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Summary
Objectives
Risk based inspection (RBI) as a method for prioritising the inspection of plant has received
considerable attention over the last few years and methods have been developed nationally,
for example by the American Petroleum Institute (API) and by a number of private
organisations, particularly in the petrochemical industry. A co-ordinated approach to these
developments is currently underway in Europe (RIMAP).
A survey of approximately 50 UK organisations carried out by HSL in 1999 showed that
approximately half were using an approach to plant inspection based on risk. It was clear
however, that a wide range of systems were in use including commercial software packages
and in-house systems specific to individual plants. Given the disparate nature of some of these
systems and the likelihood that RBI assessments might produce very different results
depending on which methodology was used, HSE took the view that a study should be
undertaken using a number of example cases to tease out the differences between the systems.
This is the subject of the current investigation. The work (Programme JR32082) has been
jointly funded by HSE’s Technology Division (TD) and the Hazardous Installations
Directorate (HID). The programme was essentially in two parts. Firstly, a case study round
robin was undertaken by HSL, the subject of this report, and secondly, a review of European
developments has been carried out by Mitsui Babcock Technology, the details of which are
reported in Reference 8.
Main Findings
1 Considerable variation in the selection of damage mechanisms for assessment was
apparent.
2 Pre-sifting of damage mechanisms, thought to be inactive, had occurred.
3 Significant variability was found in the assignment of the importance of damage
mechanisms; different conclusions, regarding the activity of a damage mechanism, were
drawn from identical data.
4 Where software systems were used and calculations of the consequences were made, it was
not transparent what assumptions had been made; details were frequently hidden in the “black
box”.
5 Assumptions made about nearby plant and the likely occupancy by plant personnel together
with the differences in the definitions of equipment, production and business were not
transparent.
6 A number of the RBI methods considered the likelihood and consequences independently.
The method has the benefit of simplicity and ensures conservatism but lacks the accuracy of
systems where the consequences are assessed separately for each damage mechanism.

7 In some cases RBI systems averaged the individual consequences associated with health
and safety, business and plant issues and environmental factors to generate an overall consequence factor. Thus it appears possible that plant judged to have, for example, high safety
consequences could be assessed as having medium overall consequences. From HSE’s viewpoint this might require some justification.
8 Inspection plans were based on the assessment of the damage mechanisms and the assessed
risk and consequently there were significant differences in both the content of the proposed
inspections and in the inspection period.
9 In most cases inspection plans only included procedures for damage mechanisms regarded
as active. There was evidence, in a smaller number of plans, of procedures explicitly included
for inactive or “unlikely” mechanisms.
10 The HSE best practice document suggests that for high consequence plant sample checks
for unanticipated mechanisms would be beneficial, however, little sample checking or
speculative inspection was proposed by the participants.
11 Given the diversity of views on active damage mechanisms, some speculative
inspection would, arguably, be desirable.
12 Use of existing guidance on inspection periodicity was made by all the participants and
included reference to IP 12 and 13 (5,6), SAFed (2) and API 510 (4) documents. Inspection
intervals were, therefore, limited to half remnant life in many cases.
13 The participants did not set limits to inspection periods based on the existing or historical
periods for the vessel under examination.
14 Subjective judgements based on limited information did lead to some significant
differences in inspection periods.
15 Generally, the inspection periods reflected the assessed risk. Nevertheless considerable
scatter was apparent in the data and some participants exhibited greater conservatism in their
assessments than others.
Main Recommendations
1 The reporting and assessment of damage mechanisms lacks transparency (presifting), some
additional guidance to users would be useful.
2 Software, expert systems and expert judgement all have merits, greater integration of these
elements might be beneficial.
3 A review of how damage mechanisms are treated based on uncertain data would increase
confidence in the approach.
4 Some clarification of the definition of each the element of consequences is needed.

5 Transparency is needed in the assessment of consequences particularly with respect to the
assumptions that are made.
6 Inspection planning guidance may be useful particularly for speculative inspections and
sample checks for high consequence plant.
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1 INTRODUCTION
Risk based inspection (RBI) as a method for prioritising the inspection of plant has received
considerable attention over the last few years and methods have been developed nationally,
for example by the American Petroleum Institute (API) and by a number of private
organisations, particularly in the petrochemical industry. A co-ordinated approach to these
developments is currently underway in Europe (RIMAP).
A survey of approximately 50 UK organisations carried out by HSL in 1999 (1) showed that
approximately half were using an approach to plant inspection based on risk. It was clear
however, that a wide range of systems were in use including commercial software packages
and in-house systems specific to individual plants. Given the disparate nature of some of these
systems and the likelihood that RBI assessments might produce very different results
depending on which methodology was used, HSE took the view that a study should be
undertaken using a number of example cases to tease out the differences between the systems.
This is the subject of the current investigation. The work (Programme JR32082) has been
jointly funded by HSE’s Technology Division (TD) and the Hazardous Installations
Directorate (HID). The programme was essentially in two parts. Firstly, a case study round
robin was undertaken by HSL, the subject of this report, and secondly, a review of European
developments has been carried out by Mitsui Babcock Technology, the details of which are
reported in Reference 8.
2.

THE PARTICIPANTS

A number of organisations known, as a result of the survey work carried out earlier or by the
project steering committee, to be actively involved in the use or development of RBI were
contacted and asked to participate in a round robin exercise using a number of specifically
prepared case studies. Organisations across a range of industrial sectors were contacted.
Positive responses were received from most and those who agreed to provide case study
information or to participate in the assessments are shown in Table 1.
Table 1 shows that about half of the participants were directly involved in petrochemical
operations and a number of the other organisations provide consultancy to the petrochemical
industry. Greater participation from other industrial sectors would have provided useful data
on the implementation of RBI outside the petrochemical industry, however, the cross section
of those who agreed to take part probably reflects the extent to which RBI is being developed
and used across all industrial sectors in the UK. This bias towards the petrochemical industry
is also reflected in the fact that three of the four case studies, provided by the participating
organisations, are petrochemical industry based.
The participants are referred to by an identification letter in this report to preserve
confidentiality.
3.

CASE STUDIES

Each of the participants was asked if they would be willing to provide a case study for the
programme. As a result, 4 case studies were developed, provided by 3 organisations. The
cases took some time to develop and in some instances were completed too late to be
circulated to all participants. Table 2 shows which case studies were circulated to each of the
participants.

Case study data was requested in a format similar to that required for analysis using the API
methodology. An example of the data requirements is shown in Appendix 1. Some general
background information was requested together with specific information in 10 categories
relating to likelihood assessments and 8 relating to consequences. Once a complete set of data
had been prepared participants were circulated with the information and asked to undertake an
analysis. Participants were asked to request additional information if the data provided in the
cases was insufficient to carry out their assessments.
The case studies prepared consisted of a molecular sieve (Appendix 2), a distillate
hydrotreater (Appendix 3), an autoclave (Appendix 4), and a methanol storage drum
(Appendix 5).
The intention of the work was to obtain some quantifiable measure of the output of the RBI
process thus participants were specifically requested to provide analysis on the risk, a
proposed inspection plan and inspection periodicity. Inspection planning is considered in
Section 6.4 and additional discussion has been provided by Mitsui Babcock and is included in
that Section.
It was not intended as part of this exercise to evaluate the feedback and integrity management
audit systems.
A draft of this report, detailing the findings of the round robin exercise, was circulated to
participants for their comments. Detailed comments were received from two participants and
these have been incorporated into the final version of the report.
4.

METHODOLOGIES

As part of the case study exercise discussions were held with each of the participants and
some details of the RBI procedures were obtained. The following sections give a general
outline of the approaches adopted and include comments and views of the participants, when
expressed.
4.1

Participant A

Risk assessments are carried out using a manual, qualitative approach by a RBI review team
composed of plant personnel with appropriate skills, experience and from a range of
disciplines. A standard 5 x 5 matrix, an example of which is shown in Figure 1, is used to
establish the level of risk.
The probability of failure is qualitatively estimated on a five box scale from highly unlikely to
highly probable. This is quantified in different ways according to the degradation mechanism
under consideration, for example, for corrosion “highly unlikely” is defined as a remaining
life of greater than 10 years and “highly probable” is defined as the allowable corrosion loss is
used up. For fatigue the equivalent descriptors are highly unlikely: not considered significant
and highly probable: remnant operating life less than 60% of design life. For mechanisms
such as SCC and hydrogen cracking, highly probable is interpreted as meaning widespread
cracking in similar vessels.
Consequence is assessed on a five box scale from very low to very high. Six contributory
factors to consequence are assessed: impact on production, personnel, equipment, fluid

characteristics, fluid hazard contents and fluid pressure. Each of these are assessed on a scale
of 3 or 4 and a summation of the consequence factors gives the overall consequence rating.
Inspection planning is agreed by the RBI review team on the basis of the evaluation of the
degradation mechanisms, the previous inspection history and the assessment of risk.
4.2

Participant B

RBI analysis is carried out by a team of specialists with relevant knowledge and experience of
the plant. Specialisms need to include operational and maintenance, process, structural design,
failure mechanisms and inspection functions.
Assessments are made on a qualitative basis with probability and consequence being evaluated on a scale of 1 to 4. Consequence is assessed for each of the damage mechanisms on the
basis of safety, health and environment, business issues and equipment costs. The risk is then
calculated, for each damage mechanism, based on the sum of the consequence factors under
each heading multiplied by the probability factor. The analysis is based on the judgement of
the RBI team. There appeared to be little written guidance to assist in the analysis.
The inspection periodicity is assessed on some fraction of remaining life and depends upon
consequence information. Inspection procedure guidelines, details of technique limits and
reliability are available to the analyst.
A view was expressed that RBI was appropriate for continuous process plant but that the
benefits were limited for plant where batch processing predominated.
4.3

Participant C

The RBI analysis conducted by this participant is primarily on offshore plant.
Offshore assessments are different, in some respects, to those carried out on onshore refinery
plant. Offshore oil and gas production is characterised by: a) changing production profile
since oil and gas production diminish with time; b) increasing water production and increase
in other components such as sand, CO2 and H2S with time; c) introduction of new fluids from
other oil or gas reservoirs; d) modifications to plant using different materials in response to
changing conditions (more or less aggressive environments).
Pressure systems are required to undergo an integrity review of all the factors which may
affect the condition of the plant. The analysis is required to ensure that the RBI programme
remains valid and the appropriate inspection methods, risk ratings and intervals are correctly
specified. Criticality is determined using the conventional likelihood – consequence matrix.
Plant is graded, taking into account criticality assessment results, and the gradings are used to
select the inspection intervals based on a knowledge of plant condition and operating
environment. Knowledge of in-service behaviour must be reliable to justify inspection
intervals. Equipment may be allocated a Grade between 0 and 3 based on the number of
previous inspections and the rate and predictability of deterioration based on the Institute of
Petroleum guidance on the examination of pressure vessels and piping (5, 6). Grade 0 is
allocated where: a) there is insufficient evidence or knowledge of operational effects on which
to predict in-service behaviour, b) the rate of deterioration is potentially rapid and, c) the rate

of deterioration is unpredictable. Grade 3 is allocated where: a) at least one thorough
examination at Grade 0 and one examination at either Grade 1 or 2 have been carried out, b) a
low and predictable rate of deterioration is known and, c) sufficiently reliable evidence of a
negligible rate of deterioration in a stable service environment such that an increased
inspection interval is justified.
The inspection intervals take account of the uncertainty associated with service duty such that
examination takes place sufficiently well in advance of any potential failure to ensure that loss
of containment is minimised.
The intervals are obtained from a matrix of criticality rating and the inspection grade
moderated by a maximum review period if, for example, there are additional statutory or
British Standard requirements, an example of the matrix is shown in Table 3. Additionally, if
time based deterioration occurs (corrosion or creep) then the half life applies. Inspection and
engineering judgement may reduce inspection periods if equipment operation warrants it. The
review examination, with limited physical examination, is used to confirm information
regarding the allocation of the inspection grade and to confirm that the inspection interval
remains applicable.
Where groups of items are substantially the same with regard to geometry, design,
construction and service conditions and similar deterioration mechanisms can reasonably be
expected, sample examinations can be applied. Sampling may commence at the second
examination following a period at Grade 0 but no item within the group should exceed the
maximum interval recommended for Grade 3. Should the examination of the sample give
unacceptable results then all items within the group become due for immediate inspection.
Limits are set on the sample size such that, for groups containing 5 to 8 items, 2 must be
inspected and, for 9 or more items, 3 must be inspected.
4.4

Participant D

Compliance with current API 510 (Pressure vessel inspection code: maintenance, inspection,
rating, repair, and alteration (1997)) requires that pressure vessels are inspected at a maximum
interval of 10 years. In addition, plant shutdown periods are scheduled at 5 yearly intervals
and thus the scope for extending or reducing inspection periodicity by using RBI arguments is
severely limited.
Nevertheless RBI may be used under some circumstances and a commercial software system
is currently used for RBI analysis. A review team compile and consider the plant asset data
prior to using the software. The software requires likelihood input data for: design pressure
and temperature, operating pressure and temperature, diameter and length, material, thinning
factor, stress corrosion cracking (SCC) factor, H2 partial pressure, service life, number of
inspections, inspection effectiveness (4 point scale), corrosion rate, corrosion allowance and
online monitoring. Inspection effectiveness can be assessed independently for each of the
degradation mechanisms. This data produces a likelihood category.
Consequence assessment is made on a 5 point scale (A to E) and includes the following:
representative fluid, toxic percentage, inventory, detection and isolation systems. The output
from the consequence analysis is an equipment damage area, toxicity area, fatality area and a
consequence area. The software does not provide for the analysis of commercial
consequences. The software appears to have some limitations, for example, a number of

degradation mechanisms are not covered and this makes its use limited to certain types of
plant, presumably by design. Written guidance in the form of a resource document is provided
to assist the user with input data. The likelihood and consequence data are combined to
produce a risk ranking on a 5 x 5 risk matrix.
In the event of plant being assessed as high risk an action plan is initiated. An action plan
team is formed from corrosion, inspection, process, operations, safety and maintenance
functions. Options are considered to reduce the risk either by inspection and re-evaluation or
by changes to operational parameters, for example, limiting pressure or temperature or by
controlling feedstock to limit damage mechanisms. If inspection is the preferred option then
the review team consider inspection history, degradation mechanisms, inspection methods and
plant conditions. An inspection plan is developed covering the methods to be used, the areas
to be covered and the frequency. The inspection interval is assessed on the basis of the
previous inspection history and is limited to half the remaining life, where the life is defined
as the time for degradation to reach a limiting size. These assessments are based primarily on
guidance in API 510 (4) and on the professional judgement of the review team.
4.5

