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Abstract: This paper focuses on a midstream pipeline to help us develop a better under-
standing of Pipeline Inspection Gauge (PIG) operation. A methodological combination of
non-destructive testing (NDT), non-destructive evaluation (NDE), and risk-based inspec-
tion (RBI) was applied within an engineering system compatible with industry standards.
In this sense, the implementation of the protocol and an assessment of the effectiveness
of the proposed research model for solving problems that occur during a PIG’s work-
ing life, such as damage mechanisms and methods for its repair, are presented. The RBI
methodology is derived using two mutually validating approaches to provide a result
with low uncertainty. The result of this research confirms the expediency of the multi-
perspective research approach and demonstrates the applicability of this methodology
through a model study in the area of protocol creation—an essential aspect of ensuring the
safety of pipeline inspections.

Keywords: PIG trap; cracks; pipeline; integrity; RBI; NDT

1. Introduction

Upstream facilities are designed to encompass as many oil and gas wells as possible,
with water wells placed as close to these facilities as possible. The method for investigating
problems that arise during the working life of PIGs (Pipeline Inspection Gauges) serves
as a powerful tool for minimizing risk. This protocol should address several key aspects,
including pipeline integrity and safety, load capacity, and similar factors. Problems encoun-
tered during the working life of PIGs—particularly during the preparation and execution
phases—have not been extensively explored in the available literature sources. Therefore,
there is a need to gather information on the underground medium flow’s condition and
maintain these lines, as detailed in various case studies. Research related to systems for
locating and/or tracking PIGs within the generic pipeline, as well as developing a high-
precision inertial navigation system, is particularly significant. Additionally, establishing
procedures for PIG localization/tracking with precise synchronization of measuring units,
using high-sensitivity sensors, the accurate selection of useful bandwidth, real-time data
transmission, and multi-channel data processing, is of great importance. The risk-based
API methodology (RBI API) is also an area of research focus, as it aids in identifying
and understanding risks. Consequently, this paper investigates the implementation of a
protocol that integrates, from multiple perspectives, the stages necessary for inspecting,
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evaluating, detecting, and repairing PIG-related defects, alongside assessing the remaining
lifespan of process equipment through RBI analysis.

Nowadays, this pipeline is commonly referred to as the midstream pipeline. A launch-
ing PIG trap is installed immediately before the pipeline enters the ground, while a receiving
PIG trap is positioned at the upstream plant where the line exits the ground [1,2].

The primary function of these devices (PIG traps) is to facilitate the operation of
appropriate PIG devices that provide insight into the condition of the underground medium
flow and assist with the maintenance of these pipelines.

A pig is inserted into the pipeline being serviced, and fluid is pumped upstream of the
pig to remove scale from the pipe wall, displace water from the pipeline, flush out trapped
product, and clean the interior surfaces [3,4]. It is also utilized for pipeline examination,
identifying dents, wrinkles, buckles, welding faults, and fractures and ensures product
flow [5]. The pig is most effective when it runs at a nearly constant speed. Therefore,
selecting the appropriate pig, estimating its speed and required pressure, and modeling its
operations are very important for successful pig activities [6,7]. Detection techniques can
identify pipeline deformation, and based on these findings, appropriate measures can be
taken to prevent serious damage [8].

The basic configuration of the launcher-receiver system is depicted in Figure 1.
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Figure 1. Launcher-receiver PIG trap configuration.

Although PIG release/reception traps have been utilized in the industry for over
80 years, particularly in the oil and gas sector, limited research addresses the problems
encountered during their service life. Multiple threats affect the integrity and safety of
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pipelines, including corrosion, cracks, mechanical damage, material and manufacturing
anomalies, geohazards, external disturbances, and dents [9-11].

There is a fatal risk of an accident due to pipeline defects, corrosion, and/or defor-
mation [12,13]. Therefore, automated routine pipeline inspections are essential [14,15].
Al-Masri et al. [16] proposed a high-precision inertial navigation system for pipeline inspec-
tion, using two approaches: a full INS dynamic model and a 3-D reduced inertia sensor
system. Various non-destructive inspection methods are used for pipelines, and among
them, PIGs emerge as a very powerful tool for minimizing risks [14,17-19]. Piao et al. [20]
described the high-sensitivity detection and real-time implementation of a high-speed
PIG tracking system. Farh et al. [21] discussed internal corrosion protection techniques,
and Piri et al. [22] investigated firewater pipeline failure mechanisms and remaining life.
Ho et al. [23] presented different types of intelligent pigs used in inline inspection, in-
cluding ultrasound, magnetic flux leakage, eddy current, radiation caliper/geometry, and
imaging (optopig).

