned that a Trevi-test could be used. This test could indicate the condition of the PRV in 

measurable terms (deterioration measurable) while the installation keeps running. This test indicates 

the condition of the PRV. Despite using Trevi-test can save costs, this option is not considered in this 

project since the time for this project is limited. Nevertheless, it can be worth exploring this option 

because the deterioration is measurable. Therefore, revising the PRV close to the end of its life can save 

costs.  
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CBM is not considered in this project, the choice that the tree depicts for the described pattern is CM or 

TBM. In these circumstances corrective maintenance is not an issue since the costs of an exploded 

installation, which can be the results of a PRV that fails during operation, are simply too high (several 

millions). This implies that TBM is left.  

22.1.1 Time based maintenance  

From the previous section followed that TBM is a suitable division of PM for PRVs. Figure 67 splits TBM 

in different policies. Each of them are described briefly. (Description is based on the Master thesis by De 

Bruijn, 2013). Remark that TBM can refer to fixed periods (once a year) or to operating hour (once per 

1000h)  

 

 

 

Figure 67: Subdivision of TBM 

 

Age-dependent policy 

As the name implies, preventive maintenance is performed when the component reaches T years (or X 

hours) or when a failure occurs. However, after the failure occurs, the time is set to zero, meaning that 

after T years PM is performed. Figure 68 depicts this schematically. The top part displays the cycle 

without failures while the second shows the cycle when a failure occurs. A disadvantage is that PM 

actions are difficult to schedule because when a failure occurs all subsequent PM actions change. 

Maintenance 

Corrective 
maintenance 

(CM) 

Preventive 
maintenance 

(PM) 

Time based 
maintenance 

(TBM) 

Age- dependent 
policy 
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maintenance 

Block policy  

Condition based 
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maintenance 

(PM) 
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Figure 68: Visual representation of the age-dependent policy 

Sequential preventive maintenance policy 

This maintenance policy is based on the fact that after revision the component cannot be seen anymore 

as “new”. Despite revising increases the life time of the component, it will need maintenance sooner 

than in the past. Therefore, the frequency of PM is increased as time progresses. Figure 69 shows one 

example. 

 

Figure 69: Visual representation of the sequential maintenance policy 

Block policy 

The block policy is a periodic maintenance policy. The maintenance intervals are fixed (figure 70). Once a 

failure occurs, even just before the PM, in the most basic form, the component is replaced (of course 

many extensions are made on this policy). The advantage of this policy it is known on forehand what 

materials and how many capacity will be needed.   

 

Figure 70: Visual representation of the block policy 
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22.1.2 Strategy used in the field 

During pretesting PRVs, one knows what the condition of the PRV is. However, the condition of the PRV 

in service is unknown. Essentially, for the majority of the PRVs applies that nobody will notice it when 

the PRV is installed in a “bad” condition and stayed in service until the next inspection. Since nobody 

notices “bad” PRVs, corrective maintenance is not an issue; it is simply not performed. Theoretically, a 

PRV has to be replaced once it is activated since the closure between seat and disc is probably not tight 

anymore (Hellemans, 2009). However, in general, no is data available that indicates that a PRV is 

activated (see chapter 7 for more explanation).  

 

22.1.3 Policy selection 

Age dependent policy 

In general, corrective maintenance is not conducted. In case the age policy would be applied, this policy 

says that a plant has to be shut down to revise only one PRV. IOs mentioned that this is not usually and 

that PM actions are clustered in order to reduce costs. 

Sequential PM policy 

This policy is introduced for components that cannot be labeled “as new” after revision (Wang 2002). 

Since Company C mentioned that the PRVs are “as new” after revision this policy will not be considered 

in this project. 

Block policy 

This policy looks more less similar to the method that is currently used in the field. It is more efficient to 

revise a PRV once more than shutting down a part of the installation for only one PRV. 

In conclusion, the PM model that is used for the determination of an optimal inspection interval is a 

block policy.  

22.2 The outcome that the model should provide 

Before discussing the model, three points are highlighted. The first is related to the down time costs. 

The second is concerned with the POF while the last point is about the type of PRV. 

22.2.1 An optimal inspection interval per installation  

The down time costs are an important parameter in minimization problems. Since this project has used 

PRVs that are belonging to several different plants, the down time costs have to be split for each plant. 

For instance, the down time costs of installation A are substantial higher than the down time costs of 

installation B. Therefore, the optimal inspection interval is different among the different plant, meaning 

that an optimal inspection interval is determined for each plant individually.  

A second point that is related to down time costs is the absolute number of the down time costs. The 

revision of a PRV is performed at Company C within one day. The time that the plant is shut down for a 

small stop is about a week, implying that the revision activities of a PRV do not increase the down time 

of the plant. In other words, without the revision of the PRV, the small stop will still last a week. This 

implies that no down time costs are associated with the revision of PRVs. However, practitioners/ 

experts were not able to confirm this thought. Since no concrete evidence can be found, the down time 

costs will be included in the model so that the user can decide how to deal with this.  
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22.2.2 Probability of failure 

In Part II of this report several factors are considered and compared whether a statistical difference 

could be found, meaning that a different failure pattern is present. In case no difference was found the 

data was pooled based on that factor. In the end appeared that only a distinction could be made 

between the utilities and the non-utilities. Thus, the groups that are distinguished have a different 

failure pattern, implying that that the associated risk (product of cost of failure (COF) x POF) is different 

among each group. Therefore, the optimal inspection interval is dependent on the group to which the 

PRV belongs. 

 

Figure 71 shows that the POF can be multiplied by the probability that an overpressurization occurs (API 

581). In other words, as the PRV functions incorrect, it becomes only disastrous as, also, an 

overpressurization situation occurs. However, this term is not considered since this project is about the 

integrity of the PRV itself and not about the integrity of the installation. The installation can be integer 

while the PRV is not. 

 

Functioning of PRV 

 

Functions correctly                  Functions incorrectly 

 

Overpressurization 
occurs 

overpressurization 
does not occur 

 Overpressurization 
occurs 

overpressurization 
does not occur 

 

 

Installation protected Installation protected Dangerous situation Installation protected 
 

Figure 71: Incorrect function PRVs are disastrous when an overpressurization occurs 

 

22.2.3 Time of inspection 

PRVs are split in “stop gebonden” and “niet stop gebonden” PRVs (figure 72).  The term “stopgebonden” 

PRV refers to a PRV that can be revised, only during a small stop of TA while the term “niet stop 

gebonden” refers to PRVs that can be inspected outside the small stops/ TAs. Some parts of the 

installation can be shut down without shutting down the whole process. In order to keep the budget for 

the small stop/ TA as low as possible, the “niet stop gebonden” PRVs are inspected in most cases outside 

the small stop/ TA. 

The “stop gebonden” PRV can be split in two categories, the PRV that can be inspected during small 

stops and the PRVs that can only be inspected during TAs. For the latter applies that the inspection 

intervals are fixed because TA are planned a few years ahead in connection with the needed capacity 

(employees/ material) that is associated with a TA. 
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In contrast to TAs, small stops can be scheduled several times a year. The maintenance planner can 

choose in which small stop he inspects which PRV. However, the PRVs that need to be inspected in small 

stops, can only be inspected during small stops because “these PRVs are not inspected during the TAs in 

order to keep to budget as low as possible for the TA” (practitioner of Company B). Thus, the optimal 

inspection interval that follows from the model supports the maintenance planner to select the best 

small stop, that is, the stop that is closest to the optimal (semi-flexible). 

The “niet stop gebonden” PRV can be inspected at any time. Often PRVs are named as “niet stop 

gebonden” when they are designed in a parallel (or stand-by) system. Thus, as figure 73 shows, the 

switch can be turned and the PRV can be inspected without interrupting the process (flexible).   

PRV 
 

  
“stop gebonden” 

 
“niet stop gebonden” 

 

  
Turnaround 

 
Small stop   

    
Fixed interval Semi-flexible interval Flexible interval 

 

Figure 72: Overview of maintenance options for PRVs 

 

 

Figure 73: Redundant (parallel) system 

22.2.4 The format of the outcome 

From previous sub-sections can be derived that the optimal T is determined for a specific type of PRV in 

a specific group for a particular plant. Also, the category (utility or non-utility) and the type ((niet) stiop 

gebonden) are of influence. Equation 21.1 shows how the outcome of the model should look like. 

𝑇𝑝𝑙𝑎𝑛𝑡,𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦,𝑡𝑦𝑝𝑒 = 𝑍 𝑦𝑒𝑎𝑟 (22.1) 

 

22.3. The cost model 

This section takes the general block policy as starting point. This model is extended/ adapted in such a 

way that is can be applied to PRVs.  

22.3.1 The general model 

Equation 21.2 displays the model that is established for the determination of the optimal inspection 
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intervals for PRVs. This mathematical model is an adaption of the block policy. As mentioned in section 

22.1.1, the block policy is a policy in which the inspection moments are fixed (Tan, 2013). 

