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The article presents a comprehensive study of the influence of ship control parameters-in particular, course, trim, and
speed-on the vibration level of ship structural elements and the intensity of underwater noise radiation (URN). This paper
considers that the torque fluctuations of the main engine and the uneven rotation of the propeller shaft are significantly
amplified in rough seas, especially in the absence of effective course correction and control of the ship's heel and trim
parameters. Such fluctuations cause increased stress on the shafting components, the main engine base, and the ship's
hull, which, in turn, leads to an increase in structural noise and acoustic stress on the marine environment. Within the
scope of this study, an approach to optimizing ship control and monitoring the ship's seaworthiness is reviewed. Changing
the ship's course relative to the direction of the wave front, along with correcting the trim and speed of the ship, reduces
hydrodynamic flow asymmetry and torsional loads, thereby reducing structural vibrations and underwater noise. Spectral
signal processing algorithms, in particular discrete Fourier transform, were used to analyze vibrations, which made it
possible to identify the main sources of excitation of low-frequency harmonics associated with the propeller and shaft
line. Vibration activity was measured and evaluated in accordance with international standards ISO 6954 and 1SO 20283-
5, taking into account the criteria for acceptable vibration levels for structural elements and ensuring the viability of ship
systems. The results of the analysis formed the basis for the development of recommendations for practical ship maneu-
vering aimed at reducing the acoustic impact on the environment. The methodology proposed in the article allows for the
assessment and reduction of structural vibrations and URN without structural changes, relying solely on effective ship
management. The research materials are of practical importance for sea vessel crews, navigation system designers, and
automated control system developers. They are also consistent with current IMO requirements for minimizing underwater
noise in areas of high environmental sensitivity. The article presents a comprehensive methodology for reducing noise
pollution based on a combination of ship management solutions, control of ship seaworthiness, hull dynamic character-
istics, and technical control and ship condition standards.
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Relevance of the study

Ship vibration and underwater noise have become in-
creasingly critical issues in modern maritime engineering
due to their adverse impact on structural integrity, crew
performance, and environmental compliance. Vibration
generated by the propulsion system and its transmission
through the ship’s structure can lead to fatigue damage, dis-
comfort, and reduced machinery life. At the same time, un-
derwater radiated noise (URN), particularly in low-fre-
quency bands, is recognized as a major contributor to oce-
anic acoustic pollution, affecting marine ecosystems and
regulated by IMO standards [1]. In storm wave conditions
or unsteady flow regimes, improper handling - such as ex-
cessive trim or poorly optimized heading - can lead to hy-
drodynamic asymmetries. These conditions amplify tor-
sional loads and cause fluctuating shaft torque, which is
known to excite resonance modes in shafting systems and
engine mounts. Consequently, this results in increased
structural vibrations and elevated noise levels transmitted
through the hull into the water. The relevance of studying
ship handling techniques stems from their direct influence
on these vibratory and acoustic effects. Optimizing head-
ing and trim dynamically enables real-time mitigation of
harmful resonance and structure-borne transmission. As
regulations such as IMO MEPC.1/Circ.833 push toward re-
duced underwater emissions, and standards like 1SO 6954
[2], establish thresholds for onboard vibrations, proactive

operational strategies become not just beneficial but essen-
tial for compliance and efficiency.

In this context, the integration of navigational prac-
tices with vibration control offers a cost-effective and tech-
nically feasible solution to enhance ship performance while
reducing its environmental footprint. The present study
contributes to this interdisciplinary domain by combining
empirical data, spectral vibration diagnostics, and hydro-
dynamic analysis to offer maneuvering guidelines for prac-
tical noise and vibration mitigation.

Analysis of the latest achievements
on the identified problem

Despite significant advancements in ship vibration di-
agnostics and acoustic pollution control, most studies focus
on hardware improvements or design modifications. For
example, the work by Chuan et al. [3] analyzed shaft vibra-
tion under wave-induced propeller load fluctuations and
provided insights into the correlation between wave inter-
ference and torque irregularities. Similarly, research by
Zhao et al. [4], as well as guidance documents such as ISO
6954 [2] and ISO/TR 19883, emphasize threshold parame-
ters for acceptable vibration levels onboard, particularly in
the 30-150 Hz frequency band. Holt, P., & Nielsen, [5] in-
troduced a maneuvering-focused perspective, highlighting
how propeller load variations during course corrections in
waves amplify shaft and structural vibrations. This links
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operational decisions directly to vibratory impact. CCS and
ClassNK have also provided frameworks for practical
onboard vibration monitoring [6, 7], but their integration
with navigation systems remains limited. In terms of un-
derwater radiated noise (URN), IMO MEPC.1/Circ.833 [1]
and recent APOR guidelines stress the need for operational
measures beyond design compliance. However, few stud-
ies explicitly quantify how ship handling affects URN in
real-time. Moreover, several case studies (e.g. in APOR
2020 [5]) emphasize the importance of adjusting heading
and trim to achieve measurable noise reduction. These
cases underline the significance of controlling shaft vibra-
tion, crankshaft angular velocity, and trim-induced hull de-
formation in mitigating low-frequency URN emissions.
The use of spectral analysis tools - such as DFT, FFT, and
cepstral methods — Is increasingly recognized in monitor-
ing vibration harmonics and mapping URN signatures [6].
This research distinguishes itself by synthesizing maneu-
vering strategy, vibration measurement, and noise reduc-
tion into a unified methodology. The novelty lies in estab-
lishing a causal relationship between navigational behavior
— such as heading, trim, and speed - and the mitigation of
both onboard vibration and underwater noise, while align-
ing with ISO and IMO norms. It goes beyond empirical
data collection to propose integrated operational strategies
that reduce torsional excitation and structural noise in real-
istic sea states.