Regular cleaning and inspection are necessary to ensure safe and efficient pipeline
operation [24-26]. Coramic and Ege [13] emphasized the importance of pipeline inspection,
outlined the purposes of PIGs, and provided samples of pipeline applications.

However, problems during their working life (and particularly during the preparation
and performance of PIG activities) have not been fully investigated in the available literature
sources, and the main goal of this work is to describe and analyze them in the right way.

This paper presents our obtained results and an analysis of a visual examination,
as well as surface and volumetric nondestructive methods performed on a receiving
pig trap aimed at determining the extent of damage caused by previously identified
damage mechanisms. Further investigations include determining the relevant corrosion
rate and remaining life, conducted simultaneously with RBI calculation. The risk-based API
methodology [27,28] is employed to identify and comprehend risks [29-31]. This includes
evaluating the probability of failure and risk level of the vessel. Two different approaches
are proposed: one based on API 581 and the other on OREDA, 2016 [32]. The corrosion rate
and remaining life of the vessel are also calculated.

2. Design and Material Data of Receiving PIG Trap

Receiving pig traps belong to the process apparatus used to keep process lines clean,
ensuring the proper operation of the production process over extended periods. Maintain-
ing clean process lines (especially oil and gas pipelines) is crucial so that process parameters
such as temperature, pressure, and mass flow /velocity remain within the required limits,
preventing interruptions in the rectification of oil, gas, and other valuable fluids.

The use of pig trap devices is highly risky, as there is always a risk of the pig becoming
stuck in the line during operation. This can result in prolonged downtine and significant
material losses in any production process. Therefore, the proper preparation of pig traps
and other instrumentation equipment (valves, gauges, transmitters, bypasses) is essential
to prevent the negative consequences of pigging operations.

Considering these factors, the main objective of this article is to conduct an in-depth
analysis of the proper methods for examining receiving pig traps to avoid the aforemen-
tioned issues. It should also be emphasized that the preparation of the launching station for
pigging operations should be analyzed with equal attention. Furthermore, as a direction
for future research, pigging devices should always be treated simultaneously.

For the detailed examination of the pig trap’s condition, a methodology was adopted
that includes visual control, a surface NDT method, a volumetric NDT method, the calcula-
tion of corrosion rate and remaining life, and RBI analyses. This approach was implemented
with the goal of identifying potential damage, including door deformation and cracking of
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the pig stopper caused by impacts from the pig and pig basket during pigging activities. It
is important to note that such cracks can be microscopic in size and are often not visible to
the naked eye.

In this paper, a 20" receiving PIG trap is analyzed. This equipment has been in
continuous service for nearly 15 years. The equipment is examined to determine the need
for upcoming pigging activities for the line connecting the well collector to the plant. The
design data and materials for the receiving trap are shown in Table 1.

Table 1. Design data of 20" /16" receiving PIG trap.

No Item Value Parameter
1 Shell header API5L-X65 s
2 Line pipe header API5L-X65 CS
3 Concentric reduction MSS-SP-75 WPHY-65
4 Basket stop FE 360 B UNI7070
5 Shell header—size 20" x 4398 Inches x mm
6 Line pipe header—size 16" x 4271 Inches x mm
7 Shell header—thicknesses 12.70 mm
8 Line pipe header—thickness 10.30 mm
9 Cone reducer—Dbigger side £i482.6 x 12.70 mm
10 Cone reducer—lower side £i385.8 x 10.30 mm
11 Cone reducer—length 508.0 mm
12 Cone reducer—angle 5.44 °
13 Basket stop—size 20 x 30 x 10 mm
14 PIG signaler + boss AISI 316/F52 fi2 c1.600
15 Working medium Natural gas -
16 Design pressure 46.3/671.5 barg/psi
17 Test pressure 50.9 barg
18 Design temperature —28/+100 °C
19 Insulation No -
20 Joint efficiency 1.0 -
21 Stress relieving No -
22 Corrosion allowance 6.35 mm
23 Radiographic testing 100 %
24 Net weight 1650 kg
25 Net weight basket 100 kg
26 Capacity 1450 Liters
27 Weight full of water 3100 kg
28 Operating weight 3070 kg
29 Test method hydrotest Water
30 Design standards ASME and API -

Table 1 presents the most relevant data, including the materials used in the pig device,
the actual values of their properties, information about the environment in which this
process equipment is installed, and details regarding the fluid within the system.