𝑀𝑖𝑛 𝐸[𝑇𝐶 𝑦𝑒𝑎𝑟] 

 

𝐸[𝑇𝐶 𝑦𝑒𝑎𝑟] =
𝐶𝑝 + 𝑟𝑖𝑠𝑘(𝑇)

𝑇
 

 

 

(22.2) 

𝐶𝑝 = 𝐶𝑑 + 𝐶𝑙 + 𝐶𝑟 + 𝐶𝑠 + 𝐶𝑤 

 

(22.3) 

𝑟𝑖𝑠𝑘(𝑇) = 𝐶𝑂𝐹 ∗ 𝑃𝑂𝐹𝑐(𝑇) (22.4) 
 

𝑇 ≤ 𝑇𝑙  
𝑃𝑂𝐹𝑐(𝑇) ≤ 𝐴 
𝑅𝑖𝑠𝑘(𝑇) ≤ 𝐵 

 

(22.5) 
(22.6) 
(22.7) 

Definition parameters 

A  = specified maximum value of the probability of failure 

𝐵  = specified maximum acceptable risk  

𝐶𝑑   = Down time costs of specific plant   

𝐶𝑙   = Cost of labor 

𝐶𝑝    = Cost of planned maintenance (per cycle) 

𝐶𝑟   = Cost of revision at Company C 

𝐶𝑠  = Setup costs of specific plant  

𝐶𝑤   = Cost of wear out due to revision 

𝐶𝑂𝐹   = The cost of failure 

𝐸[𝑇𝐶 𝑦𝑒𝑎𝑟] = Expected total costs per year 

𝑃𝑂𝐹𝑐    = The cumulative probability of failure of the group to which the PRV belongs 

𝑇  = Renewal cycle (time between two consecutive inspections) 

𝑇𝑙   = Maximum allowable interval imposed by the government 

 

Assumptions 

1. No corrective (unplanned) maintenance actions are performed. 

2. There are no capacity restrictions  

3. Time to replace component is negligible 

Clarification of parameters and assumptions 

First of all, note that 𝐶𝑑 , 𝐶𝑙 , 𝐶𝑟 , 𝐶𝑠 , and 𝐶𝑤  are “one time” per cycle costs, meaning that these costs are 

not dependent of 𝑇. 

The cost of wear out due to revision (𝐶𝑤) are included because the operations manager of Company C 

mentioned that one out of three times the disc is processed on a lathe. Since this procedure takes of 

material of the disc, the life time is limited. The life time of a disc is estimated on 6 revisions. After that 

time the disc has to be replaced by a new one.  

The labor costs (𝐶𝑙) are the costs that are associated with (dis)assembling of the PRV in the asset 
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assembly. In case the PRV has a weight higher than 12kg, it is not allowed to carry the PRV over a 

(vertical) stairs, meaning that a crane is necessary. 

Assumption 1 states that no corrective maintenance is conducted. Since this implies that T=∞ is the 

optimal solution, this component is replaces by risk. Equation 21.4 defines risk. By introducing this term, 

two opposite functions are present, such that a minimum/ optimal can be determined because the risk 

on failure increases as time passes (increasing failure rate).  However, the unit of risk has to be defined 

as euro/ time unit. Otherwise risk cannot be compared with the preventive maintenance costs. 

Assumption 2 says that no capacity restriction is active. Company C mentioned that they have ample 

revision employees at any time. 

Assumption 3 states that the time to replace the component is negligible, in its most basic form. In the 

context of this project the time to replace a component can indeed be neglected because on average 

the time to replace a PRV is one day while the PRV is on average about four years in service. Although 

the time to replace the component is neglected, the costs associated with the maintenance activity are 

considered. For instance, the down time costs are included as well as the costs of labor for the (dis) 

assembling the PRV. 

22.3.3.3 How to use the solution of the model  

Section 21.2.3 describes that three different types of PRVs are present (PRVs that can be inspected 

during TAs, during small stops, and at any time). Since TAs are only planned, in general, once in the six 

years, the inspection interval is fixed. Otherwise the PRV will exceed its legally period.  

Small stops are scheduled several times a year. However, the time of this stop is planned in the 

beginning of the year. This avoids situation in which a couple plants have a small stop, meaning that the 

availability of the mechanics is evenly spread across the year. Since the small stops are scheduled a few 

times per year, the small stop has to be selected that is closest to the optimal inspection interval. Note 

this can be interpreted as a minimization program with integer solution. 

The third type are the “niet stop gebonden” PRVs. For this type of PRV, the optimal interval can be used 

for inspection moment. 

22.4 An application of the model 

In order to see whether the model provides a solution that is desired, some “realistic” values are 

inserted. The probability of failure is determined based on the default Weibull parameters for the 

probability of demand provided by API 581. For now, this is the best assumption that can be made. 

However, API 581 is unclear about how it dealt with the time of failure. I get the notion that the time of 

revision is treated as the time of failure. 

Moreover, for the revision costs a value of 1000 euro is chosen. This value is used as average for the 

revision costs at Company A and Company B. The cost of failure are derived from the risk analysis matrix 

of Company A (appendix Q1). Table 73 shows an overview of which values are chosen. 
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Table 73: Overview of input values 

Variable Value 

Weibull parameters  

η 23.9 
β 1.8 
  
Cost parameters Euro 

𝐶𝑙 + 𝐶𝑟 + 𝐶𝑤  1000 
𝐶𝑑  10000 
𝐶𝑠 1000 
COF 500000 
  
Restriction Maximum value 

Legal inspection interval 6 year 
Probability of failure (cumulative) 10% 
Risk 50000 euro 

  

Figure 74 shows the plot that is obtained after filling in the values of table 73 in the model. The 

minimum is located at year 3.5 at 7857 euro.  

 

Figure 74: Graphical representation of the total costs 

 

In order to see how the model adapts to changes in parameters, two times one variable is changed. The 

first change is related to the values of the Weibull parameter. API 581 has also specified default 

parameters for the category “high failure rate”.  

The second change is relate to the down time costs. As can be seen, appendix Q2 shows that the model 

behaves as expected. In case the probability of failure is higher, the optimal interval is shorter. For the 

second change applies the same. When the down time costs are higher the optimal interval has to be 

larger than before, which was indeed the case. 
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22.5 Validation of model 

In order to validate the model the minimum costs, which are associated with the optimal solution 

should be compared with the actual costs. However, the POF that is used in the examples, discussed in 

the previous section, is based on an estimation provided by API 581. This implies that the POF that is 

used can be different from the actual POF, which can have a substantial effect on the total costs. 

Therefore, the model is not validated. For now can be said that the model behaves as expected 

22.6 Chapter summary 

In the previous chapter the probability of failure of the PRVs is described. This chapter makes the 

relation between the probability of failure and an optimal inspection interval. The first part of this 

chapter was concerned with selecting a right maintenance policy. The derivation showed that the block 

policy is most suitable in this situation. The general, basic formula for the block policy included 

corrective maintenance costs. However, since no corrective maintenance actions are performed, this 

factor is replaced by risk. The last part of this section has described how an optimal interval can be 

determined by optimizing the costs. By using the default probability of failure of API 581 could be 

showed that the model behaves as expected but since the actual probability of failure is missing, the 

solutions cannot be used. 
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23. Conclusion and recommendations 

This last chapter provides the conclusion of this report. Moreover, some recommendations are 

mentioned. Finally, the academic relevance is described and opportunities for further research are 

mentioned. 

23.1 Conclusion 

In this research the failure behavior of PRVs has been analyzed that belong to Company A and 

Company B. By the use of this project Company A and Company B hope to get an answer on the 

question whether the procedure they currently use to maintain PRVs guarantees an integer 

(definition follows in research question 1) PRV. Company A and Company B have the feeling that the 

current strategy guarantees an integer PRV but they want to have this confirmed. Chapter 2 

discusses a couple disadvantages that are associated with the current strategy. Based on these 

points The following problem statement was defined: 

Currently the inspection interval of PRVs are mainly based on the Dutch legislation. Company A and Company B 

want to gain more insight in whether this current practice is optimal4 with regard to the required integrity of 

the PRVs. 

Subsequently, the following main research question was defined: 

What is the optimal4 inspection interval for pressure relief valves such that the integrity of the 

pressure relief valve is guaranteed? 

 

In order to be able to answer the main research question, several research questions were defined. 

Each of them is answered in this section. 

Research question 1 

How can failure ambiguously be defined? 

To be able to say that a PRV has passed or failed the pretest a clear and ambiguous definition of 

failure has to be given. A commonly used reference in the field, as well as literature, is the Rp ratio 

(test pressure/ set pressure). In an ideal situation the Rp ratio is 1. However, this ratio can adopt a 

value from 0 (leakage) to ∞ (does not open). This project focusses on failure to open on demand, 

meaning that Rp ratio below 1 are disregarded since these “scores” refer to safe-fail situation. In 

other words, the PRV has averted danger but failed in sense that it opened to early.  

In the field this Rp ratio is much discussed since from an Rp ratio of 1.3 damage to installation can be 

expected. However, practitioners are not able to provide a threshold. 

Literature often used the classification of API 581 for determining whether a PRV has failed the 

pretest. API 581 uses four categories (table 74). This table has been used throughout this report. 

Thus, PRVs that have an openings pressure that is 30% higher (Rp ratio 1.3) than its set pressure is 

referred to as failed the pretest. Note that failure in the context of the PRV is different than usual. A 

failure in this context is a PRV that still functions. However, it does not perform the job it should: 

opening at the right pressure. 

Note that PRVs with an Rp ratio lower than 1.3 are considered as integer in this project. 

 

                                                             
4
 Optimal refers to a tradeoff that is based on costs 
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Table 74: Failure expressed in terms of Rp ratio 

Pretest result Rp ratio Terminology 

Passed 
[1-1.1) “suspension”  

[1.1-1.3) “suspension” 

Failed 
[1.3-1.5)  

[1.5-∞) “Stuck shut” 

 

Research question 2 

What are the critical parts of the PRV? 

In order to find the critical parts of the PRV a cross-section of a PRV is taken. Each of the parts are 

discussed. In order to decide whether a part is essential (critical) for the performance of the PRV, 

literary information is combined with the knowledge of practitioners.  

The analysis showed that it is the combination of parts that is essential for the performance of the 

PRV rather than individual parts. The disc and the seat are the critical parts of the PRV. In case the 

disc and seat are “connected” to each other, the opening pressure is substantially higher, which 

results in a failed pretest. Figure 75 shows an overview of the results. As can be seen, for each factor 

the root causes are determined. 

