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1. Abstract

This research presents a quantitative comparative evaluation of three primary non-
destructive testing (NDT) modalities—Ultrasonic Testing (UT), Radiographic
Testing (RT), and Eddy Current Testing (ECT)—specifically tailored for assessing
the structural integrity of critical pressure vessels. The purpose of this investigation
is to quantitatively determine the optimal NDT technique for detecting and sizing
three distinct classes of critical flaws: planar welding discontinuities, volumetric
inclusions, and in-service wall thinning, thereby providing empirically validated
data to inform high-reliability Risk-Based Inspection (RBI) strategies.! The
methodology employed a simulated quantitative comparative design, leveraging
established NDT reliability parameters to model Probability of Detection (PoD)
curves (a-hat vs. a), comparing the simulated performance of advanced techniques
(Phased Array UT/TOFD, Digital RT, and Pulsed ECT) against intentionally
introduced defects in standard pressure vessel materials. Key findings indicate that
UT, particularly utilizing advanced configurations, demonstrates superior PoD for
tight, planar defects (e.g., fatigue cracks and lack of fusion), confirming its status as
the preferred technique for ensuring weld integrity. Conversely, RT maintains high
detection rates and resolution for volumetric flaws (porosity and slag). Crucially,
Pulsed Eddy Current Testing (PECT) emerged as the only viable non-intrusive
method for accurately screening Corrosion Under Insulation (CUI) and wall thinning
without material preparation.? The conclusion asserts that no single modality offers
universal superiority; rather, effective pressure vessel integrity management requires
a complementary, multimodal NDT protocol selected based on the specific material,
operational environment, and expected defect typology.

Keywords: Non-Destructive Testing (NDT), Pressure Vessels, Ultrasonic Testing
(UT), Radiography (RT), Eddy Current Testing (ECT), Probability of Detection
(PoD).

2. Introduction



2.1. Background and Context

Pressure vessels are fundamental and indispensable components across numerous
industrial sectors, including nuclear energy, chemical manufacturing, and
hydrocarbon processing. These structures are defined by the American Society of
Mechanical Engineers (ASME) as containing fluids at pressures higher than 15 psi
3, necessitating robust design, fabrication, and ongoing maintenance to prevent
catastrophic failure, which could lead to significant economic loss and severe safety
and environmental incidents.* Consequently, the entire lifecycle of a pressure vessel
is strictly governed by authoritative codes such as the ASME Boiler and Pressure
Vessel Code (BPVC), particularly Section VIII for construction, and API 510 for in-
service inspection and maintenance.?

Non-destructive testing (NDT) methods play a crucial role in maintaining this
integrity by evaluating the material and structural soundness of a vessel without
inducing permanent alteration or damage.* These techniques enable early detection
of flaws, preventing minor issues from escalating into major failures and ensuring
continuous compliance with regulatory standards.* Given the high-consequence
nature of pressure vessel operation, the selection of the optimal NDT technique is a
critical engineering decision that dictates both inspection reliability and economic
viability.

2.2. Literature Review of Pressure Vessel Degradation Mechanisms

The selection of an appropriate NDT method must be driven by an understanding of
the material properties and the degradation mechanisms inherent to pressure vessel
service. Common materials include carbon steel, widely utilized for its durability
and cost-effectiveness, stainless steel, and various nickel and titanium alloys, chosen
for their enhanced corrosion resistance.® Carbon steel, while ubiquitous, is
particularly susceptible to corrosion and erosion, especially when exposed to
moisture, chemicals, or high temperatures, requiring frequent and careful
inspection.’

NDT methods must be capable of reliably detecting four primary categories of flaws
that threaten vessel integrity ®:

1. Planar Defects: These are the most dangerous defects due to their high stress
concentration factor. They include fatigue cracks resulting from cyclic
loading °, lack of side-wall fusion in welds, and environmental assisted
cracking such as Stress Corrosion Cracking (SCC).? SCC is prevalent around
welds and in the heat-affected zone (HAZ). Additionally, Hydrogen Induced



Cracking (HIC) is a critical internal planar mechanism affecting low-alloy
steels in wet hydrogen sulfide environments. '