It is important to note that during pigging operations, these parameters are crucial,
especially because this type of apparatus is often exposed to high hammering loads. This is
particularly significant for receiving pig traps, but not for launching pig traps, where the
pig begins its journey.

Special attention should be given to the hammering loads acting on the door and
pig stopper, since in frequent pigging operations, these components are often subjected to
cyclic (fatigue) loading. Additionally, cracks may occasionally develop in the pig stopper
and door hinges.
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The transported medium is natural gas with the following flow conditions: the max
working pressure is 37 barg, the max working temperature is 70 °C, and the max velocity
of the medium is 45 m/s.

In addition to the values listed in Table 1, the following are the maximum allowable
stresses for the material used in the main metal elements of the receiving PIG trap:

Shell header material API 5L-X65-S = 448.16 MPa;

Line pipe header material API 5L-X65-S = 448.16 MPa;

Concentric reducer material MSS-SP-75-S = 405 MPa.

The minimum required thicknesses (MRT) of the shell header and the line pipe header
are calculated using the Barlow formula [33], and the estimated required thicknesses are
listed in Table 2.

Table 2. The minimum required thickness of particular parts of the PIG.

Part of Equipment MRT
shell header 2.62 mm
pipeline header 2.62 mm
bigger part of the cone reducer 2.79 mm
lower part of the cone reducer 223 mm

It should also be noted that the Receiving PIG trap is fabricated with quick-opening
clamp ring closures.

3. Performed Examination Activities and Findings

Considering that pig traps are very important parts of midstream pipeline systems,
special attention should be given to their examination and their preparation for pigging
activities. To enhance pipeline safety, particular focus should be placed on the maintenance
and testing of the following equipment: kicker valves, side valves, barrel isolation valves,
pressure safety valves (PSVs), and pig signalers.

Company procedures should explicitly require the inspection and testing of this
equipment before initiating any activities on the launching/receiving pig traps. This
approach ensures that pig trap examinations are carried out properly and safely. Involving
HSE personnel from the very beginning can be highly beneficial in developing and refining
these company procedures.

The damage mechanisms that appeared during the working life of receiving PIG traps
are as follows:

e  Atmospheric corrosion (AC);
e  Microbiologically influenced corrosion (MIC).

Considering the fact that the working fluid is gas, the likelihood of scale, wax, and
other deposits forming is low. However, another potential damage mechanism involves the
formation of cracks in the door or pig stopper due to the large hammering loads expected
during pigging operations.

Pigging activity on the line that connects the well collector and upstream plant is
planned to be performed in the near future. On the well, the collector placed a PIG launcher
vessel, while the plant placed a receiving PIG station. This receiving PIG station consists
of 6 receiving PIG traps, and in this paper, we will analyze one of them. An estimation
of the integrity of the Receiving PIG trap was performed to avoid any unplanned bad
consequences during pigging activities. On that occasion, a detailed visual examination was
performed with penetrant tests of the relevant weld joints as well as ultrasonic examination.
The visual testing included visual checking of external metal surfaces before and after the
cleaning process. On that occasion, it was observed that the external metal surfaces were
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found to be generally in good condition and without visible traces of corrosion, as shown
in Figure 2a. Further inspection included examining the quick-open closure and area for
the ring joint gasket. In addition, the quick-open closure was found to be in good condition,
and the bevel for the ring joint gasket was in good shape. The mentioned examination
was conducted to check the necessary sealing during pigging activities. In addition to this,
the PIG signaler was visually inspected and found to be in good condition at the moment
of examination.

Figure 2. (a) Receiving PIG trap—general view. (b) Internal metal surfaces post cleaning process.

Figure 2b presents the PIG tray and internal surfaces after the cleaning process.

Insight into the status of the internal metal surfaces has revealed that they were (in the
accessible places) in good condition.