efficiency. It further highlights the need for spectral moni-
toring and maneuver correction protocols to suppress criti-
cal harmonic zones (such as 31.5-125 Hz), where URN is
most intense and regulation-sensitive [8]. Additionally, it
emphasizes the importance of implementing navigational
decisions that reduce vibration propagation into structural
elements of the hull, especially in vessels equipped with
low-speed diesel engines operating at low loads. These
modes intensify torsional fluctuations in shaft lines, exac-
erbate excitation of natural frequencies in machinery foun-
dations, and increase acoustic transmission through the
hull surface. An absence of corrective trim-angle or course
modifications in these situations contributes to acoustic
overload in environmentally sensitive zones. Thus, without
an integrated strategy combining technical diagnostics and
real-time ship handling, both structural wear and marine
ecosystem disturbance remain inadequately addressed.

Purpose and task statement

Problem statement

In contemporary marine engineering practice, there
remains a critical need to understand and control the
sources of hull vibration and underwater radiated noise
(URN), especially under dynamic operating conditions.
Although numerous studies have emphasized design-stage
noise reduction or vibration dampening, fewer have ad-
dressed the operational aspect — particularly how real-time
navigational decisions, such as changes in heading, trim, or
speed, influence vibratory excitation and URN emissions.
A specific gap exists in correlating hydrodynamic behavior
during storm-wave interactions with mechanical vibration
pathways and acoustic outputs. For instance, torsional ex-
citation of the crankshaft due to non-uniform propeller
loading in irregular seas has not been sufficiently linked
with ship handling procedures. Consequently, the lack of
practical, maneuver-based guidelines for minimizing struc-
ture-borne noise and low-frequency URN emissions repre-
sents a significant limitation in current IMO-compliant
strategies. Moreover, standard vibration assessment proto-
cols (e.g., ISO 6954, ISO 20283-5) typically do not inte-
grate operational variability, nor do they adapt to fluctuat-
ing environmental or load conditions in real-time. There is
also an absence of integrated frameworks that combine
spectral diagnostics with adaptive maneuvering logic. This
research identifies and addresses the core problem: the ab-
sence of a maneuver-integrated vibration control method-
ology that simultaneously ensures compliance with inter-
national noise standards and enhances ship operational

The purpose of this research is to develop an inte-
grated methodology that quantifies and mitigates vibration
and underwater radiated noise (URN) through optimized
ship handling. This approach aims to enhance both opera-
tional performance and environmental compliance. The
tasks of the research are to analyze the influence of trim,
course, and speed adjustments on the vibratory behavior of
marine propulsion systems; to identify critical frequency
bands (particularly between 31.5-125 Hz) associated with
structural resonance and URN amplification [9]; to apply
and validate ISO vibration measurement standards (ISO
6954 and ISO 20283-5) under varying navigational condi-
tions; to develop spectral diagnostics tools, such as Dis-
crete Fourier Transform (DFT), for real-time monitoring of
torsional excitation [10]; to formulate maneuvering strate-
gies that minimize vibrational transmission to the hull and
surrounding aquatic environment; and to assess the effec-
tiveness of trim and heading modifications in suppressing
resonance in shaft lines and engine foundations. This re-
search ultimately seeks to bridge the gap between ship ma-
neuvering practices and vibration diagnostics, providing a
framework for dynamic URN mitigation in accordance
with IMO and ISO regulations [1, 2, 11].

Materials and methods

This research integrates full-scale experimental
measurements, 1SO-standardized procedures, spectral sig-
nal processing, and numerical simulation to evaluate the
influence of ship maneuvering - specifically adjustments in
trim and heading — on hull vibration levels and underwater
radiated noise (URN) emissions.

Summary of the main material

Measurement Standards and Methodology

All vibration measurements were conducted in ac-
cordance with 1SO 6954:2000 [2] and 1SO 20283-5:2016
[11], which prescribe standardized methods for evaluating
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mechanical vibration aboard ships. According to 1SO 6954,
the root mean square (RMS) vibration velocity is used as a
primary indicator of structural response, particularly at lo-
cations such as cylinder covers, engine foundations, and
habitable areas.

The RMS vibration velocity Vg, is calculated using

the formula:
1 e7
Vems = 1’?_& V(t)zdt ) (1)

where v(t) is the instantaneous vibration velocity in
mm/s, and T is the time interval of observation.

ISO 20283-5 further specifies that measurements on
cylinder covers must be taken in three orthogonal direc-
tions (X, Y, Z). The composite RMS value across axes is
calculated as:

2.2, 2
Ve VIV
vazzT' 2

Additionally, crest factor analysis is applied to iden-
tify torsional transients, typically induced by shaft misa-
lignment or cylinder pressure irregularities [5].