Participant E

Three assessment methods are available and their use depends on the size and complexity of
the plant to be assessed. The first method relies primarily on the use of expert judgements
obtained from a carefully composed review team. The second is a rule based approach which
is software based and the third is a fully quantitative analysis method used primarily for plant
identified as high risk.
In practice the first two methods are generally used together. The value of combining the
judgmental method and the rule based method is to pick up issues that might otherwise be
missed. For example, although a review team might come to the conclusion that, say,
corrosion was not a major damage mechanism the rule based software system would perform
the analysis. Conversely the rule based system may not be sufficiently flexible to pick up
some degradation mechanisms that might result from, for example, the products of
decomposition and therefore the review team provides essential input.
Assessments are carried at one of three levels depending on the risk. Level 1 is essentially a
risk ranking procedure. At level 2 all the damage mechanisms are considered and the worst
case consequences are considered. At level 3 the individual consequence - likelihood
combinations for each feature of the plant are assessed which produces finer risk resolution.
The level 3 assessments are primarily based on expert judgement but quantitative methods are
used where appropriate. The likelihood of damage is assessed using information from
previous inspections and an assessment of the effectiveness of the inspections (rated from
poorly effective to very effective) for each of the damage mechanisms is obtained.
Consequence modelling at level 3 requires data on the following: the process stream, stream
phase, temperature, pressure, inventory, and material density. Further information is required
on: the area of the plant; plant population; local population density; weather conditions
including temperature and pressure; safety, business and environmental data (these include
distances to office blocks, boundary fences, water courses etc.); repair time; other impacts on
production; containment bunding; isolation facilities; remotely operated valves and
blowdown; fire protection; gas and fire detection; evacuation and safe refuge; water monitors;
deluge system; foam fire fighting; on site fire brigade and equipment redundancy. Hazard

areas (in square metres) are calculated for the impact on personnel and the equipment (subdivided into flammable, toxic, pool fire and overpressure areas). Thus a consequence ranking
can be generated for safety, business and environment.
Inspection planning is carried out by the review team on the basis of expert judgement. Each
mechanism is considered and judgements are made on the appropriate technique and
coverage.
The inspection periodicity is derived from a matrix of the risk and a confidence index which
is based on the Inspection Grade concept described in IP 12 and 13 (5,6). The confidence
index is based on expert judgement, and is derived from previous inspections which are used
to validate previous risk assessment findings. A rule set is provided to guide users. Thus the
process is partly automated and partly objective. In any event the inspection interval cannot be
set beyond a particular fraction of the remnant life, which is based on risk1. It should be noted
that items which have a very short remnant life, also have a low confidence factor, and hence
have very short maximum (capped) inspection intervals.
4.6

Participant F

This system is essentially an implementation of the methodology described in API 581 (2).
The approach is semi-quantitative with separate calculations being performed for the
likelihood and consequence components for each item of plant. The results are reported on a 5
x 5 matrix with the likelihood category of 1 to 5 and the consequence category A to E. Thus,
the lowest risk category is 1A and the highest risk category 5E.
Likelihood analysis is based on the assessment of each of the damage mechanisms and a
probability of failure can be determined from the product of a generic failure frequency, the
damage factor (based on known degradation rates) and a management factor. The
management factor is based on guidance in API 581 Appendix D and covers areas including
leadership and administration, management of change, operating procedures, safe working
practices and training. For mechanisms where data is limited, the guidance in the API
technical modules is used. The damage factor for any given mechanism is in turn dependent
on the effectiveness of the inspection for that mechanism. Bayes theorem is used to derive a
quantitative inspection effectiveness value from a qualitative inspection category. Thus for a
fairly effective inspection procedure (the true damage state is correctly identified 50% of the
time) the damage factor and thus the probability of failure increase. A quantitative evaluation
of the likelihood of failure in terms of events per year can thus be obtained.
Consequence analysis is based on knowledge of the equipment damage, fatality and toxicity
areas, the number of outage days together with generic cost data. Typical examples are:
equipment cost (per square m): £6k, population density (per square m): 0.001, injury cost per
person: £600k - £6M (fatality costs are typically assigned a value of £6M), outage costs (per
day): £60k. Worst case scenario data can be used with equipment damage costs of £300M and
10 fatalities. Allowance can be made for larger consequence events where litigation and fines
may be an issue and are accounted for within the code. Consequence data are calculated for a
range of hole sizes and weighted based on generic data for the failure frequency for each hole
size and the total failure frequency for the equipment item.
1

20% for risk rank 1; 30% for risk rank 2; 50% for risk rank 3; 75% for risk rank 4 and 100% for risk rank 5.
These are also capped to a maximum interval based on risk rank and confidence level, as defined in Table 3.

Risk tolerability criteria are established for each case based on financial and safety risks
together with other influences such as applicable regulations, local sensitivities and the legal
environment. These criteria establish a target risk level.
The methodology then requires a future risk evaluation target to be set by the user. The
inspection effort needed to reduce the risk to the target risk level can then be calculated.
Threshold values on likelihood and total cost risk are used and an inspection interval is set on
this basis following the guidance in API 510 (4). The data can then be reviewed and modified
by the user. Account can be taken of the time dependency of damage mechanisms in the risk
assessment by considering, for example, crack growth rates and how well the degradation has
been tracked by the inspection programme.
4.7

Participant G

A semi-quantitative software based system has been developed in-house and is generally
aligned with the API 581 recommendations. The software system, based on a corporate RBI
manual which details the methodology, is used in conjunction with a plant RBI team
consisting of a materials and corrosion engineer, plant inspector, process technologist, plant
operator and maintenance engineer. The RBI system consists of a plant integrity database, a
risk assessment procedure and an inspection planning procedure. Monitoring, inspection and
repair data are reviewed and used to update the plant integrity database.
The system is based primarily on the needs of petrochemical plant where the dominant
problem is corrosion. Thus, the plant is divided into corrosion loops for the purposes of
assessment. The plant integrity database is therefore constructed on the basis of corrosion
loops such that each loop consists of plant which is manufactured using similar materials,
operate under similar conditions and is exposed to specific corrosion phenomena.
The database contains: process and engineering design data; a description and evaluation of
the degradation mechanisms; detailed inspection history and degradation analysis including
wall thickness measurements. This data together with corrosion modelling is used to predict
corrosion rates. Generic corrosion data may also be used.
The system uses a 4 x 4 likelihood - consequences matrix to establish criticality or risk. The
failure probability is assessed using questionnaires to elicit information regarding process
conditions and degradation mechanisms. A similar system is used for the consequence
analysis in safety, environmental, economic and operations areas. The probability and
consequence data are sub-divided into four categories: negligible, low, medium and high and
combined in a matrix to give five levels from negligible to extreme.
The probability of failure is assessed on the basis of the number of previous inspections, the
accuracy of the inspection data and the rate of degradation. This data leads to a confidence
factor that is used to derive an inspection interval factor. The confidence factor is assessed on
a three point scale and is low where: a) there is little evidence relating to degradation rate or,
b) the degradation rate is high or, degradation cannot be forecast from past data or, c)
confidence in the remnant life is low. A high confidence factor applies when experience
justifies a high rating or prior inspection gave a medium rating and experience shows that the
rate of degradation is low. A matrix of criticality or risk as a function of confidence rating
results in an interval factor of between 0.2 (extreme risk and low confidence) and 0.8
(negligible risk and high confidence). Similar guidance is available for safety relief valves.

The remnant life is calculated from the actual and minimum allowable wall thickness and the
established corrosion rate, consistent with guidance in API 510. The maximum inspection
interval is then the product of the remnant life and the confidence or interval factor. An
example of this is shown in Table 4.
Inspection planning, including interval, technique and coverage are covered by guidance
although the guidance on the extent of coverage is limited and is based on in-house developed
statistical recipes and on local practice. Selection of the most appropriate inspection method is
based on a) the criticality in combination with the confidence rating and remnant life; b) the
identification of the expected failure mechanism and, c) coverage based on the criticality
rating and the level of confidence in the technique.
Following inspection and/or maintenance activities the plant integrity database is updated;
changes in operational procedures are also included.
5

EVALUATIONS

In all cases the participants were clear that an RBI review would normally be carried out by a
team composed of individuals from a range of disciplines with appropriate skills and
qualifications to conduct an assessment. For the purposes of the exercise reported here,
however, each assessment was carried out by a single analyst thus reducing the resource
burden on the participating organisations.
The results of each analysis are presented by participant and are followed by a summary of the
main findings.
5.1

Case 1 Molecular Sieve

The case study data for the molecular sieve vessel is shown in Appendix 2. Five participants
provided detailed analysis of the vessel and some general comments were received from
others. Further information in response to questions from other participants is shown in
Appendices 6 and 7. The assessment information is detailed in the following
5.1.1 Participant A
Participant A made an assumption that the extent of the system included the main inlet header
isolation valve, the four vessels, all interconnecting pipework, isolation valves, relief valves
and relief valve vents. However, only one vessel was included within the assessment. It was
further assumed that no routine maintenance had been carried out and that any maintenance
would be performed on a breakdown or on a loss of plant efficiency basis.
The likelihood assessment addressed a range of damage mechanisms, detailed below and
shown in Table 5.
Over-pressure was considered and it was assumed that the pressure relief valves were
removed, tested, stripped down, overhauled and re-tested prior to being reinstalled at each
outage. It was further assumed that the procedures and results would be fully documented and
available for review. Thus over-pressure could be discounted as a probable failure
mechanism.

Creep was considered, however, at the process temperature of 310oC it was not considered as
an active failure mode.
The inspection history provided with the case study was criticised from a point of view of
corrosion. Wall thickness measurements carried out during one inspection were described as
satisfactory. However, it was thought that this did not give a sufficiently specific indication of
condition and that actual thickness measurements should have been logged for evaluation.
Nevertheless, it was estimated that, at the current rate of degradation, the remaining life was
in excess of 10 years and thus the likelihood rating for this mechanism was “highly unlikely”.
Since the vessels were subject to fluctuating pressures and temperatures, fatigue could not be
overlooked. However, because the frequency of the absorption - regeneration phases of the
plant operation were not specified, it was impossible to carry out any theoretical calculations
to establish the significance of fatigue. A recommendation was made that the process
conditions should be monitored and documented to enable calculations to be carried out. No
evidence of fatigue had been found during previous inspections, however, because data on the
number of fatigue cycles had not been provided, an assumption was made that the operating
life was less than 60% of the design life and consequently a probability rating of “probable”
was considered appropriate.
Stress corrosion cracking was identified as a potential mechanism, however, previous
inspection reports did not record any evidence of this degradation mechanism. It was
recommended that an investigation of the H2S content of the process stream should be
undertaken to enable this potential damage mechanism to be quantified. Although no evidence
of cracking was reported in this case, cracking of this type had been reported in other vessels
in similar service and therefore a likelihood rating of “probable” was assigned.
Hydrogen was known to be present in the process gas stream and thus a hydrogen cracking
failure mechanism could not be overlooked. Inspection records provided with the case did not
record any evidence of the mechanism, however, further investigation would be beneficial to
establish the actual H2 content of the gas to enable the potential damage to be evaluated.
Generic data suggested that there was very little experience of cracking of this type found in
vessels of similar service, thus a “possible” probability rating was assigned.
The material of construction had a brittle fracture avoidance impact value requirement of 62oC at the design temperature. The minimum operating temperature was stated as 0oC and
thus brittle fracture was not considered to be a potential failure mode.
Buckling was ignored since the operating conditions prevent a vacuum condition occurring.
All operating conditions including start-up and shut-down were controlled and monitored by
computerised systems and therefore operator error was considered highly unlikely.
The following considerations were made with respect to the consequences of failure. Each
element of the consequence assessment was assigned a rating on a scale of 1 (low) to 5 (high)
and is summarised in Table 6.
Corrosion damage was considered to be a predictable event, but fatigue and SCC might result
in unplanned repair. Failure would thus result in loss of production likely to involve a system

shut down resulting in a reduced throughput and significant repair costs, thus a consequence
rating of 3 was assigned.
Since the plant was classified as a hazardous area it was considered that personnel would not
have access to the immediate environment without clearance and thus the consequences to
personnel would be small. A consequence rating of 1 was thus assigned. It was further
assumed that failure of the vessel would not cause “domino effect” failures of the surrounding
plant leading to a consequence rating of 2.
The contents of the system, methane gas, are explosive in air and were thus considered to be
hazardous. Incident mitigation facilities were in place including emergency response and
external fire fighting resources together with a fire water deluge system. Therefore a
consequence rating of 3 was assigned.
The contents are notifiable under the COMAH regulations for which a safety case is assumed
for the fluid contents giving a consequence rating of 2. The pressure within the system is in
the region of 70 and 110 barg for which a consequence rating of 3 was assigned.
Thus the overall consequence rating, a sum of the individual factors, was 14 and corresponds
to a “high” consequence of failure.
The overall risk ranking, the product of the likelihood and consequence factor, was considered
to be high. Risk data for all the assessments is shown in Table 7.
The proposed inspection plan covered all the failure mechanisms identified during the
likelihood phase of the assessment. An internal and external visual examination of all
accessible parts of the vessel, support structure and fittings for corrosion, deformation,
cracking, leakage and other weld or plate defects was proposed. Any evidence of lagging
breakdown should be investigated. Visual examination should be supplemented by ultrasonic
thickness measurements in selected areas to evaluate internal corrosion. The number of
selected areas and the density of readings were not specified. For external corrosion ultrasonic
thickness measurements were recommended on a 500mm grid pattern. Any area that indicated
thinning should also be subjected to a scanning pattern to establish the extent of thinning.
To investigate the possibility of fatigue, SCC and hydrogen cracking, it was recommended
that an internal surface crack detection method such as MPI or eddy current should be used on
all highly stressed areas. These areas should include, but were not limited to, all main seam
welds T junctions, nozzle - shell weld junctions, 25% of the external shell - skirt weld
junction and 25% of all other internal welds. Ultrasonic flaw detection of external nozzle shell junctions from the internal surface of either shell or nozzles should also be performed.
Since the cyclic regime was not known an assumption was made that the current operating life
was less than 60% of design life. Taking into consideration the previous examinations, it was
not considered that any of the active mechanisms were currently significant or of concern thus
an interval between examinations could be established at 48 months. The periodicity was
based on SAFed guidance (2) which specifies the inspection period for Class B process
vessels as 36 to 48 months. Class B vessels are defined as those that are not expected to
deteriorate significantly but where there is insufficient evidence to support a longer inspection
interval.