Volumetric Defects: These typically consist of voids, slag inclusions, and
porosity, commonly introduced during the welding or casting process.®
Laminations: Flaws such as rolling and forging laminations, or
delaminations in composite pressure vessels, which compromise load-bearing
cross-sections.®

Wall Thinning and Corrosion: Through-life material loss due to general or
localized pitting corrosion, often occurring under insulation (Corrosion Under
Insulation, or CUI).8

2.3. Principles of Focused NDT Modalities

The three methods evaluated—UT, RT, and ECT—are foundational to pressure
vessel inspection, but operate on entirely different physical principles:

Ultrasonic Testing (UT): UT employs high-frequency sound waves,
typically ranging from 0.5 to 20 MHz '3, relying on the principles of sound
wave reflection, refraction, and penetration.'!* Transducers made of
piezoelectric materials convert electrical impulses into acoustic energy, which
propagates through the material.'* Discontinuities or material boundaries
cause the wave to reflect back, allowing the transducer (in pulse-echo mode)
to identify the flaw's location and estimate its size and shape with high
accuracy.”” UT offers excellent depth penetration, capable of inspecting
components over 200 mm thick.'?

Radiographic Testing (RT): RT utilizes ionizing radiation, typically X-rays
or gamma rays (from radioisotopes like Iridium-192 or Cobalt-60).! Radiation
is aimed at the test object, and a sensor (film, digital radiography (DR), or
computed radiography (CR)) is placed behind it.'¢ Flaws or density variations
within the object cause differential attenuation of the radiation intensity. The
resulting image, a permanent record of the internal structure, reveals the
presence of discontinuities.’

Eddy Current Testing (ECT): ECT is an electromagnetic method strictly
limited to electrically conductive materials.!® It functions by inducing eddy
currents (Foucault currents) within the material through a changing magnetic
field generated by an energized coil.'® The presence of defects, such as cracks
or thinning, disrupts the flow of these circulating currents, altering the
resulting secondary magnetic field, which is then detected by the sensor.!
Traditional ECT is ideal for surface and near-surface defects.?® A critical
variant, Pulsed Eddy Current Testing (PECT), uses a pulsed DC magnetic



field to measure the decay rate of the eddy currents over time, making it
effective for inspecting through intermediate non-conductive layers, such as
insulation.?

2.4. Research Objective and Hypotheses

The primary objective of this study is to provide a rigorous, quantitative comparison
of UT, RT, and ECT capabilities, focusing specifically on their Probability of
Detection (PoD), resolution, operational constraints, and economic viability when
applied to the critical degradation mechanisms found in high-pressure vessels.

Based on the physical principles and observed industry performance data, two
primary hypotheses guide this investigation:

« Hypothesis H1: Advanced UT configurations, such as Phased Array
Ultrasonic Testing (PAUT) and Time-of-Flight Diffraction (TOFD), will
exhibit a significantly higher PoD for tight, planar defects compared to
conventional RT, due to UT’s superior detection mechanism for tight
discontinuities oriented parallel to the surface.

« Hypothesis H2: ECT, specifically the PECT variant, will be the most
logistically and economically advantageous non-intrusive screening tool for
in-service wall thinning (CUI), despite its generally semi-quantitative nature,
by eliminating the high cost and time associated with insulation removal.

2.5. Significance of the Study

The quantification of NDT performance using the PoD metric is critical because it
moves reliability assessment beyond qualitative judgment. PoD data, defined as the
probability of detecting a flaw of a given size, incorporates critical factors like
equipment sensitivity, human competency, and material interaction.! Providing
quantitative $a_{90/95}§ metrics (the defect size detected with 90% probability and
95% confidence) allows integrity engineers to implement robust Risk-Based
Inspection (RBI) programs, refine inspection schedules, and accurately define
acceptable defect tolerance limits in compliance with stringent regulatory
requirements.! The findings contribute directly to performance-based qualification
programs for NDT personnel and equipment, ensuring adherence to standards like
ISO 9712 and ANSI/ASNT CP-189.%!

3. Methodology

3.1. Research Design: Quantitative Comparative Analysis via Simulated PoD



This research utilized a simulated quantitative comparative design, establishing
comparative NDT capability through Probability of Detection (PoD) modeling.!
This approach is standard for high-reliability assessment where collecting primary
field data across all flaw types and sizes would be prohibitively expensive and
logistically impractical. The methodology is grounded in NDE reliability principles,
following recognized measurement practices and reliability assessment standards
established by organizations such as the European Network for Inspection
Qualification (ENIQ).! This framework allows for a rigorous comparison of the
effectiveness of each technique based on defined working procedures and material
interactions.!

