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DETERMINATION OF SEAKEEPING PERFORMANCE FOR A CASE
STUDY VESSEL BY THE STRIP THEORY METHOD
Karol Niklas
Artur Karczewski
Gdańsk University of Technology, Poland

ABSTRACT

The increase of seakeeping performance is of particular importance for car and passenger ferries, service ships in the
gas and oil extraction industry and offshore wind power farm industry, as well as for special purpose ships (including
military applications). In the water areas of the Baltic Sea, North Sea, and Mediterranean Sea, which are characterised
by a short and steep wave, the hull shape has a substantial impact on the operational capacity and propulsion efficiency
of the ship, as well as on comfort and safety of navigation. The article analyses selected aspects of seakeeping for four
variants of a selected case study vessel, indicating practical limitations of the strip method. The analysed aspects included
hull heaving and pitching, added resistance, Motion Thickness Indicator (MSI), and Subjective Magnitude (SM).
Experimental tests were also performed in the towing tank. Their comparison with the numerical results has indicated
high inaccuracy of the strip method. What is more, the simplified representation of hull shape used in the strip method
makes it impossible to analyse the effect of hull shape changes on the predicted seakeeping characteristics. Especially
for the case of head wave, neglecting highly non-linear phenomena, such as slamming or head wave breaking, in strip
method-based computer simulations will significantly decrease the reliability of the obtained results. When using the
strip method, the seakeeping analysis should be complemented with model tests in a towing tank, or by another more
complex numerical analysis, such as CFD for instance.

Keywords: Ship design, seakeeping, ship motion, added resistance, towing tank, strip theory

INTRODUCTION
The ship sailing on the sea is subject to the action of sea
waves being the source of many undesirable phenomena.
A direct effect of this action is ship motion in six degrees of
freedom, which provokes such events as green water shipping
and/or propeller emerging, along with additional dynamic
loads and accelerations acting on the hull, thus increasing
its resistance. These phenomena considerably reduce the
ship’s operability and propeller efficiency, decrease the living
comfort of the crew and passengers, and increase the risk of
damage to the propeller, hull, and/or the transported cargo.
The ship response to the action of sea waves is referred to as
“seakeeping performance” and is a characteristic property of
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the ship [1]. For the time being, there are no criteria applicable
in design work which would unambiguously characterise
the ship as that with great seakeeping performance. Based
on their legislative classification, the existing requirements
can be divided into a number of groups. The first group
includes non-normative requirements, such as operational
and comfort criteria, related with physical properties of the
ship. The operational criteria are described by accelerations
at a given point of the hull, amplitudes of pitching, and the
probability of appearance of slamming and green water
shipping phenomena [2], [3], [4], [5]. The comfort criteria
are expressed by the Motion Sickness Indicator (MSI) [6]
and the Subjective Magnitude (SM). The acceptable values
of these indicators have been obtained from experimental

tests of human responses to ship motions caused by sea
waves. The next group of criteria applicable in assessing the
seakeeping performance of the ship comprise normative
requirements described in publications but not taken into
account by classification societies [6], [7], [8]. Most of these
criteria coincide with the non-normative requirements.
In contrast, the normative requirements expressed in the
regulations of classification societies focus on the comfort of
crew and passengers on the ship, and mainly refer to vibration
related phenomena [9], [10], [11] or the safety of transported
cargo, which is controlled, for instance, by assigning limits to
forces acting in the container anchorage system [12]. The last
group of design criteria comprises IMO recommendations,
which mainly focus on ship manoeuvrability [13], avoiding
dangers in unfavourable weather conditions [14], and energy
efficiency of the ship, expressed by the Energy Efficiency
Design Index (EEDI) [15], [47]. Unfortunately, all these
criteria are formulated in the way which considerably limits
their direct practical use at the hull shape design stage. To
be more applicable, these criteria should refer to parameters
directly related with the geometric shape of the hull and the
mass distribution in the designed ship, i.e. the parameters
which can be used as variables in design equations. This
requirement is most closely met in a combined system of nonnormative and normative non-classification requirements
given in NATO norms for warships [7].
Recently, new design solutions of ship hull bow section
have been developed in the shipbuilding industry to improve
seakeeping characteristics of the ship. One of these solutions,
being the result of cooperation of Delft University and
Damen Shipyard, employs the results of investigations of
the effect of hull length extension on ship performance,
often referred to as Enlarged Ship Concept (ESC). As
a result of these investigations, the concept of AXE-bow
has been developed [16], [17], [18], in which the ship length
is significantly increased, while preserving all remaining
technical parameters, such as breadth, speed, cargo carrying
capacity, and functionality. This approach improves
significantly the resistance and seakeeping characteristics, at
relatively moderate increase of construction cost [16], [18]. The
designed bow has a very narrow V-shape, with displacement
changes as small as possible when the bow moves up and
down in the water during heaving and pitching motions.
According to the linear strip theory [19], in which the bow
section is modelled as the mass-spring system, reducing the
stiffness of the system should, theoretically, reduce the vertical
accelerations in the bow section as a result of the decrease
of pitching amplitude. However, the results of experimental
tests in the towing tank have revealed that the pitching
amplitudes increase, with simultaneous amplitude decrease
of maximum vertical acceleration peaks by about 50% [18].
Higher pitching amplitudes made the underwater hull part
extend much deeper into water to avoid the slamming effect.
At the same time, the bow part above the water level was
lifted higher to avoid green water shipping. The total ship
response to the action of sea waves was the effect of undefined
nonlinearities. Another hull form, based on the so-called

inverted bow design concept, has been introduced on the ship
AHTS Bourbon Orca by the Norwegian company Ulstein in
2005 [20]. This bow type, having the commercial name of
X-bow, has a characteristic slope towards stern, which starts
at the most extreme stem point, as well as narrow V-shaped
frames and smooth volume distribution in the bow section.
This design is intended to decrease the added resistance
of the hull and to reduce dynamic pressures generated by
wave breaking. However, in both the AXE-bow and X-bow
designs, the decreased displacement of the bow section leads
to the increase of pitching and heaving amplitudes, with the
resulting amplitude increase of vertical accelerations [16], [21].
The inverted bow concept was also analysed in [22] for frigate
FFG-7. The tests performed in the model basin have shown
the advantage of the new bow shape over its conventional
counterpart. The added resistance was significantly reduced,
also hull motions and accelerations caused by sea waves were
smaller. Another interesting design is the wave-piercing hull.
At present, this hull form is frequently used in shipbuilding,
mostly as a result of the involvement of industrial partners
in research activities. These hulls pierce the water surface
smoothly with the bow section when sailing on both calm
and wavy waters, which contributes to the appearance
of many favourable effects. The crucial effect here is the
decrease of hull resistance, with the resulting decrease of fuel
consumption. For many vessels, rescue ships in particular,
of high importance is also small decrease of ship speed on
wavy waters. Other advantages of the abovenamed bow
shapes include reducing the scale of slamming and green
water shipping phenomena, along with the reduction of
ship hull vibrations and accelerations. All these properties
are part of ship’s seakeeping and are relatively difficult to
assess at ship design stage. For centuries, the shape of ship
hull was subject to changes introduced mainly based on an
evolutionary approach. These changes were introduced slowly
and gradually, due to the lack of adequate tools for reliable
prediction of the effect of hull shape change on the resulting
ship’s seakeeping. This approach has many advantages, the
most important of which is that the risk to make a big design
error is substantially reduced. At the same time, its basic
disadvantage is that the majority of elements composing
the new design is copied from previous forms. This results
in rejecting radical changes, which would radically improve
(or worsen) the ship seakeeping performance. The current rate
of changes taking place in the maritime industry, along with
the use of modern advanced computer tools, make it possible
to apply a radical, revolutionary approach. In recent years,
dynamic grow of computer techniques has been observed in
both hardware and software areas. The effect of radical hull
shape changes can be analysed using computer simulations
(strip or panel methods, CFD) [45]. The obtained research
data can be used to increase the ship propulsion efficiency, and
improve the safety and comfort of ship operation [26], [52],
[53], [54], [55], [56]. However, bearing in mind enormous
cost of shipbuilding, the predicted seakeeping characteristics
obtained from numerical analyses for the ship to be built
should be finally verified using experimental methods (in
POLISH MARITIME RESEARCH, No 4/2020
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the towing tank, for instance). As a rule, for the majority of
ships, the range of hydrodynamic verification is still limited
to calm water resistance tests, while the ship seakeeping
characteristics are most frequently determined only using
numerical methods, in particular the strip method, which is
very efficient and popular in design offices [19], [23], [24]. The
limited amount of publications analysing the effect of hull
shape on ship’s seakeeping makes that the real applicability
of tools with the implemented strip methods in ship design
is difficult to assess. On the one hand, the strip methods can
be used for predicting selected parameters of ship seakeeping;
for instance, they make it possible to assess whether the
calculated value of Motion Sickness Index (MSI) meets the
requirements. On the other hand, we should be aware that
certain limitations of the strip method and their effect on
the obtained results make this numerical method hardly
adequate as an independent tool for predicting seakeeping
performance. This article is intended to fill partially this gap
by presenting the practical seakeeping analysis for a selected
case study vessel. Indeed, in [16] the author has already shown
that the linear strip method is not applicable for analysing
seakeeping of fast single hull vessels, due to strong nonlinear phenomena. The present article also analyses a single
hull vessel, along with the expected non-linear effects (wave
breaking or splitting), but this vessel operates at forward
speeds typical for displacement ships and in the presence of
waves having length close to that of the ship.

were selected from the most innovative solutions used in
shipbuilding industry – similar to AXE-bow and X-bow types.
Included are the detailed results of the strip method-based
analysis of the effect of changes in the vessel design on hull
resistance, added resistance, hull motions (heaving, pitching),
accelerations, and SM and MSI coefficients.

OBJECT OF RESEARCH –
CASE STUDY VESSEL
The object of the research was m/v Nawigator XXI
(IMO 9161247), a modern research/training ship having the
overall length LOA = 60,3 m. The ship hull has a maritime
character. Its bow section has a commonly used V-shape,
with bulbous lower part (Fig. 1). In the midship section,
the ship has frame sections with vertical sides creating
a cylindrical insert, while in the stern section, the hull has
a characteristic inflection line of frame sections, situated above
the waterline. The bodylines of the ship hull are shown in
Fig. 2. The operational speed of the ship is 11 knots (FN = 0,23;
(moderate-speed ship). The ship is equipped with a Diesel
engine of rated power 1120 kW, with reduction gear and single
controllable-pitch propeller propulsion system.

AIM AND SCOPE
The research reported in the article analyses selected
aspects of seakeeping for a case study vessel in four variants,
indicating practical limits of the strip method.
An important cognitive aspect of the article is determining
relative differences between results obtained from the strip
method and the experimental test performed in the towing
tank. In the strip method, the hull shape is not represented
directly – it has a simplified form of a set of frame sections,
which limits the effect of hull shape changes on seakeeping
characteristics. What is more, especially for a head wave,
it contains no information about the effect of nonlinear
phenomena, in particular wave splitting or breaking, which
occur in rough sea conditions. The results obtained using the
strip method are expected to differ much from the experiment,
as a direct result of the abovenamed limitations of this method.
The scope of the research comprised numerical calculations
performed using the strip method as a standard computer tool
commonly used in design offices. The object of the analysis
was the vessel Nawigator XXI, having a traditional V-shaped
bow with a bulbous bow attached. The research programme
included defining applicable evaluation criteria, and then
performing computer simulations of seakeeping performance,
complemented by experimental tests in the towing tank.
A number of possible hull forms were selected to redesign
the original hull of the vessel to the form having potential
for seakeeping improvement. The hull shape concepts
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Fig. 1. Photo of the case study vessel m/v Nawigator XXI (IMO 9161247)

Fig. 2. Body lines of the case study vessel m/v Nawigator XXI (IMO 9161247)

In computer simulations, two cases were analysed which
represented two different hull draught states. The first case
corresponded to the operational state of the ship and took
into consideration real mass distribution in which the ship had
a slight trim by the stern. This is the real operating condition of
the ship. The second analysed loading state corresponded to the
calculated state of equilibrium for the following conditions: real
displacement (identical as in case 1) and zero trim of the ship.
This latter case required moving the position of ship’s centre
of gravity towards bow. The former loading state was used in
seakeeping calculations, while the latter one was defined to
analyse the calm water hull resistance. The resistance analysis
is, as a rule, performed using the regression method, for which
the ship is positioned evenly on the keel.
To determine mass characteristics, a detailed survey
of masses on the real ship was done. The draughts were
determined based on readings of marks on the hull. The filling
condition of tanks was measured. After cataloguing the
remaining deadweight capacity components, unit masses
were calculated, along with the positions of their centre of
gravity. The mass of the empty ship was calculated based
on the available stability documentation, which included
a report from the inclining test [27], among other data. In
the article, the case study vessel in the version in which it
was really built is marked N21. The remaining versions,
marked AxeD, AxeL, and X, were obtained by redesigning
the original vessel to improve its seakeeping performance.
The redesigning process is described in the next section, and
the main hydrostatic parameters of all analysed vessel hull
geometry variants are given in Table 1.

VARIANTS OF VESSEL HULL GEOMETRY
In the article, selected seakeeping properties were
determined for different variants of vessel hull geometry
designs. For this purpose, the bow section of the vessel
was redesigned from the traditional form (with V-shaped
frames) to new, innovative forms. The redesigning process
was done using a revolutionary approach, by introducing
radically different bow forms in place of the existing one.
To demonstrate the sole effect of bow section form change, the
main geometric parameters of the hull were left the same as in
the original variant. For the X variant, the hull redesigning to
the new form was done preserving the following parameters:
length between perpendiculars, breadth, draught, midship
section, length of cylindrical insert, displacement, and
longitudinal position of the centre of buoyancy (LCB). For the
Axe concept, simultaneous preservation of vessel’s length and
displacement was impossible, due to certain specificity of this
hull form. Therefore, two variants were designed in this case –
one variant preserving the hull waterline length, while the
other preserving the displacement of the original vessel N21.
In the bow section, it was the distribution of volumes in vessel’s
longitudinal and vertical directions which was the object
of changes. The shape redesigning was done in the Model
Center package offered by Phoenix, using the parametric

modelling technique CAD and the optimisation technique. As
the first step, the shapes were reconstructed and parametrised
based on patent documentations of the Axe-bow shape
developed by Damen [28], and the X-bow shape developed
by Ulstein [29]. Then, the values of parameters controlling
the longitudinal and transverse distribution of volumes were
changed iteratively to obtain the displacement equal to that of
the vessel N21, while preserving its length, draught, breadth,
and constant frame cross-section in the area of cylindrical
hull insert. The result of the above redesigning activity
was a family of four shapes: the basic hull, marked as N21,
the hull with Axe bow preserving constant displacement,
marked as AxeD, the hull with Axe bow preserving constant
hull length between perpendiculars, marked as AxeL, and
the hull with bow section similar to X-bow, marked as X.
For the AxeD variant, to preserve its displacement the length
of the vessel was increased, which was in line with the concept
of improving the seakeeping performance by extending the
hull waterline [30]. The variant marked as AxeL preserves
constant length at reduced displacement for constant design
draught. These two variants are characterised by the decrease
of block coefficients CB and CP. For the variant marked AxeD,
the wetted area of the hull significantly increased. Table 1
[next page] collates main parameters of all analysed variants
for even-keel sailing and for the average operating state (with
trim 0,5 degrees to the stern).
Programme of examination of seakeeping performance
of case study vessel The below described examination
programme included defining comparison criteria,
described in Section 5.1, which were then used to analyse
the seakeeping performance of the vessel. In Section 5.2,
the applied numerical methods are named, while in Section
5.3, the sea wave load conditions are described for which the
examination was performed. Additionally, to compare the
numerical results with the experiment, the experimental tests
were performed in the model basin, as described in Section 6.
COMPARISON CRITERIA
The following comparison criteria were adopted:
– bare-hull resistance,
– heave RAO,
– pitch RAO,
– added resistance,
– accelerations at forward perpendicular (aPD). The location,
at the bow deck level of Nawigator XXI (x = 54,13 m od PR,
z = 7,05 m above PP), was assumed the same for all cases
– Subjective Magnitude SM,
– Motion Sickness Index MSI.
NUMERICAL METHODS
The seakeeping performance analysis of the vessel was
performed using the strip theory-based numerical method
developed by Salvesen [25], which was implemented in the
Maxsurf v 21 software [8]. The strip method, which is in
frequent use in design offices, is also used in publications
POLISH MARITIME RESEARCH, No 4/2020
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Tab. 1. Hydrostatic parameters of case study vessel variants
Hull form
N21
Name

AxeD

AxeL

X

Unit
Value
Trim
0 deg

Trim
0.5 deg

Trim
0 deg

Trim
0.5 deg

Trim
0 deg

Trim
0.5 deg

Trim
0 deg

Trim
0.5 deg

Displacement

t

1141

1137

1142

1144

1022

1020

1141

1137

Volume (displaced)

m3

1113

1109

1114

1116

997

995

1113

1109

Draft at AP

m

3.150

3,35

3,150

3,386

3,150

3,35

3,150

3,35

Draft Amidships

m

3,150

3,125

3,150

3,125

3,150

3,125

3,150

3,125

Draft at FP

m

3,150

2,900

3,150

2,864

3,150

2,900

3,150

2,900

Trim (+ve by stern)

m

0,000

0,45

0,000

0,522

0,000

0,449

0,000

0,450

Trim angle (+ve by stern)

deg

0,0

0,467

0,0

0,467

0,0

0,4674

0,0

0,467

Immersed depth

m

3,150

3,300

4,182

3,917

4,143

3,911

3,151

3,292

WL Length

m

55,16

55,68

63,93

63,96

55,08

55,10

55,15

55,10

Beam max extents on WL

m

10,5

10,5

10,5

10,5

10,5

10,5

10,5

10,5

m

2

663

667

730

734

637

641

647

652

m

2

30,4

30,4

30,3

30,8

30,3

30,4

30,3

30,4

Waterpl. Area

m

2

466

473

510

516

446

452

457

465

Prismatic coeff. (Cp)

-

0,667

0,654

0,575

0,567

0,598

0,593

0,665

0,662

Block coeff. (Cb)

-

0,610

0,575

0,397

0,424

0,416

0,439

0,610

0,582

Max sect. coeff. (Cm)

-

0,916

0,915

0,916

0,916

0,916

0,914

0,917

0,912

Waterpl. coeff. (Cwp)

-

0,805

0,809

0,760

0,768

0,771

0,782

0,789

0,805

LCB length

m

26,64

26,01

27,86

26,96

25,15

24,49

26,43

25,82

LCF length

m

25,32

24,67

27,80

26,95

24,47

23,81

24,87

24,27

Wetted area
Max sect. area

for assessing seakeeping performance of vessels, see [31], [32]
for instance. The added resistance was determined using
the Havelock method [33], while the calm water resistance
of the vessel was determined using the Holtrop–Mennen
(H-M) method [34], [35], [48]. Subjective Magnitude (SM) was
calculated in accordance with [19], and the Motion Sickness
Index (MSI) in accordance with relevant norms [36], [37].

performed for the speed of: 9.1 knots (Fn = 0,20), 10,4 knots
(Fn = 0,23), 11,7 knots (Fn = 0,26), and 13 knots (Fn = 0,29).
For all cases, both in numerical calculations and experimental
tests, the assumed wave related vessel motion corresponded
to the head wave.