 

Figure 75: Hierarchical tree of critical parts of the PRV 
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Research question 3 

Is sub-division of PRVs required? 

The previous research question yielded a hierarchical overview that shows the root causes for each 

factor. Based on this tree is explored whether a different failure behavior can be found between cold 

welding, sticking, corrosion, and plugging (second level factors). In other words, is sub-division of 

PRVs required, which discourages categorizing the data per factor. Each of the factors is discussed. 

Sticking 

Equation 23.1 (original 14.3) show which variables are associated with sticking. For every medium 

type that has one or more failures a plot is made, in which the disc diameter is plotted against the 

SP. The Rp ratios are divided into four categories (table 74). Each interval is indicated in the plot by a 

different color. This makes it possible to plot three variables into a two dimensional graph.  

𝑓𝑠𝑡𝑖𝑐𝑘𝑖𝑛𝑔(𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑦𝑝𝑒, ) 

 

(23.1) 

The results indicate that no evidence is found for sticking. Even the medium types that were known 

for sticking such as M24 did not show clear pattern that could indicate sticking. The conclusion 

suggests that it is not likely that the medium penetrates between disc and seat in case the PRV does 

not open during operation. However, this hypothesis cannot be further investigated since no data is 

present about whether or not a PRV opens during its time in service. 

Cold welding 

Initially, the influence of cold welding is explored. Cold welding can only occur for PRVs that are 

equipped with SS seat and disc. Moreover, the influence of cold welding is related to the pressure 

with which the disc presses on the seat. Therefore, the higher the SP of the PRV, the sooner the PRV 

will fail due to cold welding. However, in order to analyze the influence of cold welding, two 

variables are of crucial: the 2nd pretest and the contact area. The former is not conducted, thus no 

information is present and for the latter applies that it was impossible to find the exact values for 

each PRV. Moreover, the suppliers were also not able to mention some design thresholds. However, 

by the use of the research results of Bukowski et al. (2013) an attempt is made to explore the 

occurrence of cold welding. Equation 23.2 (original 15.2) shows which variables are related to cold 

welding after excluding the parameters that are lacking. 

 

𝑓𝑐𝑜𝑙𝑑 𝑤𝑒𝑙𝑑𝑖𝑛𝑔 (
𝑑𝑖𝑠𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑦𝑝𝑒 𝑑𝑖𝑠𝑐, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑡𝑦𝑝𝑒 𝑠𝑒𝑎𝑡,

𝑠𝑒𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑠𝑒𝑟𝑣𝑖𝑐𝑒
) 

(23.2) 

 

The results showed that the region that was indicated as critical by Bukowski et al (2013) (SP lower 

than 10 bar and disc diameter lower than 25 mm) did not show another failure pattern than the 

PRVs located outside this range. However, another relation is found, namely that the SP can be a 

decisive parameter because using a threshold of 10 bar, a difference is found. This might indicate 

that the SP in general can be used as variable or that only the SP is decisive only for PRVs equipped 

with SS parts. However, the influence of SP is not been investigated in further detail since there are 

no clear indications from literature or practitioners that a relation can be found in this direction. 
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Medium types 

For the analysis of the factor medium type a slightly different approach has been used than for the 

previous two factors. According to figure 81 corrosion and plugging are the failure modes. However, 

finding for each medium type the percentage of oxygen that is present (which is related to 

corrosion) is too detailed. The same applies for plugging; determining the coagulation degree of 

each medium is provides too much detail. The goal of this project is to analyze the data set from a 

higher level perspective. Therefore, in consultation with my company supervisors is decided to use 

pre-defined clusters of medium type. These clusters are then compared. Table 75 the definition of 

each cluster.  

Table 75: Definition of pre-defined clusters 

Cluster Description 

Low failure rate 
Clean gasses in which no aqueous phase may be present are part of this 

category. Gasses have to contain low concentrations of sulphur and chlorides 

 

Moderate failure 

rate 

 

Medium types that are lightly corrosive and have a small probability to 

polymerize can be classified as moderate, as well as medium types that 

contain some concentrations of sulphur or chloride. A dissolution of water may 

be present but in minor degree.  

 

High failure rate 

 

Polymerizing and solidifying media fall in this category, as well as media that 

are corrosive and have high concentrations of sulphur and chlorides. Also 

medium types that belong to the "utilities*" (excluding nitrogen) are included 

in this category. 

 * Medium types that are part of the utilities are air, water, and vapor 

 

The results show that low and moderate failure rate have a near similar failure pattern. Moreover, 

the statistical test indicated that there was a significant difference between the three groups. 

However, it was not possible to indicate which groups differ.  

From the failure analysis followed that many of the failures could be addresses to medium types that 

belong to the utilities. Therefore, the category “high failure rate” is split in two groups: “high failure 

rate without utilities” and “utilities”. The statistical and visual test support the 

conclusion to split this group. Moreover, no statistical difference was 

present between “low failure rate”, “moderate failure rate”, and “high 

failure rate without utilities” while the test value becomes 

significantly higher when “high failure rate” is replaced by utilities. 

Therefore can be concluded that based on the factor medium type 

two groups can be distinguished (figure 76).  

  

Time in service 

Beyond these three factors, the time in service is also explored. In general, PRVs can corrode and 

corrosion is formed under the influence of time, implying that an increasing POF is expected. 

However, the results showed no aging trend among the PRVs, which might indicate that the 

revisions are scheduled in a conservative interval, meaning that the actual time to failure is much 

Medium 
types  

Non-
utilities 

Utilities 

Figure 76: Distinction among medium 
types 
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longer than expected. 

 

Field expertise 

Finally, the decisions of the practitioners are assessed. IOs rarely decide to shorten the length of an 

inspection interval for PRVs because they expect that by shortening the length of the interval, the 

probability of failure is smaller (increasing failure rate). IOs must use some criteria on which they 

decide to shorten the inspection interval. These criteria were examined and compared with the ones 

that are analyzed above. It appeared that the criteria used by IOs differ substantially. Moreover, it is 

not possible to take criteria like, history and location into account at least with the data that is 

currently available.  

Research question 4 

What is the safety integrity level of PRVs? 

The answer of the previous research question yielded two groups: utilities and non-utilities. This 

research question tries to find the probability of failure and its associated SIL for both groups. 

However, because of the nature of the data the opportunities are limited. The time of failure is 

unknown. One only knows when a PRV failed the pretest that the time of failure is in the range from 

the time of installation until the pretest. 

In order to estimate the time of failure and the probability of failure three methods were explored: 

expert knowledge, data censoring, and looking at percentages of failure). It was not possible to find 

the probability of failure by the use of these methods, implying that also no safety integrity level is 

determined. 

Main research question 

What is the optimal inspection interval for pressure relief valves such that the integrity of the 

pressure relief valve is guaranteed? 

In order to find an optimal inspection interval a maintenance policy is selected. Since an increasing 
failure rate should be present and the deterioration is detectable (during a pretest), time based 
maintenance and corrective maintenance is advised (Bruijn De, 2013). Corrective maintenance is in 
the context of PRVs not an issue. Failure has to be avoided all time.  
The block policy is chosen as policy. This policy means that every fixed period, the PRV is revised, 
which is comparable with the situation that is used in the field. The general, basic formula for the 
block policy is slightly adapted: risk is introduced.  
The model that is described makes a trade off between the risk, which is assumed to increase as 
time progresses (increasing failure rate) and the costs that are associated with preventive 
maintenance. By summing risk (expressed in euros per year) and the preventive maintenance costs, 
the minimum of this function yields the optimal solution. However, three restrictions can prevent 
the inspection interval from adopting the optimal T.  
1) The probability of failure cannot exceed a specified threshold A, for instance, SIL 2 
2) The optimal T has to be smaller than the maximum allowable T. 
3) The risk cannot exceed a specified threshold, for instance one billion. 
Despite the model is built, no inspection intervals can be determined for the two groups because the 
POF could not be determined. Nevertheless, a model is designed that determines the optimal 
inspection interval. In order to validate the model some real life values are entered. For the POF, the 
default setting of API 581 is taken. The solution that the model provided are realistic. 
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23.1.1 Consequences for involved companies 
This section makes the conclusion more relevant. Thus, translates the research results in actionable 

terms.  

48 of the 84 failed PRVs can be classified as utility. Although more than half of the failures are 

coming from the utility group, the plots (appendix M2) depict that the percentage of failures per 

year shows only a slightly higher percentage of failures, implying that from relative perspective this 

number is not that high. However, PRVs are expected to have an optimal condition. By shortening 

the interval of the utilities this number can be reduced. However, it is hard to mention a concrete 

number. Figure 77 shows that the number of failures in absolute sense start to increase from 3,5 

years in service. However, the (relative) plot in appendix M2 shows a different pattern. This plot 

shows that for 3 years in service the percentage of failures is the highest but after that time, the 

percentages are low. Since these results are contrary, I would advise both Company A and Company 

B to continue with the procedure that is currently used until can be proved that changing the 

strategy improves the performance/ condition of the PRV. 

 

 

Figure 77: Number of failures per year for the utilities 

 

23.2 Recommendations 
This section provides the recommendations for Company A, Company B, and Company C.  

23.2.1 Registration language 

The first recommendation is related to the language of the documents. In many documents, English 

and Dutch is used interchangeably. This is confusing for the analyst. Therefore, one language has to 

be selected. Personally, I would advise English since Company A is a multinational that is located at 

several location in the world. These plants communicate via the English language. 

However, this implies, also, that Company C has to change their language. Up to now Company C 

uses the Dutch language for registering the revision results. However, this should not be a major 

problem. Looking at the revision report, the comments made by the employees contain more less 

the same information. Thus, by providing a translation list for the most used terms, this problem can 

be easily solved.   
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23.2.2 Storage of data 

Throughout this report is several times mentioned that the storage of data can be improved. Several 

points are described by the following sub-sections. The recommendations with regard to the storage 

of data are ranked from most important to important. 