3.2. Simulated Test Components and Defect Matrix

The simulated inspection was conducted on three distinct test blocks, representative
of the most common pressure vessel components and degradation modes:

1. Weld Test Block (A): A 50 mm thick plate of Carbon Steel (A516 Gr. 70), a
common pressure vessel material highly susceptible to welding flaws.” This
block contained embedded, intentional weld flaws, including planar defects
(lack of fusion and fatigue cracks) and volumetric defects (slag inclusions and
porosity clusters).®

2. Wall Thinning Block (B): A 20 mm thick section of Stainless Steel (SS304),
covered by 50 mm of non-conductive simulated insulation. This block
contained varied internal corrosion patches simulating Corrosion Under
Insulation (CUI).®

3. HIC Block (C): A 100 mm thick low-alloy steel segment designed to contain
internal, laminar cracking patterns characteristic of Hydrogen Induced
Cracking (HIC).®

3.3. Simulated Data Collection and Modality Parameters

The simulation utilized the most advanced commercial variants of each NDT
technique to reflect current industry capabilities:

o Ultrasonic Testing (UT) Parameters: Phased Array UT (PAUT) and Time-
of-Flight Diffraction (TOFD) were modeled, prioritizing their ability to
accurately size flaws (using TOFD’s measurement of the diffracted wave
produced by the defect edge) and providing high inspection speed.® A standard
5 MHz frequency was modeled for general inspection. Critically, UT
inspections only required single-sided access for the pulse-echo technique.'®



For the HIC block, specific low-angle shear wave probes were modeled to
optimize detection of the laminar structure.

« Radiographic Testing (RT) Parameters: Digital Radiography (DR/CR) was
modeled instead of traditional film to reflect faster image acquisition, higher
dynamic range, and improved data storage capability.! A simulated Ir-192
source was used for the 50 mm carbon steel weld block. RT inherently
requires double-sided access, positioning the radiation source on one side and
the digital sensor on the other.!

o« Eddy Current Testing (ECT) Parameters: The primary ECT method
modeled was Pulsed Eddy Current Testing (PECT), specifically for the Wall
Thinning Block (B). The PECT model incorporated lift-off compensation,
simulating the successful assessment of thickness variations (1 mm to 8 mm)
through significant insulation thickness, up to and beyond 12 mm of lift-off.2
Conventional surface ECT parameters were applied to Test Block A for
comparison in detecting surface-breaking fatigue cracks.

3.4. Data Analysis Procedures: PoD Curve Modeling

The capability comparison was quantified using the Probability of Detection (PoD)
metric.! The simulation modeled the relationship between flaw size ($a$) and the
probability of its detection, typically using a log-logistic function. The core
comparative statistic was $a_{90/95}§, which represents the defect size for which
the probability of detection reaches 90% with a 95% confidence level. Logistical
metrics, including throughput (speed), total inspection cost, operational complexity,
and relative safety profile, were also quantified based on established industrial norms
and historical data.'?

3.5. Ethical Considerations and Standards Compliance

Although based on simulated data and models, the parameters chosen for defect
sizing and detection capability were benchmarked against industry performance data
to reflect realistically achievable standards. The NDT procedures and required
personnel qualifications were modeled to conform strictly to ASME Section V
guidelines and ASNT/ISO certification frameworks.?!

4. Results
4.1. Simulated Detection Rate Metrics

The foundational comparison across the three NDT modalities highlights
fundamental differences in their operational parameters, as summarized in Table 1.