MODEL TESTS IN A TOWING TANK
ASSUMPTIONS CONCERNING
CALCULATION CASES
When determining selected seakeeping properties of
the vessel, the wave of significant height of H1/3 = 1,6 m was
assumed with two characteristic periods, Tp = 4,8 s and
Tp =6.5 s, which corresponded to weather conditions most
often occurring in the Baltic Sea and partially in the North
Sea [1]. The calculations made use of the irregular wave model
and the JONSWAP wave spectrum [38]. The vessel speed
assumed in the calm water calculations ranged between 3 and
13 knots, while the seakeeping performance calculations were
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To compare the predictions obtained from the numerical
strip method-based analysis, experimental tests were performed
in the towing tank owned by Gdansk University of Technology,
Faculty of Ocean Engineering and Ship Technology. Generally,
model tests still provide most reliable results of vessel
seakeeping performance and make it possible to verify the
correctness of the designed hull shape [39]. However, bearing
in mind relatively long time and high cost of physical model
manufacturing, a decision was made to perform experimental
tests only for the vessel Nawigator XXI with the bow shape
in the “as-built” version. The tests were performed in the

conditions described above in the examination programme,
i.e. calm-water conditions for resistance tests, and wavy water
(regular head wave) for seakeeping examination. The wave tests
included the measurements of resistance increase, amplitudes
of motions (heaving, pitching), and vertical accelerations
at forward perpendicular, which determined amplitude
characteristics for the assumed vessel advance speeds, and
wave amplitudes and frequencies.
MODEL FOR EXPERIMENTAL TESTS IN TOWING
TANK; MEASURING EQUIPMENT USED
In the experimental tests, use was made of geometrically
similar model vessel in scale 1:25 – see Fig. 3. The basic
parameters of the model are given in Table 2. The tests were
performed in the towing tank of 40 m in length, 4 m in
breadth, and 3 m in depth. The tank is equipped with a towing
carriage, a wave generator, and a beach for wave attenuation.
The measuring equipment ensures recording wave height and
model vessel motions with frequency of 500 Hz. The tests were
performed in accordance with the ITTC procedure [40], and
the measurement uncertainty of the recorded data, calculated
in accordance with [41], did not exceed 2.5%. The model was
fastened to the carriage in a way which preserved two degrees
of freedom (heaving and pitching). The model vessel prepared
for tests is shown in Fig. 3.

the model basin and from numerical calculations making use
of the Holtrop-Mennen (H-M) method are compared in Fig. 4.
The extrapolation of hull resistance results to the natural
scale was made using the Prohaska 1+k method [42]. This
method is described in detail in [43], which also analyses the
effect of selecting the extrapolation method of the obtained
experimental results to the natural scale.
The obtained results have revealed that in the speed range
up to 10,0 knots (Fn = 0,22), the relative difference between
the results was approximately equal to 10%. For higher speeds
(exceeding Fn = 0,22) this relative difference increases much
and in the analysed range reached the maximum of 16%
for vessel speed equal to v = 13,0 knots. The differences
between the results obtained using different methods can
be considered large. The uncertainty of the numerical results
is caused by the assumptions of the H-M regression method.
Technically, the applicability range of this method includes
the analysed model vessel, but this does not mean that it will
give the results well coinciding with those measured in the
towing tank. On the other hand, the uncertainty of the results
extrapolated from the experimental measurements recorded
in the towing tank can also be significant. As was shown
in [43], assuming different friction resistance coefficients
and the use of different methods to determine the hull shape
coefficient leads to the total hull resistance results differing
by –6% to 11% from those measured in sea trials of a real
vessel. In is noteworthy that these differences refer to different
vessel speeds, and the higher the analysed speed, the larger
the observed relative difference between the results obtained
using different methods.

Fig. 3. Model of the case study vessel N21 in towing tank
Tab. 2. Basic parameters of model vessel used in towing tank tests
Name

Symbol

Value

unit

Length

L

2,408

m

Breadth

B

0,420

m

Length of waterline

LWL

2,227

m

Draught at FP

TFP

0,116

m

Draught at AP

TAP

0,134

m
3

Displacement volume

V

0,071

m

Wetted surface area

SS

1,084

m2

RESULTS OF TESTS
Firstly, the test results used for preparing the calm water
hull resistance curve will be analysed, as these results will be
then used for determining the added resistance. The results of
calm water bare-hull resistance obtained for the vessel N21 in

Fig. 4 Results of total calm water resistance of the hull, determined using
the Holtrop-Mennen (H-M) method and recorded experimentally
in the towing tank (EFD)

Fig. 5 and Fig. 6 compare the results of amplitude
characteristics of heaving and pitching determined from
computer simulations and experimental tests performed in
the model basin. In the computer simulations, use was made
of the Havelock method [33]. The head wave parameters were
assumed based on the JONSWAP wave spectrum with period
of T = 4,79 s and height of H = 1,6 m, for the vessel speed
ranging from 9,1 to 13 knots.
POLISH MARITIME RESEARCH, No 4/2020
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Fig. 5. Heave Response Amplitude Operator (RAO) for the vessel N21

Fig. 6 Pitch Response Amplitude Operator (RAO) for the vessel N21

The results of hull motions are shown in the dimensionless
form of RAO functions. Relative differences between the
numerical and experimental results in the wave frequency
range of 0,7-1 rad/s differ from the expected values by
o 10-15%, with well predicted locations of resonance peaks.
Larger differences observed for wave frequencies below
0,7 rad/s and above 1 rad/s result from limitations of the
linear model of the wave-vessel system, which preserves
correctness within the wave frequency range from
to
5·
. Despite falling into the theoretical applicability range
of the strip method, the obtained simulation results differ
significantly from those obtained from experimental tests.
For the wave frequency range below 0,7 rad/s, the relative
differences of the predicted hull motions amount to as much
as 40% for heaving and 20% for pitching. It is noteworthy that
the obtained differences of results are similar to those used as
validation data for the Maxsurf software, the description of
which is given as Appendix B in [8]. That analysis took into
consideration mainly the results of experimental tests [49],
[50], [51] and showed differences in hull motions ranging
between 15% – 70% for heaving and 5% – 25% for pitching.
Thus, the strip method describes hull motions on wave with
rather high uncertainty, affected by a number of factors, such
as wave parameters and vessel speed, for instance. The effect of
these factors on the results is difficult to assess. In the present
examination, the phenomenon of head wave breaking was
clearly observed. This phenomenon had a significant effect on
differences in heaving and pitching results obtained from the
strip method, which neglects it, and the experiment, taking
it fully into account.
The next analysed seakeeping performance criterion was
the added resistance, i.e. the resistance resulting from the
action of sea waves. For this criterion, the comparison of

the numerical results with those obtained experimentally is
shown in Fig. 7. The relative difference in added resistance
values ranged from 1 to 20% and depended on vessel speed
and wave frequency. Like for hull motion predictions, the
observed large differences in predicting the added resistance
with the aid of the above two methods resulted from the
presence of head wave breaking phenomenon.
The next Chapter discusses the effect of bow redesigning
on selected seakeeping properties of the case study vessel.
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Fig. 7. Added resistance RAW for the vessel N21

The results of calm water hull resistance determined using
the H-M method are shown in Fig. 8. Due to the fact that
these results refer to only one vessel, although each examined
vessel model differed by shape and hydrostatic parameters,
the results are shown as functions of Froude number. Relative
differences in hull resistance results depend significantly on
the speed range being the subject of analysis. In the speed
range from 3 to 5 knots (Fn = 0,11), the resistance values
determined for successive hull variants are close to each other.
Differences between the resistance curves in the range from
5 knots (Fn = 0,11) to 10 knots (Fn = 0,22) result mainly
from differences in friction resistance, the value of which is
proportional to the wetted area of the hull. The AxeD shape,
with the largest wetted area, negatively dominates over the
remaining variants in the speed range in which the main
component is the friction resistance (the resistance increase
is about 10%). However, with the speed increase, this variant
becomes most favourable, which results from much lower
pressure resistance than that in other hull geometry variants.
The X model, with decreased wetted area with respect to the
base variant N21, turns out least favourable for higher speeds
due to rapidly increasing wave resistance. The variants AxeL
and N21 have similar resistance characteristics. Much larger
relative differences in total hull resistance appear above the
Froude number at which the contribution of wave resistance
in the total resistance increases [44], i.e. approximately above
10 knots (Fn = 0,22). In this range the pressure resistance
component significantly increases. Relative differences
between particular vessel hull variants are given in detail
in Table 3.

Fig. 8. Total calm water resistance calculated for the analysed hull forms

Relative difference
between
AxeL and N21

Relative difference
between
X and N21

RT N21– RTAxeD

RT N21– RTAxeL

RT N21– RT X

RT N21
· 100%

RT N21
· 100%

RT N21
· 100%

3,0

2,9

-0,8%

-10,1%

-8,2%

4,0

4,9

-1,6%

-11,1%

-9,2%

5,0

7,6

-2,0%

-11,5%

-9,6%

6,0

10,7

-2,1%

-11,6%

-9,6%

7,0

14,4

-2,2%

-11,5%

-9,0%

8,0

18,8

-2,7%

-11,1%

-7,8%

9,0

24,3

-3,8%

-10,5%

-5,6%

10,0

31,4

-5,6%

-9,5%

-2,6%

11,0

40,6

-7,9%

-8,2%

0,7%

12,0

52,7

-10,1%

-4,4%

4,2%

13,0

71,0

-15,7%

-5,0%

8,3%

RESULTS FOR HEAD WAVE
The presented results of head wave seakeeping concern
the vessel speed of 10,7 knots, i.e. the same as in the
numerical model validation calculations described in
Chapter 6. The computer simulations were performed for
the wave with significant height H1/3 = 1,6 m and two values
of characteristic wave period. The first wave period, equal
to Tp = 4,8 s, corresponded to the characteristic period of
waves on Baltic Sea waters [1], while the other one, equal to
Tp = 6,5 s, represented the characteristic wave period in the
North Sea. It is noteworthy that in the calculations performed
for the variant N21 discussed in Section 6, the maximum
amplitude values in hull motions were recorded for the wave
period Tp = 6,5 s. The wave parameter values assumed in the
calculations are given in Table 4.
Tab. 4. Wave parameters
N21

No.

Wave length
λ [m]

RESULTS OF CALM WATER TESTS

Speed RT N21
[knots] [kN]

Relative difference
between
AxeD and N21

Peak period
Tp [s]

In Section 7.2 below, the results of numerical analysis of
case study vessel seakeeping are presented. To determine
the added resistance, the calm water hull resistance was
firstly calculated, as described in Section 7.1. The seakeeping
analysis was performed for the vessel in variants described
in Chapter 4 using the examination programme presented
in Chapter 5.

Tab. 3. Results of total calm water resistance for the vessel N21 and relative
differences of resistance changes for ship variants AxeD, AxeL, and X,
as compared to N21

Significant
wave height
H1/3 [m]

ANALYSING SELECTED SEAKEEPING
PROPERTIES OF THE CASE STUDY VESSEL

AxeD

AxeL

X

1

1,6

4,8

35,8

0,64

0,56

0,65

0,65

2

1,6

6,5

67,4

1,21

1,05

1,22

1,22

λ/LWL
[–]

To compare selected seakeeping properties of vessel variants
with different bow shapes, the amplitude characteristics were
calculated for heaving, pitching, and added resistance, along
with Subjective Magnitude (SM) and Motion Sickness Index
(MSI) values. The results of these calculations are shown in
Fig. 9 – Fig. 14. For all analysed criteria, the differences between
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the results obtained for particular hull bow shape variants and
the wave period T = 4,8 s are smaller than their equivalents
for wave period T = 6,5 s. In each analysed case, the variant
N21 takes average values, while the variant AxeD presents
most favourable properties. Only the accelerations at forward
perpendicular for short wave are larger for this variant than
for the remaining variants, but the differences are negligibly
small. When adding up the calm water hull resistance and the
added resistance generated by waves, the variant AxeD is also
most favourable, especially when the vessel speed increases
above 10 knots. Comparing the remaining two variants, AxeL
and X, we can conclude that differences between the results
obtained for them are minimal, which results from certain
limitations of the strip method, in which the hull shape is
simplified and only represented by a set of frame sections. Only
the use of more complex numerical methods, CFD for instance,
provides opportunities for analysing the effect of bow shape
changes [21]. What is more, the variant AxeL is an aberration
of the Enlarged Ship Concept (ESC), as it changes the bow form
by changing shapes of its frame sections, without extending

the entire hull body to preserve mass parameters. Only for
heaving, a clear difference between these two variants can be
observed. The variant X has the higher value of the transfer
function. All numerical results of the analysed seakeeping
properties for the selected vessel geometry variants are collated
in Table 5 and Table 6 [next page].
It is noteworthy that all analysed hull shape variants have
relatively high acceleration values at forward perpendicular.
The maximum value of this parameter recommended in [7]
is 0,4 g. This value is exceeded in all variants, which leads to the
worsening of comfort and safety. Moreover, for the long wave,
Tp = 6,5 s, the permissible values of Motion Sickness Index
(MSI) are exceeded in all variants except AxeD. According
to [7], to ensure the comfort of navigation, the MSI value
should not exceed 20% for the time of exposure to accelerations
equal to 4h. For the shorter wave, Tp = 4,8 s, the MSI values
calculated for all variants meet these requirements. The
reference point in these MSI calculations was situated at the
forward perpendicular, which means that it can be considered
least favourable.

Fig. 9. Results of seakeeping analysis – Heave (RMS value)

Fig. 10. Results of seakeeping analysis – Pitch (RMS value)

Figure 11 Results of seakeeping analysis – Added resistance

Fig. 12. Results of seakeeping analysis – Acceleration at FP

Fig. 13. Results of seakeeping analysis – Subjective Magnitude (SM)

Fig. 14. Results of seakeeping analysis – Motion Sickness Index (MSI)
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Tab. 5. Results of case study vessel seakeeping analysis for wave
H1/3 = 1,6 m and Tp = 4,8 s

Tab. 6. Results of case study vessel seakeeping analysis for wave
H1/3 = 1,6 m and Tp = 6,5 s

N21

Relative
difference
between
AxeD and
N21

Relative
difference
between
AxeL and
N21

Relative
difference
between
X and
N21

N21

Relative
difference
between
AxeD and
N21

Relative
difference
between
AxeL and
N21

Relative
difference
between
X and
N21

Heave [m]

0,12

-10,4%

7,9%

5,6%

Heave [m]

0,42

-66,8%

-8,8%

10,2%

Pitch [deg]

0,75

-23,0%

7,4%

3,8%

Pitch [deg]

2,22

-31,4%

4,7%

4,3%

RAW [kN]

3,19

18,4%

14,5%

-3,1%

RAW [kN]

18,54

-37,6%

1,1%

4,4%

2

2

aPD [m/s ]

7,67

5,8%

-1,6%

-0,9%

aPD [m/s ]

5,61

-8,0%

1,4%

1,5%

SM [-]

2,69

-16,2%

23,4%

1,4%

SM [-]

8,80

-65,6%

11,4%

7,8%

MSI [%]

6,02

-52,7%

30,4%

5,3%

MSI [%]

30,25

-64,9%

9,1%

6,9%

SUMMARY AND CONCLUSIONS
The seakeeping performance of a vessel is strongly
affected by the hull shape, especially in its bow section. Good
seakeeping is essential for small vessels navigating on Baltic
Sea and North Sea waters, due to the presence of high and
steep waves in these areas, with the wave length close to the
vessel hull length.
The article presents the strip method-based analysis of
selected seakeeping aspects for a case study vessel in four
variants (N21, AxeD, AxeL, X). The application of the strip
method is controversial. On the one hand, it is widely used
in design offices to assess the seakeeping performance of
the designed vessels, in particular to check whether the
normative criteria, such as MSI for instance, are met. Due
to its high efficiency, this method is presently the most often
used commercial design tool. On the other hand, it is well
known that this method makes use of a number of simplifying
assumptions, including the hull shape representation by
a number of frame sections, which reduces significantly its
accuracy. Based on the analysis presented in the article, the
following conclusions can be formulated:
1) Relatively large differences between the numerical results
obtained using the strip method and those experimentally
measured in the towing tank have been confirmed.
The analysis was performed for the vessel variant N21,
and relative differences of results between simulation
and experiment amounted to about 10–15% for heaving
and pitching in the wave frequency range of 0,7–1 rad/s.
For the ranges below 0,7 and above 1 rad/s, the limitation
of the linear model of the vessel-wave system was more
visible, and these differences increased to 40% for heaving
and to 20% for pitching. The relative differences in added
resistance ranged between 1 and 20%, depending on vessel
speed and wave frequency. The observed differences result
from simplifications used in the strip method. The obtained
values of relative differences are close to those obtained
from the Maxsurf validation analysis, see Appendix 2 in [8].
It is noteworthy that the present analysis was performed for
a vessel having, theoretically, good seakeeping performance,
and the phenomenon of head wave breaking was clearly
observed in the experimental tests. This phenomenon,

omitted in the strip method, has a great impact on vessel’s
seakeeping predictions.
2) Limited applicability of the strip method for analysing
the effect of bow shape on vessel’s seakeeping has been
confirmed. The strip method reduces the geometric
representation of the hull shape to a small number of frame
sections. This is a relatively large model simplification,
which makes it impossible to take into account nonlinear
phenomena, such as head wave slamming or breaking, or
green water shipping. When applying the strip method
for vessel variants of the same length (N21, AxeL, X), the
obtained relative differences in heaving, pitching, and added
resistance were comparable with the order of uncertainty
of the calculation method itself. For the variant AxeD, with
extended hull length, these differences were larger. Thus, the
strip method does not provide opportunities for comparing
results of seakeeping predictions for vessels of the same
length and differing only by the hull form in bow section.
3) At the current state of knowledge, the use of the strip method
as an independent tool for analysing seakeeping performance
seems insufficient, and should be complemented with model
tests, or more advanced computer simulations (CFD for
instance). At present, the ship design regulations and norms
related to the comfort and safety of humans (i.e. MSI) do
not impose, nor limit methods which can be used for
determining a vessel’s response to the action of sea waves.
This, in practice, results in the use of the most economically
efficient method, which is the strip method. However, the
further effect of this approach may be undesirable behaviour
of the vessel in real operation. The authors of the article know
of cases of vessels for which the MSI values calculated using
the strip method met relevant normative requirements [6],
but on which the safety and comfort of human existence were
poor. It is also worth noting, that the current procedures of
sea trials for ships do not include verification of any criteria
concerning their seakeeping performance.
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ABSTRACT

Floating wind power platforms are in constant motion due to waves when deployed at sea. This motion directly affects
the stability and safety of the platform. Therefore, it is very important to study the laws governing the platform’s dynamic
response. In this paper, the dynamic characteristics of an offshore floating wind power platform were analysed under nine
different sets of operating conditions using a numerical calculation method. Following this, a scaled 1:50 platform model
was tested in a tank. Model tests were carried out with different wave conditions, and dynamic response data for the
platform were measured and analysed. The hydrodynamic variation rules of floating wind power generation platform in
waves were obtained. Some effective measures for maintain the stability and safety of wind power platforms are put forward
that can provide a reference for dynamic stability research and the design of floating wind power platforms in the future.

Keywords: floating wind power platform; dynamic response; inherent laws; numerical calculation; tank test.