23.2.2.1 Medium type 

Section 11.3.4, for instance, mentioned that the medium type M9 is described in about 20 variants. 

When using the medium types for analysis, these different names are cumbersome. This number of 

variants is due to three main points. 1. English and Dutch names are used interchangeably (discussed 

in section 23.2.1) 2. the presence of typing errors 3. often the phase of the medium is mentioned. 

The second point is difficult to solve since some medium types can have quite difficult names and 

before recognizing a typing error, you have to know first how to write it. This applies both for the 

users of Data base B as well as for Data base A.  Maybe a general list that displays all medium types 

can offer a solution. When every employee checks this, the quality of the data set becomes better. 

23.2.2.2 Material type 

Chapter 15 discusses the medium type of the PRV. However, in most of the times the material of the 

body was mentioned. Only a few times the material types of the disc and seat were mentioned. 

Therefore, the material types of these parts have to be included in the data. Moreover, Data base A 

mentioned the material types of all parts in one textbox while Company C has reserved a separate 

cell for this, which is much more efficient for the analyst.  

A second point that is related to material types is the description of the materials. Three different 

norms are used interchangeably. These were DIN, AISI, and material number (NEN). Thus, my advice 

is to choose one norm and disregard the others.  

23.2.2.3 Textual description in Data base A and Data base B 

Company C describes the findings/ results of the revision in a text box. This box contains information 

over the cause of failure (if failed), which parts are replaced, and the actions that are performed. 

Since no universal input code is used among the employees, this is hard to analyze. For instance, the 

value of the opening pressure of the pretest. This value is mentioned interchangeably as numerical 

and textual value. This costs the analyst much effort, which can easily be avoided. However, since 

2014 Company C uses a new method for registering the pretest values, which is a good 

improvement.  

Data base A in contrast, mentioned all results of the revision in one box. In order to utilize the data 

in an optimal way, this has to be divided in separate cells. The benefit of this is that the cell in which 

you are looking contains only the information of the parameter of interest. This avoids mistakes.  

23.2.2.4 Root cause failure analysis 

The cause of failure of the PRV is mentioned in only a few cases. This makes it hard to make 

conclusions about the cause of failure of a PRV. I am aware of the fact that it is not that obviously 

what the cause of failure is. Though, some improvements can be made. 

The first improvement refers to the description of the cause of failure. Often corrosion and 

contamination are used as cause of failure. However, it appeared that contamination is also used for 

corrosion. Therefore, the reliability of the terms is low. An option can be to choose another term, 

which avoids that it also refers to corrosion. 

In addition, when the word corrosion is used in Data base B, the IO of Company A and Company C do 

not exactly know what degree of corrosion is found. By defining the amount of corrosion better a 

more targeted action can be incited. For instance, by using percentage to express this. Another 
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option can be to make use of some intervals. Thus, small, moderate, high, extreme presence of 

corrosion. This gives the IO and also the analyst a better picture of the situation. 

23.2.2.5 Check list that is related with disassembling the PRV 

Company A and Company B have established a document that practitioners have to fill in when they 

disassemble the PRV. This document contains information about the condition of the pipe lines at 

the place where the PRV is located. Practitioner is asked to fill in the condition (fragments, oily, or 

caked product) of the in and outlet pipe of the installation in which the PRV is located. The same is 

asked to do for the PRV itself. Thus, actually, this shows the condition better than the description of 

Company C because after disassembling, the PRV is cleaned by a high pressure washer, which erases 

a substantial amount of the indications of, for instance, corrosion. However, this document is not 

available digital. Thus, the advice is to add this document to Data base A. 

23.2.2.6 Contact area 

As mentioned throughout this report, the contact area is probably an important factor that is related 

to failures. However, it was impossible to overtake this value from the supplier. It might be too 

labor-intensive to extract for every PRV the contact area but in case a new PRV is bought, the 

supplier can be asked to mention this value. In this way, the data base is complemented with the 

contact area. 

23.2.2.7 Second pretest 

Literature showed that many failures could be explained by the influence adhesion. However, in 

order to see whether adhesion is present a second pretest has to be conducted. Thus, essentially a 

second pretest is only relevant for the analysis of the data set because when a PRV fails the first 

pretest, the PRV has failed the test. Even though the second pretest is passed.   

On average performing a second pretest amounts 50 euro. The average revision costs are 1000 euro, 

implying that the costs are increased by 6%, when a second pretest is conducted. This percentage 

can be enough to exceed the budget, so the decision depends on the budget. 

23.2.3 Transport and handling before (after) (dis) assembling  

The failure causes can be quite diverse, as can be seen in this project. Before the PRV is pretested at 

Company C, first the PRV is disassembled, transported, and cleaned. The probability that during one 

of these actions the PRV damages is present. The operations manager of PRVs of Company C argues 

that most of the failures of PRVs are caused by incorrect handling. Transporting PRV in horizontal or 

vertical position can have a major influence on the condition of the PRV. Therefore, making the 

influence of transport explicit to practitioners that (dis) assemble the PRVs. In this way the damage 

to PRVs can be minimalized such that failure due to transport can be excluded. 

 

23.4 Further research 

This section discusses some recommendations for next research. The recommendations are order in 

alphabetic order. 

23.4.1 Condition based maintenance 

At the beginning of this report Trevi-testing is discussed. This is an in-service test. Company A and 

Company B do not use Trevi-testing because after revision the PRV is tagged “as new”, which is not 

the case for a Trevi-test. Moreover, Trevi-testing can be useful but it is most optimal when IO, or 

other practitioners, can estimate/ predict the failure behavior of the PRV. This is exactly what is 

meant by condition based maintenance. Personally, I expect that be introducing in-service test, the 
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costs that are associated with revision are substantially lower because only a small percentage of the 

PRVs failed. In addition, a Trevi-test can be conducted in-service, meaning that the influence of 

disassembling, transport, and cleaning are eliminated. Moreover, the PRV is tested in its actual 

environment, thus, at its normal operating temperature. Therefore, the test results are more 

reliable. 

23.4.2 Consider the bellows 

Api 581 mentioned that the probability of failure for balanced PRVs and conventional PRV is similar, 

meaning that the bellows is not a critical part. However, it is interesting to see whether the data set 

support this claim. After all, a bellows is a fragile part, which can fail in many ways.  

23.4.3 Leakage 

In this project only the PRVs are considered that did not leak because a leaking PRV does still protect 

the installation against overpressure situation. This can be interpreted as a “safe-fail” situation. 

Including the PRVs that leak into the analyses gives the user a better picture of the performance of 

the PRVs. During the conversations at Company C, employees told me that more than half of the 

PRVs that are tested leak. This can indicate that the inspection intervals are too long.   

23.4.4 Location of the PRV 

The location of the PRV is in this project not considered. However, IO take the location of the PRV 

into account when they decide to shorten the interval. Moreover, practitioners, also, argue that the 

location of the PRV is an important factor that might explain a large amount of the failures. For 

instance, the weather conditions that a PRV is confronted with can range from inside the installation 

(comparable with room temperature) until outside the installation at 50m attitude.   

23.4.5 Quantal response theory 

Section 21.3.2 described that quantal response analysis is a suitable method for analyzing inspection 

data (Nelson, 1972). This method is not considered in this report since literature is scarce about the 

theory behind this method. Bukowski and Goble (2009) applied quantal response analysis and 

provided a brief description of the steps that have to be taken. Trying to understand this method 

and apply it to the data should provide an estimation of the probability of failure, which is the key to 

SIL. 

23.4.6 Regression analysis 

Another method that can be used in order to analyze the data is regression analysis. By using 

regression analysis the Rp ratio can be predicted based on several parameters. This can provide 

useful information.  

In this report is chosen to use a theory driven approach since the quality of the data is not optimal. 

Thus, a hypothesis is stated and then the data is analyzed in order to see whether the hypothesis is 

supported. By using regression the data is emphasized more because these actions can be 

performed in parallel, that is, by performing regression a conclusion can be drawn based on the data 

set, which is thereafter compared with the hypothesis.  

23.4.6 Threshold of failure 

Throughout this report the threshold for failure is an Rp ratio of 1.3. This value is often used in 

literature (eg. API 581). However, an increase of 30% is an wide margin. Essentially, a PRV is 

designed to open at the right pressure, meaning that a RP of 10% can already be interpreted as 

failure. Therefore, this threshold could be changed. In the field this value is until the present day 

debatable.  
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23.5 Academic relevance 

This research showed that two groups have to be distinguished: utilities and non-utilities. These two 

groups are an addition for the literature since none of the articles that are associated with pressure 

relief valves discussed/ showed a statistical difference. Moreover, this finding shows that the 

process media have less failures (absolute and relative) than the non-process media (utilities).   
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Appendix A List of abbreviations 

This table provides an overview of all used abbreviations in this master’s thesis. 

ABBREVIATION DEFINITION 
API American Petroleum Institute 
CBM Condition based maintenance 
CM Corrective maintenance 
ID PRVs identity 
IO Inspection officer 
M-W TEST Mann-Whitney's U test 
NON-SS non-stainless steel 
OP Operating pressure 
PM Preventive maintenance 
POF Probability of failure (on demand) 
PRDA Praktijkregels drukapparatuur 
PRV Pressure relief valve 
SIL Safety integrity level 
SP Set pressure 
SS Stainless steel 
TBM Time based maintenance 
TIS Time in service 
TP Test pressure 
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Appendix B List of definitions 

This table provides an overview of the main terms that are used throughout this master’s thesis. 

Aging condition Process in which the condition of the PRV deteriorates, meaning that 
the test pressure becomes higher than the set pressure. 

Balanced PRV PRV equipped with an extra part that compensates against back 
pressure. 