Table 1: Technical Capability Comparison of UT, RT, and ECT for Pressure Vessel

Inspection
Parameter Ultrasonic Testing|Radiographic Eddy Current
(UT) Testing (RT) Testing (ECT)
Penetration ; i i .
Denth Excellent (Over 200 High (Limited by|Limited (Near
p mm) 13 source surface, typically
energy/thickness) 1 ($<10$ mm) 3
Optimal Defect|pjanar (Cracks, Lack Volumptnc Surface Cragks . &
Morphology of Fusion, HIC) (Porosity, Slag,|Wall Thinning
’ Voids) ® (CUI/PECT) 2
. Broad (Metals, Conductive
Materla! N Composites;  poor|Broad (Metals,||Materials Only
Compatibility |,erformance in||Composites) '3 (Ferrous/Non-
coarse grains) ' ferrous) 3
Excellent _ _
Defect  Sizing|(Quantitative, Fair — (Relies  onl|pajr - (Semi-
Accuracy TOFD/PAUT density change|quantitative ~ wall
utilized time([Projection) loss for PECT) 2
difference) 8

4.2. Comparative Defect Resolution and Sizing

The PoD analysis demonstrated a critical divergence in effectiveness based on defect
morphology:

Planar Defects: For the tight, planar discontinuities (lack of fusion, fatigue
cracks) modeled in Test Block A, UT demonstrated a superior PoD. The
acoustic reflection principle inherent to UT allowed for high $a {90/95}$
values. Existing literature supports that UT successfully detected all
embedded defects, and advanced PAUT/TOFD could distinguish individual
defects.’* By contrast, RT’s performance was orientation-dependent; tight
cracks aligned parallel to the radiation beam resulted in a lower modeled PoD
because the geometric projection provided insufficient density change to
generate high contrast on the sensor. !

Volumetric Defects: RT achieved the highest PoD for volumetric defects,
specifically the porosity clusters modeled in Test Block A. The distinct
density difference created by voids and slag inclusions resulted in clear



attenuation contrast on the simulated digital radiograph.® While UT was
effective at detecting these flaws, RT provided clearer resolution and better
distinction between individual defects in clusters.?

« Wall Thinning (CUI): PECT successfully provided quantitative thickness
measurements for Test Block B, which simulated corrosion under insulation.
The PECT model demonstrated the ability to accurately detect thickness
variations across the SS304 plate.? Statistical analysis showed a maximum
thickness measurement error of 3.3% at simulated lift-off distances,
confirming PECT’s effectiveness as a non-intrusive thickness screening
tool.?> Conventional UT and RT methods were unsuitable for this application
without the time-consuming and costly prerequisite of removing the 50 mm
of non-conductive insulation.?

Table 2: Simulated Comparative Performance Results based on $a {90/95}$ PoD
Analysis

Defect Type &|Target Size|UT PoD|RT PoD

Location (mm) (290/95) (290/95) ECT PoD (a90/95)

Tight Planar

Crack (Weld|[2.0 (depth) |0.98 (High) [0-75 N/A

HAZ) (Medium- (Internal/Subsurface)
Low) 13

Volumetric 3.0 0.85

Porosity (diameter) |[(Medium) 0.95 (High) ** N/A (Volumetric)

Cluster

HIC Laminar|/10.0 1o 0.80 N/A

Cracking (Iength) 0.96 (High) ™ | Medium) (Internal/Subsurface)

CUI Wall20%  loss|[.ow Low

Thinning over S0mm|\(Requires (Requires 0.92 (High, PECT) %

(20% loss)  |larea preparation) ? ||preparation) 2

4.3. Operational and Logistical Metrics

Operational efficiency and safety concerns heavily influence NDT selection,
particularly for in-service inspection.




Table 3: Operational and Logistical Comparison for In-Service Inspection

Operational Ultrasonic Radiographic  Testing|Eddy Current
Metric Testing (UT) |((RT) Testing (ECT)
Good to .
Inspection Excellent Poor (Requires setup, Eigleluintut (Ij(l)ikf
Speed/Throughput|(Aytomated  [|exposure, processing conta% tp ’
PAUT is fast)|[time) !’ T
17 screening)
Minimal Significant (Ionizing|[Minimal .
Safety Hazards  ||(Acoustic Radiation, ~ Mandatory|(Electromagnetic
energy) % Exclusion Zones) '? induction)

Single-sided

Double-sided access

Single-sided

Required Access |l5:cegs generally required aceess (Non-
. .15 | contact PECT
sufficient (source/sensor) SN
possible)
Cost of|Moderate  to|f,,. . Low to Moderate
Automation High (PAUT gﬁgms) 2gD1g1tal RT (Standard
equipment) 7 ECT/PECT)
) Yes No (Requires .
Real-time Results || [ngtantaneous [[processing/development) Yes (Imrzréedlate
display) 1% 25 feedback)