INTRODUCTION
At present, efficient equipment for the utilisation of offshore
wind energy is being actively developed by scholars all over the
world. In order to exploit the available wind energy in the South
Baltic Sea region, Polish researchers have focused on exploring
the safety and stability of 6 MW offshore wind turbines [7, 8].
At Gdańsk University of Technology, scholars have studied the
structural strength and parametric safety analysis of jack-up
legs [7]. The stability of floating support structures for offshore
wind turbines under towing, settlement and installation at sea
has also been studied [8]. Iranian scholars have studied the
laws governing the rise and fall of buoys of different shapes
in association with offshore floating wind turbines, and the
conversion efficiency of wave energy under normal wave
conditions [3]. Floating wind power platforms have become
the subject of intense research in many countries, and can
undergo numerous types of movement when operating under
various conditions at sea [1]. These movements will directly
affect the safety of the wind power platform and the stability
of power generation, and it is therefore very important to

study the motion response of floating wind power platforms
under the action of waves.
In this paper, a 800 kW floating wind power platform is
selected as the research object, and the specific parameters for
this platform are presented in Tables 1 and 2. First, the motion
response of the floating wind power platform is calculated
in the frequency domain using SESAM software (a strength
analysis software developed by DNV in 1969), and a model
pool test is then conducted to study the movement of the wind
power platform under the action of wind and waves.
Tab. 1. Basic parameters of the 800 kW horizontal axis wind motor
(full-scale values)
Component name

Specification

Rotor diameter/m

60

Blade /quantity

3

Impeller weight /t

18

Cabin weight /t

36

Engine room size /m

8×4×4
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Tab. 2. Main structural dimension parameters of floating foundation
(full-scale values)
Component
name

Specification
/mm

Quantity

Total
weight/t

Height of
gravitational
centre/mm

Water
pressure
plate

Diameter: 35000
Thickness: 12

3

9.06

6

Buoy

Diameter: 25000
Height: 40000
Thickness: 10

3

739

20000

Cylinder
cover

Diameter: 25000
Thickness: 10

3

116

40007

Connection
pipe between
buoys

Diameter: 2400
Length: 55000
Thickness: 10

6

195

20000

Pillar

Diameter: 6650
Thickness: 10
Length: 45000

1

73.8

42506

Tower

Diameter: 6650
Thickness: 10
Length: 15000

1

24.6

32521

Diameter: 2400
Length: 46000
Thickness: 10

6

Connection
pipe between
buoy and
tower

the cabin cover was taken as the weight of the whole cabin.
The fan blades were simulated using a circular surface, so that
the blades could fully withstand the wind load. Wadam of the
HydroD module was used to calculate the motion response.
The motion response was calculated using Wadam in Hydro-D
module. The structure of the numerical calculation models
is shown in Fig. 1.

Fig. 1. Numerical calculation model
163

27300

BOUNDARY CONDITIONS

NUMERICAL SIMULATION
Under the action of waves, the wind power platform will
be subject to both dynamic and static movements created by
the fluid. The equation of motion of a floating body in the
frequency domain is [4]:

The boundary constraints of the model were set at the center
points of the bottom of the three floating buckets, and different
constraint conditions were assigned to these three nodes.
Specific boundary conditions were shown in Table 3.
Tab. 3. Boundary conditions

Position

f = [–ω2(M + A(ω)) + iωλ(ω) + C +Cm]X

Angular displacement
constraint

δx

δy

δz

θx

θy

θz

No.1
buoy

limited

limited

limited

related

related

related

No.2
buoy

–

limited

limited

related

related

related

No.3
buoy

–

–

limited

related

related

related

(1)

where M represents the mass matrix for the floating body,
A(ω) represents the additional mass matrix, λ(ω) represents
the damping matrix, C represents the hydrostatic recovery
matrix, Cm represents the restoring force matrix of the mooring
system, and f represents the wave excitation.

Line displacement
constraint

LOAD ANALYSIS
ESTABLISHMENT OF THE FINITE
ELEMENT MODEL
The model coordinate system is set up as follows. The origin
is at the centre of the projection plane of the floating foundation,
where the water-pressure plate is located. The coordinate
system is arranged according to the right hand rule: the x-axis
is parallel to the central axis of the connecting rod between
the central buoy and the main buoy, where the direction from
the centre of the supporting buoy towards the main buoy is
positive; and the z-axis is along the axis of the tower, where
upwards is positive.
SESAM software was used to carry out the modelling.
First, the main buoy, the intermediate supporting buoy and
the connecting body between the buoy and the tower were
established based on the actual geometric size of the wind
power platform. The tower was then divided into 10 sections
to reflect the linear variation in the wall thickness. The wind
turbine was placed on the top of the tower, and the weight of
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The main load on a floating wind power platform at
sea arises from the wind and waves. A detailed analysis is
presented below.
Under normal sea conditions, the average pressure on the
whole turbine disk is calculated as [10]:

PH =

ρCFBV 2r

(2)

where ρ represents the air density, CFB is a coefficient chosen
according to the Bates formula, and Vr is the wind speed. The
formula used to calculate the horizontal wind load at the top
of the turbine tower is [5]:

FH = PH AO = PH

(3)

The wind load on the tower is calculated as follows [5]:

Fto = k1 k2 av 2t Aw

(4)

where k1 represents the shape coefficient of the wind load, k2
represents the variation coefficient for the air pressure height,
a is the wind pressure coefficient, vt denotes the design wind
speed within a given time t, and Aw represents the area of
headwind projection for the tower. The MacCamy-Fuchs
equation is used to calculate the wave force on large diameter
buoys. The formula for calculating the horizontal wave force
is as follows [9]:

FH =

f Hdz = –
A(ka) sin(ωt – α)dz

(5)

Tab. 5. Numerical values of wind load
Wind load
/kN

Wind load per
unit area
/kN/m2

Application of wind load
in numerical calculation
/N/mm2

1117.9

23.7

0.024

2200.9

31.2

0.031

4366.9

37.1

0.037

4847.3

41.2

0.041

5153.0

43.8

0.044

11266.7

47.8

0.048

11965.4

50.8

0.051

6244.72

53.0

0.053

where A(ka) is the horizontal amplitude of waves acting on
large-scale structure at any height.
The wave load dF on a small-scale member with unit length
dz is calculated using the Morison formula [9]:

dF = dF1 + dFD = ρ
+

(CM – CA )dz +

ρCDD|u – |(u – ) dz

(6)

where dFI represents the inertial force per unit length of
a small scale member, dFD is the drag force per unit length on
the small-scale components, ρ is the density of seawater, CM is
the inertial coefficient, CA is the additional mass coefficient, CD
is the drag coefficient, u represents the water particle velocity
component perpendicular to the component axis, represents
the water particle acceleration component perpendicular to
the component axis, represents the velocity component
perpendicular to the component axis, and represents the
acceleration component perpendicular to the component axis.

Fig. 2. Application of wind load

Wave load
The effective wavelength and height of the wave load were
selected based on the main scale of the floating wind power
platform. The specific wave parameters used are shown in
Table 6.
Tab. 6. Wave parameters

Wind load
The wind load is calculated according to the change in the
gradient of the wind pressure coefficient. Since the tower is
a cylinder, the coefficient is 0.5, and the wind-affected area
is half of the surface area of the tower. The parameters used
to calculate the wind load within each gradient range of the
tower are shown in Table 4. Eq. (4) is used to calculate the wind
load at different heights, and the results are shown in Table 5.
The application of wind load is shown in Fig. 2.
Tab. 4. Relative parameters used to calculate wind load [2]

Angular
frequency
/rad/s

Wave length
/m

Platform length
/m

Ratio of
wavelength to
platform length

1.7

21

105

0.2

1.4

31.5

105

0.3

1.2

42

105

0.4

1.08

52.5

105

0.5

0.99

63

105

0.6

0.92

73.5

105

0.7

0.86

84

105

0.8

0.81

94.5

105

0.9

0.73

115.5

105

1.1

0.7

126

105

1.2

Height
range
/m

k2

k1

Coefficient
of wind
pressure

Design
wind speed
/m/s

Upwind
projected
area/m2

0~2

0.64

0.5

0.613

11

47.1

2~5

0.84

0.5

0.613

11

70.65

0.67

136.5

105

1.3

5~10

1

0.5

0.613

11

117.75

0.64

147

105

1.4

10~15

1.11

0.5

0.613

11

117.75

0.63

157.5

105

1.5

0.61

168

105

1.6

0.58

178.5

105

1.7

0.57

189

105

1.8

15~20

1.18

0.5

0.613

11

117.75

20~20

1.29

0.5

0.613

11

235.5

20~40

1.37

0.5

0.613

11

235.5

0.56

199.5

105

1.9

40~50

1.43

0.5

0.613

11

117.75

0.54

210

105

2
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SIMULATED CONDITIONS

CALCULATION RESULTS

To reflect realistic conditions at sea, the rated wind speed
for the wind power generation platform was 11 m/s, for a wind
and wave direction of 180° and a water depth of 300 m. Nine
different conditions of the floating wind power platform were
considered, as shown in Table 7.

The results of the finite element calculation are shown in
Tables 8–10.
Tab. 11. Conversion relationship between the physical quantities
of objects and their model equivalents
Physical quantities

Tab. 7. Simulated conditions (for a wind speed of 11 m/s)
Serial number
(load
condition)

Wave
height
/m

Wave
direction
/°

Wavelength
/m

LC1

3

180

63

LC2

3

180

84

LC3

3

180

105

LC4

3

180

126

LC5

3

180

147

LC6

4

180

105

LC7

5

180

105

LC8

6

180

105

LC9

7

180

105

Real
objects

Model

Conversion
factor

Line scale

Ls

Lm

Ls / Lm = λ

Linear velocity

Vs

Vm

Vs / Vm = λ1/2

Linear acceleration

as

am

a s / am = 1

Angle

ϕs

ϕm

ϕs / ϕm = 1

Angular velocity

ϕs

ϕm

ϕs / ϕm = λ–1/2

Action cycle

Ts

Tm

Ts / Tm = –λ1/2

Inertia moment

Is

Im

Is / Im = γλ5

Force

Fs

Fm

Fs / Fm = γλ3

(where λ is the linear scale ratio of the model, and λ is the density
ratio of seawater to fresh water)

TANK TEST

Tab. 8. Results of the numerical calculations
Serial
number

Surge/m

Heave/m

Pitch/°

LC1

1.0

0.19

0.90

LC2

0.88

0.188

0.36

LC3

1.20

0.15

0.40

LC4

1.60

0.09

0.80

LC5

1.80

0.06

0.70

LC6

1.54

0.20

0.53

LC7

1.92

0.25

0.67

LC8

2.31

0.30

0.80

LC9

2.70

0.35

0.94

TEST MODEL
The model test of the floating wind power platform involves
both aerodynamics and hydrodynamics. When creating the
test model, it is important to ensure that the blade tip speed
ratios (TSRs) of the wind turbine blades are similar, and
that the Froude number for the floating base model and the
Reynolds number of the platform are similar. The scale of the
selected model is 1:50.
The similarity conversion relation between the test model
and the actual platform is shown in the following formula.
The specific conversion relationship is shown in Table 11.

=

Tab. 9. Mooring tension at different wavelengths
Wave length
/m

Mooring tension/kN
No.1 mooring
line

No.2 mooring
line

No.3 mooring
line

63

62.78

57.66

474.06

84

89.69

88.41

589.38

105

49.97

48.69

512.50

126

125.56

103.78

499.69

147

105.06

83.28

448.44

Tab. 10. Mooring tension at different wave heights
Wave length
/m
3

20

Mooring tension/kN
No.1 mooring
line

No.2 mooring
line

No.3 mooring
line

53.81

71.75

717.50

4

83.28

89.69

922.50

5

90.97

79.44

1204.38

6

128.13

142.22

1435.00

7

183.22

199.88

1819.38
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TSR =

(7)

=

(8)

where V represents the characteristic velocity in m/s; L
represents the characteristic length of the object in m; Ω
represents the rotational angular velocity of the impeller in
rad/s; R represents the maximum
rotation radius of the impeller
in m; the subscript s represents
real objects; and the subscript m
represents the model.
The test model of the floating
wind power platform was
composed of two parts: the fan
and the platform. The main
parameters of the model are
shown in Tables 12 and 13, and
the results are shown in Fig. 3.
Fig. 3 Structure of the test model

Tab. 12. Main parameters of the wind turbine model
Serial
number

1

2

3

Name

Specification

Horizontal
axial fan

300 W

Fan blades

0.6 m

Frequency
conversion
device

Can provide four
levels of speed;
It can be
controlled
according to the
test needs

Description

Tab. 14. Main scale of pool
Weight
/kg

Head part
(consisting mainly
of the motor,
hub, pressure
plate, tail fin and
supporting bolts)

32

GRP blades,
length 0.6 m,
three pieces in
total

1.5

Its weight was
negligible

Length/m

Width/m

Height/m

130

6

3.5

Tank parameters
Tab. 15. Other equipment used
Name

No.

Function of equipment

Wave height
gauge

1

Measuring the wave parameters

Motion sensor
(shown in
Figs. 5 and 6)

1

Measuring the longitudinal linear velocity,
vertical linear velocity and longitudinal
angular displacement of an object

Donghua data
collection and
analysis system

1

Collecting and analysing experimental data

Digital camera

1

Taking pictures of the experiment

–

Tab. 13. Main parameters of the floating wind power platform model
Serial
number

Composition of the test model

1

Diameter of the pressure plate

700

2

Diameter of the float barrel

500

3

Height of the float barrel

800

4

Diameter of the bottom cover of the barrel

500

Size/mm

5

Length of the tube connecting the float barrels

1100

6

Diameter of the pillar

133

7

Height of the pillar

300

8

Diameter of the tower

133

9

Height of the tower

900

10

Length of the tube connecting the float barrel
and the tower

920

11

Centre distance of the floating barrel

1600

Fig. 5 Tension sensor

TEST ENVIRONMENT
AND MEASURING EQUIPMENT
The experiment was carried out in the hydrodynamic
laboratory of Zhe Jiang Ocean University, and the main scale
of the test pool is shown in Table 14 and Fig. 4. At the time
of the experiment, the room temperature was 27°C and the
water temperature was 25°C.

Fig. 6 Dip sensor

The measuring equipment used is listed in Table 15.
TESTING PROGRAM
The purpose of this experiment is to study the motion
response of the floating wind power platform model under
the action of regular waves.

Fig. 4 Towing tank

Mooring model simulation
The arrangement of the mooring cables was as follows.
Firstly, five weights were tied together to act as mooring points,
and a variable pulley was set up at the mooring point. The
mooring rope was then passed through the pulley, lifted out
of the water, and connected to the pull sensor. It was then
towed to the railings of the trailer, and finally, the other end
of the mooring line was connected to the bottom of the bucket
via the pulley.
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In the experiment, three mooring ropes were first arranged
using this method. Next, two motion sensors were placed
on bucket No. 1 to measure the longitudinal and vertical
acceleration of the wind power platform model. A tilt sensor
was arranged at the top of the fan to measure the pitching angle
of the model platform, as shown in Figs. 7 and 8.

Setting the test conditions
In order to ensure that the test conditions were consistent
with the actual conditions, the wind speed was set to 1.56 m/s
in the test, and the model rotor speed was set to 135 rpm based
on the blade element momentum theory. Next, according to
the wavelength selection principle for dangerous working
conditions, the main scale length of the model was taken
as the intermediate wavelength (2.1 m), and the arithmetic
sequence was used to evaluate. The wave height was 6~14 cm
with increments of 2 cm, as shown in Table 16.
Tab. 16. Wave parameters
Wave parameters

Cs_1

Cs_2

Cs_3

Cs_4

Cs_5

Wave length in test/m

1.26

1.68

2.1

2.52

2.94

Actual wavelength/m

63

84

105

126

147

Wave height in test/cm

6

8

10

12

14

Actual wave height/m

3

4

5

6

7

Wave direction/°

180

180

180

180

180

TEST RESULTS
The acceleration of the longitudinal motion of the motion
sensor, the acceleration of the heave motion and the angle of
the pitching motion were recorded using the motion sensor.
In this paper, the influence of wave height and wavelength
on the motion response of the model wind power platform
is studied based on regular wave conditions. The test data
after application of the scale conversion ratio are shown in
Tables 17 to 20.

Fig. 7. Mooring model

Tab. 17. Results of the model test

Fig. 8. Test model after debugging

3.3.2 Environmental load simulation
In the tank test, the environmental load mainly consisted
of the wave load. Throughout the experiment, the motion
response of the fan platform model was measured under
different wave conditions, and the research is carried out from
two aspects: wave height and wavelength. The PM spectrum
was used to analyse the wave simulation, as shown in the
formula below [11]:

S(ω, H , T2, θ) =

124H T2–4ω–5exp(–
0

Serial number

Surge/m

Heave/m

Pitch/°

LC1

0.89

0.14

0.95

LC2

0.95

0.16

0.41

LC3

1.36

0.17

0.50

LC4

1.45

0.082

0.92

LC5

1.98

0.075

0.56

LC6

1.42

0.23

0.71

LC7

1.75

0.23

0.70

LC8

2.10

0.37

0.92

LC9

2.46

0.42

1.02

)cos2θ

,–

≤θ≤

, θ for other values
(9)

where θ represents the angle between the combined wave and the main wave, in rad; H represents the significant wave
height, in m; T2 represents the period of the wave crossing zero, in s; ω represents the angular frequency of the wave, in rad/s.
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Tab. 18. Mooring tension at different wind speeds
Wind turbine
rotation speed
/rpm

Tab. 21. Results of numerical calculation and model test
(invariant parameters: wave height 3 m, wave direction 180°)

Mooring tension/N
No.1
mooring line

No.2
mooring line

No.3
mooring line

95

0.29

0.1

0.8

135

0.31

0.15

0.85

175

0.33

0.21

0.87

215

0.30

0.19

0.88

LC1

LC2

LC3

LC4

LC5

Wavelength/m

63

84

105

126

147

Calculation

1

0.88

1.20

1.6

1.8

Test data

0.89

0.95

1.36

1.45

1.98

Data error%

11.00

7.95

13.33

9.38

10.00

Calculation

0.19

0.188

0.15

0.09

0.06

Test data

0.14

0.16

0.17

0.082

0.075

Data error%

26.32

14.89

13.33

8.89

25

Calculation

0.9

0.36

0.4

0.8

0.7

Test data

0.95

0.41

0.5

0.92

0.56

Data error%

5.56

14

25

15

20

Surge
/m

Heave
/m

Tab. 19. Mooring tension at different wavelengths
Wavelength
/m

Working conditions

Mooring tension/N
No.1
mooring line

No.2
mooring line

No.3
mooring line

1.26

0.36

0.35

2.2

1.68

0.49

0.45

3.5

2.1

0.23

0.22

3.0

2.52

0.61

0.60

3.4

Working conditions

LC3

LC6

LC7

LC8

LC9

2.94

0.51

0.50

2.5

Wave height/m

3

4

5

6

7

Calculation

1.20

1.54

1.92

2.31

2.7

Test data

1.36

1.42

1.75

2.1

2.46

Data error%

13.33

7.79

8.85

9.0

8.89

Calculation

0.15

0.2

0.25

0.3

0.35

Test data

0.17

0.23

0.23

0.37

0.42

Data error%

13.33

15.00

8.00

23

20.00

Calculation

0.40

0.53

0.67

0.8

0.94

Test data

0.50

0.71

0.7

0.92

1.02

Data error%

25

16.98

4.48

15

8.51

Tab. 20. Mooring tension at different wave heights
Wavelength
/m

Pitch
/°

Tab. 22. Results of numerical calculation and model test
(invariant parameters: wavelength 105 m, wave direction 180°)

Surge
/m

Mooring tension/N
No.1
mooring line

No.2
mooring line

No.3
mooring line

6

0.41

0.39

4

8

0.5

0.48

6

10

0.65

0.49

8

12

1

0.85

9

14

1.39

1.35

12

Heave
/m

Pitch
/°

Tab. 23. Comparison of mooring tension between
numerical calculation and model test

(c) Mooring tension at
different wave heights

No.2
mooring line

(b) Mooring tension at
different wavelengths

No.3
mooring line

(a) Mooring tension at
different wind speeds

Mooring tension /N

No.1
mooring line

Wavelength/m

1.26

1.68

2.1

2.52

2.94

Test results

0.36

0.49

0.23

0.61

0.51

Numerical
calculation

0.49

0.70

0.39

0.98

0.82

Data error%

26.53

30

41.03

37.76

37.80

Test results

0.35

0.45

0.22

0.60

0.50

Numerical
calculation

0.45

0.69

0.38

0.81

0.65

Data error%

22.22

34.78

42.11

25.93

23.08

Test results

2.2

3.5

3.0

3.4

2.5

Numerical
calculation

3.7

4.6

4.0

3.9

3.5

Data error%

40.54

23.91

25

12.82

28.57

Fig. 9. Variation in mooring tension in the model test
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Fig. 10. Comparison of results from numerical calculation and model test
(invariant parameters: wave height 3 m, wave direction 180°)

(a) No.1 mooring line

Fig. 11. Comparison of results from numerical calculation and model test
(invariant parameters: wavelength 105 m, wave direction 180°)

(b) No.2 mooring line

(c) No.3 mooring line

Fig. 12 Comparison of mooring tension for numerical calculation and model test

ANALYSIS AND COMPARISON
RESULTS
By comparing the results of the numerical calculation
with those of the experimental test and analysing them,
a comparison of the dynamic characteristics of the platform
under the action of waves could be obtained, as shown in
Tables 21–23 and Figs. 10–12.