5.1.2 Participant B
A RBI analysis could not be performed by this participant since resources were not available.
Much greater detail would also be required. Specifically, H2 induced cracking had been
identified by the contributor of the case study as a potential mechanism but there were no
inspection results to support this. It was not clear from the brief what monitoring had been
done for the other mechanisms identified. SCC was thought to be a possible mechanism,
however, this did not appear to have been addressed in the inspections to date. Other
important data missing from the brief included growth rate data and information on tolerable
defect sizes without which an assessment could not be made. An inspection plan was not
provided.
5.1.3 Participant C
For the purposes of this investigation the assessment was carried out on a manual, qualitative
basis without reference to software. The previous inspections carried out on the vessel were
thought to have a number of shortcomings. Firstly, no data was presented on a precommissioning inspection in 1982. In 1986 a partial internal examination had been carried
out, this was surprising if no full internal inspection had been carried out on commissioning.
10 years had passed between commissioning and the first full internal inspection. This
inspection then found surface breaking defects, identified as slag lines, but no follow up
inspections or material analyses were carried out. Internal modifications were carried out in
1992 but an inspection did not appear to have been carried out at that time. After the surface
breaking defects were found, 8 years elapsed before a further inspection was carried out and
no action appeared to have been taken to determine if the defects had returned. The inspection
carried out in 2000 was also considered to be inadequate. The percentage coverage was too
low and the welds should have been thoroughly inspected. A future inspection plan was not
offered.
The mechanisms assessed are shown in Table 5. Internal pitting corrosion and general
corrosion together with SCC were thought to be most active. The probability of failure was
thought to be medium/high and the consequences for safety, business and environment were
high, low and medium respectively giving an overall high consequence. These results
produced a criticality rating of 2. The vessel was allocated an inspection grade zero and
therefore, based on IP12 (6), an inspection period of 2 years was assigned.
An inspection plan was recommended consisting of 100% MPI or eddy current examination
of the shell welds, shell to support ring welds and nozzle welds. Particular attention would be
paid to the slag defects reported in a previous inspection. Additional inspections would be
made of any welds associated with the bed structure.
5.1.4 Participant D
The vessel was assessed using a commercial software package. SCC, corrosion and high
temperature hydrogen attack were identified as the principal degradation mechanisms. Based
on the operating temperature, the H2 partial pressure, the current service life, the number of
inspections and the inspection effectiveness (judged to be category C - effective) a likelihood
category of 4 (high) was assigned.

A consequence category of E (high) was assigned on the basis of the high operating
temperature, pressure, toxicity and the size of the inventory. Thus the risk ranking fell into the
highest category.
The inspection periodicity is set by the plant review team. Although the risk ranking had been
assessed as high, little had been found during the previous inspections, in terms of active
degradation mechanisms, and therefore, it was concluded that the vessel was safe to operate
until the next shutdown, a period of up to 5 years. This appeared to highlight a deficiency in
the software implementation. Although the number of inspections and the inspection
effectiveness are inputs to the system the previous inspection findings are not.
5.1.5 Participant E
For the purpose of the assessment the vessel only was considered2. This was divided into
features and the degradation mechanisms considered for each feature. Prior to the assessment
the participant requested additional information relating to the operation of the vessel, this
was provided by the originator of the case and is included as Appendix 6. Using this
additional data, the participant first calculated the water dew point temperature of the feed
gas, and then used industry standard calculations to assess the potential internal corrosion
rate3, SSCC4 and HIC5. Assessments were made under both normal operation and
regeneration conditions. Assessments were also made for brittle fracture and fatigue (in the
bed support ring and shell), and corrosion under insulation.
The corrosion assessments found that the water dew point temperature was –20°C. This
means that no free water is present at any time, and hence internal corrosion, SSCC and HIC
were found to have a very low likelihood. Confidence in the assessment results was gained by
an expert review of the inspection data over ten years of operation which reported no
measurable wall loss during that period (average corrosion rate was 0.01mm/year).
The fatigue assessment used a basic assessment methodology from BS 7910, and predicted
fatigue crack initiation at the bed support ring to shell connection after approximately 12 years
of operation. It was noted that the initial inspection plans had included MPI of the bed support
ring attachment weld, but that this inspection had been dropped after no cracking had been
found. The expert review team believed the cessation of this inspection to be premature as the
fatigue assessment predicted crack initiation after only 12 years – in other words, at the time
of the last inspection fatigue cracks would not be expected, although they could actually be
present at the present time.
Brittle fracture was considered to be pertinent for two reasons. Firstly, the vessel is subject to
auto-refrigeration upon depressurisation. A full depressurisation curve was not available at the
time of the assessment, and so some major assumptions had to be made based on experience
2

It should be noted that if the assessment was to include associated piping a different result could result. For instance, based on the data provided, the vessel only ever sees dry conditions, ruling out internal corrosion, SCC,
SOHIC and HIC. However, some parts of the piping (particularly the dead legs around sequencing valves) will
suffer from these damage mechanisms. Inspection reports for the vessel confirm no incidence of these damage
mechanisms anywhere on the vessel.
3
DeWaard-Milliams for CO2 corrosion, using correction factors for water dew point temperature, pH (considering presence of both CO2 and H2S), iron carbonate scaling and gas fugacity. It was assumed that no bicarbonates, glycol or methanol were present in the process stream.
4
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with similar vessels on other plants. Under these conditions, the critical crack size is smaller
for the depressurisation case than for the hydrotest condition. As a result, the hydrotest is not
a sufficient proof test of the vessel. Under constant load conditions the first depressurisation
effectively becomes the proof test for the vessel. As this vessel has seen several
depressurisations, it has effectively seen several proof tests, and hence one could, if this had
been a constant load application, reduce the likelihood rating. However, the vessel is in a
fatigue regime, and so the second reason that brittle fracture is considered pertinent is that
fatigue could eventually produce defects that exceed the critical crack size for the
depressurisation condition.
Fatigue was assessed assuming: the vessel contained set in nozzle details, account of internal
attachments and support ring were made and, 4600 regeneration cycles. The evaluation
showed that fatigue crack initiation could occur in 3200 regeneration cycles and therefore
further, more detailed analysis would need to be carried out. This additional work might
include the possibility of fatigue due to acoustic vibration arising from high flow rate gas.
The potential for erosion of the exit nozzle by the catalyst was also considered. It was noted
that no inspection for this type of damage had ever been conducted.
All the mechanisms were classed as unlikely with the exception of brittle fracture (possible)
and fatigue (highly probable).
Consequence calculations were made for each vessel and in all cases the consequences were
assessed as catastrophic.
The likelihood and consequence factors were plotted on a 4 x 4 matrix to produce the risk
assessment for each of the degradation mechanism - feature combinations. The risk rank was
considered critical for all mechanisms apart from brittle fracture and thermal fatigue in the
bed support ring which were classified as high.
The inspection plan normally derived on the basis of the expert judgement of the review team
was assessed by the analyst. Each feature of the vessel and each damage mechanism was
assessed individually and the following inspections recommended: a) for the nozzle to shell
weld and the lower head to shell weld, time of flight diffraction (TOFD) should be used to
identify defects which could lead to brittle fracture (considered a possibility during
blowdown); b) an external visual and UT creeping wave examination for corrosion under
insulation; c) UT wall survey and monitoring of the gas water content (to ensure dry
conditions) for internal corrosion, sulphide stress corrosion cracking (SSCC), hydrogen
induced cracking (HIC) and stress oriented hydrogen induced cracking (SOHIC). In the event
that dry conditions were not maintained, additional inspection using UT wall thickness
surveys for internal corrosion, and MPI /TOFD might be necessary to identify SSCC/SOHIC,
and corrosion mapping to identify HIC. A comprehensive UT survey or corrosion mapping
was recommended to identify erosion around the exit nozzle and TOFD/MPI for fatigue of the
bed support ring. A full fatigue analysis for brittle fracture and thermal fatigue of the bed
support ring was also recommended.
The inspection periodicity was derived on the basis of the predictability of the damage
mechanisms and on the confidence derived from previous inspections. In this case a
maximum inspection period of 6 years was recommended for the shell and exit nozzle. In the
case of the bed support ring, the possibility of fatigue and brittle failure was thought to be

high and immediate action in the form of a full engineering criticality assessment and/or
inspection was recommended.
5.1.6 Participant F
Two separate analyses were performed, one for the process mode and one for the regeneration
mode. Based on the inspections carried out in 1986, 1992 and 2000 it was assumed that the
thinning mechanism was of minor importance and a corrosion rate of 0.01 mm/year was
assigned. Thus a thinning damage factor for the process condition was 1.7 and for the
regeneration condition was 0.2.
External pitting attack to a depth of 0.5 mm was found during the inspection in 2000 and it
was assumed that a representative corrosion rate of 0.028 mm/year was appropriate. Based on
this information an external damage factor of 1.7 and 0.2 was calculated for the process and
regeneration modes respectively.
Additional information was requested by the participant to allow calculations of stress
corrosion cracking (SCC) to be carried out. This information was provided by the originator
of the case and is included as Appendix 7. The assessment for SCC was based on guidance
presented in API 581. The susceptibility was derived from tables of pH and H2S content. The
post-weld heat treated hardness (assumed) was also taken into account. On this basis the
vessel was rated as not susceptible. The pH, H2S content and the sulphur level of the steel
were used to determine the material susceptibility to hydrogen induced cracking (HIC) and
stress oriented hydrogen induced cracking (SOHIC), again from tables in API 581. This
showed that the vessel had a low susceptibility to these mechanisms.
These data produced a calculated likelihood of failure values of 6.5E-03 and 78E-05 per year
for the process and regeneration modes respectively. For the purposes of this assessment a
future risk evaluation target date of December 31st 2010 was assumed. This resulted in a
change in the likelihood of failure values to 1.6E-02 and 7.8E-05 per year for the process and
regeneration modes respectively. The regeneration likelihood data remained unchanged since
no damage mechanisms are active.
The assessment found that HIC was an active mechanism during the process phase, which led
to the increase in the likelihood of failure, and proposed that a highly effective inspection
method be used for this mechanism within the next 3 years. Highly effective was defined as a
method that will correctly identify the anticipated degradation in 90% of cases. Specifically,
an intrusive inspection of the surface area, 95% to 100% wet fluorescent magnetic particle
(WFMP) with UT follow up of any indications. Alternatively, a non-intrusive inspection
could be carried out using manual or automated UT of 95% to 100% of the external surface.
The recommendation was based on the high risk outcomes especially for the future evaluation
date. The high risk was primarily associated with the increase in likelihood of failure with
time but also with the high consequences calculated.
For the consequence analysis calculations, methane was chosen as the representative chemical
and H2S as the toxic chemical. Look-up tables were used to provide consequence solutions for
small, medium and large holes and for complete rupture. Data was derived for the equipment
damage area, the fatality area, the toxicity area, the number of outage days, the business
interruption costs, the equipment damage costs and the safety costs. The results were

