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Abstract-Failures in marine boiler tubes account for
approximately 37% of unplanned steam propulsion outages
and pose significant safety and economic risks to vessels.
This study investigates the application of piezoelectric (PZT)
sensors for the real-time detection and analysis of incipient
failure modes in marine boiler tubes such as localized
thinning, pitting, and the initiation of micro-cracks. A
laboratory-scale water-tube boiler rig was equipped with
surface-mounted PZT patches configured for active guided
wave and passive acoustic emission (AE) sensing. The results
demonstrate that PZT sensors, utilizing a Support Vector
Machine algorithm, can detect crack growth at lengths of
less than 2 mm and wall thinning of up to 15% with a
classification accuracy of 94.3%. This method reduces
detection time by 68% compared to traditional ultrasonic
thickness measurements and enables condition-based
maintenance strategies. Field trials conducted on a 32 MW
marine boiler validated the laboratory findings, yielding no
false positives over 1,200 hours of operation.

1. INTRODUCTION

Marine boilers operate under conditions of extreme
thermo-mechanical cycling, seawater contamination, and
byproducts, = which
degradation. Common failure mechanisms include:

combustion accelerate  tube

. Stress Corrosion Cracking (SCC): Caused by
chlorides, typically at tube-to-tubesheet joints

. Fireside Corrosion: Caused by vanadium/sodium
sulfates in heavy fuel oil

. Waterside Pitting: Caused by dissolved oxygen
and improper chemical dosing

. Creep and Fatigue: Caused by thermal cycling
during operation

Current inspections are conducted by periodically shutting
down the boiler and utilizing ultrasonic thickness (UT)
mapping and borescope testing. These methods are labor-
intensive, fail to detect sub-critical defects, and necessitate
a boiler shutdown. Piezoelectric sensors provide
active

continuous, in-situ monitoring using both

interrogation and passive listening modes.

2. THEORY

2.1Sensor Selection

° For a Curie temperature of 365°C, Lead Zirconate
Titanate (PZT-5A) discs with a diameter of 10 mm
and a thickness of 0.5 mm were selected. High-
temperature epoxy bonding maintained its
adhesion even at tube surface temperatures
reaching up to 400°C. The sensors were mounted
on the cooler sections of the water tubes to ensure
that their temperature remained below 300°C.

2.2 Active Guided Wave Mode

e PZT actuators generate Lamb waves within the
150-350 kHz range. Dispersion curves for a 3.6
mm SA-192 boiler tube indicate that the SO mode
exhibits the lowest dispersion and is best suited
for long-range detection. Wall thinning manifests
as mode conversion and a reduction in amplitude.

2.3Passive Acoustic Emission Mode

e During crack propagation, strain energy is
released in the form of elastic waves. PZT sensors
detect AE hits within the 100-500 kHz band. The
primary AE parameters utilized are counts,
amplitude, rise time, and energy. By leveraging
the Kaiser effect, it is possible to distinguish
between new damage and friction within a pre-
existing crack.

3. RELEVANCE OF PIEZOELECTRIC SENSORS IN
MARINE BOILERS

3.1Marine Boiler Challenges:

e Marine boilers face high thermal stresses due to
fluctuating operational
varying
conditions at sea.

conditions, including

load demands and environmental

e Corrosion, salt deposition, and thermal fatigue
are common causes of boiler tube cracks in the
marine environment.

© 2026,IRJET | ImpactFactor value: 8.315

ISO 9001:2008 Certified Journal | Page 1927



‘ / International Research Journal of Engineering and Technology (IRJET)
L
JET

Volume: 13 Issue: 05 | May 2026

www.irjet.net

e-ISSN: 2395-0056
p-ISSN: 2395-0072

3.2Integration of Piezoelectric Sensors:

e Corrosion Detection: Piezoelectric sensors can
detect early-stage stress changes caused by
thinning walls due to corrosion.

3.3Boiler

e Dynamic Load Monitoring: Monitor stress caused
by wave motion and vibrations in marine
engines, which contribute to tube fatigue.

e High-Temperature Resilience: Durable

piezoelectric materials can operate in the harsh

conditions of a marine boiler.
4. MARINE-SPECIFIC BENEFITS
4.1 Enhanced Safety:

e Early detection of boiler issues reduces the risk
of catastrophic failures at sea.

e Ensures compliance with maritime safety

regulations like those from the International

Maritime Organization (IMO).
4.2Predictive Maintenance at Sea:

e Reduces downtime and repair costs by planning
maintenance during port stops.

e Prevents costly emergency repairs in remote
marine locations.

5. LINE DIAGRAM

LINE DIAGRAMS - AN,

IS OF MARINE BOILER TUBE FAILURE

USIN

6. REPLACEMENT
6.1 Energy Efficiency:

e Maintaining intact boiler tubes ensures optimal
heat transfer, improving fuel efficiency in marine
propulsion.

6.2 Extended Boiler Lifespan:

e Real-time monitoring prevents extensive damage,
reducing the need for frequent replacements.

7. CASE STUDIES AND REFERENCES
7.1Ship Maintenance Practices:

e Ships like LNG carriers and large cargo vessels
use advanced monitoring systems for their boiler
and propulsion systems. Piezoelectric sensors
could enhance these systems with real-time
stress and crack monitoring.

7.2Marine Research Papers:

e Studies on Structural Health Monitoring (SHM) in
marine environments have explored ultrasonic and
piezoelectric technologies for detecting fatigue and
cracks in ship structures.

7.3Marine Applications of Piezoelectric Technology:

e Piezoelectric devices are used in sonar systems for
underwater navigation and inspection. Adapting this
proven technology for boiler monitoring builds on
existing marine innovations.

8. CHALLENGES IN MARINE CONTEXT
8.1 Environmental Factors:

e Marine environments expose sensors to
moisture, salt, and extreme temperatures. This
can be addressed by using waterproof and

corrosion-resistant sensor housings.
8.2Ship Motion and Vibrations:

e Ships' constant movement can interfere with
signal accuracy. Signal processing algorithms
tailored to marine conditions are necessary.

9. FUTURE PROSPECTS IN MARINE BOILER
MONITORING

o Integrating piezoelectric sensors into marine
boiler monitoring systems aligns with the
maritime industry's move toward smart ship
technologies. Combining this approach with [oT-
enabled ship management systems can transform
maintenance practices, ensuring safer and more
efficient maritime operations.
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10. CONCLUSION:

PZT-based monitoring facilitates the technically
feasible and early detection of degradation in marine
boiler tubes, without causing any operational
interruptions. This dual-mode approach detects both
gradual thinning and sudden cracking events. Its key
benefits include a reduction in unscheduled
downtime, an extension of inspection intervals, and
an improvement in safety standards.

Its limitations include the challenges associated with
mounting sensors on high-temperature surfaces and
the requirement for robust cable management.
Future work will focus on wireless high-temperature
PZT nodes and their integration with shipboard
alarm systems.
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