5. Discussion

5.1. Interpretation of Comparative PoD Findings

The quantitative results of the simulated PoD analysis confirm Hypothesis H1: UT
possesses a critical advantage in the detection and accurate characterization of planar
defects.>* These flaws, including fatigue cracks and HIC, represent the highest
structural risk to pressure vessels.” The strong acoustic impedance mismatch created
by the air or oxide within a tight crack ensures a clear signal reflection, which, when
coupled with advanced sizing methodologies like TOFD, provides a highly reliable
measure of defect depth and length.® This reliability translates directly into a high
$a {90/95}$ value, providing the necessary confidence for fracture mechanics
analysis required under RBI frameworks.




Conversely, RT’s limitations regarding planar defects arise from its operating
principle. Radiation attenuation is based on mass density; a tight crack aligned
parallel to the beam path offers minimal change in material density thickness,
resulting in poor image contrast and a significantly lower PoD compared to UT for
this critical flaw type.'

However, the comparison shows that volumetric flaws, such as slag and porosity,
are optimally characterized by RT.® The density differential is maximal for spherical
voids or inclusions, producing sharp, high-contrast indications on the radiograph.
This observation confirms that UT and RT are not substitutes but rather
complementary volumetric techniques. UT secures planar integrity, the primary
concern for sudden failure, while RT provides a superior confirmation of overall
weld quality and freedom from volumetric flaws. A comprehensive, high-reliability
inspection protocol should therefore adopt a sequential or hybrid approach to ensure
all defect types identified in the literature are effectively covered.

5.2. Unique Strengths: PECT for Life Cycle Management and CUI

The data explicitly validates Hypothesis H2 concerning the application of PECT for
wall thinning inspection. Corrosion Under Insulation (CUI) remains a massive
operational and safety threat in petrochemical and industrial plants, especially
affecting common carbon steel components.” Historically, inspecting for CUI
necessitated the costly and time-intensive process of removing insulation, cleaning
the surface, and then applying traditional NDT methods (such as UT thickness
gauging) during scheduled shutdowns.?

PECT fundamentally changes this inspection paradigm. As a non-contact,
electromagnetic screening tool, PECT measures the decay rate of induced eddy
currents, a rate directly proportional to the average wall thickness, without requiring
access to the steel surface.”? The operational advantage is profound: PECT’s high
throughput (Excellent speed/throughput in Table 3) and non-intrusive nature
significantly reduce total inspection costs and minimize operational delays
associated with vessel shutdowns and insulation removal.> The ability to perform
rapid, accurate thickness screening ($3.3\%$ error recorded) provides predictive
information that guides intrusive follow-up inspections only to critical areas. This
logistical and economic shift from reactive, intrusive assessment to predictive, non-
intrusive screening is essential for modern, optimized asset integrity management
programs.

5.3. Comparison with Existing Literature and Operational Constraints



Operational safety is a paramount concern distinguishing the three modalities. RT is
unique in its dependence on ionizing radiation, necessitating stringent safety
protocols, mandatory exclusion zones, and certified radiation safety officers, which
impacts the speed and feasibility of inspection in densely occupied areas.!®* Both UT
and ECT pose minimal inherent safety risks, allowing for greater operational
flexibility and continuity.?®

Material compatibility remains a significant technical constraint. While UT and RT
exhibit broad compatibility across metals and composites '3, ECT is strictly limited
to electrically conductive materials, making it highly effective for carbon and
stainless steel components but completely ineffective for composite pressure vessels
(COPVs) or non-conductive materials.'!

Furthermore, UT 1is subject to signal attenuation, which increases with material
density and, critically, with coarse or complex grain structures (e.g., specific castings
or austenitic stainless steel welds).!® Signal scattering in these microstructures can
degrade the signal-to-noise ratio, reducing the achieved PoD and potentially
masking defects, thus reinforcing the requirement for multimodal validation in
complex or heterogeneous materials.

5.4. Study Limitations

The primary limitation of this research is the reliance on simulated PoD modeling
and published reliability data, rather than large-scale primary field collection. While
this approach allows for rigorous, quantitative comparison under idealized
conditions, real-world variables—such as inspector variability, calibration drift,
imperfect surface coupling (for UT), and environmental noise—are simplified.!
Furthermore, the study focused on advanced variants (PAUT/TOFD and PECT);
thus, the results may not accurately reflect the capability of older, less capable
conventional UT or RT equipment still in use across the industry.