weighted based on generic failure frequency data and a total cost was calculated as £58M. The
majority of the consequence cost was associated with the flammability of methane rather than
the toxic consequences of the H2S.
The consequence costs were calculated separately for the regeneration mode and a value of
£16M was obtained primarily associated with the lower regeneration pressure.
5.1.7 Participant G
Participant G had originated the case study and arguably had more knowledge regarding the
plant than was available to the other participants. Six credible failure mechanisms were
identified after preliminary assessment: general and pitting corrosion (both internal and
external), HIC and SCC.
The assessment showed that internal corrosion might occur under design or upset conditions
and external corrosion might occur under normal operating conditions. The vessel was
considered to be susceptible to SCC under exceptional conditions but it was thought that HIC
would not occur under any foreseeable conditions. The probability of failure was thus
assessed as medium.
The fluid characteristics, inventory, pressure hazards together with the population,
environments hazards and the commercial impact were considered as part of the consequence
evaluation. The assessment showed that there was a potential for minor off site effects in
terms of the population and that there was a likelihood of a possible release of pollutants into
the atmosphere. Failure would also result in a moderate total cost resulting from system shut
down, loss of production and significant repair costs. Thus the consequences were assessed as
high and the risk as extreme.
The inspection plan included a thorough internal inspection with NDT (UT+MPI) at the next
opportunity of bed changeout and an external sample inspection of surface condition at
insulation windows at 8 years.
The plan specified a maximum interval of 16 years for non-intrusive inspection by MPI and
UT including nozzle welds, skirt/shell welds, bed support rings and insulation support rings.
The extent of examination by each technique ranged from 100% to 10% based on statistical
recipes plus experience from the other three identical vessels. TOFD was recommended on
bed support rings with an interval still to be determined.
5.1.8 Summary
5.1.8.1 Likelihood
Table 5 shows, for the 5 participants that provided detailed analysis, the damage mechanisms
explicitly considered. Those marked with an asterisk indicate those mechanisms considered
by participants to be active or to have a possible or higher likelihood of occurrence.
It is apparent from Table 5 that there was considerable variability in the assessment of damage
mechanisms. Three mechanisms were identified by all as worthy of evaluation, namely,
internal corrosion, SCC and HIC. A number of others, creep, operator error, erosion, lagging
breakdown, leakage, buckling, brittle fracture and under lagging corrosion were each

identified by a number but not all of the participants. Eight mechanisms were identified by
one participant only.
Some care in interpretation is clearly needed here. It is possible that participants may have
pre-sifted some of the mechanisms and therefore these do not appear in the their analysis. For
example, all the participants may have considered creep but since the operating temperature is
clearly outside the creep range did not include it as a damage mechanism for consideration.
There is some inconsistency here however, creep was considered by one participant but the
same participant did not explicitly consider erosion. It cannot be determined from the reports
provided whether erosion was pre-sifted and, if it was, why creep was not since it was
identified as being inactive. Clearly, it would be of value to the recipient of an RBI case to
know whether a mechanism had been considered, judged inactive and omitted from an
assessment report, or had simply been missed by the analysis team.
Arguably, damage mechanisms such as leakage or leak before break, identified by one
participant, may have been considered by other participants as a sub-set one of the other
mechanisms, for example, corrosion, fatigue, SCC or HIC. Operator error might be
considered by some to be outside the scope of a RBI analysis.
Six damage mechanisms, brittle fracture, fatigue, SCC, HIC, internal and external corrosion
were assessed as being significant by one or more of the participants. There were, however,
significant differences between participants in their assessment of these mechanisms. (Note
that there were some differences in the terminology used to describe the significance of
damage mechanisms, some in terms of their likelihood, e.g. unlikely, possible, probable, etc
and other as based on their activity, e.g. low, medium or high.)
All of the participants had considered corrosion but only two, including the case provider,
believed it was an active degradation mechanism. One participant who determined internal
corrosion to be inactive specified process monitoring to ensure that non-corrosive conditions
were maintained in operation. In this case, if corrosive conditions occur in practice, then
additional inspection activities to monitor corrosion rate and the occurrence of SSCC, SOHIC
and HIC would be specified6.
Brittle fracture was assessed as possible during a blowdown event by one participant where
they considered temperatures could be as low as –62oC (the minimum design temperature of
the vessel). This participant considered the bed support ring to be most susceptible to this
form of damage as fatigue in this area is also likely and could lead to the development of
defects which exceed the critical crack size. Two of the other participants had assessed brittle
fracture but did not consider it active. The remainder had either not considered or had presifted the mechanism.
Fatigue had been assessed as highly probable by one and probable by another participant, in
the latter case based partly on the fact that insufficient information had been provided in the
case study information on cyclic stresses to make a judgement. Three participants had not
considered fatigue to be active or had pre-sifted it.

6

Note that this participant considered the vessel only, and did not consider associated piping, some of which
might suffer internal corrosion and wet H2S cracking.

In the assessment of SCC further inconsistencies were highlighted. One participant had
identified SCC as an active mechanism based on the fact that H2S would be present in the
process stream and therefore concluded that SCC was probable. One participant requested
additional information on H2S, CO2 and H2O contents of the process stream and another data
on H2S content, post-weld heat treatment and the pH of the H2O (this data was not available
and an assumption was made). On the basis of this additional information they concluded that
SCC was unlikely, as the data that was available gave a water dew point temperature below
-20°C. The case provider, concluded that the mechanism was inactive in normal operation,
but could be active in exceptional circumstances.
HIC was identified as being active by one participant and as possible by another. The third,
based on additional information on the process stream, concluded that HIC was unlikely. The
remainder, including the case provider, considered the mechanism inactive.
Of the six active mechanisms identified by the group no mechanism was thought to be active
by more than three participants. Clearly the lack of consistency is of concern. The
effectiveness of the RBI system is largely dependent on the correct identification of
degradation modes and the results for this vessel show that a consensus on which mechanisms
were likely to be active could not be found. Arguably, some of the mechanisms identified as
active may not have been selected had more detailed information had been made available,
but equally, a conservative approach should be adopted where uncertainty exists.
5.1.8.2

Consequences

Direct comparisons between the participants consequence assessments was difficult to make.
In two cases software was used and the consequence was calculated via a series of variables
and it was not immediately apparent how the consequence was arrived at. In one case a
numerical value for business, safety and environmental considerations was derived and in the
other calculated values were converted into a monetary evaluation. One participant produced
a consequence rating based on a qualitative written assessment which has the benefit of
transparency.
The consequence data showed a good deal of scatter, see Table 6. The full spectrum of
consequences between high and low were obtained for the production/business and safety
factors. In one case business and safety were assessed as high and low respectively and in
another low and high. Environmental consequences were assessed by one participant as being
high and low by another. The overall consequence was consistently assessed as high or
medium high by all participants. The overall consequence factor was defined as the highest of
the individual consequences in four cases and by the total cost in one.
5.1.8.3

Risk

Table 7 shows the likelihood and consequence data together with the risk assessments for this
vessel. In four cases the risk was assessed as high or extreme and in the fifth, medium/high.
The differences in the risk assessment were due to the somewhat different assessments of the
likelihood of failure. This in turn was associated with the differences in the evaluations of the
active damage mechanisms giving rise to the range in likelihood factors.
Given the lack of consistency in the assessment of the active damage mechanisms the
assessment of risk produced a broad, possibly fortuitous, consensus.

5.1.8.4

Inspection Plan and Period

The inspection plans and the periodicity of inspection, Table 7, suggested by the participants
necessarily reflected their assessment of the active damage mechanisms. The inspection
periodicity was related to the damage mechanism and its rate of propagation. For those
participants (A, F) that identified HIC as an active mechanism, MPI or eddy current of all
highly stressed regions and 25% inspection of all welds together with ultrasonic inspection of
nozzle shell junctions was proposed by one (participant A) and 100% MPI together with UT
of indications was proposed by the other (participant F). In one case (participant F) HIC was
the only mechanism identified as active and no other inspection recommendations were made.
In participant A’s case, 3 active mechanisms were identified and inspection recommendations
were made. Recommendations were also made for a number of mechanisms considered to be
inactive or highly unlikely.
On the basis of these analyses participant A recommended an inspection interval of 2 years.
This was based on the SAFed guidance (2) and the assumption that the vessel was Class A,
i.e. subject to deterioration. A two year inspection period, IP12 (6), was also suggested by
participant C and, again, extensive MPI or eddy current techniques were proposed. Participant
F recommended a 3 year inspection interval based on a future inspection date of 2010 and
modified by threshold values on the damage factor and total cost.
In the case of participant E, fatigue and brittle fracture were identified as having a possible or
probable likelihood of occurrence. In both cases an immediate inspection was recommended
using TOFD. It was also proposed that a fatigue assessment be carried out. Maximum
inspection intervals of 6 years were set for each of the other damage mechanisms assessed. In
the case of HIC and SCC, process monitoring of the gas water content was recommended but
there were no proposals for NDT.
Participant D did not submit an inspection plan but, on the basis of previous inspections,
suggested that the vessel could be operated until the next shutdown period. On the basis of
current operating procedures this could be as much as 5 years.
Inspection intervals clearly depend on the assessment of the active degradation mechanisms
and these varied from participant to participant. However, even where common degradation
mechanisms had been identified there were some differences in inspection intervals if not in
inspection programmes.
Participant G specified MPI of critical welds, UT of support rings and external UT for internal
corrosion with an interval of 16 years with a thorough internal inspection on an opportunity
basis, an external surface inspection at 8 years (windows) plus TOFD after reassessment of
thermal fatigue analysis.

5.2

Case 2 Distilate Hydrotreater

The case study data for this vessel are shown in Appendix 3. This case was addressed by three
participants.
5.2.1

Participant E

Participant E, who provided the case study, considered a range of degradation mechanisms
summarised in Table 8. Four were regarded as having a “possible” likelihood of failure,
namely, high temperature hydrogen attack, sigma phase embrittlement, erosion and creep. The
remaining mechanisms were thought to be unlikely to cause failure. A quantitative evaluation
of creep was performed based on the applied stresses and the operating temperature and a
creep rupture life of 58 years was derived. The other mechanisms were assessed qualitatively.
Consequence assessments were made for each of the damage mechanisms and these showed
that creep, hydrogen and temper embrittlement could produce “catastrophic consequences” on
the grounds that the potential release could be large. The other mechanisms produced
consequences described as “critical”, i.e. smaller releases of material.
A semi-quantitative evaluation was made of the consequences based on the plant area,
distances to plant facilities, repair time, fluid characteristics and, impact on equipment and
personnel. The results gave medium/high impact on safety, a high impact on business and a
medium impact on the environment. The overall impact and risk were regarded as high.
An inspection plan was recommended for each of the mechanisms and included: a) for creep:
dimensional checks, MPI and replication together with dye penetrant examination of the ring
groove, b) ultrasonics (velocity ratio) and replication for hot hydrogen attack, c) metallurgical
testing of coupons for H2 embrittlement and temper embrittlement, d) Dye penetrant
inspection (10% coverage) of the overlay for polythionic acid attack and sigma phase
embrittlement, e) internal visual inspection for sulphidisation and, f) ultrasonics and corrosion
mapping for erosion. An inspection period of 6 years was recommended.
5.2.2. Participant F
The range of damage mechanisms considered, seven in total, is shown in Table 8. The vessel
had not undergone an inspection since commissioning and therefore an expert evaluation of
the corrosion rate was employed. Based on the H2S composition of 0.6 mole % and a
maximum operating temperature of 470oC, a corrosion rate, using Couper – Gorman curves,
of 2.54 mm per year was estimated. Corrosion under insulation was not considered likely at
the operating temperature and high temperature hydrogen attack was thought not applicable at
the H2 partial pressure indicated in the study data. Generic failure frequencies were used and a
likelihood of failure (LoF) of 9.1E-2 was generated. At the future date of 2010 the LoF was
increased to 7.9E-1. Thus a likelihood category of 4 was derived.
Consequence calculations were based on the inventory, a representative chemical (n – octane
– naphtha) and an H2S content of 0.15%. The resulting calculations showed that the safety,
equipment and business interruption costs would be high, medium and low respectively. The
overall consequence was assessed as D (high) and thus the overall risk was considered to be
medium/high.

A highly effective inspection carried out as soon as possible was recommended to assess the
condition of the reactor. The condition of the austenitic overlay was considered to be
particularly important. If flaws were detected during this examination a more thorough
inspection of these areas using UT scanning or profile radiography with 95% to 100%
coverage was recommended. This information could then be used to provide a more reliable
corrosion rate for future assessments.
5.2.3

Participant C

The damage mechanisms identified by this participant as active included SCC, H2 cracking
and internal pitting corrosion. The probability of failure was assessed as medium and the
consequence of failure as high. In the latter case all elements of the consequence evaluation
assessed as high.
The risk was assessed as medium and since no previous inspection had been carried out an
inspection grade of zero was assigned. On the basis of this a 3 year inspection period was set.
An internal visual inspection was recommended with dye penetrant examination of 10% of
the vessel depending on the findings of the visual examination. It was further suggested that a
deferral would be appropriate if a plant shutdown was planned in the next year. If a deferral
was granted, however, an immediate non-invasive inspection was recommended.
5.2.4 Summary
5.2.4.1 Likelihood
Consideration of Table 8 shows that although a wide range of potential damage mechanisms
were considered by the participants there were considerable differences in the view as to
which mechanisms might be active. The participants each identified between 7 and 11 damage
mechanisms.
Participants F and E identified a range of mechanisms only three of which were common.
This observation might highlight a limitation in software based systems where the code may
have been developed within a particular industrial sector and consequently may only code for
degradation mechanisms active within a narrow environment. Potential degradation
mechanisms might then be missed when the software is used within another industrial sector
with a potentially different set of active damage mechanisms.
A total of 7 damage mechanisms were thought to be active by one or more of the participants:
internal corrosion, H2/H2S corrosion, high temperature H2 attack, SCC, erosion, creep and
sigma phase embrittlement. Only one, H2 or H2S corrosion, was thought to be active by more
than one participant. Internal corrosion and fatigue were the only mechanisms explicitly
reviewed by all the participants.
High temperature H2 attack was thought by one (E) to be possible, albeit inactive, participant
F, however, considered that the partial pressure of H2 was too low for it to be active.
Creep and sigma phase embrittlement were identified as possibly active mechanisms by one
participant but were apparently not assessed by participant F. Since creep and sigma phase
embrittlement are both high temperature degradation mechanisms, it is possible that the
software used by Participant F had not been optimised for high temperature plant.