Further examination of the receiving PIG trap has included checking the status of
relevant weld joints according to the previously adopted plan of penetrant examination.
On that occasion, we performed penetrant tests of the circular (butt) weld joint, which
connects the shell header and quick-open closure and angle weld joint between the PIG
tray (basket) stop and shell header, as shown in Figure 3.

150 (for Hydrouc lest)

x =} -
A

BL 1423

Weld joint 1 Weld joint 2

Figure 3. Adopted scheme for penetrant examination.

Dye-colored penetrant garniture was used during the penetrant examination, as shown
in Figure 4.

The results of the penetrant tests of the examined weld joints revealed that a circular
weld joint was found without weld defects, while a crack was noted at the PIG tray stop
(Figure 5).

Further examination of the pressure equipment (receiving PIG trap with quick-opening
clamp ring closure) included an ultrasonic examination of metal surfaces according to the
previously established orientation and a prepared ultrasonic scheme according to relevant
standards from this area.
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A review of the measured thicknesses values is presented in Figure 6. The measured
values are listed in Table 3.

LPH CR1 SH1
9474
2509 5842 ; 830 293
4271 } A s - | |
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Figure 6. The spots of UT measurements listed in Table 3: (a) front view; (b) left side view. Results of

ultrasonic measuring.



Processes 2025, 13, 1255

8 of 16

Table 3. Measured wall thickness at spots depicted in Figure 6.

Line Pipe Header = Cone Reducer1  Shell Header1  Cone Reducer2  Shell Header 2

Position (LPH) (CR1) (SH1) (CR2) (SH2)
A 11.78 6.99 13.14 15.24 12.58
B 10.48 10.45 1335 15.33 12.76
C 9.95 9.34 13.59 14.44 12.88
D 11.43 10.41 13.34 16.10 13.05

During ultrasonic measuring, extensive metal thinning was noted on the lower part of
the cone reducer. Hence, detailed scanning of the cone reducer was conducted, and the
minimum measured values in all four quadrants are presented in Table 3. For measuring, a
Gilardoni flaw detector was used and device calibration was performed using a step wedge
with a range of 0-25 mm and steps of 6.25 mm.

The mentioned research was conducted on a pig trap, but the strategy outlined can
be applied (or adopted) for the examination of all types of launching/receiving pig traps.
In addition, special attention should be paid when examining launching/receiving pig
traps installed on offshore plants or those that are vertically installed. In these cases,
the focus should be on preventing intrusion by examination personnel and tools in the
apparatus. HSE personnel should be fully involved in creating procedures for these
activities. Additionally, gas testing activities should be performed more frequently than
during inspection for pig traps in a horizontal position. This is especially important in
cases where the presence of H,S is expected, as its density is higher than that of air.

4. Estimation of Process Equipment’s Remaining Life

The relevant corrosion rates for the main metal elements were calculated to estimate
the remaining life.

In general, the corrosion rate is calculated in the following ways. For a long time (LT)
period, the corrosion rate (CR) is

CR(LT) = (tinitial — tactual)/ (years between them), 1)

where the elements are defined as follows:

tinitial 1 the initial thickness at the same CML as t .4 It is either the first thickness
measurement at this CML or the thickness at the start of a new corrosion rate environment
in inches or in mm.

tactual 1S the actual thickness of a CML, in inches or mm, measured during the most
recent inspection.

For a short time (ST) period, the corrosion rate (CR) is

CR(ST) = (tpreviously — tactual)/ (years between them), 2)

where t,reviously 1S the previous thickness measured during prior inspection. It is in mm or
inches and in the same location as t,.t,,) measured during the previous inspection.

On the other hand, the remaining life (RL) of the vessels (in years) is calculated from
the following formula:

RL = (tactual — trequired)/ (relevant corrosion rate), 3)

where trequired 18 the minimum required thickness at the same CML or component, in mm
(inches), as the t,ctya Mmeasurement.
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It is computed based on the design formulas (e.g., pressure and structure) and does
not include the corrosion allowance or manufacturer’s tolerances. Here, it should be
highlighted that remaining-life calculations have a significant impact on the efficiency
and effectiveness of the inspection and maintenance process. The corrosion rate and
thickness data used in remaining-life calculations should be validated, as they will be used
to determine the next inspection dates [34,35].