(4) It can be seen from Figs. 8 and 11 that the amplitude of the
mooring tension is largest when the motion of the platform
is consistent with the direction of wave propagation, and
reaches about eight times the mooring tension in the other
two directions.
(5) The mooring tension increases with an increase in the
wind speed, and first increases and then decreases with
an increase in the wavelength. When the wavelength is
close to the scale of the platform, the mooring tension
has the largest value.

ANALYSIS OF RESULTS

CONCLUSIONS
According to the analysis in Tables 21–23, it can be seen that
the results from the test data and the numerical calculation
are very similar, and the error between them is not large, at
around 20%. The dynamic characteristics produced by the two
methods for the wind power platform in waves are essentially
the same. The results show that the overall calculation scheme
for the floating wind power platform is feasible. The following
laws can be obtained from Figs. 10 to 12:
(1) When the offshore wind speed is constant, the amplitude
of the surge motion in the offshore motion response of the
wind power platform is the largest, followed by the heave
and pitch motion, and the various motion responses of
the platform increase with the wave height.
(2) When the wave height is constant, the surge motion
slows down with an increase in the wavelength. When
the wavelength exceeds 126 m, the amplitude of the surge
motion tends to be stable.
(3) When the wave height is constant, the heave and pitch
motions of the platform first increase and then decrease
with an increase in the wavelength. When the wavelength is
close to the size of the platform, the motion reaches a peak.
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The following conclusions can be drawn from our analysis
of the experimental and numerical results presented here.
(1) Of the six degrees of freedom in the movement of the
wind power platform, the amplitude of the surge motion
is the largest. Hence, in order to ensure the safety of
offshore floating wind power platforms and continuous
power generation, the longitudinal stability of platforms
is paramount.
(2) The heave and pitch motions of the floating platform cannot
be ignored. Before designing the layout of a wind farm,
the sea conditions should be measured and investigated,
and the wind power platform should not be placed in an
area of the sea with a wavelength that is often close to the
size of the platform.
(3) The floating wind farm should be built in an area of the sea
where the surface is gentle and there will be no high waves.
(4) The wind at sea often causes waves from the same
direction. When the wind direction and wave direction
are the same, the wavelength is close to the scale of the
platform length (in this paper, this specifically refers to the

length of the triangle formed by the foundation of three
floating bodies), and the hydrodynamic characteristics of
the platform will be most affected. In this case, in addition
to the wave suppression measures on the platform, the
anchor mooring tension in the same direction as the waves
must be monitored and protected.
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ABSTRACT

The propeller cavitation not only affects the propulsive efficiency of a ship but also can cause vibration and noise.
Accurate predictions of propeller cavitation are crucial at the design stage. This paper investigates the feasibility of
the Reynolds-averaged Navier–Stokes (RANS) method in predicting propeller cavitation in behind-hull conditions,
focusing on four aspects: (i) grid sensitivity; (ii) the time step effect; (iii) the turbulence model effect; and (iv) ability
to rank two slightly different propellers. The Schnerr-Sauer model is adopted as the cavitation model. A model test is
conducted to validate the numerical results. Good agreement on the cavitation pattern is obtained between the model
test and computational fluid dynamics. Two propellers are computed, which have similar geometry but slightly different
pitch ratios. The results show that RANS is capable of correctly differentiating the cavitation patterns between the
two propellers in terms of the occurrence of face cavitation and the extent of sheet cavitation; moreover, time step size
is found to slightly affect sheet cavitation and has a significant impact on the survival of the tip vortex cavitation. It
is also observed that grid refinement is crucial for capturing tip vortex cavitation and the two-equation turbulence
models used – realizable k-ε and shear stress transport (SST) k-ω – yield similar cavitation results.
Keywords: RANS,Computational Fluid Dynamics (CFD),propeller cavitation,turbulence model,grid sensitivity

INTRODUCTION
The cavitation caused by a marine propeller operating in a
ship’s wake is the source of many negative effects, including
thrust loss, erosion, structural vibration and noise. Therefore,
it is crucial for ship designers to estimate the negative effect of
cavitation at the design stage, especially for luxury cruise ships,
rescue ships and high-speed container vessels. Generally, there
are two ways to predict a propeller’s cavitation: model tests
and numerical simulations. The former scales down the ship
and propeller to model size so that cavitation can be tested
in cavitation tunnels [1,2,3]. However, it is expensive and
requires considerable time to execute, limiting its application
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at the propeller design stage. Instead, it tends to be adopted
for final verification.
Numerical simulations are more feasible in terms of
efficiency and cost, among which the boundary element
method (BEM), computational fluid dynamics (CFD) and
their combinations are most commonly used [4,5]. BEM is
widely used in predicting propeller performance because
it is quite efficient, while CFD is a promising tool as it
provides a high-fidelity simulation, yielding cavitating flow
details. In recent years, CFD has been increasingly applied
to predict and analyze propeller cavitating flows in both
open-water and behind-hull conditions. For instance,
Yilmaz et al. (2018) [6] carried out a CFD study on propeller

cavitation in the presence of a rudder. Wang et al. (2018) [7]
numerically analyzed the cavitating flow of an oscillating
propeller. Sakamoto et al. (2018) [8] investigated near-field
cavitation noise by combining CFD with a semi-empirical
method. Asnaghi et al. (2018) [3] analyzed the cavitation
inception of high-skewed low-noise propellers. Gaggero et
al. (2017) [9] discussed the potential of CFD in propeller
cavitation optimization at the design phase. The above works
were carried out in open-water conditions. In behind-hull
conditions, the cavitating flow is more complicated due to
the presence of the hull wake. Nevertheless, some researchers
have produced work in this direction. Hur et al. (2018) [10]
simulated sheet cavitation on the blade surface, noting good
agreement between their CFD simulation and model test in
terms of cavitation patterns and pressure fluctuations. Ando
et al. (2018) [11] presented a hybrid method comprising CFD
analysis and a bubble dynamics model to estimate cavitation
noise, finding good agreement with their experimental results.
Zheng et al. (2019) [12] simulated the cavitation of a 30,000
DWT bulk carrier using Reynolds-averaged Navier–Stokes
(RANS) combined with shear stress transport (SST) k-ω,
revealing good agreement in the cavitation pattern between
their experiment results and CFD. Moreover, some studies
utilized advanced turbulence models. Usta and Korkut (2018)
[13] applied SST k-ω-based detached eddy simulation (DES) to
predict the cavitation of a propeller in open water, observing
good agreement between CFD and their experiment results.
Cheng et al. (2020) [14] studied the tip-leakage cavitating flow
of a hydrofoil based on large eddy simulation (LES), focusing
on the effects of cavitation on vorticity and turbulence, finding
that LES was able to capture complicated flow details in
cavitating flows.
Nevertheless, CFD is rarely applied at the propeller design
stage, mainly due to its high computational cost. To optimize
cavitation performance, numerous cases are simulated to
identify the optimal propeller geometry. Therefore, it is
important to find a balance between computational accuracy
and time. In this regard, advanced turbulence models such
as DES and LES are not feasible even though they can offer
better predictions of unsteady flow features, while RANS
is a promising tool considering its efficiency and accuracy.
Previous RANS studies in cavitation prediction have
tended to focus on comparing experimental and simulation
results. By contrast, few works have considered the ability
of RANS to correctly rank propellers with slightly different
geometries, which is crucial for CFD to be applied in propeller
optimization. Gaggero et al. (2014) [15] investigated two
ducted propellers in open water, finding that RANS provided
good predictions of tip leakage vortex cavitation and correctly
differentiated the two ducted propellers. Nevertheless, the
cavitation of a marine propeller may exhibit a variety of
patterns depending on the cavitation’s location or physical
appearance, such as sheet cavitation, tip and hub vortex
cavitation and cloud cavitation. The ability of CFD to capture
these cavitation patterns and correctly rank propellers with
different cavitation patterns is still largely unknown.

The aim of this paper is to analyze the feasibility of RANS in
cavitation predication and to provide a reference for propeller
designers on how to appropriately choose a mesh parameter,
time step size and turbulence model to capture different types
of cavitation. We adopt two propellers with similar geometries
but slightly contrasting pitch ratio distributions and different
cavitation behaviours in terms of sheet, tip vortex and face
cavitation. By simulating the two propellers, the ability of
RANS to capture different types of cavitation and correctly
rank similar propellers can be revealed. To validate the CFD
results, a model test is carried out in a cavitation tunnel. It is
known that grid number and time step are the factors that
significantly affect computational time. However, the optimal
grid density and time step size are not known for capturing
different types of cavitation. Therefore, the effects of grid and
time step are discussed in this work. Moreover, the turbulence
effect is discussed against the two most commonly used twoequation turbulence models: realizable k-ε and SST k-ω.

PROPELLER GEOMETRY AND
EXPERIMENT SET-UP
Two propellers designed for a container vessel 1900 TEU,
with similar geometries but slightly different pitch ratios,
are investigated here. Table 1 summarizes the principle
dimensions of the two propellers. The blade section type
is NACA 66. A cavitation model test is carried out in the
cavitation tunnel of the China Ship Scientific Research Center
(CSSRC) to provide validation data for CFD simulations.
Fig. 1 shows the propeller models used in the cavitation test.
The scale ratio is 1/26.8283. The dimensions of the tunnel at
the measuring segment are 10.5 m (L) ×2.2 m (W) × 2.0 m (H).
The set-up of the model test is shown in Fig. 2. Two cameras
are installed in the stern of the hull to take photos during the
experiment. The free surface is not considered in the model
test. The stern wave effect is taken into account by increasing
the model draft by 0.05 m.
Traditionally, a high propeller revolution speed is used
in cavitation tests to eliminate the Reynolds number effect
as far as possible. The propeller revolution speed is set at
28 revolutions per second (rps). The inflow velocity is adjusted
to ensure the propeller is operating at the target thrust load
coefficient, which is defined as:

 ்ܭൌ

ܶ
ȱ
ߩ݊ଶ ܦସ

(1)

where T is the thrust, ρ is the water density, n is the propeller
rotation speed and D is the propeller diameter. T corresponds
to the propeller thrust at the target ship speed; the function
between T and ship speed is determined by the self-propulsion
test. For the ship investigated, the ship speed at design draft
with given power is 18.92 kts and the corresponding KT
is 0.167, according to the result of the self-propulsion test.
This operating condition is investigated in the cavitation
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test. Cavitation number, noted as , is an important factor for
cavitating flow. It is defined here as:
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(2)

where P is the static pressure and Pv is the saturation pressure.
The cavitation number is the difference between P and Pv,
divided by the dynamic pressure of the incoming flow. The
cavitation number corresponding to the above-mentioned
operating condition is σn=0.293. It is determined by ensuring
that the cavitation number in the model test at 0.8 R (propeller
radius) at 12 o’clock is equal to that in full scale.
At the propeller design phase, the target rotation speed of
a propeller is traditionally fixed because the main engine has
been given and thus all the designed propellers should have
close thrust at the target rotation speed. For this, the camber
of the Propeller B blade is reduced to ensure that it generates
equal thrust when operating at the same rotation speed as
Propeller A. Fig. 3 displays the open water characteristics
obtained by open water model test. The operating point in
the cavitation test approximately corresponds to the advance
ratio of J=0.63. It can be seen that the two propellers have
approximately the same thrust around the operation point.
Therefore, in the cavitation test, the two propellers are
considered to be operating at the same cavitation number.
Tab. 1. Principle dimensions of the propellers
Item

Unit

Propeller A

Propeller B

Diameter
Expanded blade area ratio
Pitch ratio at 0.7R
Chord length at 0.7R
Blade number

m
m
-

6.64
0.57
0.850
1.668
5

6.64
0.57
0.880
1.668
5

Fig. 3. Open water characteristics of the two propellers

COMPUTATIONAL DETAILS
NUMERICAL MODELS
The Schnerr-Sauer cavitation model is used here to deal
with the cavitation evolution, based on a reduced RayleighPlesset (RP) equation and neglecting the influence of bubble
growth acceleration, viscous effects and surface tension
effects. The Schnerr-Sauer cavitation model allows the bubble
growth rate and collapse rate for both single-component
materials and multi-component materials to be scaled. In
the Schnerr-Sauer cavitation model, the single-component
cavitation bubble growth rate is estimated using the inertiacontrolled growth model:

൬

Fig. 1. Photos of the propeller models used in the experiment

ܴ݀ ଶ ʹ ܲ௦௧ െ ܲஶ
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where Psat is the saturation pressure corresponding to the
temperature at the bubble surface, P∞is the pressure of the
surrounding liquid and ρ is the liquid density.
RANS method is used and the governing equations
consists of continuity equation and momentum conservation
equations, which can be written as:

Xത L

[L

Fig. 2. Set-up of the cavitation model test
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where: i and j are the coordinate components, u denotes the
velocity, ρ is the fluid density, μ is the viscosity of the fluid,
P is the pressure, f is the body force and ߩXതതതതത
L XM is the Reynolds
stress term, which can be closed based on turbulence models.
The solution of the flows in this work is based on a commercial
CFD code, STAR-CCM+, which is widely used in the marine
industry [5,13,15,16] and has proved to be a reliable numerical
tool for the analysis of marine hydrodynamics. Finite volume
method (FVM) is adopted in STAR-CCM+ to discretize the
governing equations. A second-order upwind scheme is used
for the convective term. The cavitation interface is captured
based on the volume of fluid (VOF) method.
COMPUTATIONAL DOMAIN AND GRID SYSTEM
The computational domain is a cube, in which a cylinder
subdomain is generated to handle the propeller rotation
using a sliding mesh. The dimensions of the computational
domains are depicted in Fig. 4. The mesh is generated using
a STAR-CCM+ automated mesh facility, which can generate
unstructured hexahedral cells based on the Cartesian cutcell method. Prism layers are also generated on the ship
and propeller surfaces to compute the boundary layer flow
moreaccurately. The target wall normal distance of the
prismatic first layer cell is y+=2 on blades and y+=40 on
the hull. Fig. 5 displays the grid system for the simulations.
Multiple refinement levels are used near the hull and blades
to achieve a reasonable mesh distribution. The finest meshes
are distributed along with the leading and trailing edges of
the blades. The grid in the regions around the blade tips is
also refined to capture the cavitation. The total cell number
generated is 8.94 million. The time step is set to, corresponding
to the blade rotating angle of 0.25 degrees in a time step.

RESULTS AND DISCUSSION
GRID REFINEMENT
Grid refinement is crucial for capturing flow details in CFD
simulations. Shin et al. (2018) [17] studied an adaptive grid
refinement based on Q-criterion and showed a remarkable
improvement in the capturing of tip vortex cavitation.
Viitanen et al. (2020) [18] also exhibited the significant grid
resolution dependency of tip vortex cavitation for an open
water propeller. This section discusses the grid sensitivity of
the present numerical approach. Three set of grids are used
here: coarse, medium and fine. The refining zones are the
region around the blade tips (see Fig. 6). The cell numbers of
the three grids are 8.94 million, 13.1 million and 21.1 million,
respectively. The refinement ratio is 2. Thus, the grid cell
number increases considerably as the spatial resolution
increases. Therefore, only one blade tip is refined in the fine
grid with respect to the medium mesh to control the total
grid number at an acceptable level. A similar refinement
strategy was applied by Asnaghi et al. (2018) [19]. The spatial
resolutions for the three grids are 0.24 mm, 0.12 mm and
0.06 mm, respectively. A detailed comparison of the grid
density between the refined mesh and the original mesh is
shown in Fig. 7.

Fig. 6. Refining zones around the blade tips

Fig. 4. Sketch of the computational domain

Fig. 7. Mesh distributions near the blade tips. Left: coarse grid; middle:
medium grid; right: fine grid

Fig. 5. Grid system for the simulations

Fig. 8 presents the cavitation patterns of a single blade
of Propeller A based on different grids. Sheet cavitation is
observed and gradually merges with the tip vortex cavitation.
The sheet cavitation results are not sensitive to the spatial
resolution. However, the simulation of the tip vortex
cavitation is remarkably improved with the medium and
fine grids. The coarse grid considerably underestimates the
detachment of the tip vortex cavitation and gives a smaller
POLISH MARITIME RESEARCH, No 4/2020
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extent of the tip vortex cavitation. The survival distance of the
tip vortex cavitation in the refined grid is markedly longer.
This is mainly because the tip vortex is quite small and more
sensitive to the local low pressure in its core. Its inception is
complicated and is closely related to the local flow features
as well as the size of the air nuclei in the inflow. The tip
vortex cavitation is unstable and dynamic as it deforms while
propagating downstream under the influence of the evolution
of the tip vortex. Fig. 9 shows the deformation of the tip
vortex cavitation based on the medium grid, where the roll-up
behaviour caused by the velocity of the tip vortex is clearly
seen. The strength of the tip vortex is strongly dependent
on the load distribution along the radial direction of the
blade. The computed propeller has a light load near the tip,
producing weak tip vortices.
Fig. 10 provides a quantitative comparison between the
three grids based on vapour volume. It can be seen that the
coarse grid yields a smaller vapour volume and the results
of the medium and fine grids are close. As there is no major
difference between the medium and fine grids in terms of
cavitation shape and extent, the medium grid is adopted in
the following discussion.

Fig. 8. Cavitation patterns for different grids. Top: coarse grid; middle:
medium grid; bottom: fine grid.