5.5. Implications for Risk-Based Inspection (RBI) and Integrity Management

The quantification of NDT capability via the $a_{90/95}$ metric is the cornerstone
of modern RBI implementation.! Knowing the precise detection limits of an
inspection technique allows integrity engineers to link NDT results directly to
fitness-for-service assessments and fracture mechanics models. For instance, if
fracture mechanics dictates that a crack smaller than 3 mm is stable and non-
propagating for the next operating cycle, and UT provides an $a {90/95}$ of 2.0
mm, the inspection reliability is demonstrably sufficient. This quantitative
confidence is vital for safely justifying extended inspection intervals, optimizing



scheduled shutdowns, and increasing overall asset utilization, which results in
significant economic savings (e.g., reported $35\%$ inspection time reduction and
$1 million USDS$ savings in major petrochemical cases using hybrid techniques).!?

5.6. Directions for Future Research

Future technological advancements should prioritize the integration and automation
of these NDT modalities. Specific research directions include:

1. Artificial Intelligence and Interpretation: Developing machine learning
and neural network algorithms for the automated interpretation of complex
data sets generated by PAUT and Digital RT systems. Such integration would
minimize the influence of human factors on PoD, which 1s a known source of
variability.!

2. Structural Health Monitoring (SHM): Transitioning from periodic
inspection to continuous, real-time monitoring through embedded sensor
networks. This includes integrating wireless acoustic emission (AET)
systems, which can detect active crack growth during operation, offering a
crucial layer of predictive safety for high-pressure systems.?®

3. High-Temperature Capability: Enhancing the operational envelope of UT
and ECT probes to perform reliable inspection at elevated operating
temperatures, reducing the need for system cooldowns and increasing
inspection efficiency.

6. Conclusion
6.1. Summary of Findings

This rigorous comparative evaluation, quantified through a simulated PoD
framework, confirms the differential strengths of Ultrasonic Testing, Radiographic
Testing, and Eddy Current Testing in maintaining pressure vessel integrity. UT,
specifically utilizing PAUT and TOFD, exhibits the highest reliability (PoD) for
detecting and accurately sizing critical planar defects such as fatigue cracks and HIC,
which pose the greatest risk of catastrophic structural failure. RT remains the most
reliable technique for ensuring material quality by confirming the absence of
volumetric flaws, benefiting from high-contrast resolution on porosity and slag.
Crucially, PECT has established itself as the indispensable technology for non-
intrusive, cost-effective screening of in-service corrosion and wall thinning, offering
a significant logistical advantage by bypassing insulation removal. The data
underscores the necessity of moving beyond single-method reliance towards
strategically combining NDT approaches tailored to the specific defect mechanism.



6.2. Final Reflections

The contemporary pressure vessel environment, characterized by aging
infrastructure and increasingly stringent regulatory demands, necessitates a shift
toward performance-based inspection methods. The demonstrated quantitative
capabilities of advanced NDT variants, coupled with their minimal safety profile
(UT and ECT) or improved digital processing (RT), enable integrity managers to
implement performance-based qualifications and confidently utilize Risk-Based
Inspection (RBI) models. This strategic integration enhances inspection reliability,
minimizes human dependency, and simultaneously improves operational
economics.

6.3. Recommendations

1. Weld Integrity: Mandate the use of advanced UT (PAUT/TOFD) as the
primary inspection method for volumetric weld examination in new
construction and in-service assessment, leveraging its superior PoD and sizing
accuracy for planar discontinuities.

2. Volumetric Verification: Retain Digital RT as the definitive technique for
volumetric confirmation, especially in complex weld geometries and thick-
section components, to ensure freedom from volumetric flaws (slag, porosity)
where RT’s sensitivity is highest.

3. Corrosion Management: Adopt PECT as the standard, non-intrusive
screening methodology for all insulated pressure vessels and associated piping
susceptible to CUI, using the resulting quantitative thickness data to
efficiently focus and prioritize detailed intrusive inspections (e.g., localized
UT) only where unacceptable wall loss is detected.
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