Incorrect data can lead to an increased likelihood of unanticipated equipment failure
or the premature retirement of vessels. In our case, only CR(LT) could be calculated
because the vessel has been in continual service for around 14 years, and there are no data
about previous inspections and thickness measurements. Also, to increase accuracy in the
remaining-life estimation of the vessel, one very important approximation was adopted.
Namely, considering that ultrasonic thickness measuring was conducted on metal surfaces
with a coating and that the device had no precise opportunity for measuring the paint
thickness, based on the relevant datasheet, we adopted a value of dry paint thickness of
0.3 mm. The receiving pig trap analyzed in this article was painted on its external surface.
The painting system used for this process was selected based on the material of the pig
trap and the environmental conditions (particularly relative humidity and temperature) to
which the apparatus is exposed during operational service.

For this purpose, the Penguard painting system was chosen in accordance with ISO
8501-1-3 standards. The paint was applied in the following four layers:

Primer coat: inorganic zinc primer (dry film thickness (DFT) = 50 microns).
Intermediate coat: epoxy primer (DFT = 50 microns).
Intermediate coat: epoxy undercoat (DFT = 150 microns).

Topcoat: polyurethane topcoat (DFT = 150 microns).

Summing up the dry film thickness values, the total coating thickness was 300 microns
(0.3 mm). This thickness was subtracted from the measured values during ultrasonic
thickness testing.

Hence, for further calculations, the minimum measured thickness value for the cone
reducer was 6.69 mm, while the minimum measured thickness for line pipe header was
9.65 mm. Consequently, the corrosion rate (LT) for the cone reducer was

CR(LT) = 0.2579 mm/year

The corrosion rate (LT) for line pipe header was

CR(LT) = 0.0464 mm/year

A higher corrosion rate value was used to estimate the vessel’s remaining life. Finally,
the remaining life was

RL =17.29 years.

5. Remediation of Crack on the Receiving PIG Trap

As shown in the analysis in the previous section, penetrant tests noted a crack on the
angle weld joint at the connection of the shell header and basket stop. So, the remediation
of this item is necessary to meet the needs of upcoming pigging activities. For this purpose,
the basket stop was removed through a grinding process, and this area of the shell header
was examined in detail on existing possible residual cracks in the base material, as shown
in Figure 7a,b.

The reinstallation of the basket stop at the appropriate location was performed using
an approved and tested WPS by an appropriate PQR with the GTAW welding process. On
that occasion, ER80S-D2 wire was used (with a wire diameter of 2.4 mm). The voltage
during the welding process was in the range of 9-12 V, while the welding current was in
the range of 90-110 A.
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(©) (d)
Figure 7. (a) Shell header after spraying penetrant; (b) shell header after spraying developer; (c) basket

stop—new weld joint after spraying PT; (d) new weld joint after spraying developer.

With the aim of comprehensively checking the new weld joint after finishing the
welding process, we first conducted a detailed visual examination. A penetrant test of this
weld joint was also performed, as shown in Figure 7c,d. Radiographic and metallographic
examination showed no defects in the repaired weld joint.

Vickers hardness tests were performed with an applied load of 10 kgf (HV10). The
hardness in the heat-affected zone (max value 236 HV10) and weld metal (max value
221 HV10) was higher than in the base metal (max value 187 HV10), suggesting that the
reparation of the weld joint was performed well.

According to the examination results that were obtained, we have concluded that the
fabricated weld joint was without weld defects.

Typically, the intervals for the internal inspection of pressure equipment are 5 or
10 years, depending on the materials and working fluids. However, for pig traps, an
inspection interval of no more than 5 years should be adopted. This interval should align
with the inspection and testing for the following equipment: kicker valves, side valves,
barrel isolations valves, pressure safety valves (PSVs), and pig signalers. It is important
to note that testing of the listed equipment should be performed before any activities are
carried out on the launching/receiving pig traps.

6. RBI Analysis of the Pressure Equipment

A risk-based inspection methodology was performed according to API 580 [27] and
API 581 [28]. In this paper, two approaches are employed: the first one, PoFg, includes the
generic failure frequency (gff), and its determination requires more complex data, while
the second one, PoFw, uses the Weibull parameter and is more suitable for use when
conducting RBI analysis to perform a basic inspection [28,32,36,37].
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RBI is calculated according to API 581 [28] as the product of the probability of failure
(PoF) and the consequence of failure (CoF), presented in the following equations:

R(t) = P(t) * C(t), (4)

R(t) = gff * D_f (t) * F_MS, ®)

The most important results are summarized in Table 4. The risk is calculated at the
RBI date. The age at the RBI date is 14 years. The damage thinning factor is calculated
according to API 581.