Experimental Setup

The tests were performed on board commercial ves-
sels powered by two-stroke low-speed diesel engines
(MAN B&W 6S70ME-C) [10]. Piezoelectric accelerome-
ters and velocity sensors were mounted on:

— Cylinder covers of the main engine

— Foundation blocks

— Intermediate shaft bearing supports

Sea trials were conducted under controlled environ-
mental conditions with variation in trim angle (-2° to +2°),
vessel speed (70% to 100% of Maximum Continuous Rat-
ing), and heading relative to wave direction (0°, 45°, and
90°). These values were selected based on simulation con-
ditions from [3, 5, 9], and onboard measurements described
in [10].

The objective was to evaluate how adjustments in
vessel handling - specifically trim and heading - affect the
vibration amplitude of structural components and the po-
tential transmission of that vibration into the surrounding
water as underwater radiated noise (URN).

The most critical finding was the clear influence of
trim angle on vibration amplitude. When the vessel’s trim
was adjusted to a slightly negative value (around -1.5°), the
amplitude of shaft vibration at dominant harmonic frequen-
cies (notably at 63 Hz and 80 Hz) dropped significantly.
This was attributed to a more balanced hydrodynamic load
on the propeller, reduced shaft misalignment, and mini-
mized blade-rate excitation forces. Conversely, positive
trim (+1.5°) induced higher vibration levels due to in-
creased hydrodynamic asymmetry and turbulent wake in-
flow. Applying the empirical conversion model from
APOR and CCS [5, 6], it was determined that a vibration

velocity of 6.3 mm/s (1ISO 6954 engine foundation limit)
corresponds to an estimated URN SPL of ~16 dB re 1 pPa.
In some test runs, especially under high-load and misa-
ligned trim conditions, measured vibrations exceeded this
level, implying an associated rise in URN SPL, potentially
reaching 20-24 dB. These results highlight the risk of vio-
lating environmental acoustic thresholds in ecologically
sensitive marine zones.

Table 1
Vibration Limits According to 1ISO 6954
. Maximum
L RMS Velocity (mm/s)
Cylinder covers <45
Engine foundation <63
Accommodation deck/floor <25

Table 1 presents the standardized maximum permis-
sible vibration velocity levels in various critical zones of a
vessel, as defined in 1SO 6954:2000 - Mechanical vibration
- Guidelines for measurement, reporting and evaluation of
vibration with regard to habitability on passenger and mer-
chant ships [2].

The RMS vibration velocity (v, in mm/s) is the pri-
mary index used to evaluate the mechanical vibration effect
on structural components and habitability aboard. 1SO
6954 establishes distinct threshold values for different
structural locations due to their respective sensitivity to vi-
bration and potential influence on crew comfort, equip-
ment longevity, and noise propagation.

— Cylinder cover (< 4.5 mm/s):

The cylinder cover area of the main engine is a critical
zone where excessive vibration can lead to fatigue cracks,
gasket leakage, and component misalignment. Maintaining
vibration velocity at or below 4.5 mm/s ensures safe oper-
ation of combustion interfaces and reduces excitation of
torsional oscillations, especially during dynamic sea states
and engine load fluctuations.

— Engine foundation (< 6.3 mm/s):

The foundation of the main engine is particularly sus-
ceptible to cumulative dynamic stress. Vibrations beyond
the 6.3 mm/s limit may amplify modal resonance in the
ship’s double bottom structure or induce coupling issues
between the engine and shafting system. Exceeding this
threshold can also significantly increase underwater radi-
ated noise due to structure-borne transmission to the hull
plating.

— Accommodation deck/floor (< 2.5 mm/s):

The habitability standard mandates lower thresholds
for crew accommodation spaces to ensure comfort and
minimize the risk of motion-related fatigue or health con-
cerns. Noise and vibration in this zone are also indirectly
indicative of how efficiently structural vibrations are
damped throughout the vessel. In IMO documentation,
such levels correlate with onboard noise limits affecting
crew performance and safety.

These thresholds serve as compliance criteria during
both ship design validation and sea trials. They are
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essential for evaluating the acceptability of machinery-in-
duced vibrations and for class society surveys. 1SO 6954
further stipulates measurement protocols, including sensor
placement, averaging intervals, and frequency ranges (typ-
ically 1-80 Hz), ensuring repeatability and global standard-
ization. In the context of this study, the tabulated values act
as reference points for comparing measured data during ex-
perimental sea trials and simulations. Measurements that
exceed these thresholds highlight maneuvering or propul-
sion conditions where mitigation strategies - such as head-
ing adjustment or trim correction - are necessary.

To capture dominant harmonic excitation and reso-
nant frequencies, a Discrete Fourier Transform (DFT) was
applied with a Hanning window function. Spectral leakage
was minimized using correction algorithms based on meth-
ods described in [10]. Dominant energy peaks were identi-
fied in the 31.5-125 Hz range [2], corresponding to:

— Propeller blade rate

— Main engine firing frequency

— Shaft torsional modes

These harmonics were tracked under varying opera-
tional conditions to assess vibration modulation as a func-
tion of maneuvering [5].

The graph presented in Fig. 1 is adapted from the ex-
perimental findings described in Chuan et al. [3], where
measurements were conducted on board a large commer-
cial vessel powered by a two-stroke low-speed main engine
(MAN B&W 6S70ME-C) equipped with a fixed-pitch pro-
peller and conventional shafting system. The measurement
campaign was aimed at evaluating shaft vibration

amplitudes in the frequency range of 63 Hz to 80 Hz-dom-
inant harmonic frequencies associated with propeller-in-
duced cyclic loading and torsional excitation. Piezoelectric
accelerometers and velocity sensors were installed on the
intermediate shaft bearing supports, engine foundation
blocks, and cylinder covers. Sea trials were conducted un-
der varied trim angles ranging from -2° to +2°, with partic-
ular attention to trim-induced changes in shaft excitation.