Bench test A testing method for testing the condition of PRVs. This test method 
requires that the PRV is disassembled from the installation where it is 
part of. 

Chattering A phenomenon in which the disc of the PRV opens many times per 
second without relieving the pressure. Moreover, by opening many 
times per second, the disc hammers on the seat, which damages the 
seat. 

Cluster Term used to refer to the three groups in which medium types are 
categorized 

Cold welding A phenomenon in which two surfaces join during a solid-state welding 
process. Thus, without inserting heat. 

Condition based 
maintenance 

Maintenance is performed when the condition of the part is below a 
specified threshold. 

Corrective maintenance Maintenance is performed when a part failed. 

Contact area The area where disc and seat touch each other in a closed situation 

Conventional PRV Standard, basic edition of the PRV 

Critical part A part of the PRV that is essential for the PRV’s performance. Without 
or with a damaged critical part the PRV cannot function properly 

Data pooling Combining two data sets until one large data set 

Down time The time between the point that the installation is shut down and the 
time that the installation is operational (thus, including restart time)  

Factor  Term that used to refer to a phenomenon that deteriorates the 
condition of the PRV. 

Failure to open Term that indicates that the PRV did open or opened at an Rp ratio 
higher or equal to 1,3 late during the pretest. 

Failure This term is used to refer to PRVs that have an Rp ratio higher or 
equal to 1,3. Note that this does not imply that the PRV does not 
open. This term indicates that the PRV did not function properly.  

Functional test Based on this test Company C approves  

Data base A Data storage system of Company A and Company B 

Increasing failure rate The probability of failure increases as time progresses. Thus, the older 
the part, the higher the likelihood that the part will fail. 

Inspection interval The time that the PRV is allowed to stay in-service. Note that this is 
different to the time in-service. The inspection interval is normally 
higher than the time in-service 

Data base B Data storage system of Company C 

Leakage Failure mode of the PRV in which the disc and seat have no tight 
connection, which gives the medium the chance to escape. 

Maintenance policy General rules that prescribe when to maintain a part 

Operating pressure The pressure at which installation operates. 

Parameter Term used to refer to variables that are related to the properties and 
application of the PRV. Root causes, and set pressure are called 
parameters because these variables have one fixed value per PRV and 
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differ among other PRVs 

Pre-defined cluster Term used to refer to the formation of cluster that followed from the 
combination of three sources: literature, field expertise, and failure 
analysis.  

Pressure relief valve Mechanical device that relieves excessive pressure when the pressure 
in the installation exceeded the threshold (SP). 

Pretest Testing method that imitates the operating condition of the PRV. 
Based on this test is decided whether the PRV would have operated 
properly in case an overpressurization occurs. 

Preventive maintenance Maintenance strategy that mitigates the consequences of failure.  

Probability of failure Probability that a part fails at time t. Notated as f(t). 

Revision After testing the PRV, it is revised, meaning that those actions are 
performed that make sure that the PRV can be tagged “as new” after 
revision. 

Rp ratio Ratio, calculated as TP divided by SP, which indicates the condition of 
the PRV. 

Safety integrity level Unit of measure for quantifying risk.  

Set pressure Pressure at which the PRV should ideally open. 

Stainless steel Alloy with at least 11% chrome and maximal 1.2% carbon. 

Sticking Phenomenon in which the medium type forms a film between disc 
and seat, which can influence the TP of the PRV.  

“Stuck shut” condition Term used to refer to Rp ratios higher than 1,5 

“Suspension” Term used to refer to Rp ratios lower than 1,3 

Test pressure The pressure at which the PRV opens during the pretest 

Time based maintenance Maintenance is performed after a fixed number of days or amount of 
time. 

Time of failure Time at which the a component (PRV) is failed 

Time in service Time between two consecutive revisions 

Trevi-testing  Testing method for the condition of the PRV in which the PRV can be 
test in-service. Thus, the process does not require a shutdown of the 
process 

Utilities Group existing out of the medium types that are mentioned in 
Appendix N. 
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Appendix C Hysteresis curve of a conventional PRV 

 

 

 

Source: http://eriks.nl/documentatie/afsluiters/veiligheidstoestellen/ari-en-g%C3%B6tze-

veerveiligheidstoestellen.pdf 
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Appendix D Information provided by the data sets 

The content of this appendix can be related to the identity of the company or shows confidential information, which should not be disclosed to 

other parties. 
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Appendix E Classification of disc and seat material 

 
The table below shows the materials that are found in the data after removing the duplicates. 

Name Type Name Type Name Type Name Type Name Type 

0   1.4429 ss 316ST ss Duplex metal RVS/PTFE ss 

1.498 ss 1.4429 ss 416SS ss DUPLEX SS metal RVS/VITON ss 

1.542 ss 1.4436 ss 431 SS ss en gjl 200 metal s-45 metal 

1.0308 metal 1.4462 ss a 176 316L   FEP other SM.Staal metal 

1.0460 metal 1.4462 ss a 276 316L   G.GR metal SS AISI316 ss 

1.0619 metal 1.4525 ss A105 metal GG-25 metal SS AISI440 ss 

10619 metal 1.4541 ss A105N metal GGG metal Staal metal 

1.4006 ss 1.4550 ss A351 CF3M ss GGG 40 metal STD 
 1.4008 ss 1.4571 ss A479 ss Gietijzer metal Stelliet 6 ss 

1.4021 ss 14571 ss AISI 316 ss GS21Mn5V metal synthetic material other 

1.4057 ss 1.4580 ss AISI 321 ss Keramisch other TEFLON other 

1.4104 ss 1.4581 ss AISI 410 ss Kunststof other WCB metla 

1.4112 ss 1.4980 ss AISI 431 ss Messing brass X35CrMo17 ss 

1.4114 ss 14980 ss Aisi 440 ss MET metla X39CrMo17-1 ss 

1.4115 ss 1.7357 ss AISI316/316L ss Metaal metal X5NICRTI2615   1.4980 ss 

1.4122 ss 2.0401 metal Aluminium aluminium N.v.t.   X5NICRTI2615  1.4980 ss 

1.4301 ss 0.7040 metal ASME SA 351 CF8M ss Neopreen other X6CrNiMoTi17-12-2 ss 

1.4305 ss 17-PH4 ss BKG 1.4980 ss Onbekend   z2 cnd 17/12 
 1.4306 ss 2PTFE other BRONS brons Perbunan other z2 cnd 18-10 
 1.4308 ss 304L ss C22.8 metal PP other z3 cnd ss 

1.4310 ss 314SS ss Carbon metal PTFE other z6 cn-18-09 
 1.4404 ss 316 SS ss CF8 ss PVC other Zie opmerkingen 
 14404 ss 316 ST ST ss CF8M ss Rubber other 

  1.4408 ss 316L ss cr ni ss Rubber/RVS other 
  1.4410 ss 316SS ss CrNi ss RVS ss 
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Appendix F Verification of TIS 

 

Identity number of PRV 

80 00 75 89 61 

Company C Company B 
Company 
C 

Company 
B Company C Company B Company C Company B Company C Company B 

9-4-1997 9-4-1997 31-1-2002 31-1-2002 15-4-1997 1997 21-11-1996 21-11-1996 26-6-1997 26-6-1997 

16-9-2003 16-9-2003 7-12-2006 7-12-2006 2-4-2001 2-4-2001 
 

10-6-1998 
 

22-4-1999 

14-11-2007 14-11-2007 
 

7-6-2010* 30-10-2007 30-10-2007 4-3-2002 4-3-2002 17-9-2003 
 28-3-2012* 28-3-2012 

  
24-1-2012 24-2-2012 18-9-2006 18-9-2006 17-9-2003 17-9-2003 

*Exceeded term *PRV rejected 17-10-2013 17-10-2013 5-2-2009 5-2-2009 19-11-2007 19-11-2007 

      
24-10-2012 24-10-2012 8-7-2009 8-7-2009 

        
28-6-2010 28-6-2010 

        
16-3-2012 16-3-2012 

        
30-1-2013 30-1-2013 

        
7-6-2013 7-6-2013 
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Appendix G Data pooling 

 

Appendix G1 Number of PRVs that failed per year per company 

 
The content of this section can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

Appendix G2 Statistical test for non-normal data 
This section describes briefly the theory behind the tests that are used in this project. For more 

detailed information is referred to Field (2005). 

Two statistical test are used. One for comparing the similarity of the means and one for comparing 

the similarity of the variances (table 76). 

Table 76: Tests for non-parametrical data 

 Non-normal data 

Comparing mean Mann-Whitney test 
Comparing variance Levene’s test 

 

Mann-Whithney’s U test 

Mann-Whitney test (M-W test) is a non-parametric test that looks to difference between two 

samples by taken the location of the data points (of Rp ratio and TIS) into account. This test is nearly 

as efficient as the t-test for normally distributed data. The null hypothesis is that the two 

populations are the same (Field, 2005). Table 77 shows the conclusions that can be drawn from the 

test statistic. 

Table 77: Meaning of test results of the M-W test 

Mann-Whitney test 

Significant (P-value < 0.05*) Non-significant (P-value > 0.05*) 
The populations are statistically different The populations are statistically equal 

*Alpha level of 5% 

Levene’s test 

Levene’s test is an inferential statistic used for assessing the equality of variances, that is, as you go 

through levels of one variable the variance of the other variable may not change (assuming one 

independent variable and one dependent variable) (Field, 2005). Figure 78 depict this in graphical 

form. In an ideal situation the blue lines need to be parallel to the black line (plot is only for 

illustrative purposes). Like the M-W test, Levene’s test has the same interpretation (table 78). 
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Figure 78: Non-equality of variance 

Table 78: Meaning of the test result of Levene's test 

 

Appendix G3 Similarity of data set based on the Rp ratio 
 

The variable Rp ratio is discussed in the appendix since the data points that are available are much 

smaller than the time in service. However, the Rp ratio is also critical in the context of this project. 