Fig. 9. Tip cavitation evolution
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Fig. 10. Variations in vapour volume versus blade phase angle using
different grids

TIME STEP SENSITIVITY
For unsteady flow, time step is an important parameter
because it represents the temporal resolution. Perali et al.
(2016) [20] have shown that cavity volume and pressure
fluctuation are sensitive to time steps. A small time step is
better able to capture the cavitation dynamics, but it increases
the computational time as more time steps are needed. From
an engineering designer’s point of view, the time step size
used should be as large as possible while sufficiently small
to capture the concerned flow feature. Therefore, it is worth
analyzing the effect of time step on different cavitation
phenomena so that designers can choose the appropriate
time step size for specific cavitation flows.
According to the CFD application guidelines of the 26th
International Towing Tank Conference [21], the time step
size for a rotating propeller should ensure at least 200 time
steps per revolution. However, a simulation of cavitating
flow usually requires a much smaller time step to capture
accurately the flow detail. Local velocities and pressure are
able to affect the results considerably. Therefore, here we
consider three times steps – Δt = 1/(720n), Δt = 1/(1080n)
and Δt = 1/(1440n) – corresponding to blade rotation angles
of ½°, ⅓° and ¼° per time step, respectively. Time steps larger
than Δt = 1/(720n) are not sufficient to capture the cavitating
flow, while time steps smaller than Δt = 1/(1440n) require
too much computational time. T
he simulation results based on the three time step sizes are
shown in Fig. 11. It can be seen that the extents and patterns of
sheet cavitation using different time steps are similar, whereas
the survival distance of the tip vortex cavitation increases
markedly as the time step size decreases. As Propeller A has
a relatively smaller pitch ratio, face cavitation phenomena
are observed. Fig. 12 compares the face cavitation computed
using different time step sizes at the phase angle of maximum
face cavitation. Again, smaller time steps yield better results.

The results in Figs. 11 and 12 reveal that the sensitivity
of cavitation calculation to time step depends on the type
of cavitation being considered. Therefore, in the practical
design phase, it is appropriate to use a larger time step to
minimize the computational cost, when sheet cavitation is
the main concern , while a small time step may be necessary
to accurately predict the tip vortex cavitation and possible
face cavitation.

Fig. 13 provides a comparison of the cavitation patterns
obtained by the two turbulence models. Overall, the cavitation
extent and its variation with phase angle obtained based on
the realizable k-ε and SST k-ω are quite similar. In detail,
the realizable k-ε slightly underestimates the area of the
sheet cavitation compared with SST k-ω and shows a slight
difference in terms of the tip vortex cavitation. Fig. 14 shows
the face cavitation of the two turbulence models; no evident
differences between them can be observed. The results shown
in Figs. 15 and 16 imply that the turbulence models have slight
effects on cavitation prediction.

Fig. 13. Comparison of cavitation patterns between SST k-ω (top) and
realizable k-ε (bottom)
Fig. 11. Cavitation patterns for different time step sizes. Top: Δt = 1/(720n)”;
medium: Δt = 1/(1080n); bottom: Δt = 1/(1440n)”

Fig. 14. Comparison of face cavitation between SST k-ω (left) and realizable
k-ε (right)
Fig. 12. Face cavitation at a phase angle of 246° for different time step sizes

RANKING OF PROPELLERS
EFFECTS OF TURBULENCE MODEL
Turbulence models are commonly used to model turbulent
flows in CFD simulations and the choice of turbulence model
may affect the results. Various turbulence models have been
proposed by researchers, the most commonly used being twoequation models such as variants of k-ε and k-ω. Compared
with two-equation models, advanced turbulence models
such as DES and LES can offer higher fidelity for flow details
but need more computational time. Two-equation models
provide a good compromise between computational time
and accuracy. In this section, realizable k-ε and SST k-ω are
considered as they are the most commonly used models. The
refined grid is used combined with a time step of in order to
eliminate the effects of grid and time step as far as possible.

The ability of RANS to rank the two propellers is analyzed
in this section. Based on the above analysis, a medium grid
with a time step of is adopted here. Figs. 15 and 16 show the
experimental and numerical cavitation patterns at different
phase angles of Propeller A and Propeller B, respectively.
The level of agreement between the experimental and CFD
patterns are quite good in terms of cavitation extent and
location, especially for larger phase angles. Nevertheless,
the tip vortex cavitation is underestimated in CFD. This may
be due to the underestimation of the tip vortex’s strength.
Advanced turbulence models, such as DES or LES, may be
able to yield better results, but this is beyond the scope of
this work. As Propeller B uses a larger pitch ratio, it shows
a larger sheet cavitation extent than Propeller A, as correctly
differentiated by the present CFD simulation.
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Another noteworthy difference between Propeller A and
Propeller B is that face cavitation is observed on the blade of
the former at a phase angle of around 246°. This phenomenon
is also well predicted by the CFD simulation (see Fig. 17). The
occurrence of face cavitation in Propeller A mainly owes to
the light load of the blade at specific phase angles. Fig. 18
presents the nominal wake of the hull at the propeller plane,
while Fig. 19 displays the time history of a single blade thrust
coefficient. It can be seen around the phase angle of 246° that
the wake fraction coefficient is small and the circular velocity
of the hull wake is in the same direction as the blade rotation,
resulting in a trough on the blade loads. Such a mechanism
was also identified by Zhang et al. (2020) [22], who discussed
the effect of hull wake velocity on blade load. Face cavitation
should be avoided as it may cause erosion on the blade. These
results imply that RANS may be a reliable tool for predicting
face cavitation.

Fig. 16. Comparison of cavitation patterns between the model test and

CFD for Propeller B

Fig. 17. Face cavitation of Propeller A obtained by the model test (left)
and CFD (right)

Fig. 15. Comparison of cavitation patterns between the model test and CFD
for Propeller A
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steps were found to have a slight effect on the sheet cavitation
pattern and a remarkable effect on both the survival of the
tip vortex cavitation and the prediction of face cavitation.
Moreover, two turbulence models – realizable k-ε and sst
k-ω – were compared, yielding similar cavitation results,
implying that the cavitation prediction based on RANS was
not sensitive to the turbulence models.
CFD has been found to provide good predictions of the
cavitation patterns of the two propellers compared with
the experimental observations in terms of cavitation extent
and variation by phase angle. The differences yielded by
the experimental observations in terms of cavitation extent
between the two propellers were well captured by the CFD
simulation. A face cavitation that was experimentally
observed on Propeller A but not on Propeller B was also
effectively simulated by CFD.
Fig. 18. Nominal wake fraction coefficient at the propeller plane
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ABSTRACT

The paper presents a framework for optimising a sailing yacht rig using Multi-objective Evolutionary Algorithms and for
filtering obtained solutions by means of a Multi-criteria Decision Making method. A Bermuda sloop with discontinuous
rig is taken under consideration as a model rig configuration. It has been decomposed into its elements and described
by a set of control parameters to form a responsive model which can be used for optimisation purposes. Considering
the contradictory nature of real optimisation objectives, a multi-objective approach has been chosen to address this
issue. Once the optimisation process is over, a Multi-criteria Decision Making method based on a w-dominance relation
is applied for filtering out the most interesting solutions from the obtained Pareto set. The proposed method has been
implemented, and selected results are provided and discussed.

Keywords: Sailing yacht rig optimization,Bermuda sloop,Multi-Objective Evolutionary Algorithms (MOEA),Multi Criteria Decision
Making (MCDM)

INTRODUCTION
Over the last few centuries, there has been a constant shift
from design methods based on empiricism and experiments
or even so-called rules of thumb towards a more analytical
approach [1]–[3]. Instead of being content with the estimated
characteristics of different phenomena (based on experience
gained before), we want to know the reasons why those
phenomena occur, in order to predict their characteristics
with greater accuracy. Moreover, the last decades brought
changes to the means of design in engineering. Designers,
constructors and engineers use CAD/CAE software nowadays
[2] instead of drawing gear and paper or a punch card computer
in atransition time. The field of yacht design is no exception
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to the changes mentioned above. However, in some way it has
remained unchanged regardless of computer software and the
analytical approach involved in it. A yacht is a complex system
composed of many subsystems that are strongly dependent
on each other – a change made regarding one of them will
cause a change regarding the others. Therefore, yacht design
is an iterative process based on the trial and error approach.
It is commonly referred to as a design spiral, in which issues
are repeatedly considered in a predefined order, and each
iteration comes closer to the satisfactory solution regarding
all mutually dependent issues [2], [4]. The concept of a design
spiral – where a designer starts from the outside and gets
closer to the satisfactory solution (presented by the middle
of the spiral) with subsequent encirclements – is presented
in Fig. 1.

method is simplified at this stage of work, the early simulation
results confirm the method’s potential and future usability.
The rest of the paper is organised as follows. In the next
section, the design approach, software platform, as well as
MOEA and MCDM are described briefly. Consequently, the
optimisation problem is introduced – together with the rig
model decomposition, its control parameters, optimisation
objectives and constraints. Then, the optimisation and filtering
algorithms are discussed. It is followed by the presentation of
simulation results and their discussion. The paper is closed
by summary and conclusion.

PHYSICS BEHIND THE PROBLEM
Fig. 1. Concept of design spiral illustrating the iterative nature of yacht design
process [2]

A vast number of characteristics determine the shape
of a sailing yacht seen by the observer at the end of design
process. Aside from the fact of numerous, strongly dependent
relations between yacht subsystems, many of above-mentioned
characteristics are contradictory [2] – sail area vs. rig mass and
its Vertical Centre of Gravity (VCG), interior space (volume)
vs. small side surface subjected to wind pressure – to name
but a few. Improving the design process involves finding
a satisfactory balance between the conflicting characteristics
mentioned above, which in turn requires solving a Multiobjective Optimisation Problem (MOP).
In general, optimisation is an issue being widely discussed in
the field of yacht design. There are multiple works concerning
Single-objective Optimisation Problems (SOPs) here. One of
the most popular among them is the yacht speed optimisation
carried out in a variety of ways – e.g. utilising Extreme
Seeking [5], Pattern Search and STAR-CCM+ [6], Genetic
Algorithms [7], numerical and experimental data to optimise
up-wind sailing strategy [8] or parametric analysis and the
lattice vortex method [9]. The works regarding MOPs in yacht
design are relatively rare. They mostly focus on methods of
selecting or optimising sails [10], [11], mast and rigging [12],
[13] or both [14]. Among others, they propose an integrated
sail-rig analysis method [14], sail optimisation method [10]
[11], mast and rigging selection method [12] or optimal rig
design method [13]. Yet, as for yacht rig optimisation, the
existing works either apply a single-objective approach to
optimisation (by aggregating various objectives into one goal
function, usually in the form of a weighted average) or reduce
the problem to a Multi-Criteria Decision Making (MCDM)
one, where a solution is chosen from a predefined set [12].
Considering all of the above, we may conclude that there is
still need for a multi-objective yacht rig optimisation method,
which would simultaneously pursue multiple goals and look
through the whole space of possible solutions. The current
paper aims to fill this gap by proposing such a method.
The method has been implemented and integrated within
a software environment. Whilst the problem modelling in the

Fig. 2. presents a set of forces acting on a yacht while
sailing upwind. A result of Apparent Wind acting on sails
is Resultant Aerodynamic Force (TA) which in turn induce
Resultant Hydrodynamic Force (TH) mainly due to presence
of surface of lateral resistance (underwater part of hull, keel/
centreboard, rudder). TA might be decomposed to:
• Driving Force (FD), which gives the yacht a thrust causing
it to move forward,
• Heeling Force (FP) – a side effect that causes the heel.
Then TH can be decomposed to:
• Hydrodynamic Drag Force (R) – which is an effect of
mainly wave resistance and water viscosity,
• Hydrodynamic Lift Force (N) which allows the yacht to
stay on course.
TA is transmitted from the sails onto the mast (Fig. 4) and
in order for mast to withstand the TA – standing rigging is
introduced (Fig.9 & Fig.10). It supports the mast and transfers
the loads onto the hull. Leeward side of rig in the Fig. 4 has
been omitted for the clarity – assuming no roll, the loads are
transmitted by the windward side.
When looking at a yacht section, it can be observed that
a Horizontal Component of Heeling Force (FPH) and Horizontal
Component of Hydrodynamic Lift Force (NH) are the reason
for a yacht heel, assuming coordination system with X-axis
parallel to the water surface and Y-axis pointing upwards.
A righting moment (RM), generated both by Buoyancy
Force (B) and Weight Force (W), keeps the yacht from
capsizing (turning upside down). RM gives an information
about how much wind the yacht can withstand and therefore
is used for a yacht scantling. A value of RM corresponding
to safe working angle (usually 30°) is taken into account.
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RESEARCH METHODS
AND SOFTWARE
TOOLS
After research regarding
possible design approaches,
it was decided to apply the
Classification Rules issued by the
Polish Register of Shipping (PRS)
[15] regarding the rig design
and scantling, due to the fact
that most calculation might be
solved within the chosen software
platform – without a necessity of
implementing FEM calculation
(as for e.g. DNV-GL rules [16]).
Rhinoceros [17] was chosen
as a basic platform for this
Fig. 2. Aero- and hydrodynamic forces acting on a sailing yacht while
project due to its relatively
Fig. 3. Aero- and hydrodynamic forces
sailing upwind
acting on a sailing yacht – yacht section
good modelling efficiency
and a possibility to enhance
it functionality by an easily
accessible programming and
parametric design which was
crucial in this work. By parametric
design, it is understood that
designing does not involve
operating on the model itself but
on the set of control parameters
by which the above-mentioned
model is defined. It allows
dynamic changes (even of major
character) in the model and was
essential in terms of automatising
the optimisation process. The
Rhinoceros platform is open for
including multiple plug-ins. In
this case, two such plug-ins are
used: Grasshopper and Octopus.
G r a s s hop p e r [18] i s
Fig. 4. Forces in the rig
a Rhinoceros dedicated plug-in
adding the crucial feature of
When it comes to the rig scantling, a forces from sail
parametric design but also allowing the author to implement
loads in the standing rigging are evaluated (Fig.4), as well
easily his own algorithm integrating a solution for all the
as the mast compression force and resulting required
issues undertaken in this work – described more extensively
in the Problem section. As for Octopus [19], it is a robust
inertia moments to withstand buckling (deflection of the
mast due to compression). Forces might be evaluates with
optimisation plug-in, which offers the multi-objective
a numerical method (e.g. FEM – Finite Elements Method)
optimisation feature by means of applying Multi-Objective
Evolutionary Algorithms (MOEAs) [20].
or analytically. In case of this paper an analytical approach
The integrity of the software environment is a necessity,
has been chosen due to its easier employment in the selected
software environment. The forces in transverse rigging –
as the data are being transferred back and forth between
Rhinoceros (which is utilised by Grasshopper as a platform
shrouds & spreaders (Fig.4), as well as in the mast sections
– are evaluates with a method of joints, whereas forces in the
for geometry modelling), Grasshopper within which or by
stays are evaluated according to a Polish Register of Shipping
which a majority of operation is performed (containing the
Rules for rig scantling.
main algorithm) and Octopus which implements the MOEA
to Grasshopper. A simplified scheme of the main algorithm’s
flow is presented in Fig. 5.
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Fig. 5. Simplified flow chart of the method

The method requires the Decision Maker (DM) to
choose a hull design and input the geometric (hull shape)
and numeric data (stability properties). A material for mast
profiles and spreaders has to be chosen as well (by default it is
an aluminium alloy). If the DM decides on other material (e.g.
steel/wood), there is a necessity to provide the algorithm with
its properties in the form of Young’s modulus and adequate
profile catalogue. As for the standing rigging – stainless steel
1×19 wires are chosen by default – it can be modified as above,
providing the algorithm with an alternative wire catalogue.
The DM shall also provide the evolutionary optimisation
parameters of SPEA2 algorithm [21] (coefficient for elitism
and mutation probability, mutation and crossover rates,
number of generations to be evaluated and a type of mutation).
There is a possibility of modifying the control parameters’
ranges if desired. At this point, an automatised part of the
algorithm steps in – the DM starts to be a supervisor, until
the optimisation process is over. However, if necessary there
is a possibility of interfering with the optimisation process
by means of a reference point (RP). After the optimisation

process has been performed, there is a need to import the
obtained Pareto set to a module responsible for MCDM.
Once it is done, the weight intervals (ranges) are specified,
and within seconds, based on w-dominance, a filtered set
of solutions is obtained for further evaluation by the DM.
It includes solutions which are most desirable in terms of given
weight intervals. The size of the filtered-out w-dominance
front is determined by the width of weight ranges – the
narrower they are, the smaller the filtered Pareto set is.
For the clarity a separate flow chart presenting how the
computation is performed has been provided (Fig. 6). It covers
the part of simplified flow chart (Fig. 5) – the excerpt from
drawing rig geometry (Rhino) to rig scantling (Grasshopper).
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Fig. 6. Rig force evaluation flow chart

MULTI-OBJECTIVE EVOLUTIONARY ALGORITHMS

problems. After the optimisation process, the user gets the
collection of Pareto non-dominated solutions – a Pareto
front – whose size depends on a generation size predefined
at the beginning. The concept of a Pareto front in case of two
objectives minimisation is illustrated in Fig. 8.

Whilst optimisation usually aims at finding one best
possible solution, the situation significantly changes when
we have more than one objective (goal function). In such case,
we could have an infinite number of Pareto optimal
solutions. A solution is called Pareto optimal or
non-dominated if it is not possible to gain any
improvements regarding one of the objectives
without a sacrifice in terms of another [22]. To
give an example – it is not possible to have a higher,
more spacious interior with a given hull shape if
will not accept a rise of side surface subjected to
wind pressure. Fig. 7 illustrates the concept of
a Pareto non-dominated solution in case of two
objectives minimisation.
When it comes to multi-objective optimisation,
there is no one objectively best solution, due to
Fig. 7. Pareto non-dominated solution in case
the contradictory nature of real optimisation
of two objectives minimisation [23]
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Fig. 8. Pareto non-dominated front in case
of two objectives minimisation [23]

Unfortunately, for many MOPs, neither analytical nor
iterative deterministic solutions are available due to the
particular MOP’s complexity or large search space, which
would result in an unacceptable computational time.
Therefore, an indeterministic heuristic approach is often
applied for such MOPs, namely Multi-Objective MetaHeuristics (MOMH). Of those, particularly successful are
Multi-Objective Evolutionary Algorithms (MOEA), which
combine random search and multiple genetic and problemdedicated operators (typical for Evolutionary Algorithms)
with dominance relations and algorithms for sorting nondominated solutions. Owing to the above features, MOEAs are
able to outrun analytical and iterative deterministic methods
whilst returning a good approximation of a true Pareto set [22].
One of the classic and still competitive MOEAs is improved
Strength Pareto Evolutionary Algorithm (SPEA II) [21], which
is implemented in the Octopus optimisation plug-in [19] for
the Rhinoceros platform.

Decision Making (MCDM) tools are commonly used for
filtering or ranking the results. Among others, MCDM may
apply preferences specified by the DM. Taking into account
the DM’s preferences can be done in a number of ways
[24]. The dominating one is that of a reference point (RP)
– a point in the objective space which represents a solution
that is desired and seems possible to be reached [25]. Other
approaches to applying the DM’s preferences include those of
objective comparison, solution comparison, outranking, knee
points and trade-offs [26]. Of those, the trade-off approach
is particularly well suited for rig optimisation, where a DM
is interested in a configurable balance between economic,
efficiency and safety-related objectives. A subjective trade-off
method utilising a weight-dominance relation (w-dominance)
[27] is used in the paper to elicit and apply DM preferences
to filter the obtained solutions.