The data in Figure 1 clearly show a reduction in shaft
vibration amplitude at a trim angle of approximately -1.5°,
corresponding to a condition of reduced hydrodynamic re-
sistance and improved axial symmetry of wake inflow at
the propeller disc. This configuration effectively mini-
mizes vibratory energy transmission into the shaft and sup-
porting structures. The observed vibration attenuation
demonstrates the viability of trim control as an operational
measure to suppress structural vibration and thereby miti-
gate underwater radiated noise (URN). Notably, the trend
is nonlinear but exhibits predictable behavior across the
tested conditions.

URN Conversion Method

To relate onboard vibration to radiated underwater
noise, the following empirical equation was used [1, 5]:

URNg,, = 20-log,, (VRMS) ' @)
V

0

where V=1 mm/s is the reference vibration velocity

[1].

Shatft Vibration Amplitude vs. Frequency at Different Trim Angles

Optinfal Trim

Vibration Velocity (mm/s)

40 60

Trim —2°

== Tri.-1.5% (Optimal)
—e— Trim 0°
Trim +1°

80 100 120

Frequency (Hz)

Fig. 1 — Shaft Vibration Response vs. Trim Angle
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Table 2
Conversion from Vibration Velocity to URN SPL
vibration Velocity URN SPL (dB re 1pPa)
(mm/s)
1.0 0
3.16 10
10.0 20
31.6 30

Table 2 presents the logarithmic relationship between
vibration velocity (v, in mm/s) and the resulting underwater
radiated noise sound pressure level (URN SPL, in dB re
1uPa), based on the conversion methodology defined by
the APOR framework [5]

This logarithmic formula implies that for every ten-
fold increase in vibration velocity, there is a 20 dB increase
in URN SPL. The values provided in the table serve as
benchmark reference points for assessing the severity of
structure-borne vibrations in relation to their potential un-
derwater noise emissions. This scaling is crucial for engi-
neers to estimate the noise footprint of a vessel based on
onboard vibration diagnostics. It provides a means to trans-
late measurable onboard data into URN impact assess-
ments without the need for direct hydrophone array deploy-
ment in surrounding waters.

Furthermore, this table enables fast screening and
threshold-based decision-making. For instance, 1ISO 6954
recommends that RMS vibration velocities at engine foun-
dations should remain below 6.3 mm/s. Based on Table 2,
this would correspond to an approximate URN SPL of 16
dB re 1pPa, a relatively moderate level for environmental
compliance.

In summary, Table 2 acts as a vital tool in the integra-
tive methodology of this study, bridging internal mechani-
cal diagnostics with external acoustic impact modeling,
thereby aligning ship operation with modern environmen-
tal protection standards such as IMO MEPC.1/Circ.833.

The recommendations for marine navigators in IMO
Circular MSC.1/Circ.1228 (Guidance to the Master for
avoiding dangerous situations in adverse weather and sea
conditions), [12] provides crucial operational guidance
aimed at mitigating hazardous situations arising from ad-
verse weather and sea conditions. This guidance is essen-
tial for optimizing ship maneuvering strategies and manag-
ing propulsion systems to reduce risks associated with syn-
chronous rolling, surf-riding, broaching-to, and loss of sta-
bility on following seas. The operational scenarios covered
in the circular are directly interrelated with the dynamic en-
gine load responses and resulting vibration behavior ad-
dressed in this study.

The circular identifies that inappropriate heading an-
gles relative to dominant wave direction - particularly in
following or quartering seas - can lead to dangerous

dynamic phenomena such as synchronous rolling and par-
ametric roll resonance. These conditions induce large am-
plitude motions, which significantly alter the propeller im-
mersion depth and shaft alignment. This results in nonlin-
ear and asymmetric engine loading, increased torsional os-
cillation, and vertical/horizontal excitation forces that con-
tribute to hull and superstructure vibration.

In this context, the current study's approach to engine
load monitoring and vibration diagnostics aligns with the
predictive methodology proposed in the circular. Specifi-
cally, both emphasize the critical role of course selection,
ship speed reduction, and heading alteration to minimize
mechanical stress and improve safety margins.

To establish a quantitative relationship, we utilize a
simplified parametric function modeling the influence of
wave encounter angle (8) on main engine load fluctuation
amplitude (4L)

AL(f) = Ly [1+a-cos(B)], (4)
Where:
- AL(p) is the fluctuation in engine load as a function
of wave direction,

- L, is the nominal engine load at calm sea,

- a is the load amplification coefficient (experimen-
tally determined from vibration sensor data, typically 0.2 -
0.4 for large ocean-going ships),

- B is the course-to-wave angle (in radians).

The recommendations of MSC.1/Circ.1228 into nav-
igational planning is not limited to passive understanding
of risks; it also opens the door for active avoidance algo-
rithms that dynamically suggest course alterations based on
forecasted wave parameters and ship response modeling.
Within the context of this study, we propose an algorithmic
approach to select optimal heading angles that minimize
engine vibration and protect structural integrity under ad-
verse weather conditions.