Art = 0.2372699 and Inspection Effectiveness Category = B are usually effective.

The probability of failure at the RBI date is 0.023715.

Table 4. Calculation results summarized for separator.

@ RBI Date
Art 0.2372699
Inspection Effectiveness Category B
Damage stage 1
Total damage factor 775
POF with inspection, failures/yr 0.023715
Final consequence area m? 528
The final financial consequence, EUR 9,325,836.60
Risk, m?/yr 12.52152
Risk, EUR/yr 596,744.65

The final consequence area is 61,500 m2, and the total damage factor is 2851.6 at the
RBI date.

The categories of the presented vessel from the standpoints of area-based and financial
consequences are determined from standard API 581 [28], according to the probability of
failure, damage factor, and area-based or financial consequence of failure. The pig trap
belongs to category C4 on the RBI date for the consequence area and D4 for the financial
consequence. This analysis took these values as reference values for the ISO-risk plot and
risk matrix.

The results are presented in an ISO-risk plot for the consequence area and financial
consequence in Figure 8a,b, respectively, and according to the results, the vessel incurs a
medium-high level of risk.
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Figure 8. (a) Iso-risk plot for the consequence area. The vessel incurs a medium-high risk. (b) Iso-risk
plot for financial consequence. The vessel incurs a medium-high risk.
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The second approach considers the Weibull parameters and is calculated as fol-

lows [32]. 5
PoFy, =1—exp l— (t) ], (6)
n

1 is the Weibull characteristic life parameter, years;

where
t is time, years;

(3 is the Weibull shape parameter.
The Weibull characteristic life parameter is calculated according to [28,37]

MTTF
n= ——- )

1
r(1+4)
MTTF is the mean time to failure and is calculated as the reciprocal value of the mean
failure rate. I'(1 + 1/) is the Gamma function of (1 + 1/f).
The mean failure rate is taken from OREDA—Offshore and onshore reliability
data [32]—and presented in Table 5. OREDA contains data related to the failure fre-

quency and failure rate for various process equipment used in the offshore and onshore oil
and gas industry.

Table 5. Mean failure rate for specific failure models.

Failure Modes Mean Failure Rate (10° h)
Fail to start on demand 0.42
Fail to stop on demand 0.42
Plugged/choked 22
Total 3.04

For the given values presented in Table 4, the obtained results are as follows:

FR = 0.0266;

MTTEF = 37.55;

n =42.191;

PoF = 0.062499.

The calculated risks were 32.99947 m?/yr and 1,572,673 EUR/yr.

The second approach that uses OREDA data confirms the PoFg calculation using the
generic failure frequency.

The two different approaches to the problem of risk determination mutually confirm
each other. The presented calculations indicate the need to monitor and measure the wall
thickness of all similar PIG devices operating in similar conditions.

Table 6 presents the numerical values for the probability of failure (POF), Area-Based
Consequence of Failure (COF), and Financial-Based COF categories, as defined in the API
581 standard. These values are used to construct the balanced risk matrix shown in Figure 9.
The POF (or damage factor) is used to determine the probability level, while the Area-Based
COF and Financial-Based COF are used to determine the consequence level.

The risk category of the pig trap is C4 for Area-Based COF and D4 for Financial-Based
COF, both of which fall into the medium-high risk category. This is illustrated in the risk
matrix shown in Figure 9. In the balanced risk matrix, blue squares represent a low level of
risk, green squares indicate medium risk, gray squares correspond to medium-high risk,
and red squares signify a high risk level. The red-colored letters in the matrix denote the
risk level of the pig trap analyzed in this study.
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Table 6. Numerical values associated with POF and Area-Based COF and Financial-Based COF (API 581).