The structure is this section is similar to the one of the time in service (chapter 13), meaning that 

first the Rp ratio is discussed visually followed by some statistical tests. 

G3.1.1 The visual similarity between the data of Company A and Company B in terms of the Rp 

ratio 

Figure 79 shows a plot of the Rp ratios of both companies. Also, for this plot percentages are used 

since the number of data points from Company A and Company B differs substantially (table 79). 

This table shows that the means are similar (difference 0.003), which is in accordance with the plot. 

Levene’s test 

Significant (P-value < 0.05*) Non-significant (P-value > 0.05*) 
The variances are statistically different The variances are statistically equal 

*Alpha level of 5% 
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Figure 79: The distribution of the Rp ratio 

 

Table 79: Descriptive statistics of the Rp ratio for Company A and Company B 

Descriptive statistics 

  
Company 
A 

Company 
B 

Mean 1,04311 1,04634 

Standard Deviation 0,11329 0,128369 

Sample size 3508 1164 

 

G3.1.2 Visual similarity of variance between the data of Company A and Company B 

Table 79 from the previous section shows that the variances are like the mean near similar. Figure 80 

shows that the curve of Company A and Company B is different. However, the unit of the vertical 

axes is small, meaning that the difference is actually much smaller than the graph suggests. 

 

Figure 80: Variance plot of the Rp ratio for Company A and Company B 

G3.2.1 Statistical similarity between the data of Company A and Company B 

Like for the TIS, also for the Rp ratio a normality test is conducted. Table 80 shows that the Rp ratios 

do not follow a normal distribution. This is also in line with the expectation when looking at figure 
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86. The “bell shape” is missing since only Rp ratios higher than 1 are considered in this report, 

implying that the same (non-parametric) test can be used to compare the similarity of the Rp ratios. 

Table 80: Result of the test for normality of the Rp ratio 

Kolmogorov-Smirnov test 
for normality 

Significance value for 
Rp ratio 

Company A 0.000 
Company B 0.000 

 

G3.2.1.1 Mann-Whitney’s test for the Rp ratio 

Table 81 shows the results (of SPSS). The significance value is higher than the critical value of 0.01, 

indicating that the populations are similar based on the M-W test.  

Table 81: Results of the Mann Whitney's U test 

Test Sig. 

M-W test 0.037 

 

G3.2.1.2 Levene’s test for the Rp ratio 

Table 82 depicts (a part) of the output from SPSS. As can be seen, the variances can be interpreted 

as equal since the test statistic is larger than the critical value, implying that the null-hypothesis is 

not rejected (0.654 > 0.01). 

Table 82: Results of Levene's test 

Levene’s test 

 F Sig. t df Sig. 

Equal variances assumed 1.648 .199 -0.449 4647 .654 
Equal variances not assumed   -0.433 1826.88 .665 

 

G3.3 Conclusion 

The visual plots indicate that the percentage of failures are near similar for Company A and Company 

B. This conclusion is supported by the M-W test, which indicated that the populations are 

statistically similar. Furthermore, the variance plot and Levene’s test indicate no significant 

difference between both populations. Therefore, it can be concluded that the data sets of Company 

A and Company B can be pooled for the Rp ratio. 
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Appendix H Plots in relation with sticking 

The content of this appendix can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. Therefore, only a part is showed. 

For each medium type the PRV is exposed to that failed the pretest a plot is made in order to assess the 

influence of sticking. Appendix G2 discusses the results. Note that the plots that have a “*” behind the 

medium type are rescaled in order to focus on the area of interest.  

Appendix H1 Plots for particular medium types (alphabetic ordered) 
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Appendix H2 Discussion of the results of the plots 

The previous section shows the plot of to which fluids the PRVs are exposed that failed the pretest. 

Table 83 shows which fluids show a failure pattern that is expected in the context of sticking. Five 

medium types showed a failure pattern that can be related to sticking. These are M21, M22, M24, and 

M25. One medium type is discussed. The interpretation for the other is analog. 

 

Table 83: First impression of plots 

Fluid name Presence of sticking 
from observing plots 

 No Debatable Yes 

M1 X   
M2 X   
M6 X   
M10 X   
M12 X   
M13 X   
M14 X   
M16 X   
M20 X   
M21  X  
M22   X 
M24   X 
M25 X   
M30  X  
M32  X  

 

M32 

This medium type shows many failures. However, in the left-top part of the graph several passed 

pretested are registered, meaning that sticking is not the cause of failure. 
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Appendix I Manual of PRV type VSE 1, open bonnet 
Source: http://www.cobuilder.com/coBuilderDocuments/getfile?&dokid=464976&code=MzAxNzk1JTJ 

GVE9fVlNFLVIxX1NLQi1TLVpfMjcxLTAyLTg5MF9FLnBkZg==&ext=.pdf 
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Appendix J Selection of clustering method(s) 

Several clustering methods are present to cluster data. Table 84 shows the most known ones (Grabusts, 

2011). The principles behind each clustering procedure will not be discussed. Only the ones that are 

used are described briefly. 

Table 84: Different cluster methods 

Clustering methods 

Block 
Chevychev 
Cosine 
Euclidean distance 
Euclidean distance squared 
K-means 
Minkowski 
Pearson correlation 

 

Each method, mentioned in table 84, is used on the data of the SS materials. The program is asked to 

cluster the 225 Rp ratios of PRVs equipped with SS parts in four clusters. Table 85 shows the results of 

the clustering methods. Methods that have a similar color proposed the same clusters. On the occasion 

of these results is chosen to use the Euclidean distance and K means clustering in this project for backing 

up the results by use of a statistical method. The principle behind these methods is described briefly. 

Table 85: Results of the different cluster methods 

Clustering methods Cluster 1 Cluster 2 Cluster 3 Cluster 4 
Block Rp ratio [1-1.17) Rp ratio [1.2-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

Chevychev Rp ratio [1-1.17) Rp ratio [1.2-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

Cosine Results that made no sense (overlapping intervals) 

Euclidean distance Rp ratio [1-1.17) Rp ratio [1.2-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

Euclidean distance squared Rp ratio [1-1.17) Rp ratio [1.2-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

K-means Rp ratio [1-1.1) Rp ratio [1.1-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

Minkowski Rp ratio [1-1.17) Rp ratio [1.2-1.29) Rp ratio [1.29-1.75) Rp ratio [1.75-2) 

Pearson correlation Results that made no sense (overlapping intervals) 

 

1) Euclidean distance 

To check the similarity between the groups use is made of hierarchical clustering based on the Euclidian 

distance. This method starts by assuming that each data point is a clusters. Then, the shortest distance 

between the points is taken and that data point is combined with it closest neighbor. By calculating 

every iteration the distances, the clusters can be formed. A simple example of the principle behind this 

cluster method is depicted in figure 81. As can be seen, this clustering method starts with as many 

clusters as data points and ends with 1 cluster (hierarchical). In the context of this project, the number 

of clusters where the clustering program can stop is four. This number is chosen because initially, also 

four categories where defined. Moreover, stopping the clustering algorithm earlier, thus, for instance, at 
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five does not add much value since the failures have the largest distance among each other because 

only a small number of the PRVs failed, implying that the clusters will be formed in the region of the 

failures. 

 

  A B C D 
 

Iteration Cluster Explanation 

A 0 1 5 6 
 

0 (A), (B), (C), (D) Each point is a cluster 

B 1 0 2 4 
 

1 (A,B), (C), (D) Distance A and B is smallest 

C 5 2 0 3 
 

2 (A,B,C), (D) Distance (A,B) and C is smallest  

D 6 4 3 0 
 

3 (A,B,C,D) Merge with D 
Figure 81: Example of the principle of the Euclidean distance 

2) K means 

K means defines as many centroids (arithmetic mean of all data points in one cluster) as clusters that 

need to be defined. The centroids cannot be placed on arbitrary places because this can influence the 

outcome. The best choice is to place them in such a way that the mutually distance is maximized. Next, 

divide the data points to the closest centroid and re-calculate the centroid for each cluster until the 

centroids do not move anymore.  
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Appendix K Comparison between quadrant II and III 

 

Below, two tables can be found that show the width of the clusters. The first table is based on the 

Eucledian distance while the second table is based on K-means. As can be seen, the results of the K-

means are in line with the results where the data is clustered in two cluster. However, the Eucledian 

distance deviates, that is, the upper limit of the width of quadrant III is constantly higher than that of 

quadrant III. 
 

  Cluster 1 Cluster 2 Cluster 3 

Quadrant II Rp ratio [1-1,007) Rp ratio [1,008-1,03) Rp ratio [1,05-1,1) 

Quadrant III Rp ratio [1-1,018) Rp ratio [1,019-1,05) Rp ratio [1,06-1,1) 

 

 

  Cluster 1 Cluster 2 Cluster 3 

Quadrant II Rp ratio [1-1,035) Rp ratio [1,036-1,05) Rp ratio [1,05-1,1) 

Quadrant III Rp ratio [1-1,028) Rp ratio [1,029-1,06) Rp ratio [1,06-1,1) 
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Appendix L Formation of pre-defined clusters 

 

This section discusses the formation of these clusters. In order to define the clusters use is made of 

three different sources (figure 82). 

 

Figure 82: Overview of sources that are used to define the clusters 

L1 Exploring the three sources 

This section discusses the information that each of the three sources provided such that in the end of 

this section a comparison can be made of what the most suitable choice is. 