Empirical studies and IMO guidance confirm that cer-
tain course-to-wave angles correlate with high probabili-
ties of parametric roll, synchronous rolling, and surf-rid-
ing, which in turn induce unstable loading on the main en-
gine. Table 3 presents a summary of hazard levels depend-
ing on the angle between ship’s course and dominant wave
direction.

The presented table categorizes risk levels to the main
propulsion system based on the angular relationship be-
tween the vessel’s course and the direction of prevailing
wave systems. These values are rooted in guidance from
IMO MSC.1/Circ.1228 [12], which emphasizes the in-
creased likelihood of dangerous ship responses (e.g., syn-
chronous rolling, surf-riding, broaching) in specific angu-
lar sectors, particularly in beam and following sea condi-
tions.
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Table 3
Classification of Engine Load Risk Based on Course-to-Wave Angle in Accordance with MSC.1/Circ.1228 [12]
Course-to-Wave Navigational . . . . IMO
Angle (B) Term Engine Load Risk | Vibration Level Risk Classification
0°-30° Head Seas Moderate Moderate—High Conditional
30°-60° Obligue Head Low Moderate Acceptable
60°-120° Beam/g”a”e””g High High Avoid
gas
120°-150° ObllquteseF;);IOWlng High—Very High Very High Avoid

Each row in the table represents a defined naviga-
tional condition that affects the dynamic interaction be-
tween the ship’s hull and wave-induced forces. The engine
load risk and vibration level columns are compiled based
on empirical ship response measurements and vibration
analysis data, indicating potential resonance zones where
stress on the shaft line and main engine increases dramati-
cally. The IMO risk classification column translates these
technical assessments into operationally actionable catego-
ries, aiding navigators and engineers in applying preemp-
tive maneuvering strategies. These classifications corre-
spond to zones to be avoided during route planning or to be
monitored closely when encountered.

107.5
105.0
102.5
100.0

97.5

URN SPL (dB re 1uPa)

95.0

92.5

90.0

875
40 60 80

These thresholds, derived from both experimental vi-
bration data and IMO circulars, form the core input to a
predictive engine load estimation model.

The figure presented in Fig. 2 is derived from the ex-
perimental dataset presented in CCS [6], involving a Pana-
max-class commercial cargo vessel fitted with a MAN
B&W 6S70ME-C main engine and a direct-drive shaft sys-
tem. Hydrophones were deployed at a 1-meter distance
from the hull plating, and their readings were synchronized
with onboard vibration measurements from sensors in-
stalled on the engine foundations. The sea trials were con-
ducted at multiple heading angles (0°, 45°, and 90° relative
to the wave direction), vessel speeds (70% to 100% of
Maximum Continuous Rating), and trim configurations (-
2° to +2°).

Standard Trim & Heading
—m— Optimized Trim & Heading

100 120 140 160

Frequency (Hz)

Fig. 2 — URN Spectrum for VVarious Maneuvering Conditions

The resulting spectral analysis demonstrates that un-
der optimized maneuvering conditions-specifically with
negative trim and aligned heading relative to incoming

waves-the URN spectral density around 63 Hz and 125 Hz
decreased by approximately 8-10 dB. These frequencies
are primarily attributed to propeller blade rate and shaft
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excitation harmonics. The comparison shows a more uni-
form acoustic energy distribution and a lower broadband
signature during optimized operations, affirming the role
of real-time vessel handling in structural noise mitigation.
This  result supports compliance  with  IMO
MEPC.1/Circ.833 guidelines and highlights a feasible
pathway for environmentally conscious shipping without
necessitating structural retrofitting or expensive acoustic
insulation.

Structural Simulation and Model Validation

Finite Element Method (FEM) analysis was con-
ducted using ANSYS Mechanical and Hydrodynamic
modules [7]. Modal analysis identified that the first three
bending modes of the shaft and engine base were most
prone to excitation under wave-induced loading. Valida-
tion with full-scale trials showed a maximum deviation of
7% between predicted and observed peak frequencies [3,
6].

To estimate external underwater noise from internal
vibration, the following empirical equation was used [13]:

URNSPL =A. IOglO(VRMS) +B (5)
with coefficients:
— A=22-25
— B=-10to+5
based on the vessel's hull damping and stiffness prop-

erties [13].

One of the fundamental mechanisms of underwater
radiated noise generation from marine vessels involves the
mechanical transmission of vibratory energy from the main
engine through the ship’s structural components to the hull
plating. Combustion-induced pressure fluctuations within
the engine cylinders generate harmonic excitation forces
that propagate through engine mounts (either rigid or resil-
ient), the foundation block, machinery deck structure, and
ultimately to the external hull shell. This structural vibra-
tion mechanism is governed by the system's mechanical
impedance and can be analytically described by the follow-
ing expression:

Fengine( f)

thn(f) = Zmech(f) )

(6)

where Fengine(f) is the spectral distribution of exci-
tation forces (including 1x, 2x rotation harmonics and
combustion frequencies), Zmech(f) is the mechanical im-
pedance of the structure at the excitation point, and

Vi () is the resulting vibratory velocity of the hull.