OPTIMISATION PROBLEM
PREFERENCE-BASED MUTLI-CRITERIA DECISION
MAKING (MCDM)
YACHT MODEL AND RIG DECOMPOSITION
As mentioned above, in case of multi-objective
optimisation, the user obtains a set of non-dominated
solutions which approximate the true Pareto set. In case
of small Pareto sets, the user might check and evaluate the
solutions manually. Usually, however, the Pareto set is too
numerous for its manual evaluation, which would be too
time-consuming and inefficient. Therefore, Multi Criteria

For the current version of the method, a Bermuda sloop
(Fig.9) – the most common rig nowadays – with a non-swept
spreaders and discontinuous rig type (Fig. 10 & Fig. 11) has
been selected as a rig configuration. However, other rig
configurations will also be considered and handled in the
further development of the method.

Fig. 9. Bermuda sloop with non-swept spreaders and backstay.
The origin of the coordination system is located at the intersection
of the yacht centreline and the projection of the transom tip
(point farthest to the aft) to the deck level. The X-axis points
forward, the Y-axis points to the portside (left when looking
forward), and the Z-axis points upwards [28]

Fig. 10. Discontinuous rig, diagonal shrouds (D)
and vertical shrouds (V) are numbered going
from the deck [29]
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Fig. 11. Discontinuous rig [30]

The control parameters defined for describing the model
(Fig. 9 and Fig. 10) are the following:
1. number of spreaders: ns {א1,2,3,4},
2. (mast length over deck/ length of hull) ratio:
={1.15,1.16,1.17,…,1.50},
3. mast 1st transverse section coefficient:
k1t={1.00,1.01,1.02,…,1,50},
4. mast 2nd transverse section coefficient:
k2t={1.00,1.01,1.02,…,1,50},
5. number of innerstays present (counting from deck):
nisp{א1,2,3,4} and nisp≤ns.
Usually, length of 1st mast transverse section (of 2nd often as
well) differs from the length of other mast transverse sections,
thus k1t and k 2t has been introduced – determining the length
of the 1st and 2nd section regarding other sections’ length.
OPTIMISATION OBJECTIVES

The above-mentioned rig model (excluding the hull from
Fig. 9, Fig. 10) might be decomposed into elements presented
in Fig. 12.

Figure 12. Decomposition of the rig model

CONTROL PARAMETERS
After decomposing the chosen rig configuration into its
elements, it was necessary to describe it with a set of control
parameters to obtain a responsive model – a model that
dynamically adapts to the values of the control parameters
that are being changed e.g. by the user. This approach is called
parametric modelling and is widely utilised in yacht design
as well as in multiple other fields. Owing to this, the user can
introduce even major geometry modifications by changing
values of control parameters instead of modifying the model
itself.
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A designer’s purpose is to obtain an efficient rig, which
means a rig that will produce enough thrust for a considered
boat with possibly low mass
and VCG. Usually its cost
should be within the budget
specified by the client. This has
been reflected in the presented
method’s framework. The mass
and VCG have been combined
into one objective: in terms
of the overall yacht’s CG,
saving in mass is indifferent
if compensated by rise of
VCG (as well as the other
way around). For the abovementioned reason, the first
objective is minimisation of
mass multiplied by VCG . The
second one refers to the rig’s
capability to produce thrust,
and at that development stage
(assuming triangle-shaped sails), a sail area has been chosen
as an objective. The third objective is connected with the cost
of the rig – a set of offers and price lists have been gathered
from rigging companies, and based on analysis of them, a rig
material cost estimation module has been implemented into
the algorithm. It calculates the cost on the basis of price lists
– either found on the company’s websites or deducted and
interpolated from the set of offers received.
To sum up, the objectives are:
1. minimising (m * VCG) [kgڄm] – as an indicator of gain
or loss regarding the yacht’s stability,
2. maximising the sail area [m2] – as an indicator of gain or
loss regarding the rig’s efficiency,
3. minimising the cost of rig elements (mast & spreader
profiles, spreader fittings, wires, terminals and rig screws
for the standing rigging) [EUR].

The above-listed objectives are mutually divergent. E.g.,
for a specified hull shape, a gain in sail area will cause a rise
of mass and usually also a rise of VCG (a loss in terms of the
1st objective) as well as cost growth (a loss regarding the 3rd
objective). Similarly, minimising the mass and VCG can only
be done by sacrifice in terms of sail area or a significant rise in
cost (when shifting from aluminium to carbon spars and from
ordinary stainless steel wires to rods, aramid or PBO wires).
OPTIMISATION CONSTRAINTS
For the optimisation problem to be solved in the paper,
the constraints are stated in one of three ways:
• as allowing the optimisation algorithm to manipulate only
a chosen group of parameters describing the rig model,
• as directly specified intervals (ranges) of the abovementioned chosen group of parameters (control
parameters),
• as dependencies fed to the optimisation part of algorithm.
The first two groups were described in the Control
Parameters section. Constraints from the last group are
listed below:
• the required transverse inertia moment (Ixx) of the mast
profile is smaller than the Ixx of the biggest mast profile
fed to the algorithm,
• the required longitudinal inertia moment (Iyy) of the mast
profile is smaller than the Iyy of the biggest mast profiles
in the catalogue fed to the algorithm,
• the calculated breaking load (BL) of each line is lower than
the minimum BL of the biggest line in the catalogue fed
to the algorithm.
The above-mentioned constraints aim at excluding
solutions that are infeasible taking into account given
components (mast profiles or wires) and avoiding a situation
when loads exceed maximum elements’ strength – which
could lead to the rig damage [31].
OPTIMISATION ALGORITHM AND PREFERENCEBASED FILTERING OF RESULTS
The algorithm’s input data might be divided into two
groups: geometric (that are being imported from Rhinoceros)
and numeric (which have to be specified in Grasshopper).
In case of a rig arrangement (omitting a sail balance at this
preliminary stage of development), the geometric data are
limited to the yacht centreline and side contour at the deck
level (Fig.13 & Fig.18). When it comes to numeric data, they
are characteristics regarding yacht stability and mast profile
material for scantling purposes (fitted to the PRS rig scantling
algorithm [15]). The user can either choose to give the righting
moment at 30-degree heel and ballast coefficient (defined
by PRS regarding the type of ballast) or displacement and
maximum righting lever up to 60-degree heel as stability
data. For mast material data, it is possible to choose from
a few predefined materials or to input the chosen material’s
Young’s modulus.

As for the main algorithm’s flow, it is as follows. Assuming
that the case of a specific yacht is considered and the decision
regarding hull choice has been made, it is required to feed
a deck outline together with a yacht axis as geometric data and
stability properties as numeric data. Subsequently, catalogues
of mast & spreader profiles have to be indicated. It should
be noticed that the above-mentioned catalogues might
significantly limit the solution space (due to optimisation
constraints described earlier). Following this, any interaction
with the user is no longer required – the rest of the operations
are performed automatically. Based on the control parameters
described earlier (and listed in the flow chart), subsequent
elements’ geometries of the rig are drawn step by step – as
for drawing of some, the presence of others are necessary
(e.g. drawing the verticals requires the presence of spreaders).
Having the rig geometry created as a model for calculation,
calculations for the matter of rig scantling are performed. The
mast compression force and the resulting required inertia
moments are calculated – for the purpose of mast profile
selection as well as rig elements’ normal forces for the need
of standing rigging wire selection. Having scantling done, the
algorithm evaluates quantities for the optimisation algorithm
– rig’s mass, VCG and cost (sail area has been determined
during the wire selection). At this point, the algorithm may
either go back to the control parameters to change their values
and create another individual and continue the optimisation
process or terminate it if the assumed number of generations
has been reached.
Once the main optimisation process is completed,
a preference-based MCDM method is used for filtering
those results, which addresses the DM’s best interest. The
method applies the w-dominance relation [27], where the DM
specifies weight intervals (ranges) regarding each optimisation
objective (goal function). The w-dominance relation extends
Pareto dominance in such a way that some of non-dominated
solutions in the strict Pareto sense will be w-dominated and
thus eliminated.

SIMULATION RESULTS
For the sake of presentation, two simulations – with two
different sets of input data – have been carried out, and each
of them has been filtered out with MCDM based on two sets
of weight ranges. For the evaluation, two different hull designs
were taken into account (different size – length over all (LOA)
and different stability properties). Fig. 13 & Table 1 present
the 1st set of data (for 33-foot hull) fed to the algorithm.
Next, Fig. 14 illustrates the obtained Pareto set, and Table 2
& Table 3 present the weight ranges for the MCDM regarding
the 1st set of data. Fig.15 & Fig.16 present the solution sets
obtained after MCDM, and Fig. 17 presents the individuals
of the filtered set.
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Fig. 13. 1st set of geometric data - centreline and side contour
at the deck level (33' hull), own source

Tab. 1. 1st set of numeric data (33' hull), own source
No.

Characte-ristic

Value

1

LOA [m]

10.07

2

B [m]

3.51

3

RM30 [kNm]

43.00

4

ballast coeff. (k t) [-]

1.50
Fig. 14. Pareto set obtained for 1st set of data

Tab. 2. Set (A) of weight ranges for 1st set of data

Tab. 3. Set (B) of weight ranges for 1st set of data

No.

goal function

weight range

No.

goal function

weight range

1

(m*VCG)

ۃ0.5,1ۄ

1

(m*VCG)

ۃ0.8,1ۄ

2

sail area

ۃ0.5,1ۄ

2

sail area

ۃ0.8,1ۄ

3

cost

ۃ0.5,1ۄ

3

cost

ۃ0.8,1ۄ

Fig. 15. Solution set obtained for 1st set of data and (A) set of weight ranges
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Fig. 16. Solution set obtained for 1st set of data and (B) set of weight ranges

The 2nd set of input data refers to ~47-foot hull. Its
characteristics – input data for the algorithm – are presented
in Fig.18 & Table 4. Fig.19 illustrates the obtained Pareto
set, and Table 5 & Table 6 present the weight ranges for the
MCDM regarding the 2nd data set. Fig.20 & Fig. 21 present
the solution sets obtained after MCDM, and Fig. 22 presents
the individuals of the filtered set.

Fig. 17. Filtered solutions from the Pareto set for 1st set of data,
given (A) set of weight ranges, sorted by value of 1st goal function increasing,
given (B) set of weight range solution: 1st from left remains

Fig. 18. 2nd set of geometric data – centreline and side contour
at the deck level (47' hull), own source

Tab. 4. 2nd set of numeric data (47' hull), own source
No.

Characteristic

Value

1

LOA [m]

14.38

2

B [m]

4.36

3

RM30 [kNm]

4

ballast coeff. (k t) [-]

123.00
1.50
Fig. 19. Pareto set obtained for 2nd set of data (47' hull)

Tab. 5. Set (A) of weight ranges for the 2nd data set

Tab. 6. Set (B) of weight ranges for the 2nd data set

No.

goal function

weight range

No.

goal function

weight range

1

(m*VCG)

ۃ0.5,1ۄ

1

(m*VCG)

ۃ0.8,1ۄ

2

sail area

ۃ0.5,1ۄ

2

sail area

ۃ0.8,1ۄ

3

cost

ۃ0.5,1ۄ

3

cost

ۃ0.8,1ۄ
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Fig. 20. Solution set obtained for 2nd set of data
and (A) set of weight ranges

Fig. 21. Solution set obtained for 2nd set of data
and (B) set of weight ranges

Fig. 22. Filtered solutions from the Pareto set for 2nd set of data,
given (A) set of weight ranges, sorted by value of 1st goal function increasing,
given (B) set of weight range solutions: 1st, 3rd, 5th and 7th from left remains

As the solution space for 2nd set of data consists of many
similar solutions – where a difference is difficult to notice –
they have been compared in the Table 7.
Tab. 7. Comparison of filtered solutions from the Pareto set for 2nd set of data, given (A) set of weight ranges, sorted by value of 1st goal function increasing,
given (B) set of weight range solutions (grey rows)
1st mast
transverse
section length
[m]

2nd mast
transverse
section length
[m]

3rd mast
transverse
section length
[m]

4th mast
transverse
section length
[m]

5th mast
transverse
section length
[m]

overall
mast length
[m]

1372; -95,64; 17740

4,23

3,67

2,88

2,88

2,88

16,54

1484; -100,7; 18470

4,31

3,66

3,09

3,09

3,09

17,24

solution
(Obj.1.;Obj.2.;Obj.3.)

1658; -100,7; 19320

3,66

3,59

3,34

3,34

3,34

17,27

1719; -102,8; 19920

3,96

3,61

3,32

3,32

3,32

17,53

1752; -103,8; 20310

4,00

3,82

3,29

3,29

3,29

17,69

1909; -106,8; 21080

3,88

3,66

3,53

3,53

3,53

18,13

1978; -107,9; 21700

4,05

3,91

3,43

3,43

3,43

18,25

2209; -114,0; 23420

4,63

4,28

3,40

3,40

3,40

19,11

2697; -123,2; 27480

4,29

4,08

4,02

4,02

4,02

20,43
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The w-dominance method’s filtering efficiency might be
observed by comparing the size of the Pareto set and the
filtered solution set. The comparison is presented in Table 8.
Tab. 8. Pareto set size and filtered set size comparison
Pareto
set
size

Number of
non-dominated
solutions for the 1st
set of weight ranges
(A)

Number of
non-dominated
solutions for the 2nd
set of weight ranges
(B)

1st hull (33')

100

2

1

2nd hull (47')

67

9

4

Even taking into account relatively wide weight ranges –
ۃ0.5,1 ۄfor all goal functions – meaning that no solution is
more than twice as important as the other(s), the solution set
is reduced at least seven times. It gives an idea about the utility
of the filtering tool as it enables a DM that is quite unsure
about the priority of the goal function to significantly reduce
the solution set that has to be evaluated manually at the end.
It makes the manual evaluation of the whole Pareto set –
which will be inefficient and time-consuming – unnecessary.
After running the whole method (optimisation process
together with MCDM), the DM can choose from a set of
solutions that are not only Pareto non-dominated (equally
good in terms of all three goal functions) but also non-wdominated (equally good in terms of relative importance of
the goal functions set by the weight ranges). Consequently,
the DM is only required to input the necessary data regarding
the hull design, specify the weight ranges for the MCDM
and evaluate the filtered solution set consisting of only a few
individuals.

DISCUSSION
Owing to the optimisation constraints described in
Optimisation Problem section, all generated solutions are
feasible rig configurations.
What might be surprising, especially in case of smaller
hull (LOA = 10.07m), is the fact that there is no single rig
configuration with less than 4 spreader levels among the
individuals filtered from the Pareto front. It is important to
notice that it is the maximum possible number of spreader
levels in the algorithm. In the Pareto set (before the MCDM
phase), also configurations with 3 spreader levels might be
found in case of both hulls, as well as a few 2-spreader-level
configurations in case of a smaller hull. However, due to
significant differences regarding the 1st (m*VCG) and 3rd (rig
material cost) goal functions, all those configurations were
w-dominated. It creates an interesting case as in the world
of non-racing sailing – yachts of that size (especially 37')
rarely happen to have more than 3 spreader levels. For
a 37' mass-produced sailing yacht, it is usual to have mostly
1 or 2 spreader levels (e.g. Moody 34, Delphia 33), whereas
for a 47' hull, it is usually 2 or 3 spreader levels (e.g. Dehler
46, Delphia 47) [32]. There are three possible reasons for this.

The first and the most probable reason is that taking only
the rig material cost (mast & spreader profiles, wires, eye
terminals and rigging screws) for the sake of cost estimation
has affected the optimisation and filtering processes. That
way of cost estimation favours the configurations with more
spreader levels as it omits the additional cost of labour in case
of more complicated rigs (more spreaders to mount and more
lines to trim). On the other hand, the rig material cost is the
part that does not vary so much across the world, whereas
the labour cost is highly dependent on the level of economic
development (and so wages) of the specific country. During
future development of the method, some sort of applicability
criteria will need to be considered, as increment of the rig
complexity might generate more drawbacks than advantages,
especially considering the pleasure yachts.
The second (less likely) explanation of 4-spreader-level
solutions is the fact that taking into account mass-produced
profiles for the mast, on top of the control parameter taking
discrete values, makes the rig selection problem even more
discrete. It is possible that the considered hulls’ sizes favour
the 4-spreader configurations, due to the chance that the
one of the required inertia moments for the mast in case
of 2 & 3 spreader configurations happened to be slightly
above the value that forces the algorithm to choose the bigger
profile. The last of the possible reasons is that the rig design
of the mass-produced yachts are optimised regarding largely
different goal functions than those considered here: a more
complicated rig requires more time and knowledge to trim
well and may not always be desired. This issue is partially
covered by the economic aspect mentioned in the first point,
though there might be an availability issue regarding the
well-qualified riggers that can successfully deal with such
complicated trimming [33], [34]reducing large displacements
caused by aerodynamic and inertial loads. Furthermore,
since the rig is aimed at supporting sails, its deformation
significantly affects aerodynamic performances, so that dock
tuning has also a relevant impact on the propulsion, especially
in racing. However, the complexity of the problem and the
peculiarities of each different system are the causes of the lack
of specific dock tuning procedures in rules and guidelines
of Classification societies. The present work, developed in
collaboration with the Italian shipyard Perini Navi S.p.A.,
consists in the validation of a dock tuning numerical
procedure adopting a Finite Element Method (FEM.

SUMMARY AND CONCLUSSION
In the paper, a framework for Evolutionary Multi-Objective
Optimisation of a sailing yacht rig has been presented. The
method is relatively robust, integrated within one software
environment and does not limit its search to a narrow
predefined solution set, but it takes into account all feasible
solutions within the given search space. It offers major time
savings as the proposed algorithms are able to generate rig
geometry, evaluate the normal forces in each of its elements,
make the rig scantling, and calculate its mass, VCG and cost
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of the rig elements within a few seconds. Thus, even at this
stage of development, the method may be utilised as a design
tool for yacht construction when making decisions regarding
the yacht rig. Based on the outcomes presented in the paper,
an interesting case has been observed, the answer to which
will be pursued in further research.
Despite seeing the potential of the discussed framework, it
is crucial to mention the limitations of the currently presented
version, which might limit the application of the method to
a preliminary design stage. The first one is that its application
is limited to the most common rig configuration – Bermuda
sloop – and one material for the mast & spreader profiles – an
aluminium alloy. The other major limitation is a simplified
rig efficiency-related objective – it might be argued that the
total sail area cannot be a precise indicator for sailing rig
efficiency, which is also heavily affected by sail shapes (camber,
roach factor and a tip shape of the mainsail) and elongation
(in terms of aerodynamics). Therefore, future development
of the method will include proposing a more realistic rig
efficiency-oriented objective as well as case studies of already
applied rig design providing evidence in tangible terms of
the solutions’ quality proposed by the method. In the longer
term, it is assumed to broaden the applicability of the methods
for other rig configurations or possibly also other materials
for mast & spreader profiles to choose from.
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PERFORMANCE OF THE PROPELLER BEHIND THE SHIP
WITH AND WITHOUT WED
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ABSTRACT

The presented paper numerically carries out the investigation of the hydrodynamic performance of the propeller behind
the ship with and without wake equalizing duct (WED). It is mounted in front of the propeller in order to equalize the
ship’s wake flow and improve the propeller performance. The computational fluid dynamics (CFD) analysis software
STAR-CCM solver was adopted to simulate the KP505 propeller behind the KRISO container ship (KCS) using
overlapping grid technology and user-defined functions. To obtain the effect of a –duct on propeller performance, the
ship bare hull case, the with-propeller case, and the with-propeller-and-duct case are also computed. Together, these
computations provide for a –complete CFD comparison of the duct effects. Also, the Taguchi design of the experiment
method is applied to investigate three parameters (angle of attack, trailing edge radius, and chord length) of the duct.
Finally, the main dimensions are obtained, and the thrust and torque coefficients are presented and discussed for one
blade and whole blades during one cycle. Based on the numerical results, it is indicated that good design increases
efficiency by 1.67%, and a –bad design may reduce efficiency by 3.25%. Also, the effect of the WED caused to decrease
the pressure pulse by 35.9% in the face side of the propeller blade.