L1.1 Literature 

The API standard, which is a standard that helps users the improve efficiency and cost-effectiveness, 

provided in code 581 a medium categorization guideline which distinguishes three types of severity 

(sometimes referred to as working environments): mild, moderate, and severe as depicted in table 86.  
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Category Description 

Mild 

Clean hydro carbonates at moderate temperature 

No aqueous phase present 

Low in sulfur and chlorides  

Mean time to failure is characterized as long (25 years) 

Failure is characterized by wear out 

Examples: LPG, nitrogen or lubricating oils 

Moderate 

Hydrocarbons that may contain some particulate 

A separate aqueous phase may be present, but in minor component 

Filtered and clean water are within this category (exception on previous point) 

Some sulfur or chlorides may be presents 

Temperatures up to 260 °C  

Mean time to failure is characterized as moderate (15 years) 

Examples: process water or seal oils 

Severe 

Hydrocarbons that are processed at temperatures above 260°C with significant tendency to 

foul.  

Sulfur and chloride concentrations may be high 

Polymerized polymers  

Mean time to failure is characterized as short (7 years) 

Failures are characterized as random 

Examples: cooling water or corrosive liquids 

 

Note: fluids classified as “mild” for failure to open are not automatically categorized into the same category for 

leaking. Cooling water, for example, has one of the highest fail to open rates and is therefore categorized as 

“severe”. However, the contribution of cooling water to leakage is almost negligible. Steam in contrast, is the 

opposite. 

 
Table 86: Classification of medium type of API 581 

 

In contrast, Mitchell et al. (2013) estimated the probability of failure on demand for spring operated 

relief valves. The media that were present in their dataset were divided into four main categories: liquid, 

steam, gas, and air. Air refers to all gases that can be found in the atmosphere such as, nitrogen. API 

would categorize these as “mild”. Statistical test showed that no significant difference is found between 

gas, air, and steam, therefore these types are combined into one type (Mitchell et al, 2013).  

 

In contrast to API 581 and Mitchell et al. (2013), Hellemans (2009) distinguishes only among fluids. 

These are the following three types: dirty service with particles in the fluid, polymerizing fluids, and 

others that consist of highly viscous fluids, waxy fluids, and hydrates formation.   

As mentioned in the section about the seat, fluids that contain particles can damage the surface of the 

seat which causes leakage. Another consequence of particles is that during reseating of the PRV, after 

activation, particles can get stuck between nozzle and seat, resulting in untight sealing. 

Another type, mentioned by Hellemans (2009) is polymerization. Polymerization in a process in which 

relatively small molecules, monomers, are combined during an adverse chemical reaction into polymers, 



169 
 

large (chainlike) network of monomers. It can be the case that polymers formed from the liquid phase 

may remain dissolved. The consequence of this is that the dissolved parts can stick to seat and nozzle. 

Another occurrence is that the monomers of a fluid gas phase undergo a chemical reaction in which the 

monomers end up in a more less solid phase (Perry et al, 1984). Perry describes an example about 

styrene. After the polymerization took place the viscosity increases from 0 to 60%. In case the PRV is 

designed for fluids, polymerization can have huge consequences on the life time of the PRV. The two 

most common consequences are blocked inlet nozzles and reseating problems during operation 

(Hellemans, 2009; Chung, 2000). 

Viscosity, connotes as the fluidity (Freitas et al, 2013), affects the choice of the PRV. Low viscous fluids 

(water) relieve more easily than high viscous products (syrup).  This implies that the PRV needs to open 

earlier than low viscous media, otherwise the installation cannot relief its pressure fast enough to 

prevent damage. (Hellemans, 2009). Chung et al. (2000) gave the following example: the viscosity of 

sulphur that increases above 200°C significantly. However, literature is scarce about the relation 

between failure of PRV in relation to the viscosity.  

Chung et al (2000), distinguishes the following types of fluids in order to select the best type of safety 

valve: viscosity, corrosiveness, and the amount of foul. However, Chung et al. (2000) did not specify the 

definitions of these types. They made a flow diagram which contains multiple questions to guide the 

reader to the right PRV choice.  

 

Table 87 gives an overview of the most important findings in this paragraph. Although it seems that API 

581 distinguishes only two types of media, this standard is by far the most extensive and clear one out 

of the three.  
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Table 87 Overview of medium types that are distinguished per article 

API 581 Mitchell et al. (2013) Hellemans (2009) Chung et al. (2000) 

Clean hydrocarbons 

that have no aqueous 

phase and have low 

concentrations of 

sulphur and chlorides 

Corrosive 
Dirty media with 

particles 
Foul 

Hydrocarbons that 

may contain some 

particular matter and 

an aqueous phase may 

be present, as well as 

some sulphur and 

chloride. Process 

temperature lower 

than 260 °C are also 

included and clean, 

filtered water are part 

of this category 

Liquid Polymerizing media Corrosive 

Hydrocarbons 

processed above 260 

°C, polymerizing fluids 

and cooling water, as 

well as high sulpur and 

chloride 

concentrations 

Steam Highly viscous media Viscosity 

 

L1.2 Expert opinion 

Two experts in the field of chemistry are questioned about their opinion of which clusters should be 

used for this project. One of Company B and one of Company A. Their ideas are mentioned in table 88.  

Company B’s expert in chemistry advised to categorize based on the failure mode. As can be seen, three 

failures modes are mentioned. However, these categories are not ambiguously. Plugging and 

contamination are two concomitant failure modes. This means that actually only three categories are 

left: no problem, plugging (combined), and corrosion. 
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Table 88: Overview of opinion of experts with regard to medium classification 

Expert knowledge 

Expert 1 (Company B) Expert 2 (Company A) 

No problem Solidify + severe 

Plugging Moderate 

Corrosion Mild 

Contamination  

 

Company A’s expert mentioned that API 581 had some guidelines to categorize media and advised to 

use this classification. This article/ standard was also used as literature. As extension he included 

solidifying fluids. In case the medium in the pipeline is liquid nitrogen (+/- 100 °C), the PRV will have a 

temperature near similar. When another PRV is activated that is connected to the same torch pipe, it is 

possible that the released medium can freeze up around the cold PRV, which cause PRV’s failure. 

However, such a situation cannot be found in the data since Company C revises the PRVs at room 

temperature, meaning that all the medium that is frozen up thaws when the PRV is disassembled. Thus, 

this failure mode can be disregarded, implying that only the classification of API remains.  

L1.3 Failure analysis 

This section discusses the failures (Rp ratio > 1.3) from the viewpoint of medium type. The failures might 

contain some pattern what can be important for the remainder of the project. For instance, one 

particular medium type can fail more often than others. The second parts explores the cause of failure 

for each for the failed medium types. The cause of failure can provide valuable information for defining 

the clusters.  

L1.3.1 Medium type with regard to failure 

In total 84 PRVs failed the pretest (Rp ratio higher than 1,3). Table 90 shows which medium types have 

failed the pretest. Remark that 4 of the failed PRVs had a blank field for medium type and are excluded 

from analysis. Moreover, some media mentioned in the table are the same but have a different name. 

For instance, the medium types H2O (M14) and H20 (M15), mean the same. H2O can also refer to water 

but from chemical perspective H2O is not equal to water since (drink) water contains inter alia, calcium. 

There is decided not to rearrange the whole data set in terms of medium.  

Taking a look at table 89 two points can be remarked. Firstly, it is remarkable that about 1/3 of the 

failures are gasses. Gasses are clean fluids that cannot cause plugging. However, in case gasses contain 

oxygen, corrosion can occur. API 581 mentions that gasses that contain concentrations of sulphur and 

chloride can, also, cause corrosion. 
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Table 89: Medium types that failed the pretest 

Categorization per working fluid 

    Gasses Occurrence Liquids Occurrence 

    M5 1 M1 1 

M9 1 M2 1 

M9 2 M3 1 

M9 1 M4 1 

M23 4 M6 1 

M28 4 M7 1 

M29 3 M8 1 

M34 1 M10 1 

  
M12 1 

  
M13 1 

  
M14 1 

  
M15 2 

  
M16 1 

  
M17 1 

  
M20 1 

  
M21 6 

  
M22 11 

  
M24 2 

  
M25 2 

  
M30 1 

  
M32 24 

  
M33 1 

    Total 17 Total 63 

 

 

The table with failures is presented to an expert in the field of technology with the question whether he 

can find a relation between the failures. This technologist has divided the media in seven groups. To 

visualize the failures, colors are added in table 89. Similar colors belong to similar categories. The colors 

used in table 89 refer to the categories that are depicted in table 90. Moreover, this table mentioned 

the cause of failure. As can be seen in the table, only for 21 PRVs the cause of failure is described.  
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Table 90: Cause of failure of PRVs that failed the pretest 

Category 
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 

 
36 26 4 4 5 4 1 

Rust 6 3 
  

1 1 
 Plugging 5 1 

   

1 
 Stuck in 

conduction 2 
  

1 
    

After dividing the medium types in these seven categories, a relation became present, namely several 

categories can be combined into the category “utilities”. Medium types that are part of this category are 

used for cooling instances or transporting. Table 91 shows which media are part of this category. 

Table 91: Medium types that are part of the utility group 

Utilities 

Air 

Cooling water 

Nitrogen 

Steam 

(river) Water 

Vapor 

 

Table 92 is the result of combining the medium types that belong to the category “utilities”. 

  

Table 92: Higher level categorization of table 89 

Category 
Utilities 

Hydrocarbons 
(gas) 

Hydrocarbons 
(liquid) Gasses  Other 

 
48 26 4 1  1 

Rust 8 3 
  

 
 Plugging 6 1 

  

 
 Stuck in 

conduction 3 
      

L1.3.2 Cause of failure of failed medium types 

This section provides an explanation for the question why the medium types that belong to the utility 

group take up more than 50% of the failures. Furthermore is explained why nitrogen should be excluded 

from this category. 
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L1.3.2.1 Causes of failure 

From the 80 failures, 48 (60%) are attributable to the utilities. Experts in the field of chemistry notice 

that corrosion and plugging are two most common phenomena that can cause these PRVs to fail. Liquids 

that contain water or substances of water can cause corrosion. Moreover, gasses, such as air contain 

during winter much more moisture, which enhances corrosion.  