The vibrational energy transmitted to the hull is then
radiated into the surrounding water as structural-borne
acoustic waves. This radiative process depends on the
acoustic radiation efficiency o(f), the acoustic impedance
of water Zwater=pc, and the surface vibration velocity.
The resultant underwater sound pressure level (SPL) is ex-
pressed as:

SPL(f) = 20|Oglo(v(f)-2water- o(f )J' 0

p ref

where v(f) is the hull vibration velocity at frequency
f, o(f) is a frequency-dependent radiation efficiency coeffi-
cient (typically 0.1 to 1 for steel hulls of 10-20 mm thick-

ness), and P, =1 uPa is the reference acoustic pressure.

A comprehensive review by Smith and Rigby [13]
highlights that this vibroacoustic pathway — extending
from engine excitation to underwater radiation-can be ef-
fectively modeled using coupled Finite Element Method
(FEM) and Boundary Element Method (BEM) frame-
works. These simulations enable the prediction of both
structural vibration distribution and acoustic field propaga-
tion across various operational frequencies and vessel ge-
ometries.

Their study compiled empirical data from commer-
cial vessels and experimental tank trials, showing that
structural resonance at 63 Hz and 125 Hz plays a signifi-
cant role in URN generation for vessels with medium-
speed diesel propulsion. They also confirmed that trim op-
timization and heading alterations significantly modify the
coupling efficiency by altering vibration input paths and
modal overlap with hydrodynamic loading zones.

Moreover, the review emphasizes operational mitiga-
tion techniques, such as:

— optimal heading relative to wave direction to re-
duce torsional shaft oscillations;

— dynamic trim adjustments to minimize excitation
of structural modes;

— implementation of vibration monitoring systems
for proactive URN prediction.

In several test cases, observed that coordinated ma-
neuvering led to reductions in radiated acoustic energy lev-
els of 4-7 dB in dominant low-frequency bands [13]. These
findings align with the analytical methodology and spectral
patterns described in our article. Notably, they reinforce
that proactive vessel handling-without requiring structural
modification, serve as an effective means of mitigating
URN.

By integrating these observations, our study supports
the strategic implementation of non-invasive vibration
control via course and trim adjustments, contributing to the
development of environmentally responsible shipping
practices in compliance with IMO MEPC.1/Circ.833 and
guidelines IMO MSC.1/Circ.1228.

Results and Discussion

This section presents an in-depth analysis of ship vi-
bration and underwater radiated noise (URN) under varied
maneuvering conditions, with a focus on how trim and
heading adjustments affect spectral vibration intensity and
acoustic emissions. Building upon the previously defined
1ISO 20283-5:2016 methodology  and IMO
MEPC.1/Circ.833 guidelines, the study aims to explore
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dynamic interactions between hydrodynamic flow condi-
tions and structural vibration behaviors without requiring
changes to vessel construction.

Operational trials were carried out on vessels pow-
ered by low-speed marine diesel engines, specifically
MAN B&W 6S70ME-C units. Under different combina-
tions of trim angles (—2° to +2°) and wave headings (0°,
45°, 90°), measurable changes in RMS vibration velocities
were observed at critical locations, such as cylinder covers
and shaft bearings. The composite vibration velocity val-
ues were used to infer URN levels via empirical transfor-
mation coefficients obtained from prior calibration tests
and literature data [3, 5, 8].

The integration of maneuvering strategies with spec-
tral diagnostics revealed that aft trim positions, particularly
between -1.0° and -1.5°, produce substantial attenuation of
vibration peaks. This reduction in vibratory excitation cor-
relates with minimized hydrodynamic asymmetry and
shaft torque fluctuations. As wvessel trim is adjusted
aftward, the alignment of the shaft improves relative to pro-
peller flow, resulting in reduced torsional excitation [8]
and, consequently, lower vibration-induced underwater
noise levels.

Table 4
URN SPL Variations Under Maneuvering Conditions
. . URN SPL
Trim Angle Heading (°) (dB re 11Pa)
—1.5° 45° 11.1
0° 90° 13.6
+2.0° 0° 15.3

Table 3 presents a comparative analysis of the under-
water noise emission levels under various operational con-
ditions. The lowest URN SPL value (11.1 dB re 1pPa)

occurs when the vessel is trimmed aft by -1.5° and navi-
gates at a 45° heading to the wave direction. In contrast,
forward trim of +2.0° coupled with a head-on wave en-
counter at 0° heading produces the highest URN level of
15.3 dB. This confirms the benefit of oblique wave inci-
dence and aft trim in mitigating structural vibration-in-
duced acoustic radiation. These values were derived from
empirical calibration procedures similar to those described
by Chuan et al. [3] and validated by our onboard measure-
ments using 1SO - compliant protocols.

Figure 3 based on spectral mapping methodology
adapted from Chuan et al. [3].

Figure 3 presents the measured relationship between
mechanical shaft vibration velocity and the corresponding
underwater radiated noise (URN) sound pressure level,
based on simultaneous onboard sensor data and hydro-
phone recordings. The data were acquired during full-scale
sea trials using a vessel powered by a MAN B&W
6S70ME-C two-stroke low-speed main engine operating at
various load conditions (70%-100% MCR) and maneuver-
ing states [5]. The vibration velocity was captured via pie-
zoelectric velocity sensors installed at the engine founda-
tion and shaft bearing supports, while the radiated acoustic
field was monitored by calibrated hydrophones positioned
1 meter from the ship’s hull in open water conditions. This
figure validates the analytical model linking structure-
borne vibration and URN, demonstrating a strong predic-
tive capability in real operational conditions. The ability to
derive URN levels from onboard vibration diagnostics pro-
vides a powerful tool for engineers and operators to assess
acoustic performance without the need for extensive under-
water measurement campaigns. The data also support the
development of trim and heading optimization algorithms
aimed at URN reduction in accordance with IMO
MEPC.1/Circ.833 environmental recommendations.