Keywords: ship propeller; wake equalizing duct; hydrodynamic coefficients; Taguchi design of experiment; delivered power

INTRODUCTION
A wake equalizing duct (WED) is one of the proper and
simple energy saving devices (ESDs) to use to improve propeller
efficiency. It is installed in front of the propeller behind the ship
hull as Figure 1. The installed duct straightens and accelerates
the hull’s wake into the propeller and also produces a net forward
thrust. This paper focuses on the parametric investigation of
the WED device for a container ship KCS.
Schneekluth ﬁrst introduced these wake equalizing ducts
in 1986 [2]. The aim was to optimize the overall propulsive
efficiency of a ship by establishing a more uniform inﬂow
into the propeller by accelerating the ﬂow in the upper
region of the propeller disc and by equalizing the tangential
velocity components in the wake ﬁeld. Schneekluth reports
that the effectiveness of a WED is most evident if the ship

50

POLISH MARITIME RESEARCH, No 4/2020

Fig. 1. The wake equalizing duct (Becker Mewis) installed on a –chemical tanker [1]

speed is between 12 and 18 knots, and its block coefﬁcient is
higher than 0.6. Friesch and Johannsen performed extensive
experimental tests on a tanker with and without WED to
investigate the scale effects in the HYKAT cavitation tunnel

in the Hamburg Ship Model. In their study, it is concluded
that the WED can result in a positive effect on the energy
saving of the ship at full scale, but it is difﬁcult to prove this
positive effect from model tests in the same Froude number
speed [3]. Also, an experimental study is performed on the
effect of the WED for a general cargo ship by Korkut [4].
In his study, the influence of the hull forms and the stern ﬂow
on the wake equalizing duct is investigated. It indicates that
the WED concept with an appropriate stern design affects
not only the flow characteristics at the aft end but also the
propulsion characteristics. A parametric study on the WED’s
characteristics is performed by Celik, and the angle of attack
and longitudinal position of the WED for various input
velocities is investigated [5]. It results that a well-designed
WED can improve the propulsion characteristics of a ship
considerably; otherwise, it can cause a negative effect. Go
et al. numerically investigate the effect of a duct on propeller
performance by considering a wide range of diameters
(0.7D ≤ DD ≤ 1.0D) and angles of attack (0° ≤ θ ≤ 20°) of the
duct. The maximum propeller efficiency is achieved in the
case of DD = 0.7D at θ = 20° [6].
A wake equalizing duct can be combined with a pre-swirl
stator (PSS) to reduce both axial and rotational loss. Mewis
first combined a WED with a PSS and shows that it can result
in energy savings of 7–9 percent [7]–[9]. The pre-swirl duct
(PSD) aims to bring uniformity to the propeller inﬂow and
reduce the rotational losses in the slipstream of the propeller
by the pre-swirl stators. Dang et al. [10], [11] investigated the
effects of three different ESDs of PSD, PSS and propeller boss
cap fins (PBCFs) on propeller performance using CFD and
particle image velocimetry (PIV) tests. Two kinds of PSD, i.e.,
unconventional half circular duct and conventional circular
pre-swirl duct, a for VLCC ship with large block coefficients is
investigated using experiments and CFD [12]. Kim [13] studied
a new PSD for 317 KVLCC and indicated that using this PSD
results in improving the propulsive efficiency by recovering
the wake fraction. Hanaoka [14] predicted the open-water
thrust and torque of propellers equipped with a PSD at the
different distance of the propeller and duct using the quasicontinuous method and indicated that different distances of
duct in front of the propeller have an insignificant impact on
open-water characteristics of the propeller. Three types of PSD
are compared using CFD and experiment, showing that the
Mewis duct provides the highest value of thrust and torque
coefficients at higher advance ratios [15]. Recently, Nadery
and Ghassemi numerically investigated the hydrodynamic
performance of the propeller under oscillating flow [16] and
behind the ship with and without PSS [17].
According to the best of our knowledge, the effects of
the three duct parameters – the angle of attack, duct radius,
and duct chord length – on the propulsion performance of
a –conventional ship have not been studied together so far.
Moreover, the study gap related to the investigation of ship
propulsion behavior under different types of duct parameters is
detectable. Additionally, one can conclude that the performance
of duct parameters depends on each other. Therefore, the main
purpose of the present study is to evaluate the influences of

three duct parameters, i.e., angle of attack, duct radius, and
duct chord length, by CFD simulations.
The rest of this paper is structured as follows. In Section 2,
governing equations and geometries are described. Numerical
results of the ship bare hull and the hydrodynamic performance
of the propeller behind the ship hull with and without WED are
presented and discussed in Section 3. Finally, the conclusion
is presented in Section 4.

GOVERNING EQUATIONS
AND GEOMETRIES
Reynolds averaged Navier–Stokes (RANS) equations and
the continuity equation are governed in the three-dimensional
computational domain for an incompressible flow. These
equations can be written in a Cartesian tensor form as:

=0
(ρui) +

(1)

(ρuiuj) =
(2)

where xi is the Cartesian coordinates, ui is the corresponding
velocity components, and p, ρ and μ are the static pressure,
density, and molecular viscosity, respectively.
is the
Reynolds stress. The Reynolds stress must be modeled to solve
the governing equation by using an appropriate turbulence
model. The k–ε turbulence model was used to solve the
Reynolds stress term of
and the rigid body motion
(RBM) scheme was adopted for the rotation of the propeller.
The dynamic fluid body interaction (DFBI) module was used
to simulate the motion of the ship body in response to forces
exerted by the flow pattern.
In the present study, STAR-CCM+ commercial software is
used which discretizes the continuous equations using the finite
volume method (FVM). This method employs discretization
of the integral form of the conservation equations directly
in physical space. Therefore, the resulting equations express
the exact conservation of relevant fluid characteristics for
each finite cell volume. FVM is suitable for all mesh types
(structured, unstructured or hybrid), and it is valid for an
arbitrary shape of cells, which makes it suitable for complex
geometries. It has to be noted that the mesh, which divides
the solution domain into a finite number of contiguous control
volumes, defines actually only the control volume boundaries,
so it does not have to be related to a specific coordinate system.
Discretization of governing flow equations results in a large
system of nonlinear algebraic equations. The method of their
solution depends on the problem, but in all cases, since the
equations are nonlinear, an iterative solution approach is
required. The iterative approaches use successive linearization
of the equations, and the resulting linear systems are solved,
as a rule, by iterative techniques. Special algorithms are used
to ensure correct coupling between pressure and velocity.
POLISH MARITIME RESEARCH, No 4/2020

51

As with any iterative approach, solution algorithms in CFD
need a set of convergence criteria to control convergence. It
is customary to distinguish the two levels of iterations: inner
iterations, within which the linear equation systems are solved,
and outer iterations that deal with nonlinearity of the problem
and coupling of the equations. Convergence monitoring on
both levels is very important as it tells the user whether the
desired converged solution is obtained and when it is possible to
stop the iterative process. Further details of the implementation
can be found in the STAR-CCM+ manuals [18], [19].
The results from the simulation with regard to the
thrust coefficient (KT), torque coefficient (KQ), efficiency (η),
advance coefficient (J) and delivered power (PD) are expressed
mathematically as follows:
(3)
(4)
(5)
(6)

PD = 2πnQ

(7)

where ρ is the density of water, n is revolutions per second
of the propeller, D is the diameter of the propeller, and Va is
the velocity of advance.

Tab. 1. Main dimensions of the model propeller (KP505) and KCS
KRISO container ship (KCS)

Propeller KP505

LPP

7.728 [m]

Diameter (D)

250 [mm]

LWL

7.357 [m]

No. of blades

5

BWL

1.019 [m]

Pitch ratio
(mean)

0.950

D

0.6013 [m]

Hub ratio

0.180

T

0.3418 [m]

Expanded area
ratio

0.80

Displacement
volume

1.649 [m3]

Section type

NACA66

TAGUCHI APPROACH
In Taguchi’s approach, the optimum design is determined
by using design of experiment principles, and consistency of
performance is achieved by carrying out the trial conditions
under the influence of the noise factors. The highest possible
performance is obtained by determining the optimum
combination of design factors. After the factors and levels are
determined, the appropriate orthogonal array is selected, and
each trial condition is described. Finally, analysis is performed
to determine the following:
• The optimum design.
• Influence of individual factors.
• Performance at the optimum condition and confidence
interval.

GEOMETRICAL PROPERTIES
The KRISO container ship (KCS) is a modern container
ship with a bulbous bow used to explore conceptual data in
flow physics as well as validate CFD models [20]. The ship is
equipped with the KP505 propeller. The geometry of the KCS
and the KP505 propeller are shown in Figure 2, and details of
the dimensions and geometrical properties are listed in Table 1.

The analysis of variance (ANOVA) is the statistical
treatment most commonly applied to the results of the
experiment to determine the relative percentage influence
of an individual factor and to separate the significant factors
from the insignificant ones. To optimize the propeller efficiency
(larger is better), the signal-to-noise ratio which is based on
larger is better used as follows.

(a) KCS right side view

(b) KCS front view
Fig. 2. Different views of the KCS model and KP505 propeller
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(c) KP505 propeller

(8)

where N is the number of the calculation result, and ηi is the
efficiency of each trial.

NUMERICAL RESULTS
MESH SENSITIVITY ANALYSIS
Accurate CFD results depend on generated proper meshes.
For this purpose, after some reviews, it was concluded that the
unstructured trimmed mesh is better to calculate the thrust,
torque, and flow field around the propeller [21]. So, we used
a trimmed mesh method with a 1.3 surface growth rate and
a fast volume growth rate. With these settings, the results
have been achieved with a smaller number of meshes.
For the grid study, the convergence analysis (GCI)
proposed by Celik et al. [22]the Fluids Engineering Division
of ASME has pursued activities concerning the detection,
estimation and control of numerical uncertainty and/or
error in computational fluid dynamics (CFD is performed
to achieve mesh-independent results. The results are obtained
from the four mesh sizes (coarse, medium, fine and finer).
Based on this method, proper verification is performed on
the grid generation analysis. As shown in Table 2, the total
thrust (T) is computed, and the uncertainty is obtained as
GCI21finer = 0.0018%. All numerical computations are performed
on a computer with 6 cores and 12 logical processors (4.6 GHz
Intel processors) and 32 GB RAM. Convergence is achieved
within almost 19 hours of computation. Finally, based on
Figure 3 and Table 2, it is discovered that 2.6 million meshes
is proper choice as the final mesh based on the acceptable
error and the simulation time.

Fig. 3. Mesh dependency Vs = 2.196 m/s and n = 9.5 RPS

First, the numerical ﬂow analyses around the ship without
propeller and duct are performed to obtain the nominal wake
distribution. Then, the ﬂow analyses for all cases of the ship
with propeller and duct are carried out. Also, to reduce
the required CPU time, the aft body of the ship is taken into
account rather than the full body in the case with propeller
and duct, and the captured nominal wake is used as input
flow to the simulations. Figure 4 illustrates both the ship and
aft body of the ship with propeller and duct.

Tab. 2. Discretization error for propeller thrust (T)
based on grid convergence method
N1 (finer)

4296378

N3 (medium)

1485082

N2 (fine)

2660011

N14 (coarse)

991875

h1

0.013918273

h3

0.019832131

h2

0.016330208

h4

0.022688226

r21

1.173292651

r32

1.214444482

φ1

82.83274574

φ3

82.75646501

φ1

81.60108308

φ4

80.52430142

ε21

−0.076280732

ε32

−1.155381929

q

−0.520130864

p

13.75120212

φ21ext

82.84227643

e21a

0.092090068%

e21ext

0.011504621

GCI21fine

0.014382431%

Fig. 4. Computational mesh for both ship and aft body
of ship with propeller and duct

To accurately resolve the boundary layer and provide
desired levels of wall y+, five layers of prismatic cells are
placed. The total thicknesses of the prism layers are 1.9, 4,
and 15 millimeters, respectively, for propeller blades, duct,
and ship body surface. Also, the prism layer near-wall
thicknesses are 0.15, 0.51, and 1 millimeter for propeller
blades, duct, and ship, respectively. With such settings of the
boundary layer, the mesh achieves the y+ values less than 54.
The selected time step has been calculated in such a way that
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the propeller rotates between 0.5 and 2 degrees per time step
according to International Towing Tank Conference (ITTC)
recommendation [23]. Here, in our numerical approach, the
time step is 0.0005 s for the case with the propeller, which
allows the propeller to rotate 1.9 degrees, and the time step
is 0.04 s for the ship without the propeller.
BARE HULL CONDITION
The KRISO container ship (KCS) with 7.7 m length is
simulated, and the calculations are performed at design ship
speed (2.196 m/s). Figure 5 shows the free surface waves after
160 seconds when the result converges. The nominal wake has
been captured at a section and used as an input flow for the
following sections. Table 3 shows the total ship resistance, wake
factor, and resistance coefficient. To validate the ship resistance
coefficient, the experimental resistance coefficient is 0.003711,
and the CFD calculated resistance coefficient is 0.003636,
which shows an error of 2.03 percent that is acceptable.

Fig. 6. Simulation of the aft body of the ship with propeller
and input nominal wake

(a) Calculated wake

Fig. 5. Free surface waves at Vs = 2.196 m/s
Tab. 3. Total ship resistance, wake factor and validation of resistance coefficient
Vs
[m/s]

RT [N]

Va
[m/s]

w [-]

2.196

83.0648

1.8000

0.1803

Num
CD [-]

Exp CD
[-]

0.003636 0.003711

CD Error
[%]
2.03

WITH PROPELLER CONDITION
The wake field is recorded and extracted, as velocity
components and their coordinates, at a section, around the
mid-ship section, by creating a square plate the same size
as the inlet section. Figure 6 clearly shows this wake and
the boundary layer of the modeling ship at the inlet section.
In fact, by taking the wake from a separate simulation and
using it as input, we have a wake current with a boundary layer
at the same inlet section instead of a constant current. This
current enters the propeller after passing through the aft body
of the ship. Figure 7 compares the axial velocity at upstream of
the propeller after 4 seconds (about 40 propeller revolutions)
with the calculated velocity by Wong [1] at a self-propulsion
test. From this figure, it is concluded that the flow at the top
of the impeller has decreased further.
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(b) Calculated wake by Wong [24]
Fig. 7. Comparison of nondimensional axial velocity at 0.3 diameters
upstream of the propeller plane

WITH PROPELLER AND DUCT CONDITION
Based on the results of the previous section, the duct axis is
0.2 times the propeller radius higher than the shaft axis, as can
be seen in Figure 8. The duct profile may also generate very
small thrust, but the main task is to equalize the ship’s wake,
so for this reason it is called WED. NACA-3309 is selected
for the duct profile, and the distance of the duct trailing edge
from the propeller is 0.4 times the propeller radius (0.4R). The
duct is adjoined to the lower part of the shaft with a connector
stator. The chord length of the connector stator is 0.16R and has
a NACA0006 symmetrical cross-section. In this paper, three
parameters of the duct (angle of attack, duct chord length,
and duct radius) are investigated in three levels in Table 4.

Here, the calculations are based on the thrust identity,
which means total thrust (Ttotal + Tprop + Tduct, where Tduct is
the thrust of duct) and advance speed (Va) are the same in
the case of the propeller with and without WED. In order
to adapt this condition, the propeller rotation speed is
changed to reach the same thrust. In the case of WED, it is
difficult to find n to reach the same thrust. The rotating
speed of the propeller (n) is calculated by trial and error and
is time-consuming.
Figure 9 shows the sensitivity of the answer to the
parameters. From the gradient of the graphs, it can be seen
that the change in the angle of attack has the most effect on
the efficiency results. Although the Taguchi method predicts
a level of each parameter, as shown in Table 6, the power
diminishes and efficiency increases with WED in simulation
7 more than others. Table 6 also shows that the simulation
8 gives the reduction of efficiency of 3.25% by duct effect,
while in the case of simulation 7, the efficiency is increased
by 1.671%. Thus, according to Table 5, the final geometries
of the duct are found and given in Table 7.

(a) 3D view

Tab. 5. Taguchi orthogonal array (3×3)

(b) Side view

Simulation
number

Level of chord
length

Level of
angle of attack

Level of trailing
radius

1

1

1

1

2

1

2

2

3

1

3

3

4

2

1

2

5

2

2

3

6

2

3

1

7

3

1

3

8

3

2

1

9

3

3

2

(c) Back view
Fig. 8. Different perspective views of the propeller duct behind the ship
Tab. 4. Duct parameters and levels
Level number

Chord
length

Angle of attack
[deg.]

Trailing
radius

Level 1

0.4R

7

0.5R

Level 2

0.5R

10

0.6R

Level 3

0.6R

13

0.7R

* R is propeller radius

Examining three parameters at three levels requires (33)
27 simulations. To reduce the computational cost, the Taguchi
method and its orthogonal array are used to arrange
the simulations. Table 5 shows the level of each parameter in
simulations, and Table 6 shows the results.

Fig. 9. Influence of individual parameters
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Tab. 6. Performance of the propeller behind the ship with and w/o –WED at Vs = 2.196 m/s
Simulation number

n
[RPS]

J
[-]

KT
[-]

Tprop.
[N]

Ttotal
[N]

10KQ
[-]

Q
[N · m]

η
[-]

PD
[W]

η gain
[%]

PD gain
[W]

W/o duct

9.577

0.782

0.235

84.09

–

0.397

3.557

0.735

2140.9

–

–

With duct simulation 1

9.549

0.784

0.236

83.20

83.97

0.396

3.528

0.742

2116.9

0.993

1.117

With duct simulation 2

9.643

0.777

0.229

84.57

83.97

0.392

3.563

0.732

2159.2

−0.487

−0.858

With duct simulation 3

9.642

0.777

0.231

84.98

83.97

0.397

3.600

0.724

2181.1

−1.494

−1.880

With duct simulation 4

9.641

0.777

0.230

83.98

84.12

0.389

3.527

0.739

2136.6

0.529

0.197

With duct simulation 5

9.638

0.777

0.229

84.47

84.27

0.392

3.553

0.734

2151.8

−0.197

−0.510

With duct simulation 6

9.676

0.774

0.231

85.00

84.39

0.393

3.595

0.723

2185.7

−1.694

−2.095

With duct simulation 7

9.648

0.776

0.232

81.17

84.37

0.383

3.485

0.747

2112.7

1.671

1.315

With duct simulation 8

9.761

0.767

0.226

84.88

84.30

0.389

3.617

0.711

2218.5

−3.255

−3.625

With duct simulation 9

9.683

0.773

0.230

85.17

84.37

0.394

3.604

0.720

2192.9

−2.045

−2.429

With duct Taguchi prediction

9.681

0.774

0.230

85.17

84.38

0.394

3.603

0.720

2192.4

−2.006

−2.405

Tab. 7. Final dimensions of the WED
Parameter

Value

Section type

NACA-3309

Distance of duct axis from shaft axis

0.2R

Chord length

0.6R

Trailing radius

0.7R

Angle of attack [deg.]