5.2.4.2 Consequences
The overall consequence evaluation was “high” in all cases, Table 9. The main difference
appeared in the assessment of the production/business costs. In two cases these were assessed
as high and in the other low. It is not immediately apparent why these differences arise
although analysis methods vary, for example, in one case releases from a range of hole sizes,
the API method, were used to calculate the financial costs and in another the consequence
factor is derived from the size of hazard areas. In principle, both methods should lead to
similar evaluations.
The way in which, for example, production/business and equipment factors are defined also
lacks transparency. Despite these reservations some comfort can be derived from the fact the
final result, in terms of the overall consequence rating, was consistent.
Unsurprisingly, since the likelihood and consequence assessments produced similar results the
risk was consistently assessed as medium or medium/high.
5.2.4.3

Inspection period and plan

The inspection plans for this case were significantly different as a consequence of the
differences between the participants evaluation of the damage mechanisms. What is perhaps
more surprising, given that the risk assessments were similar was the discrepancy in the
inspection periods, Table 10. In one case a view was taken that there was sufficient
uncertainty in the condition of the vessel, with respect to H2/H2S cracking, that an inspection
should be carried out as soon as possible and in another that an inspection period of 6 years
was appropriate.
5.3

Case 3 Autoclave

The case study data for this vessel are shown in Appendix 3.
5.3.1 Participant B
Six mechanisms were considered for evaluation by the originator of this study, namely: Stress
corrosion cracking (SCC), internal corrosion and corrosion of the jacket interspace, fatigue
(generally and of the agitator support branch) and mechanical damage (see Table 11). SCC
was considered possible since chloride readings in the jacket cooling water and the operating
temperature indicated that the vessel was in the susceptible range. However, in the event of a
leak it was thought that TFE would be detected and it would be impossible to pull a vacuum
thus any leak would be quickly detected.
Fatigue, other than that associated with the agitator, was considered but not thought to
represent a likely damage mechanism. Calculations based on BS5500 suggested a fatigue life
equivalent to 200 years operation could be expected. Mechanical damage caused by the
agitator was thought to be the most likely contributory factor to failure and details of past
experience were given in the case study information.
The likelihood of failure associated with the potentially active mechanisms, on an ascending
scale of 1 to 4 were SCC: 1, fatigue: 1, mechanical damage: 3.

Consequence assessments were based on a qualitative, expert judgement approach. Each of
the damage mechanisms were assessed and the results are shown in Table 12. For each of the
three damage mechanisms the consequences to safety, health and the environment were
thought to be small and were assigned a consequence rating of 1. Mechanical damage caused
by the agitator was considered to be a high probability event, however, it was thought that
damage would be superficial and thus the business and equipment consequences were low
(rating 1 to 2). SCC was considered to produce the highest consequences with business
interruption costs of £3k per day (consequence rating 4) and equipment replacement cost of
£30k (consequence rating 4). Fatigue of the agitator support branch was considered to have
medium/ high consequences with ratings of 3 for both business and equipment components.
Thus the overall consequence and the risk were considered to be high.
The future inspection plan included an internal ultrasonic examination to detect SCC; a
procedure to be validated on a suitable test piece. Surface crack detection of the branch
support nozzle was recommended to eliminate fatigue as an active mechanism. An inspection
period for the vessel was not provided.
5.3.2 Participant A
The failure mechanisms considered by participant A are shown in Table 11. Over-pressure
was not though likely since the vessel was protected by a bursting disc and there was no
evidence of blocking or restriction of the relief stream. Although the inspection history
showed that there had been no jacket corrosion problems, it was considered important that the
mechanism should not be overlooked (rating: highly unlikely).
Since the process is a batch operation, the participant considered that fatigue should also not
be overlooked. Previous examinations did not indicate that fatigue was an active mechanism
and initial construction defects were repaired, however, design considerations are not known
thus some uncertainty remains (rating: probable).
The temperature and chloride content of the jacket suggested that SCC could be active. The
mechanism of failure is clearly understood and inspection methods are in place (rating: highly
probable).
The inner vessel is subjected to a vacuum condition during normal operation and thus
buckling could not be overlooked. All operating conditions, including start-up, shut-down and
normal operation, are automatically controlled and monitored by a computerised system,
therefore, operator error was considered unlikely. Creep and brittle fracture were not
considered to be plausible mechanisms.
The consequence evaluation considered that, should a leak occur within the jacket space, a
vacuum would not be possible and this would prevent correct operation of the process and
thus impact on production. This possibility resulted in a “high” consequence rating. Other
factors, including the vessel position within a cubicle, the inert and relatively low temperature
contents, the low toxicity and the moderate pressure produced low or medium consequence
ratings. Thus the overall consequence was rated as “moderate” and the risk rating “high”.
The inspection plan consisted of recommendations for methods and scope for general
condition, jacket corrosion, fatigue and SCC. For general condition monitoring, internal and
external visual examination of all accessible parts of the vessel for corrosion, deformation,

cracking, leakage and weld or plate defects was recommended. Evidence of external lagging
breakdown should also be investigated. Visual examination should also be supplemented by
ultrasonic thickness measurements in selected areas for corrosion.
For fatigue and SCC, external and internal surface crack detection using dye penetrant, MPI
or eddy current of all highly stressed areas was recommended. The areas would include, but
not be limited to, all main weld seam T junctions, nozzle – shell weld junctions, 25% of the
external shell support welds and 25% of all other welds. Internal UT detection of external
nozzle – shell junctions should also be applied using a 500mm grid pattern. Any areas
indicating thinning should be subject to a scanning pattern to establish the extent of corrosion.
An inspection interval of 3 years was recommended based on guidance in the SAFed
document on inspection periodicity (2). The number of fatigue cycles experienced by the
vessel was not known and therefore an assumption was made that the operating life was less
than 60% of design life. Furthermore, previous examinations had shown that none of the
mechanisms were of great concern.
5.3.3

Participant F

Corrosion and chloride SCC were considered to be the active damage mechanisms in this
vessel. Based on the inspection results in 1987 and 1989 it was assumed that thinning
phenomena were of minor importance. Therefore, a corrosion rate of 0.01mm/year was
assigned.
SCC was addressed using a cracking susceptibility option in the software. An external
damage factor was calculated based on a limit state equation derived from structural reliability
theory and linear elastic fracture mechanics. Since the jacket space had been inspected in
1987, the confidence in the external damage was fixed at 81.4%. The likelihood of failure,
taking into account the damage factor and generic failure frequencies, was calculated to be
5.7E-04. The same calculation, based on 31/12/2010, gives an increase in the likelihood of
failure to 9.8E-04. Thus a likelihood category of 2 was calculated.
The consequence calculation was based on business interruption costs only on the grounds
that PTFE represented a low fire hazard. A business interruption of 2 days and equipment
damage costs of £22k was assumed, thus the total consequence costs were estimated to be
£27k giving a consequence category of A. Therefore the risk associated with failure was
assigned a “low” category.
It was concluded that an inspection should not be carried out in the short term since the total
risk was only slightly reduced and remained low at the future date. Thus it was recommended
that the maximum inspection interval should be 10 years. An inspection plan was not
submitted.
5.3.4 Participant E
External SCC and fatigue were identified as the active degradation mechanisms. It was
thought that SCC might occur but that failure of the structure was unlikely since leak from a
stable crack was probable, thus the likelihood was assessed as “possible”. In the case of
fatigue it was thought that the mechanism would occur although failure was “unlikely” within

the inspection period. Fast fracture in the event of a loss of containment was thought to be
unlikely. A maximum inspection interval of 7 years was recommended.
The inspection plan recommended dye penetrant examination for SCC. External and internal
dye penetrant examination of the nozzles and attachment welds was recommended for fatigue.
The specification of dye penetrant examination for both mechanisms did not mean that the
activity should be repeated provided that the area tested could provide a suitable evaluation of
both damage mechanisms. It was noted that different damage mechanisms may occur at
separate locations and that others may be synergistic. A “very effective” inspection method
was recommended.
SCC and fatigue were assessed separately for their consequences. Failure of the containment
by SCC was thought to lead to process stream shutdown of between one and seven days
whilst fatigue failure might lead to plant shutdown of greater than 7 days. The vessel location
was assessed as contained and unpopulated with a low toxic risk, no fire risk, operating at
moderate temperature and the potential release was small. There was not considered to be a
risk to the plant or external population and the hazards were thought to be predictable. It was
thought that there was no explosion risk in the case of failure by SCC, however there was a
measurable likelihood of failure in the case of fatigue due to the possibility of a catastrophic
failure. Therefore, the consequences of failure by SCC were assessed as “minor” and by
fatigue as “major”. The risk in both cases was thought to be “low” since, although fatigue
failure was thought to have major consequences, the likelihood of its occurrence was low.
5.3.5 Participant C
Participant C identified general and pitting corrosion in the jacket and SCC in the process
vessel as the active damage mechanisms. The probability of failure was assessed as medium
in both the vessel and the jacket. The consequences of failure were assessed for business,
safety and environment as medium, low and low respectively.
The risk was assessed as medium and the vessel was assigned a Grade zero. Thus, an
inspection period of 3 years was recommended. An internal visual inspection was specified
with 10% coverage using dye penetrant. It was further recommended that water treatment
information be sought to clarify its role in future degradation of the vessel.
5.3.6 Summary
5.3.6.1

Likelihood

A summary of the damage mechanisms assessed by each of the participants is shown in Table
11. The originator of this case (participant B) considered that mechanical damage and fatigue
associated with the agitator were the most likely damage mechanisms. The other participants
had not identified this aspect of the operation as important even though a previous failure had
occurred. It might be concluded that the other participants considered that this problem had
been solved.
All of the participants identified SCC as an active mechanism. The originator considered that
SCC was possible, however, concluded that a leak would result in TFE being detected and in
a detectable loss of vacuum, consequently, a low probability of failure was assigned to this
mechanism. This would be the case if, for example, failure were defined as the catastrophic

loss of the vessel or a significant loss of contents. Others, however, appeared to have defined
failure as loss of containment. Participant E assessed that SCC was possible but that leakage
from a stable crack was the most likely outcome and concluded that failure, in this case loss
of containment, was possible. Nevertheless there appeared to be a degree of consistency
between the participants on the likelihood of failure associated with SCC.
Two participants identified fatigue, other than that associated with the agitator, as an active
mechanism. In one case the analysis was based on the knowledge that the process was a batch
operation and that little data had been provided on which to base a fatigue assessment, thus a
conservative judgement to include fatigue as an active mechanism had been made. The other
participant considered that fatigue was active but that failure would not occur within the
period between inspections and therefore an “unlikely” likelihood was assigned. Failure in
this case being correlated with the catastrophic failure of the vessel. The originator had
performed a fatigue assessment based on cyclic information not provided with the case study
and concluded that fatigue was unlikely. One participant had not assessed the vessel or had
pre-sifted for fatigue. This is surprising since a predominantly software system was used and
thus one might have expected that, for a batch process, fatigue would have been evaluated.
5.3.6.2

Consequences

There was some general agreement between the analyses of the participants with respect to
the consequence data, Table 12. Three considered that the business and production
consequences were high and the others medium or low. The latter based on an assumption
that the business interruption would be 2 days and equipment damage costs would be limited.
The safety consequences were uniformly assessed as low.
The consequences to equipment were thought to be low by 3 participants, however, the
originator of this case considered the loss of equipment a high consequence. Interestingly, two
of the participants who derived monetarily similar values for the equipment then assessed the
consequence as low in one case and high in the other.
The overall consequence was assessed as high by one participant, medium by another and low
by two others. The fifth assessed the consequences on a mechanism by mechanism basis and
thus they were high in one case (fatigue) and low (SCC) in another. The main differences
between the assessments were associated with different analyses of the value or costs of plant
although the cost data derived in two instances was similar.
5.3.6.3

Risk

Two participants judged that the vessel was high risk, one medium and two regarded it as low.
In general there was some consensus on the consequence assessments although the originator
of the case derived a higher consequence than the others. The primary reason for the
differences in the risk evaluations was the variability in the likelihood assessments. This in
turn can be attributed to the differences in the assessment of the damage mechanisms. Thus,
for example, a quantitative assessment of the susceptibility to SCC by one participant
produced a low likelihood category, which contrasted with a “highly probable” evaluation
based on a qualitative assessment by another.

5.3.6.4

Inspection plan and period

The inspection plans for SCC were broadly consistent. Internal and external dye penetrant
inspection was recommended by two participants. Internal ultrasonic inspection was
recommended by one. Participant A also suggested that dye penetrant should be supplemented
by ultrasonic inspection of the nozzle/shell junctions and ultrasonic thickness measurements
on a grid pattern. Internal and external dye penetrant examination of the nozzle and
attachment weld was widely recommended for fatigue. One participant recommended
inspection procedures for corrosion, deformation and lagging.
Inspection periods, Table 13, reflected the assessment of the risk, thus, high risk produced a 3
year inspection period and low risk an inspection period more than three times as long.
5.4 Case 4 Methanol Storage Drum
Case study details for this vessel are presented in Appendix 5. This vessel was included in the
programme since it was of relatively simple construction manufactured from widely used and
well documented materials and with predictable degradation mechanisms. Consequently the
assessments might produce a greater degree of uniformity than the more complex cases.
5.4.1

Participant F

The damage mechanisms considered for evaluation were thinning (corrosion), SCC, external
damage (corrosion under insulation), brittle fracture and fatigue. Generic failure frequencies
for a range of hole sizes were obtained from look-up tables. The failure probability was then
derived from the product of the generic failure frequency, the damage factor and a
management factor (1.0).
Based on the inspection results in 1997 it was assumed that corrosion was a minor problem
and therefore a corrosion rate of 0.01mm per year was assigned. No data concerning the
insulation condition was provided with the case study therefore, the damage factor for
corrosion under insulation was set to zero.
Previous inspection results had shown that SCC was active and, based on the API Base
Resource Document technical module on SCC in stainless steels, it was assumed that the
susceptibility was high. The visual external examination, carried out in 1997, was assigned a
“usually effective” category meaning that the method would correctly identify the true
damage state 95% of the time. Based on this, a SCC damage factor was assigned. Other
damage mechanisms were not considered significant. A likelihood of failure of 3.5E-2 per
year was calculated. The likelihood of failure in 2010 was calculated to be 7.1E-2 and
therefore a likelihood category of 4 was assigned.
The consequence cost was based on the following assumptions: a) one day business
interruption cost of £60k, b) an equipment damage area of 116m2 (£720k) and c) a fatality
area of 241m2 (£1.4M) The total consequence cost was thus £2.4M. This gave a consequence
category of C and the risk was evaluated as medium/high.
A highly effective inspection was recommended as soon as possible to assess the cracking
phenomenon. 95% dye penetrant inspection with UT follow up of any relevant indications
was suggested.