Plugging can be explained by two reasons;  

1) River water is part of the utility group. This is water that is filtered lightly, implying that the water can 

contain some particles (this medium can contain river mussels), which can cause plugging.  

2) Cooling water is used for cooling purposes, meaning that the PRVs installed close to the installation 

encounter a higher temperature than further downwards. The high temperatures can stimulate the 

growth of algae, which can cause PRVs to fail. Moreover, cooling water contains lime, which sets itself 

against the pipes and PRV. 

L1.3.2.2 Nitrogen is an exception within the utility group 

Nitrogen is a medium that is used for displacing oxygen. Essentially, nitrogen is a clean gas that cannot 

harm the PRV, implying that the PRV cannot fail due to the influence of nitrogen. Engineers are also not 

able to offer a reason why the PRV would fail due to the influence of nitrogen. However, they offered 

two potential reasons for why PRVs exposed to nitrogen can fail. One reason explains failure from 

internal while the second explains a reason externally.  

1) Figure 83 shows two storage tanks that are protected by one PRV. Nitrogen (blue) is used the inerting 

the tanks. However, when the weight of both fluids is the same, sort of a suspension is formed. Under 

some (ideal) circumstances is it possible that the medium in the tank can come in contact with the PRV, 

exposing the PRV not only to nitrogen but also the medium in the tank. Remark that this is a possible 

explanation for the failure of PRVs, which happens rarely. 

 

 

Figure 83: Schematic example of a storage tank 

2) Nitrogen is an environmentally friendly medium type. Therefore, this medium type is relieved in open 

air, meaning that the PRV is in contact with the outside air. This implies that the PRV can fail due to 

corrosion in de guidance, which is caused by the moisture in the outside air.  
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L2 Definition of the clusters 

Table 82 showed an overview of the categories that have been used in literature.  However, several 

categories are included because these refer to leaking. This project focusses on PRVs that fail to open, 

implying that the following categories can be disregarded: 

1) Vicosity 

Hellemans (2009) and Chung (2000) mention in their classification the viscosity (fluidity) of a medium. 

Experts, in contrast, argue that it is hard to distinguish media based on viscosity since most of the media 

on Location X have a low to medium viscosity because the highly viscous fluids are diluted in order the 

improve the transport. Therefore, viscosity is not used as property for classification. 

 

2) Particles/ Foul 

Hellemans (2009), API 581, and Chung (2000) also included media that contain particles (foul). However, 

media that contain particles are related to leaking. Once a PRV is open, either minimal, particles can 

scratch the surface of the disc and seat, implying that the PRV can leak. Since leaking is outside the 

scope of this project, this distinction can be disregarded.  

 

3) Temperature 

The temperature of the medium is mainly related to leaking. The higher the temperature, the easier it 

will escape. Thus, the closure between seat and disc has to be better for medium that have high 

operation temperatures. The literature report mentioned that temperature has no major influence on 

the condition of the PRV.  

Table 93 shows the new table, after processing the comments made above. All categories that are 

dealing with temperature, particles, and viscosity are erased. 

 

Table 93: Overview of medium type classifications of literature and experts 

API 581 
Mitchell et 
al. (2013) 

Hellemans 
(2009) 

Chung et al. 
(2000) 

Expert 
Compan
y A 

Expert 
Company B 

Clean hydrocarbons that 
have no aqueous phase 
and have low 
concentrations of sulphur 
and chlorides 

Gasses 
  

API 581 No problem 

Hydrocarbons that may 
contain an aqueous phase; 
however; clean, filtered 
water can also be included. 
Media that contain some 
concentrations of sulphur 
and chloride 

Liquid 
Polymerizin

g 
Corrosive API 581 plugging 
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Polymerizing fluids and 
cooling water. Media that 
contain high 
concentrations of sulphur 
and chlorides. 

Steam 
  

API 581 corrosion 

 

As can be seen in table 94, similarities between different sources/ articles are indicated with the same 

color. For instance, polymerizing fluids and plugging have the same color because polymerization fluids 

have the effect of plugging. Filling in the table in a systematic way results in four categories/ colors. 

Remark that this table only presents one expert opinion since the expert opinion of Company A was 

similar to API 581. Moreover, the results of the failure analysis are not included in the table since this 

encompasses only that attention has to be paid to the media that belong the utility group. 

 

Table 94: Overview of similarities between sources 

API 581 
    

Mitchell 
et al. 
(2013) 

Hellemans 
(2009) 

Chung et 
al. (2000) 

Expert 
Company B 

Clean hydrocarbons that have 
no aqueous phase and have 
low concentrations of sulphur 
and chlorides 

    Gasses     No problem 

Hydrocarbons that may 
contain an aqueous phase; 
however; clean, filtered water 
can also be included. Media 
that contain some 
concentrations of sulphur and 
chloride 

    Liquid Polymerizing  Corrosive Plugging 

Polymerizing fluids and 
cooling water. Media that 
contain high concentrations of 
sulphur and chlorides. 

    Steam     Corrosion 

 

The information showed in table 94 is combined with the results of the failure analysis. Table 95 shows 

the groups on which the data will be clustered. The names of the categories are copied from API 581 

and refer to the expected probability of failure. Remark that this table exist of failure modes and 

properties of media. As mentioned in the first section of this chapter, analyzing the medium types as 
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function of corrosion and polymerization is far too detailed since it is a complex task to find out the 

exact composure of a medium type. Therefore, these cluster are defined more globally.  

 

Table 95: Definition of the pre-defined clusters 

Cluster Description 

Low failure rate 
Clean gasses in which no aqueous phase may be present are part of this 

category. Gasses have to contain low concentrations of sulphur and chlorides 

 

Moderate failure 

rate 

 

Medium types that are lightly corrosive and have a small probability to 

polymerize can be classified as moderate, as well as medium types that 

contain some concentrations of sulphur or chloride. A dissolution of water may 

be present but in minor degree.  

 

High failure rate 

 

Polymerizing and solidifying media fall in this category, as well as media that 

are corrosive and have high concentrations of sulphur and chlorides. Also 

medium types that belong to the "utilities*" (excluding nitrogen) are included 

in this category. 

 * Medium types that are part of the utilities are air, water, and vapor 
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Appendix M Classification of medium types 

The content of this appendix can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 
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Appendix N Medium types that are part of utilities 

The content of this appendix can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 
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Appendix O TIS of medium types  

The content of this appendix can be related to the identity of the company or shows confidential information, which should not be disclosed to 

other parties. Therefore, only part is showed. 

This chapter shows the plots of the TIS of the medium type of PRVs that failed the pretest. The first section is related to the medium types of the 

PRVs that failed the pretest while the second section show the TIS of the pre-defined clusters. 

O1 TIS of medium types of PRVs that failed the pretest 
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O2 TIS of pre-defined clusters 
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Appendix P The percentage of failure of the TIS 
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Appendix Q Output of the model developed 

This chapter shows how the model behaves when some parameters are changed. 

Q1 Risk matrix 

 
The content of this appendix can be related to the identity of the company or shows confidential 

information, which should not be disclosed to other parties. 

Q2 The output of the model 

In order to see how the model adapts to changes in parameters, two variables are changed. Each section 

discusses the result of the model. 

Q2.1 Changing values of the Weibull parameters 

The first one changes the values of the Weibull parameter. API 581 has also specified default parameters 

for the category “high failure rate”. Thus, now the optimal inspection interval is determined by the use 

of a higher probability of failure. Tables 96 gives an overview of the values. 

Table 96: Overview of input values (II) 

Variable Value 

Weibull parameters  

η 23.9 
β 1.8 
  
Cost parameters Euro 

𝐶𝑙 + 𝐶𝑟 + 𝐶𝑤  1000 
𝐶𝑑  10000 
𝐶𝑠 1000 
COF 500000 
  
Restriction Maximum value 

Legal inspection interval 6 year 
Probability of failure (cumulative) 10% 
Risk 50000 

 

The optimum is located at 2,58 year at 10670 euro, as can be seen in figure 84. By lowering the η-value 

of the Weibull function, the cumulative probability of failure is for the same time unit higher. Thus, the 

risk per unit time increases stronger than in the previous example. Therefore, it is logical that the 

inspection interval is shorter. 
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Figure 84: Graphical representation of the total costs (II) 

 

Q2.2 Changing the down time costs 

The last changed that has been made is changing the down time cost. Table 97 shows an overview of the 

values that are inserted in the model. 

Variable Value 

Weibull parameters  

η 23.9 
β 1.8 
  
Cost parameters Euro 

𝐶𝑙 + 𝐶𝑟 + 𝐶𝑤  1000 
𝐶𝑑  30000 
𝐶𝑠 1000 
COF 500000 
  
Restriction Maximum value 

Legal inspection interval 6 year 
Probability of failure (cumulative) 10% 
Risk 50000 

Table 97: Overview of input values (III) 

The optimum is located at 4.7 year at 16243 euro (figure 85) . Since the cost of preventive maintenance 

are nearly three times as high, one would expect that the optimal interval is located above 2,58 year and 

indeed the optimum lies about two years higher. Note that the minimum is about 600 euro higher than 

in the previous example. This can be explained by the fact that the risk stayed the same while the 

preventive maintenance costs lies higher than in the previous example. 
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Figure 85: Graphical representation of the total costs (III)

 

 

 

 

 

 

0

50000

100000

150000

200000

0 1 2 3 4 5 6

C
o

st
s 

[e
u

ro
] 

Time [year] 

The optimal inspection interval 

Risk

Preventive maintenance costs

Total costs