Relationship Between Trim Angle and URN SPL

151

13+
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11.1d
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Underwater Radiated Noise SPL (dB re 1uPa)

10+
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Fig. 3 — Correlation Between Trim Angle and URN SP
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Fig. 4 — URN Harmonic Distribution vs. Heading Angle

Figure 4 based on spectral domain decomposition ref-
erenced from CCS Guidelines [6].

Figure 4 visualizes how heading angle impacts the
harmonic content of URN. When the vessel faces waves
perpendicularly (90°), the resonance modes at 63 Hz and
125 Hz intensify, reflecting amplified propeller torque os-
cillations and hull vibrations. At a 45° heading, these peaks
are attenuated, indicating lower vibration transmission into
the water medium. This graphical evidence supports the
operational maneuvering recommendation to avoid per-
pendicular wave incidence, especially at full load. The ob-
served trends are consistent with the CCS, Chuan et al
guidelines on hull vibration management [3, 6].

To further validate these findings, comparative trials
were conducted under calm and stormy weather condi-
tions. During storm-induced rough seas, the effect of trim
optimization became more pronounced, with vibration
crest factors exceeding 3.0 under non-optimized conditions
and dropping below 1.5 with recommended aft trim appli-
cation. These vibration indices, evaluated according to 1SO
20283-5 spectral metrics, reinforce the significance of real-
time trim control in mitigating acoustic pollution.

Another observation from our scenario simulation is
that vibration propagation through the engine block and
cylinder covers is sensitive to not only the trim but also the
yawing motion of the hull induced by wave encounters.
This behavior introduces amplitude modulation into vibra-
tion spectra, resulting in sideband harmonics that may

further contribute to the broadband URN signal. Managing
these modulations by stabilizing vessel heading-especially
during high wave periods-becomes an essential operational
tactic.

The benefits of non-invasive mitigation strategies
such as course and trim control are emphasized by their
ease of implementation and compatibility with existing
ship structures. Unlike structural dampers or vibration iso-
lators, these strategies incur no additional cost and can be
deployed via bridge navigation teams with basic training
and decision-support tools.

This study also contributes to the development of in-
telligent maneuvering systems capable of integrating live
vibration sensor data with navigational controls to propose
adjustments that maintain URN below regulatory limits.
Such decision-support algorithms could incorporate 1SO
20283-5 vibration alarms and MEPC.1/Circ.833 threshold
alerts, ensuring continuous compliance and environmental
performance.

The ultimate implication of these findings is the prac-
tical application of navigational adjustments as a primary
tool in shipboard acoustic emissions management. By con-
trolling vessel attitude and heading in relation to sea con-
ditions, operators can significantly reduce harmful low-fre-
guency emissions, protect marine life, and improve ship in-
tegrity without retrofitting.
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Conclusions

This research confirms that proactive ship handling,
particularly real-time adjustments to trim and heading, is
an effective strategy for reducing onboard structural vibra-
tions and the intensity of underwater radiated noise (URN).
The analysis demonstrated that even minor deviations from
optimal maneuvering configurations can lead to significant
amplification of vibratory excitation, especially in the pres-
ence of dynamic wave-induced loading. The spectral diag-
nostics revealed that torsional fluctuations of the propeller
shaft and harmonic excitation of the hull are closely linked
with the hydrodynamic asymmetry introduced by inappro-
priate trim angles and wave headings.

By integrating vibration measurement standards such
as 1SO 6954 and 1SO 20283-5 with spectral processing al-
gorithms, including Discrete Fourier Transform (DFT),
this study provides a replicable methodology for diagnos-
ing and controlling ship-induced acoustic emissions. The
empirical relationships established between vibration ve-
locity and URN sound pressure levels (SPL) form a practi-
cal foundation for onboard monitoring and decision-mak-
ing. Furthermore, the vibration-to-URN conversion model
and supporting data from real case studies, including the
numerical and experimental analysis reported in [10,11],
validate the causal link between propulsion system dynam-
ics and underwater acoustic output.

The core novelty of this work lies in bridging the tra-
ditionally isolated domains of navigation and vibration en-
gineering. Unlike design-based noise mitigation ap-
proaches, the proposed method does not require structural
modifications or additional equipment installation. Instead,
it offers a low-cost, operationally feasible solution that can
be applied across different vessel types and voyage condi-
tions. The research emphasizes the operational importance
of trim control and heading management in minimizing
acoustic pollution in sensitive marine environments, in full
alignment with IMO MEPC.1/Circ.833 and IMO
MSC.1/Circ.1228 guidelines and environmental compli-
ance frameworks [1].

This approach lays the groundwork for the develop-
ment of intelligent, adaptive navigation control system,
that incorporate vibration and URN metrics into voyage
planning and real-time maneuvering protocols. By combin-
ing empirical diagnostics, hydrodynamic simulations, and
operational best practices, the findings of this study con-
tribute to sustainable maritime transport by enhancing both
technical performance and ecological responsibility. Fu-
ture research directions may involve expanding the meth-
odology for integration with autonomous navigation sys-
tems and investigating additional mitigation pathways, in-
cluding propulsion system tuning and advanced vibration
damping materials.
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H Kyuepenko B.1O.