5.4.2

Participant E

External SCC was thought to be the only active damage mechanism. It was considered that
the likelihood of failure was “probable” but that failure was unlikely within the current
inspection period.
The vessel was considered to have a low toxic risk, no fire risk, a small release potential, no
risk to the external population, low risk to plant personnel and the hazards were regarded as
predictable. Since the vessel was sited in a general plant area, rather than in an isolated area,
the consequence of failure was assigned a “major” category. The risk ranking was therefore
“medium”.
External dye penetrant inspection was recommended with an inspection interval of 6 years.
5.4.3 Participant C
Participant C considered that there were no internal damage mechanisms in this vessel,
however, external SCC was considered possible although the probability of failure was
thought to be low. No other mechanisms were thought to be active. The consequences for
business, safety and environment were assessed as high, medium and low respectively and the
overall consequence as high. Based on IP12 (6); inspection grade zero and a criticality of 3 an
inspection period of 3 years was recommended.
An external visual inspection was recommended with removal of defects by grinding. The
application of a coating should also be considered. A non-invasive ultrasonic internal
inspection was proposed at a period of 6 years.
5.4.4 Summary
5.4.4.1

Likelihood

All three participants identified SCC as the only active damage mechanism, see Table 14.
Two participants considered other damage mechanisms explicitly but regarded them as
inactive. As a result of the assessment of SCC, the participants considered the likelihood of
failure as “high”, “probable” and “low”. The “probable” rating was assigned on the basis that
failure may occur but that it was unlikely within the current inspection period.
5.4.4.2

Consequence

Some consistency was apparent in the assessments made by the participants with respect to
consequences, see Table 15. Production/business consequences were considered to be low in
two cases and high in one. Health and safety consequences were considered to be medium by
all. The consequences to equipment differed somewhat due to assumptions made regarding
the value of nearby plant. The overall consequences were rated as high or medium/high in all
cases.
5.4.4.3

Risk, inspection plan and periodicity

Medium/high or high risk assessments were made in all cases, Table 16. The inspection plans
differed only in the level of detail supplied. In all cases external dye penetrant examination
was the preferred option.

The inspection periods proposed by the participants ranged from 3 to 6 years. Participant F
recommended an inspection as soon as possible based on the uncertainty surrounding the
progression of SCC; little detail had been provided in the case study information. In practice
this implied an inspection interval of 5 years since the last inspection had been carried out in
1997. Arguably, the “as soon as possible” inspection might have been carried out at an earlier
date since the uncertainty remained, thus leading to a much shorter inspection period.
Another participant suggested an interval of 6 years on the grounds that the SCC growth rate
was low and that failure was unlikely during the inspection period. Largely subjective
judgements were made on the rate and the uncertainty of crack growth in these cases and
therefore significantly different solutions were obtained.
6. DISCUSSION
6.1

Introduction

The case studies, detailed in Section 3, were necessarily limited in terms of the amount of
information provided. Thus, some data which might be considered as essential to a RBI
analysis, for example, engineering drawings were not available. Other information containing
details of adjacent plant, plant proximity, environment and climate were omitted for
simplicity. Most other essential data was available and included information on design and
construction, processes, inspection and maintenance history.
Participants were encouraged to request additional data if they considered that it was
necessary in order to perform the analysis. Two participants took advantage of this and
another declined to submit analyses on the grounds that the data was inadequate but did not
specify what would be required. Where participants considered that insufficient data was
available and the information could not be obtained from the originator of the case study, the
participants were asked to make conservative assumptions and in most instances did so. Thus,
the case studies were relatively simple with well defined boundaries and it was assumed, for
example, that operating conditions were stable and changes in condition were not anticipated.
As a consequence of this, there was general agreement that the cases were adequate for a
qualitative or semi-quantitative RBI analysis. It is perhaps worth noting that, during the
preparation of the case studies, information was requested on damage mechanisms, however,
one participant regarded such information as part of the results of RBI analysis and not
background information.
Two participants operating in the petrochemical field declined to submit analyses of cases on
the grounds that either the software being used was not optimised for analysis of a particular
case, a vessel not commonly found in the petrochemical industry, or that there was
insufficient experience of the vessel type within the assessing organisation.
There was universal agreement by the participants that RBI is essentially a team based
process, however, for the purposes of this investigation, analyses were carried out by a single
analyst. Arguably, therefore, there is a likelihood that the results obtained during this
programme do not entirely reflect those that might be derived from a “real” assessment.
Notwithstanding this, there is evidence of considerable variability in the results obtained that
cannot easily be explained by the artificiality of the exercise.

The following Sections consider some of the issues arising from the investigation and draw on
guidance found in the audit tool of Reference 7.
6.2

Likelihood analysis

The results, reported in Section 5, have shown that there was considerable variation in the
selection of damage mechanisms for assessment. This, to an extent, reflects the differences in
methods employed by the participants. Software or expert system based methods might be
expected to analyse all damage mechanisms for which they have been coded. This, of course,
might present difficulties when transferring technology from one industrial sector to another
where the important damage mechanisms might be significantly different. Methods based on
expert judgements are more vulnerable to missing important mechanisms if the evaluation
team lacks expertise in important areas. The differences that can arise from the selection of
damage mechanisms is illustrated in Table 8, where two participants selected different sets of
mechanisms with little overlap. Improvements in this area might be obtained from better
integration of software, expert or rule based systems and, the expert knowledge and
judgement of the RBI team.
It is also clear that, in some cases, pre-sifting of damage mechanisms, thought to be inactive,
had occurred. The picture is complicated by examples of pre-sifting together with the positive
analysis of inactive mechanisms within the same assessment. Pre-sifting may be justified,
however, the lack of transparency in the output of RBI assessments is a cause for concern. It
is apparent, however, that in the case of some software packages it is common practice to
enter only the summary data and that transparency of the decision making process manifests
itself only to the observer of the expert group.
The assignment of the importance or the sentencing of damage mechanisms has, during this
investigation, been made primarily on the basis of the expert judgement of the analyst. Again,
significant variability was found within the assessment of the case studies. In a number of
instances different conclusions regarding the activity of a damage mechanism were drawn
from identical data. This is likely to be a function of the knowledge and experience of the
analyst. The safety of the RBI analysis then relies on those performing the analysis to make
conservative assumptions if their own knowledge or their knowledge of the plant is
inadequate. It cannot, however, be determined from these studies whether or not this is the
case. Differences in the use of terminology also contribute to the uncertainty. In some
instances damage mechanisms are described by activity (low, medium and high) and in others
by likelihood (unlikely, possible, probable).
6.3

Consequences and Risk

The assessment of the consequences was, in some respects, more difficult than for the
likelihood. Assessments were made for business, production, equipment, health and safety
and, in three cases environmental consequences. Where software systems were used and
calculations of the consequences were made, it was not transparent what assumptions had
been made. Various analysis methods were used including the API system based on the
results of loss from a range of hole sizes and methods based on the calculating the size of
hazard areas. All methods appeared to be robust and should, in principle, have produced
similar results. However, in more than one case study the analysis produced very different
results. The reasons for the discrepancies are difficult to identify since the details are, to some
extent, hidden in the “black box” of the software systems.

Assumptions made about nearby plant and the likely occupancy by plant personnel together
with differences in the definitions of equipment, production and business are also a source of
uncertainty. In one instance, similar equipment cost details were derived by two participants
but the consequences were defined by one as high and by the other as low. This may be a
reflection of the size of the business, thus a small business may be expected to rate the
consequences of a loss of a small vessel more highly that a large business. The extent to
which domino effects were considered by the participants was not clear from the analysis
offered.
A number of the RBI methods used by participants during this exercise considered the
likelihood and consequences independently. Thus the likelihood was combined with the worst
case consequences to give the overall risk. This methodology is the basis of the qualitative
API system where damage factors are attributed to each mechanism and the overall damage
factor is the sum of the individual factors. The likelihood factor is then the sum of the
likelihoods of individual factors including inspection, maintenance, design etc. The
consequence is derived in two parts firstly, on the basis of flammability and quantity, and
secondly, on the basis of toxicity, dispersion and population. This gives damage (fire and
explosion) and health consequence factors. The consequence category, for risk assessment, is
thus the higher of the damage (to plant) and health categories and is assumed to be worst case.
The method has the benefit of simplicity and ensures conservatism but lacks the accuracy of
systems where the consequences are assessed separately for each damage mechanism.
It was clear that in some cases RBI systems averaged the individual consequences associated
with health and safety, business and plant issues and environmental factors to generate an
overall consequence factor. Thus it appears possible that plant judged to have, for example,
high safety consequences could be assessed as having medium overall consequences. From
HSE’s viewpoint this might require some justification.
6.4

Inspection Plan and Period

Inspection plans varied greatly in the amount of detail provided, however, this largely
reflected the resources available to the participants to prepare the data. Plans were based on
the assessment of the damage mechanisms and the assessed risk and consequently there were
significant differences in both the content of the proposed inspections and in the inspection
period.
In most cases inspection plans only included procedures for damage mechanisms regarded as
active. There was evidence, in a smaller number of plans, of procedures explicitly included
for inactive or “unlikely” mechanisms. Generally, there was sound evidence that the
inspection procedures chosen were matched to the damage mechanisms being investigated. In
many cases participants selected the same procedure for a given mechanism although a
preference for one or another technique was shown by some. Time of flight diffraction
(TOFD) was widely proposed by one but only considered by one other participant.
A number of participants proposed to address some damage mechanisms using a range of
techniques, for example, MPI followed by UT of any indication, whilst others did not. The
HSE best practice document (7) suggests that, for high consequence plant, spot checks for
unanticipated mechanisms would be beneficial, however, little spot checking or speculative
inspection was proposed by the participants. Given the diversity of views on active damage
mechanisms, some speculative inspection would, arguably, be desirable.

The inspection periods derived by the participants also reflected the differences in the view of
the active damage mechanisms and the addressed risk.
Use of existing guidance on inspection periodicity was made by all the participants and
included reference to IP 12 and 13 (5,6), SAFed (2) and API 510 (4) documents. Inspection
intervals were, therefore, limited to half remnant life in many cases. In instances where
confidence ratings were combined with risk to define inspection intervals, see for example
Table 4, a longer period was set.
The participants in this study did not set limits to inspection periods based on the existing or
historical period for the vessel under examination, thus, periods could, in principle, be
extended from, say, 2 years to 6 years provided that the derived period did not conflict with a
half remnant life requirement.
Subjective judgements based on limited information did lead to some significant differences
in inspection periods. An assessment of H2/H2S cracking by two participants (one of which
had provided the case study), for example, produced, in one case, a short inspection period
based on the uncertainty in the condition of the vessel and in the other case a 6 yearly interval.
It is probable, however, that the case study provider was aware of additional information on
plant condition not provided to the other participants.
Generally, the inspection periods reflected the assessed risk; the trend is shown in Figure 2.
Nevertheless considerable scatter was apparent in the data and some participants exhibited
greater conservatism in their assessments than others.
6.4.1.

Mitsui Babcock review of inspection recommendations

The inspection plans and recommendations provided by the participants were the subject of
further analysis. Mitsui Babcock were asked to review and compare the inspection proposals
and draw out lessons pertinent to the RBI process. The following paragraphs detail their
findings.
Plant inspection programmes should specify which plant items to inspect, when to inspect,
what degradation mechanisms to inspect for and how to inspect. The inspection plans
produced by the participants have been reviewed, concentrating on their recommendations on
how to inspect, i.e. non-destructive testing methods and coverage.
The participants have used specific RBI methodologies to determine when to inspect and for
what degradation mechanisms, (which plant item to inspect having been pre-defined by the
choice of case studies). However there appears generally to have been no specific
methodology followed to determine how to inspect. Thus having gone through various steps
to identify the risk of failure associated with various degradation mechanisms, the selection of
appropriate NDT methods to inspect for these degradation mechanisms is likely to have been
made subjectively, based on experience and personal judgement (although Participant F
provided recommendations on how “effective” the NDT should be, which is the API 580/581
approach, and participant G used statistical methods to determine sample size)
Reviewing and comparing the inspection plans proposed by the participants may therefore
reveal their opinions on the effectiveness of different NDT methods, but provides little
additional insight into the merits of RBI than is achieved by comparing the degradation

mechanisms they have identified as being of concern, and the recommended inspection
intervals.
Comparing the inspection plans is therefore not straightforward since differences may simply
be due to differences in the degradation mechanisms identified as being risk significant.
Table I illustrates this for Case 1 (Molecular Sieve Vessel). Four participants specified
inspection plans. Participants A, F and E cross referenced which NDT methods were
recommended for which degradation mechanisms. Participant G listed the degradation
mechanisms but was less specific regarding which NDT method was effective for which
degradation mechanism. They recommended a thorough internal inspection with NDT (UT +
MPI) at the next opportunity, an external sample inspection of surface condition at insulation
windows at 8 years, and a maximum interval of 16 years for non-intrusive inspection by MPI
and UT (plus TOFD of the bed support rings at an interval to be determined). Apart from
TOFD, it is therefore difficult to be precise regarding their recommended inspection method
for particular degradation mechanisms. The table has therefore been completed with what is
considered to be the likely intended NDT method for each degradation mechanism identified
by participant G, but with a question mark added where appropriate.
There are no instances for this particular case study where an inspection method is considered
inappropriate for a given degradation mechanism. The main difference in approach appears to
be between participant A on the one hand, and E on the other. The NDT methods proposed
by A are clearly based on the assumption (recommendation?) that the next inspection will be
an internal one, whereas participant E proposed methods which are appropriate for noninvasive inspection. Participant G proposed a combination of internal and non-invasive
inspections (at different intervals). Participant F specified (for HIC) either internal MPI or
external UT.
Review and comparison of the inspection plans for the other case studies again generally
reveals more regarding differences in the perceived risk associated with different degradation
mechanisms, than it does regarding differences in views on inspection effectiveness.
However the proposal by participant F to use profile radiography for the distillate hydrotreater
(case study 2) is not understood since the vessel is approximately 4m diameter with shell
thickness 70mm. For profile radiography (beam tangential to inner surface) the beam would
need to penetrate over 1m of steel which is clearly impractical.
The proposal by participant B to use UT for SCC for case study 3 (autoclave) is not clear –
this would be very time consuming unless selectively applied. Participant A proposed UT on a
500mm pitch for external nozzle to shell junctions for case study 3 (autoclave). This seems a
large pitch for this geometric feature.