Probability Category Consequence Category
Category . 2 Consequence Category
Probability Range Damage Factor Range Category Range (m?) Range (EUR)
1 P (t) < 3.06 x 107> Df<1 A CA <9.29 FC < 10,000
2 3.06 x 1072 < P¢ (t) < 3.06 x 104 1<Df <10 B 929 <CA <929 10,000 < FC < 100,000
3 3.06 x 107% < P (t) < 3.06 x 1073 10 < D¢ < 100 C 929 < CA <929 100,000 < FC < 1,000,000
4 3.06 x 1073 < P () < 3.06 x 1072 100 < D¢ < 1000 D 929 < CA <9290 1,000,000 < FC < 10,000,000
5 P (t) > 3.06 x 1072 D; > 1000 E CA > 9290 FC > 10,000,000
Consequence | Consequence | Consequence | Consequence | Consequence
Level A Level B Level C Level D Level E
Probahility MEDIUM- MEDIUM-
Level 5 MEDIUM HIGH HICH HIGH HIGH
Probability MEDIUM- MEDIUM-
Level 4 MEDIUM MEDIUM HICH HIGH HIGH
Probahility . MEDIUM- MEDIUM-
Level 3 LOW MEDILUM MEDIUM HIGH HIGH
Probahility - - MEDIUM-
Level 2 LOW LOW MEDIUM MEDIUM HIGH
Probablity | rLow LOW LOW MEDIUM | MEDIUM

Figure 9. Balanced risk matrix for consequence area and financial consequence—red colored squares.

Figure 9 presents a risk matrix for the area of consequence and financial consequence.

The results of the applied NDT methods and risk analysis provide guidelines for
further dealing with pressure equipment and reducing the risk of breakdown and damage.
The inspection plan will include the type and schedule/frequency of NDT and common risk-
reducing activities: changing materials, applying corrosion-resistant coatings or injecting
corrosion-inhibiting chemicals, changing operating conditions, etc.

One of the biggest challenges in these types of inspections occurs with pig traps of
smaller dimensions, where direct inspection of internal surfaces is practically impossible.
In such cases, a strategy of remote (indirect) inspection should be used, but the uncertainty
factor in the obtained results must always be considered. The research presented in this
paper should be adopted as a general strategy that can be incorporated into pipeline main-
tenance. This strategy can be applied regardless of whether the pipelines are aboveground,
underground, or underwater. It is important to note that at offshore plants, pig traps are
usually installed in vertical positions. Therefore, more attention should be given during the
examination process to prevent personnel and tools from intruding into the pig trap while
performing inspection activities. Safety precautions should be strictly followed during
these tasks, and adequately skilled HSE personnel should be present at all times.

7. Conclusions

e  This paper proposed and tested a multi-perspective research protocol for the applica-
tion of Pipeline Inspection Gauges (PIGs), through a combination of non-destructive
testing (NDT), non-destructive evaluation (NDE), and inspection based on risk assess-
ment (API RBI), in preparation for upcoming pig activities using a 20" receiving pig
trap, conducting a detailed examination.
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e The damage mechanisms that mostly influenced the analyzed receiving PIG trap
are atmospheric and microbiologically influenced corrosion. Based on the results of
ultrasonic measuring, the relevant corrosion rate is 0.2579 mm/year, and the remaining
life is estimated to be 17 years. The date of the next inspection is in 8.6 years.

e The RBI methodology revealed that the vessel falls under the medium-highly
risk category.

e  Within the selected case study, the function of which was to provide a realistic repre-
sentation of the process for the testing and verification of the integral NDT, NDE, and
API RBI (API 580, API 581) approaches to process control, inspections were carried
out, diagnostics were carried out, and then reparation of the observed damage was
carried out, which tested the selected protocol and demonstrated its effectiveness.

e  The multi-perspective protocol of the integration of NDT, NDE, and RBI presented
in this paper represents an improved procedure for equipment safety and failure risk
reduction and is suitable for implementation in the context of sustainable development
and environmental protection.

Future research related to pig traps could involve measuring pig velocity to analyze
the impact of pig devices and pig baskets on the pig stopper and receiving pig trap door.
In cases where small cracks are observed, future research could focus on measuring crack
propagation after subsequent pigging activity. Specifically, after a small crack is observed,
it should not be repaired immediately; instead, its propagation should be analyzed after
the next pigging operation. The RBI approach will be applied to other pressure equipment
units in gas and oil plants and compared and analyzed to understand their interrelations
and to propose the safest operational protocol.
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