Y cmammi nposedeno komnnekcHe 00CHiONHCeHHs BNAUSY NAPAMEMPIE YNPABNIHHA CYOHOM — 30KpeMa Kypcy, ougepenmy
ma weuoKocmi — Ha pigerb 8iOpayii KOHCMPYKMUBHUX eleMeHMi8 CYyOHa Ma IHMeHCUBHICHb Ni0BOOHO20 ULYMOBO20 BU-
npominioganna (URN). B oaniii pobomi po3ensinymo, wjo KOIUBAHHS KPYMHO20 MOMEHMY 20108HO20 O8UZYHA MA HEpiG-
HOMIpHICMb 00epmanusa 2pedHo20 8any 3HAUYHO NOCUNIOIOMbCA 8 YMOBAX XGUNIOBAHHS, 0COOIUBO 34 8IOCYMHOCMI eqheK-
MUGHOI KopeKyii Kypcy cyoHa i KOHmpoao 3a napamempamu Kpery i ougepenmy cyoua. Taki KOTUBAHHA CHPULUHAIOMb
nioguwene HaGAHMAMNCEHHs HA eeMeHMU 8alONPOBOAY, OCHOBY 20JI08HO20 OBUSYHA MA KOPNYC CYOHA, WO, J C8OI0 Yepey,
3YMOBNIOE 30INbUEHHA CIPYKMYPHO20 WYMY MA aKYCIMUYHO20 HABAKMAIICEHHA HA MOPCbKe cepedosguwye. Y medcax doc-
JOdHCeHHsL 8 OaHill poOOmMI 02IAHYMO NIOXi0 00 ONMUMI3AYLl YAPAGHIHHA CYOHOM MA KOHMPOJLEM MOPEXIOH020 CMAHY
cyoHa. 3mina Kypcy cyoHa 8iOHOCHO HANPAMKY X8UNbOBO2O (PPOHMY, PA30M i3 KOPEKYi€lo ougepenmy ma weuoKocmi
DPYXY CYOHA, 003801AE€ 3HUBUMU 2IOPOOUHAMIUHY acuMempiio 0OMIKAHHA U CKPYYY8ANbHI HABAHMANCEHHS, 3MEHULYIOUU
8ION0GIOHO CIPYKMYPHI KOTUGAHHS MA NiOGOOHUL wiyM. J1s1 ananizy 8ibpayiti 3acmoco8aHo aneopummu CHeKmpaibHol
00pobKU cueHany, 30Kkpema Ouckpemue nepemeoperts @yp’e, wo 003601UN0 GUABUMU OCHOGHI Odicepena 30Y0uCeHHsl
HU3bKOUACTOMHUX 2APMOHIK, NO8 SI3AHUX I3 28UHMOM MA 8AN08010 JIHIEW. Bumiposanna ma oyinka giopayitinoi akmu-
BHOCMI NPOBOOUNUCA BIONOGIOHO 00 MidicHapooHux cmandapmis 1SO 6954 ma ISO 20283-5, i3 ypaxysannam kpumepiis
donycmumozo pigHs 8ibpayiti 015 eneMeHmie KOHCMPYKYil ma 3a6e3nevuents HCUmme30amHocmi cyonosux cucmem. Pe-
3YILMAMU AHAi3y JA2U 8 OCHOBY PO3POOKU PEKOMEHOayili w000 NPAKMUYHO20 MAHEEPYBAHHSA CYOHOM, OPIEHMOBAHO20
HA 3HUICEHHS aKyCMUYHO20 GNIUGY Ha 008KiIA. Memoouka, wo 3anpononosana y cmammi, 00360JIA€ OYiHIogamu ma
smenuyeamu cmpykmypHi iopayii ma URN 6e3 KOHCIMpYKMUGHUX 3MiH, CRUPAIOYUCH Julle HA epeKmusHe Kepy8aHHs
cyoHom. Mamepianu 00cniodcents Maoms NPAKMUUHe 3HAYEHHA ONIA eKinaxcie MOPCLKUX CyOeH, NPOEKMAanmis Hagiea-
YIlIHUX cucmem ma po3poOHUKIE aGMOMAMU308aHUX CUCIEM YNPAaGNiHHA. BoHu makodic y320024Cyiomucs 3 CYYacHUMU
sumozamu IMO wo0o minimizayii ni080OHO20 WyMy 8 30HAX NIO8UUeHOI eKoNlo2iunol yymausocmi. Y cmammi npedcma-
671EHO KOMNJIEKCHY MemMOOON02II0 3MEHIEHHS YMOB020 HABAHMANICEHHS, WO OA3YEMbCA HA NOEOHAHHI piuieHb No yn-
PABNIHHIO CYOHOM, KOHMPONIO MOPEXIOHUX AKOCmell CyOHd, OUHAMIYHUX XAPAKMeEPUCMUK KOPNycy ma Cmanoapmis mex-
HIYHO20 KOHMPOJIIO | CMAHy CYOHA.

Knrwouosi cnosa: ynpagninns cyonom, niogooHull wiym, 6iopayii, Kpymuui Momenm, Kypc, ougepenm, gibpowisuoKicms,
cmpykmypuui wiym, 2iopoounamixa, URN, manespysannsi.
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