Table I Summary of inspection plans
Damage Mechanism
Internal corrosion
External corrosion
Under lagging corrosion
Brittle fracture
Deformation/buckling
Fatigue
SCC
HIC

A
VT + some UT
VT,UT
UT
VT
MPI/EC + some
UT
MPI/EC + /some
UT*
MPI/EC + some
UT*

F
í
í

E

UT

G
UT ?*
UT?*
some VT
TOFD*?
?
UT?/MPI?some
TOFD
UT?/MPI?*

UT(MPI,TOFD)

UT?/MPI?

UT
VT, creep UT
TOFD*
TOFD/MPI*

í
MPI (UT)
or
UT*

Erosion
UT
UT/MPI?
Creep
í
í
Cavitation
í
* Mechanisms considered by participants to be active or having a possible or higher likelihood of occurrence.
í means mechanism considered but no specific NDT method referenced
NDT1 (NDT2) means NDT method 1 recommended as primary method and NDT method 2
recommended if degradation detected.
Some NDT means recommended at specific locations
UT? means not explicitly stated but most likely method
7. CONCLUSIONS
7.1 Considerable variation in the selection of damage mechanisms for assessment was
apparent.
7.2 Pre-sifting of damage mechanisms, thought to be inactive, had occurred.
7.3 Significant variability was found in the assignment of the importance of damage
mechanisms; different conclusions, regarding the activity of a damage mechanism, were
drawn from identical data.
7.4 Where software systems were used and calculations of the consequences were made, it
was not transparent what assumptions had been made; details were frequently hidden in
the “black box”.
7.5 Assumptions made about nearby plant and the likely occupancy by plant personnel
together with the differences in the definitions of equipment, production and business
were not transparent.

7.6 A number of the RBI methods considered the likelihood and consequences
independently. This method has the benefit of simplicity and ensures conservatism but
lacks the accuracy of systems where the consequences are assessed separately for each
damage mechanism.
7.7 In some cases RBI systems averaged the individual consequences associated with health
and safety, business and plant issues and environmental factors to generate an overall
consequence factor. Thus it appears possible that plant judged to have, for example, high
safety consequences could be assessed as having medium overall consequences. From
HSE’s viewpoint this might require some justification.
7.8 Inspection plans were based on the assessment of the damage mechanisms and the
assessed risk and consequently there were significant differences in both the content of
the proposed inspections and in the inspection period.
7.9 In most cases, inspection plans only included procedures for damage mechanisms
regarded as active. There was evidence, in a smaller number of plans, of procedures
explicitly included for inactive or “unlikely” mechanisms.
7.10 HSE best practice document suggests that, for high consequence plant, sample checks for
unanticipated mechanisms would be beneficial, however, little sample checking or
speculative inspection was proposed by the participants.
7.11 Given the diversity of views on active damage mechanisms, some speculative
inspection would, arguably, be desirable.
7.12 Use of existing guidance on inspection periodicity was made by all the participants and
included reference to IP 12 and 13 (5,6), SAFed (2) and API 510 (4) documents.
Inspection intervals were, therefore, limited to half remnant life in many cases.
7.13 The participants did not set limits to inspection periods based on the existing or historical
periods for the vessel under examination.
7.14 Subjective judgements based on limited information did lead to some significant
differences in inspection periods.
7.15 Generally, the inspection periods reflected the assessed risk. Nevertheless considerable
scatter was apparent in the data and some participants exhibited greater conservatism in
their assessments than others.
8. RECOMMENDATIONS FOR FURTHER WORK
8.1 The reporting and assessment of damage mechanisms lacks transparency (presifting),
some additional guidance to users would be useful.
8.2 Software, expert systems and expert judgement all have merits, greater integration of
these elements might be beneficial.

8.3 A review of how damage mechanisms are treated based on uncertain data would increase
confidence in the approach.
8.4 Some clarification on the definition of each the element of consequences is needed.
8.5 Transparency is needed in the assessment of consequences particularly with respect to the
assumptions that are made.
8.6 Inspection planning guidance may be useful particularly for: speculative inspections and
sample checks for high consequence plant.
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Table 1
Participating Organisations
Organisation
ABB Eutech
AEAT
DNV
Phillips Petroleum
Royal Sun Alliance
Shell
Texaco

Activity
Consultancy/Chemical plant
Consultancy
Consultancy/Regulator
Offshore/Refinery
Insurance/competent body
Refinery Operations
Refinery Operations

Table 2
Case Study Circulation
Participant ID
A
D
F
C
B
G
E

Case 1

Case 2

Case 3

Case 4

Molecular Sieve

Distilate Hydrotreater

Autoclave

Methanol Drum

í
í
í
í
í
í
í

í
í
í
í

í
í
í
í
í
í
í

í
í
í

Table 3

RBI Inspection Intervals

Risk Rank
1 (High)
2
3
4
5 (Low)

Grade 0
24
24
36
36
36

Inspection Period (months)
Grade 1
Grade 2
36
48
48
48
60

Grade 3

N/A
N/A
72
84
96

N/A
N/A
96
120
144

Table 4

RBI Interval factors

Criticality/
Risk
1 Extreme
2 High
3 Medium
4 Low
5 Negligible

Low

Confidence Rating
Medium

High

0.2
0.3
0.4
0.5
0.6

0.3
0.4
0.5
0.6
0.7

0.3
0.4
0.6
0.7
0.8

Maximum
Review period
12
24
48
60
72

Table 5
Case 1 Molecular Sieve
Damage mechanisms assessed by participants
Damage Mechanism
Internal corrosion
External corrosion
Under lagging corrosion
Brittle fracture
Deformation/buckling
Leakage
Lagging breakdown
Fatigue
Stress corrosion cracking (SCC)
Hydrogen induced cracking (HIC)
Erosion
Creep
Shock loading
Cavitation
Fouling
Temper embrittlement
Weld corrosion
Operator error

A
í
í
í
í
í
í
í*
í*
í*
í

í

F
í
í

í
í*

E
í
í
í*

í*
í
í
í

G
í*
í*

C
í*
í

í

í
í*
í
í
í
í
í

í
í*
í
í
í
í
í
í
í

* Mechanisms considered by participant to be active or having a possible or higher likelihood
of occurrence.

Table 6

Case 1 Molecular Sieve
Consequence Data
Production/Business
Safety
Equipment
Environment
Overall Consequence

A
High
Low

F
Medium
Medium

Medium

High

High

Medium/High

E
High
Medium

G*
High
Medium High

C
Low
High

High
High

Low
High

Medium
High

G
Medium
High
Extreme
8/16

C
Medium/High
High
High
2

*Individual contributions to consequence not available

Table 7

Case 1 Molecular Sieve
Risk analysis and inspection period

Likelihood
Consequence
RISK
Inspection Period
(years)

A
Probable
High
High
2

F (Process)
3
D
Medium/High
3

E
High
High
High
Immediate
+6

Table 8

Case 2 Hydrotreater
Damage mechanisms assessed by participants
Damage Mechanism
Internal corrosion
External corrosion
H2/H2S corrosion
High temperature H2 attack
Fatigue
Stress corrosion cracking
Brittle fracture
Temper embrittlement
Erosion
Creep
Hydrogen embrittlement
Polythionic acid attack
Sigma phase embrittlement
Sulphidisation
Fouling
Weld corrosion
Cavitation

F
í
í
í*
í
í
í
í

E
í
í*
í
í
í*
í*
í
í
í*
í

C
í*
í
í*
í
í*
í
í
í

í
í
í

* Mechanisms considered by participant to be active or having a possible or higher likelihood
of occurrence.

Table 9

Case 2 Hydrotreater
Consequence Data
Production/Business
Safety/Health
Equipment
Environment
Overall Consequence

F
Low
High
Medium
High

E
High
Medium/High

C
High
High

Medium
High

High
High

Table 10

Case 2 Hydrotreater
Risk analysis and inspection period

Likelihood

F
4

Consequence

D

RISK
Inspection Period
(years)

Medium/High
<1

* Failure mechanisms were assessed individually.

E
Unlikely/
Possible*
Critical/
Catastrophic*
Medium/High
6

C
Medium
High
Medium
3

Table 11
Case 3 Autoclave
Damage mechanisms assessed by participants
Damage Mechanism
Internal corrosion
External corrosion
Brittle fracture
Deformation/buckling
Fatigue
Stress corrosion cracking (SCC)
Creep
Operator error
Over pressure
Mechanical damage of agitator
Fatigue of agitator support branch
Erosion
Fouling
Temper embrittlement
Wet hydrogen
Hot hydrogen
Weld Corrosion
Cavitation

A
í
í
í
í
í*
í*
í
í
í

F
í
í

í*

E

B
í
í

C
í
í*

í*
í*

í
í*

í
í*
í

í*
í*

í
í
í
í
í
í
í

* Mechanisms considered by participant to be active or having a possible or higher likelihood
of occurrence.

Table 12

Case 3 Autoclave
Consequence Data
Production/Business
Safety/Health
Equipment
Environment
Overall Consequence

A
High
Low
Low

F
Medium/Low
Low
Low

E
High
Low
Low

Medium

Low

Low/high

B
High
Low
High
Low
High

C
Medium
Low
Low
Low

Table 13

Case 3 Autoclave
Risk analysis and inspection period

Likelihood
Consequence
RISK
Inspection Period
(years)

A
High
Medium
High
3

F
2
A
Low
10

E
Medium/Low*
Low/High*
Low
7

B
High
High
High
Not available

C
Medium
Low
Medium
3

* Failure mechanisms were assessed separately and in one case (SCC) the consequence was thought to be low
and in another (fatigue) high.

Table 14
Case 4 Methanol storage drum
Damage mechanisms assessed by participants
Damage Mechanism
Internal corrosion
External corrosion
Fatigue
External stress corrosion cracking
Brittle fracture
External damage (corrosion under
insulation)
Erosion
Cavitation
Creep
Fouling
Temper embrittlement
Wet hydrogen
Hot hydrogen
Weld corrosion

F
í
í
í*
í
í

E

í*

C
í
í
í
í*

í
í
í
í
í
í
í
í

* Mechanisms considered by participant to be active or having a possible or higher likelihood
of occurrence.
Table 15

Case 4 Methanol Storage Drum
Consequence Data
Production/Business
Safety/Health
Equipment
Environment
Overall Consequence

F
Low
Medium
Medium/High
Medium/High

E
Low
Medium
Low
Low
High

C
High
Medium
Low
High

Table 16

Case 4 Methanol Storage Drum
Risk analysis and inspection period

Likelihood
Consequence
RISK
Inspection Period
(years)

F
4
C
Medium/High
5

* Failure mechanisms were assessed individually.

E
Probable
High
Medium
6

C
Low
High
Medium
3

Figure 1
Typical risk matrix

Likelihood Category

5

High
Medium
High

4
3
2

Low

Medium

1
A

B

C

D

Consequence Category

E

Variation of inspection period with risk (all cases)

Molecular Sieve
Autoclave
Hydrotreater
Methanol drum

10

Inspection Period (years)

8

6

4

2

0

0

1
Figure 2

2

3
Assessed Risk
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4

5

Appendix 1

Risk Based Inspection Case Studies
- Data Requirements
Introduction
A brief narrative describing the plant to be assessed will be required together with
some specific numerical information allowing both likelihood and consequence
evaluations to be made. The narrative should include as much of the information
listed in the Table as possible. The list is based on the data requirements of an assessment using API procedures but I am happy to add other items should they be
needed.
It is intended that the output from the exercise will include an estimation of the plant
inspection interval together with indications of the proposed inspection methods and
levels of coverage.

Assessment Requirements
Likelihood Information
1
2
3
4
5
6

7

8

Number of units and type of plant: pressure vessel, tank, column, pipework,
heat exchanger etc.
Plant function: distillation unit, cat cracker, storage etc
Plant processes: gas, hydrocarbon, steam etc, number of planned and unplanned interruptions per year (assumes continuous process)
Process stability: rate stability from a) very stable no known upset conditions
known to exist to b) loss of control is inherent in process
Material of construction: steel, stainless steel, cast steel, aluminium etc, any
coatings
Damage mechanisms: what damage mechanisms are known to occur or have
the potential to occur in the plant. eg stress corrosion, brittle failure, temper
embrittlement, fatigue, localised or general corrosion, creep, others, mechanisms not evaluated.
Design standards: age of the plant, is it designed and maintained to the current codes & standards, are there items of plant not designed to the intent of the
current standards. How does the plant design and construction compare with
industry standards. Is design novel or unique?
Inspection: dates, type (visual, thickness, MPI, UT etc) and extent of inspection, inspectability, inspection results, corrosion allowance.
Effectiveness and management of the inspection programme. Inspection results
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9
10

used to modify inspection programme?
Plant maintenance history: repairs, modifications, quality of maintenance,
painting & insulation maintenance
Process protection devices: estimate the potential for relief valves, sensing
devices to be disabled by fouling or plugging by process fluid

Consequence Information
11
12

13
14
15
16
17
18

Fire: are external fire fighting resources required for the most serious event
Incident mitigation: which of the following are available:
i)
gas detection systems,
ii)
plant operated under inert atmosphere,
iii)
secure fire fighting system,
iv)
automatic or manual isolation systems protected from fire & explosion,
v)
blast walls around high pressure equipment,
vi)
drain, dump or blowdown systems that will deinventory plant
vii)
fire proofing of plant structures and cables
viii) available supply of fire water, how many hours?
ix)
foam system or water curtain
Chemical data: relates to the chemical’s tendency to ignite. What is the flash
point of the material, rate its stability from completely stable to explosive
when unconfined.
Quantity: how much material could be released in a single event
Chemical state: what is the process temperature, what is the boiling point of
the material?
Commercial damage potential: what is the value of plant within a 30m radius, what is the value of the plant within 150m
Toxicity: rate the toxicity from: a) no hazard to b) materials on very short exposure could result in death or major injury
Population: number of people, on site and off site, within 500m of release
point
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Appendix 2
Case 1
Molecular sieve vessel

BACKGROUND/ADDITIONAL INFORMATION
Molecular sieve vessel commissioned in 1982. Design standard BS 5500.Design
thickness 107mm (actual 109mm), diameter 2374mm, length 16000mm. Corrosion
allowance 4mm. Temperature: max design 350oC, min design –62oC, max op 320oC,
min op 0oC.
Pressure: max design 121 barg, min design 0 barg, max operating 115 barg, normal
operating 110 barg.

Assessment Details
Likelihood Information
1
2
3
4
5
6

7
8

Number of units and
type of plant:
Plant function:
Plant processes:

One of four sister vessels

Molecular sieve vessel
Natural gas: absorb H2S and H2O
Process 110 barg, 6oC
Regeneration using hot gases at 70 barg at 310oC.
Process stability:
Continuous treatment process alternating between absorption
at 6 Deg C and regeneration at 310 Deg C .
Process is considered stable.
Material of construc- Low temperature Carbon steel
tion:
Grade BS 1501-225-490B-LT62
Damage mechaInternally: General corrosion
nisms:
Pitting corrosion
Hydrogen induced cracking
Sulphide SCC
Externally: General corrosion
Pitting corrosion
Bottom dished end is internally protected by SS thermal shield
petals.
Design standards:
BS5500
Inspection:
1986 Partial visual internal – good condition, light millscale in
some isolated areas
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1992 100% internal – 19 surface breaking linear flaws in
ground weld caps, removed by light grinding, considered to be
from manufacture (slag lines).
2000 External. Coating and insulation material removed – light
surface corrosion, isolated areas of rust scaling. Pitting to
0.5mm depth. Nozzles and shell welds including skirt to shell MPI – no defects.
2000 Internal (non intrusive). 16% surface area UT scans for internal pitting – shell, dome ends, all nozzles – no defects. Wall
thickness measurements satisfactory.
Upper (1992) internal support ring weld UT scanned 100% circumference and lower original ring 25% circumference and no
defects were detected.
9

10

Plant maintenance
history:
Process protection
devices:

1992 Additional grid and support beams welded into vessel
2000 Vessel totally delagged for refurbishment of coating and
insulation material.
Unit 2600 is protected by a pressure control valve, high pressure
trip, primary relief valves and secondary relief valves sized in
accordance with API RP 520.
This vessel is protected by three relief valves.

Consequence Information
11

Fire:

12

Incident mitigation:

13

Chemical data:

14
15
16

Quantity:
Chemical state:
Commercial damage

Emergency response procedures.
External fire fighting resources would be required for the most
serious event.
H2S and flammable gas detection.
ESD and blowdown facilities.
Control of ignition sources. Hazardous Area classification reduces the ignition probability of unignited vapour releases. The
hazardous area classification zone 2 (H2S) covers the whole
U2600 area. The surrounding area is categorised Zone 2 for
hydrocarbon releases.
Firewater for cooling. An auto deluge system is provided to
process vessels. There are a number of hydrants that may also
be used.
Firewater fed via electric and diesel fire pumps from site firepond.
Emergency response procedures.
Predominantly methane gas – explosive within explosive range
in air.
7.5 tonnes
Hydrocarbon gas with trace amounts of H2S and water.
Failure would result in moderate total cost (system shut down
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17

potential:
Toxicity:

18

Population:

resulting in a reduced throughput and significant repair costs.
Toxic fluids: >0.5 tonnes. Materials on very short exposure
could result in death or major injury.
H2S area authorisation in place. Gas detection and emergency
procedures in place.
Has the potential to cause minor effect off site.
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Appendix 3
Case 2
Distillate Hydrotreater Reactor

BACKGROUND/ADDITIONAL INFORMATION
Vessel commissioned in 1998. Diameter 3977mm, thickness shell 86mm, heads
70mm, overlay 3mm. The stream composition (Mole fraction) is as follows: H2O
0.01, H2 2.2, H2S 0.6, NH3 0.01, C1 3.4, C2 1.3, C3 0.6, C4 0.1, C5 0.1, C6 0.2, C8
0.3, C10 54.6, C12 36.68.

Assessment Details
Likelihood Information
1
2
3

Number of units and
type of plant:
Plant function:
Plant processes:

4

Process stability:

5

Material of construction:
Damage mechanisms:
Design standards:
Inspection:
Plant maintenance
history:
Process protection
devices:

6
7
8
9
10

Single vessel
Distillate hydrotreater.
Operating temperature & pressure (inlet): 410oC & 59 kg/cm2.
Operating temperature & pressure (outlet): 470oC & 36 kg/cm2.
Continuous process. 4 shutdowns and 5 start up transients.
Other normal operational shutdowns due to lack of feed.
Process is stable.
SA 387 Gr22 (2.25Cr, Mo), A240TP347 (18Cr, 10Ni) overlay,
full PWHT.
Damage mechanisms consistent with the process stream and the
construction materials.
ASME VIII Div 2 1992
No inspection carried out to date.
No maintenance carried out to date.
Fouling of protection devices is not thought to occur.

Consequence Information
11

Fire:

12

Incident mitigation:

External fire fighting resources would be required in the event
of failure.
The vessel is bunded and there is a water deluge system.
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13
14
15
16

Chemical data:
Quantity:
Chemical state:
Commercial damage
potential:

17
18

Toxicity:
Population:

Mixed hydrocarbon gas & hydrogen (at operating conditions).
System inventory of 60000kg could be released.
Process temperature = 470oC.
There is some redundancy however it is estimated that repair
could take 6 months. The vessel is situated in a general plant
area.
A water course exists 250m from the vessel.
The area of the plant is 500000m2. 70 personnel work on site, 30
work in an admin block some 500m away. A town situated 1km
from the plant.
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Appendix 4

Case 3
Autoclave

BACKGROUND/ADDITIONAL INFORMATION
Vessel manufactured in 1980.
Design temperature 100oC, design pressure 25.85 Barg
Operating temperature 8oC to 95oC (75oC to 50oC jacket), operating pressure 10 Barg
(2.75 Barg jacket).
Vessel dimensions: 5’0’’ dia. x 11’0’’ long SS reactor vessel 1’’ wall thickness.
Flanged jacket 3/8’’ thick. Carbon Steel.

Assessment Details
Likelihood Information
1
2
3

Number of units and
type of plant:
Plant function:
Plant processes:

4

Process stability:

5
6

Single unit PTFE reactor and cooling water jacket
Reactor filled with water at 75oC and pressure tested to 10 Barg. The pressure is
released, water is then agitated and a vacuum pulled to evacuate air from the ullage space. The ammonium sulphate solution catalyst is then injected. TFE is introduced as a gas and is immediately polymerised through water. The temperature
of the exothermic reaction is controlled by the cooling water jacket; initially at a
temperature of 75oC. reducing to 15oC.

Batch process, 3 cycles/day x 48 weeks/year. No process excursions
Material of construc321 Stainless steel (carbon steel jacket)
tion:
Stress Corrosion Cracking.
Damage mechaJacket cooling water Chloride readings: 12 ppm.
nisms:

It is within the temperature susceptibility range for ‘Stress Corrosion Cracking. > 60 deg C.
In the event of a leak the cooling water recirculates, at the point of discharge it is
drawn into a cubicle any PTFE present would be picked up by sensitive ‘sniffers’.
( 1 PPM )
Any small leak would render pulling a vacuum, essential element of each batch
process, impossible.
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Fatigue and jacket interspace corrosion considered no problems to date

7

Design standards:

8

Inspection:

9

Plant maintenance
history:
Process protection
devices:

10

BS5500
Generally very sound.
Main problems caused by mechanical damage from agitator. Fell in
1997, surface crack detection revealed nothing significant.
Some scarring little worse than scratches 0.5 mm deep.
Branch welds not high integrity some original manufacturing defects
identified and repaired.
Following ‘decomposition’ in 1989, extensive surface crack detection
revealed no problems.
Failure of Jacket bolts in 1987 misalignment caused fatigue. Unusual but
not repeated!
Jacket space examined in 1987 found satisfactory.

No repairs or modifications other than those reported under Section 8

The relief streams have never been blocked or restricted. The system has a bursting disc.

Consequence Information
11
12

Fire:
Incident mitigation:

No external fire fighting services would be required.
Gas detection systems are strategically placed in the missile proof
cubicle in which it resides.
Low fire hazard with PTFE.

13

Chemical data:

14

Quantity:

The worst event would be a leak before break situation from the reactor to the
jacket. This would be picked up by sniffer systems on the water discharge within
the cubicle.

15
16

Not applicable for PTFE.

17

Chemical state:
Commercial damage
potential:
Toxicity:

18

Population:

Business interruption cost £3k/day.
Replacement cost £30k
Exposure to fume can lead to short term influenza type systems
lasting 48 hours.
100 people within 500m of release (on site and off site).
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Appendix 5

Case 4
Methanol Storage Drum

BACKGROUND/ADDITIONAL INFORMATION
Chemical feedstock stainless steel drum situated in a coastal situation. Commissioned
in 1991 and in continuous use since then. Height 3m, diameter 2m, wall thickness
5mm, welded construction.

Assessment Details
Likelihood Information
1
2

Number of units and
type of plant:
Plant function:

3

Plant processes:

4

Process stability:

5

7

Material of construc- 304L stainless steel
tion:
Damage mechaConsistent with coastal operation
nisms:
Design standards:
?

8

Inspection:

9

Plant maintenance
history:
Process protection
devices:

6

10

Single storage unit
Liquid methanol storage at ambient temperature and atmospheric pressure.
Very stable

The vessel was inspected in 1997. Visual internal inspection
showed no indications of corrosion, cracking or other mechanisms. Visual external inspection showed evidence of a small
number of stress corrosion cracks up to 0.3mm in depth.
No maintenance carried out.
No history of relief valve fouling.
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Consequence Information
11

Fire:

No fire protection systems

12

Incident mitigation:

None

13

Chemical data:

None

14

Quantity:

Losses restricted to the maximum capacity of the vessel (9m3).

15

Chemical state:

Liquid.

16

Plant shutdown for one day in the event of loss of containment.

17

Commercial damage
potential:
Toxicity:

18

Population:

60 personnel on the plant in an otherwise rural area.

Vessel sited in a remote location.
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Appendix 6
Case 1 Molecular sieve –
Additional information 1
1. Contents at molsieve inlet – H2S 5ppm, CO2 2 vol%,
H2O 10 – 20ppm.
2. H2S level during heating cycle 0 – 3000ppm for approx 1 hour.
C02 level “
“
“ 1 – 8 vol% for approx 1 hour.
H2O level “
“
“ nil – saturation for approx 20 hours,
thereafter virtually dry.
3. Frequency of regeneration : every 6 – 10 weeks at current H2S, H2O load.
4. Length of heating cycle : 12 – 24 hours dependant on water load.
5. Time to heat to regen temp : 3 hours.
6. Time to cool back to operating temp : 12 hours.
7. Vessel has hemispherical heads.
8. Main vessel nozzles are set in, self reinforced sweepolets.
9. Design blowdown calcs resulted in material selection suitable for minus 62 Deg C
(Impact values 48 J Average, 34J minimum)
10. Blowdown frequency historically is < 1 in 4 years.
11. Expected working life of vessel is to year 2017 minimum.
Vessel designed for nominal 5000 regen cycles. Between 1987 and 1997 vessel
saw approx 3000 cycles. Since 1997 and change in operating parameters, average
number of cycles is now 5 per year.

Appendix 7
Case 1 Molecular sieve –
Additional information 2
1. Chemical analysis
C
0.20

Si
0.04

Mn
1.70

P
0.03

S
Al
0.025 0.018

Cr
0.25

Co
0.30

2. The vessel had received a full post weld heat treatment.
3. The H2S content of the process stream less than 50ppm.
4. The pH of the H2O is unknown.
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Mo
0.1

Nb
.01-.04

Ni
0.04