7

COMPARISON AND DISCUSSION
In Figure 10, axial (isolines) and cross velocities (vector) for
the bare hull, with propeller condition, and with propeller and
WED condition are presented at a distance from the propeller
(x = 0.2D) in the upstream of the propeller. As can be observed, the
WED has changed the flow into the propeller and has increased
the axial velocity in the upper region of the propeller disc.

(a) Bare hull condition

(b) With propeller condition

Figure 11 shows the pressure distribution contours at
the back side and face side of the propeller with and without
WED at Va = 1.8 m/s. As shown, it is evident that high pressure
is found at the face side or pressure side, and low pressure is
shown in the back or suction side. In this figure, the maximum
and minimum amounts of the pressure show that the WED
decreases maximum pressure in the face side and minimum
pressure in the back side. The pressure is also shown in the
four last cycles on the blade surface at the position of x/C = 0.4
and r = 0.7R in Figure 12. In this calculation, the propeller
rotational speed is 9.577 RPS, and during 3 seconds the
propeller is rotated 28 revolutions, means each rotation is
0.107 s (0.107 cycles/second). The pressure is given in the
last four cycles. In the case of using WED, the duct provides
a decrease in the amplitude of pressure by 35.9 percent in
the face side.

(c) With propeller and WED condition

Fig. 10. Axial (isolines) and cross velocities (vector) for bare hull (a), with propeller condition (b) and with propeller and WED condition (c) at x/D = 0.2 and Va = 1.8 m/s
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Thrust and torque coefficients against one cycle for
one blade and whole blades with and without WED at
an advance speed (Va = 1.8 m/s) are shown in Figure 13.
As can be seen in the one-blade case (Figure 13-A), the
amplitude of thrust and torque is diminished during one
cycle. Total thrust and torque fluctuations are decreased,
and the results are smoother with WED. Also, the effect
of WED diminishes the mean of the torque coefficient at
the same thrust coefficient.

CONCLUSION

Fig. 11. Pressure distribution contours on propeller surfaces at Va = 1.8m/s

Fig. 12. Fluctuating pressure for four cycles at r/R = 0.7
and x/C = 0.4, Va = 1.8 m/s

A-One blade

This study numerically investigated the hydrodynamic
performance of the propeller behind the ship with and
without WED. To obtain the effect of the duct on propeller
performance, the ship bare hull case, the with-propeller
case, and the with-propeller-and-duct case were computed.
Also, WED parameters were investigated, and propeller
hydrodynamic performance was compared with and without
the WED. The results of the present study lead to the following
conclusions:
• The effect of the WED caused to increase the axial velocity
in the upper region of the propeller disc.
• Efficiency is increased and delivered power is decreased
by the WED.
• The maximum efficiency of the propeller is achieved
by the duct when the dimensions of the chord is 0.6R,
the angle of attack is 7 degrees, and the radius of the
duct is 0.7R.
• In order to converge results, the propeller is rotated
28 revolutions during 3 seconds (0.107 cycles/second).
In case of the using duct, the amplitude of the pressure
pulse decreases by 35.9 percent in the face side.
• Total thrust and torque fluctuations are decreased, and
the results are smoother with the WED.

B-whole blades

Fig. 13. Comparison of thrust and torque coefficients in one cycle for (A) one-blade and (B) whole blades with and without WED
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CARGO SHIPS’ HEAT DEMAND - OPERATIONAL EXPERIMENT

Damian Bocheński
Dominik Kreft
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ABSTRACT

The paper presents the results of an experiment conducted on two cargo ships – a 5300 TEU container with a steam
heating system and a 7500 dwt general cargo ship with a thermal oil system. On both ships research has been carried
out using specially designed measuring equipment. After gathering data about flow velocity and temperatures (steam/
cooling water/ thermal oil/ seawater/ outside air), calculations have been done, resulting in histograms. For both types
of histograms (heat demand and service time), the probability density function was fitted, using the K-S statistical
test. The last step was comparison of the probability distribution mean to seawater and the outside air temperatures
by linear regression and the coefficient of determination. The dependencies between the mentioned temperatures and
heat demand were noted.

Keywords: heating system, heat demand, steam, thermal oil

INTRODUCTION
One of the most important installations in marine diesel
power plants is the heating system. Its main purpose is to
cover the heat demand created by auxiliary receivers, i.e.
those not related to the ship’s propulsion system. Auxiliary
heat receivers can be divided into [4]: steam coils in tanks
(mainly fuel tanks), preheaters of fuel oil, lubricating oil, air
and water and technological receivers (e.g. in factory-trawlers,
fishmeal boilers).
Ship heating installations are most often steam or oil
systems. Steam installations are used on three quarters of
all cargo ships, where the working medium is saturated dry
steam with a pressure from 0.5 to 1.6 MPa (hence the steam
temperature is in the range of 152–202°C). The heating oil
may be mineral or synthetic, its operating temperature may
exceed 300°C and the pressure in the installation is less than
that of steam, usually from 0.2 to 0.5 MPa [7,8].
The main devices in the heating system are boilers.
There are two types of auxiliary boilers in ships, fired and
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economizer, which use the waste heat from the main engine’s
exhaust gas. The vast majority of cargo ships are equipped
with both types of boilers. The exhaust gas economizer cover
the heat demand during the voyage, and the fired boilers are
used during manoeuvres, anchoring and mooring. On some
ships with a high heat demand (e.g. tankers), both types of
boiler work simultaneously during the voyage.
Designing marine heating systems consists of several steps.
Firstly, during the contract design, the initial heat demand
is determined (regression equations are used to estimate the
maximum heat demand or the maximum capacity of the
ship’s boilers [1,3,6,8,9,10]). Based on this, the preliminary
parameters of the heating medium and the number, size
and type of boilers are selected. Secondly, at the level of the
technical (classification) design, the heat balance is prepared.
The preparation condition is that all the parameters of the
auxiliary heat receivers on the ship have to be known. The heat
balance is performed for two extreme external conditions in
which the designed vessel will be operated. Winter conditions
(usually: t water = - 1°C, tair = - 25°C) determine the maximum

heat demand, and summer conditions (usually: twater = 32°C,
tair = 45°C) determine the minimum heat demand [1,6,10].
The heat balance is the basis for verification of the correct
selection of the number and capacity of boilers. After this
verification, other components of the heating system are
selected (pumps, heat exchangers, fittings, etc.).
As it can be observed, the essential element of the design
process is the determination of the heat demand for the
designed vessel, as the parameters of all heating system
devices depend on it. The methods used in design practice
(regression equations, balance methods) allow the maximum
(often with excess) heat demand to be determined and the size
of the boilers to be selected. There are no existing methods
that allow the parameters of the operational heat demand
distributions on a ship to be determined. Such methods
should be based on gathering operational data on the heat
demand in ships, but the available literature does not present
the results of any such studies. Most authors focus on heat
recovery to improve the ship’s general efficiency [12,13,14], but
the question of exactly how much heat is needed for the ship’s
condition is not answered, although sometimes partial heat
demand such as the hot water demand on a cruise ship [15],
or the ship’s thermal storage tank heat demand [16] can be
found in publications. Paper [17] presents actual heat demand,
but only for one ship and a one-day time period, which is too
short to formulate conclusions. For this reason, the authors of
this article have planned an experiment to collect operational
data on marine heating systems, including operational data
on the heat demand in ships. This article presents the first
results of these studies.

RESEARCH OBJECTS
The results of the operational heat demand research are
presented below. This article concerns two cargo ships, with
significantly different sizes:
• Container ship 5300 TEU;
• Cargo ship 7500 dwt.

The basic technical data of the considered ships are
presented in Table 1. A significant difference between these
ships, apart from their size, is the different kinds of heating
system. There is a steam installation on the 5300 TEU
container ship, which consists of a combined boiler with
a fired and exhaust gas part. Each of these parts produces
a maximum of 5000 kg/h of steam at a pressure of 7 bar
(approximately 3300 kW). In addition, the steam system is
equipped with a condensate cooler and dump condenser. Each
of these have capacity equal the maximum steam stream from
the exhaust gas boiler part. The oil heating system of the 7500
dwt general cargo ship consists of a 750 kW fired boiler and
a 600 kW economizer (operating at 90% main engine load).

OPERATIONAL RESEARCH PLAN
The method of determination of the current operational
heat demand on board QCE, depends on the design solutions
of the heating system. In the case of a steam system, the main
equation is:
(1)

where:
QCE – heat flux equal to ship’s heat demand, kW
Dsteam – boiler steam mass flow, kg/h
isteam – steam specific enthalpy at the inlet to the receivers,
kJ/kg
icondensate – condensate specific enthalpy at the outlet from
receivers, kJ/kg.
Measurement of the true steam mass flow is problematic,
because dedicated flowmeters are not normally installed.
The steam mass flow can be determined using one of the
following methods [2]:
• by measuring the feed water mass flow and treating it
as equal to the steam mass flow. This method neglects
errors related to the boiler heat capacity and water
losses during boiler skimming;

Table 1.Basic parameters of considered ships
Parameter

Container ship 5300 TEU

Cargo ship 7500 dwt

Length overall LC

294.05 m

122.50 m

Length between perpendiculars Lpp

282.50 m

115.15 m

Beam B

32.30 m

18.20 m

Draft T

13.60 m

7.15 m

Maxium speed v

24.8 (20.6)* kn

15.0 kn

Propulsion engine power NSG

2-stroke 40040 (24024)* kW

2-stroke 4320 kW

Crew members Z

20

15

Heating system

steam

thermal oil

HFO tanks total capacity VP

5925 m3

675 m3

Deadweight tonnage

65700 ton

7500 ton

$YHUDJHH[KDXVWJDVÀRZ

102.8 ton/h

25.6 ton/h

Average exhaust gas temprature after TC

332.1°C

291.8°C

* The vessel was operated with a reduced value of the maximum sailing speed (20.6 kn), therefore the main engine power was calculated according to this speed value
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•

by measuring fuel consumption (in the case of a fired
boiler) and using appropriate load characteristics.

Determining the steam specific enthalpy at the inlet to
the receivers is not a problem, and it is enough to know the
steam pressure and the vapour quality. It is much harder
with the specific enthalpy of the condensate at the outlet of
the receivers. Steam trap check valves are installed after each
receiver to prevent the steam flowing into the condensate
pipeline. This makes it impossible to accurately determine
the enthalpy.
Therefore, in the case of a steam installation, determining
the actual operational heat demand is possible only with
measurements made on the dump condenser. Determination
of the heat exchanged in the condenser QDC and the heat
generated in the boiler QB makes it possible to calculate the
heat demand:
(2)

The following equation is usually used to determine the
heat generated in the boiler:
(3)

where:
iwater – specific enthalpy of the boiler feed water, kJ/kg.

ρTO – average thermal oil density in the relevant temperature
range, kg/m3
CTO – average thermal oil specific heat in the relevant
temperature range, kJ/kgK
tTO1 – thermal oil temperature at the boiler outlet, °C
tTO2 – thermal oil temperature at the boiler inlet, °C.
As can be observed from the above-mentioned relationships,
to determine the ship’s operational heat demand QR, it is
enough to measure the flow rates of the liquid (water / thermal
oil), the liquid temperatures at the inlet and outlet from the
tested component (boilers / dump condensers), and to know
the liquids’ parameters (average specific heat and density of
water / thermal oil).
The operational measurements on the 7500 dwt general
cargo ship were carried out using the measuring equipment
installed on board. In the case of operational measurements
on the 5300 TEU container ship, an ultrasonic flow meter
was used simultaneously with a thermometer (Fig. 1). The
measuring device consists of a TUF-2000M flow meter
with TM-1 sensors. The temperature of the water was
measured with a PT-100 resistance temperature sensor. The
measurement data was saved every 5 minutes on the SD
card inside the Raspberry PiZero mini-computer, by means
of special software. Furthermore, the measurement device
was equipped with a DS3231 real-time clock module, which
assigns dates and times to specific measurements.

In order to determine the specific enthalpy of the boiler
feed water, it is enough to know the temperature and water
specific heat at the boiler inlet.
The heat exchanged in the dump condenser can be
calculated from the following equation:
(4)

where:
VCW – cooling water flow rate, m3/s
ρCW – average cooling water density in the relevant
temperature range, kg/m3
CCW – average cooling water specific heat in the relevant
temperature range, kJ/kgK
tCW1 – cooling water temperature at the dump condenser
inlet, °C
tCW2 – cooling water temperature at the dump condenser
outlet, °C.
In the case of a thermal oil installation, the most common
solution is the serial operation of the fired and exhaust gas
boilers. The control system sets a constant oil temperature
at the outlet from the boiler. In order to determine the ship’s
operational heat demand QR, the equation below can be used:

Fig. 1. Diagram of the flowmeter measuring system

Knowing the pipeline’s nominal diameter and the wall
thickness, the volumetric flow rate was calculated on the basis
of the continuity equation. The next step was to use Eq. (3).

ANALYSIS OF SHIPS’ HEAT DEMAND
MEASUREMENT RESULTS

(5)

where:
VTO – thermal oil flow rate, m3/s
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Determining the ships’ operational heat demand
characteristics requires the knowledge of changes of this
demand over a long period of time. A large number of

instantaneous heat demand values enables a correct statistical
evaluation.
The average duration of the “sea (voyage)” state for
cargo ships is approximately 4200 hours / year [2]. Due to
the limited possibilities of carrying out measurements over
such a period of time, operational measurements covering
at least one voyage (from harbour to harbour) lasting at least
one month were considered. This is approximately 15–20%
of the duration of the “sea” state (approximately 700–750
hours). The vast majority of operational tests were carried
out in 24-hour cycles.
On the 7500 dwt general cargo ship, measurements of the
oil temperature at the inlet and outlet of the boiler and the oil
flow rate were usually performed every hour. Additionally, the
air and seawater temperatures were recorded every 12 hours.
On the 5300 TEU container ship, measurements of the
boiler feed water temperature and flow rate were carried out
every 5 minutes. As in the general cargo ship, the air and
seawater temperatures were recorded.
From the research conducted it was possible to determine
the heat demand distribution characteristics during the “sea”
state, including:

5300 TEU container ship is 0.285,
of variation for the
which is more than 30% lower than the value of the same
coefficient for the 7500 dwt general cargo ship. This feature
may be due to the fact that the container ship was used only
in summer conditions, while the 7500 dwt general cargo
ship was operated in both summer and winter conditions.
Fig. 2 shows the ships’ operational heat demand histograms.
The individual numerical values of instantaneous heat
demand were grouped in left-open quantisation intervals
of the same width. The width of the quantisation interval
resulted from the division of the range defined by the
minimum and maximum operational heat demand. Due to
the accuracy of the calculations, 11 quantisation intervals
were assumed [2]. According to [5], the histograms were
presented with the normal distribution density curves, one
of the most frequently used distributions to approximate the
distribution of various parameters characterising the ships’
components operation [2,4].
a)

– average heat demand,
– standard deviation of heat demand distribution,
– heat demand distribution coefficient of
variability.
For calculation of the above values, the average daily heat
demand was used, based on measurements taken every 5
minutes or every hour, depending on the vessel.
Table 2 presents data characterising the heat demand
distributions. In addition, the maximum values of heat
demand
for winter external conditions (from heat
balances) and the calculated values of the relative average
heat demand

b)

are presented.

Table 2. Characteristics of heat demand distributions in the two tested ships

Comparing the parameters of the heat demand distributions
in both ships, it can be noticed that the 5300 TEU container
ship has a heat demand that is over 4 times higher than the
average value. This is a result of the almost 5 times higher
average operational power of the main engine (
) of this
vessel compared to the engine of the 7500 dwt general cargo
ship (
=15564 kW for the 5300 TEU container ship and
=2903.8 kW for the 7500 dwt general cargo ship). As the
main engine’s installed power increases, the capacity of the
fuel storage tanks also increases. The value of the coefficient

Fig. 2. Histograms of ships’ heat demand: a) container ship 5300 TEU,
b) cargo ship 7500 dwt
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Container ship
5300 TEU
Cargo ship 7500
dwt

normal

1019.4

290.3

0.010

0.131

0.1

normal

227

101.1

Probability density
function

0.1

Statistical

0.127

significance

0.111

[kW]

[kW]

0.024

0.131

0.1

Lognormal
Lognormal

Scale parameter
[s/MJ]

0.1

Shape parameter [s/MJ]

0.127

function

0.064

Probability density

Statistical significance

Container ship
5300 TEU
Cargo ship 7500
dwt

Critical value of K–S test

Table. 4 The values of the Kolmogorov– Smirnov test and the parameters of the probability density curve for the ships’ service time (for 1MJ)

Ship type

0.0194

0.280

1.581

0.453

For the levels of significance given in Table 3, the value of
the p-statistic is less than the critical value, so the alternative
hypothesis H1 “the cumulative heat demand histogram
cannot be described in terms of the normal probability
density function” has been rejected. Similarly, for the levels
of significance in Table 4, the p-statistic value is less than
the critical value, so the alternative hypothesis H1’ “the
cumulative service time histogram cannot be described by
the log-normal probability density function” was rejected. In
summary, the heat demand can be described with a normal
distribution, and the service time (1 MJ of heat) can be
described with a log-normal distribution.
For some heat receivers (e.g. fuel hull tanks), the strong
influence of the seawater and outside air temperatures on the
heat demand is known [2,8,9]. Therefore, the impact of the
above-mentioned temperatures on the total heat demand was
tested. For this purpose, the average daily heat demand and
average temperatures of the seawater and outside air were
calculated for each day. Fig. 4 shows the relation QCE =f (twater),
and Fig. 5 shows the relation QCE = f (tair) for the tested ships.
The graphs also show the line equation and value of the
coefficient of determination R 2.

b)

Fig. 3. Histograms of ships’ service time for 1 MJ: a) container ship 5300 TEU,
b) cargo ship 7500 dwt
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Critical value of
K–S test

Ship type

Calculated value of
K–S test

Table. 3 The values of the Kolmogorov–Smirnov test and the parameters of the probability density curve for the ships’ heat demand

Calculated value of K–S test

The second possibility for describing the heat demand is to
present the process of covering the heat demand as a process
of handling incoming requests. The heating system is treated
as a queueing theory process, and the heat dose, e.g. 1 MJ, is
considered as the customer [5]. Fig. 3 shows the histograms of
the service times (1 customer = 1 MJ). These histograms are
presented with the log-normal probability density functions,
which best describe the reality for the tested ships [5].
In order to check whether the histograms presented above
can be described by an appropriate theoretical distribution,
the null hypothesis H0 was formulated: “The cumulative
heat demand histogram can be described by the normal
probability density function”. The second null hypothesis
H0’ is that “the cumulative service time histogram can be
described by the log-normal probability density function”.
Both hypotheses were tested using the Kolmogorov–Smirnov
test (Tables 3 and 4).
a)
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a)
b)

b)
Fig. 5. Chart QCE = f(tair) for ships; a) container ship 5300 TEU,
b) cargo ship 7500 dwt

Fig. 4. Chart QCE = f(twater) for ships; a) container ship 5300 TEU,
b) cargo ship 7500 dwt

a)

The analysis of the charts (Figs. 4 and 5) shows the
significant impact of the seawater and outside air temperatures
on the ships’ heat demand. The fairly low coefficient of
determination R 2 is the result of randomly run heaters (e.g.
sanitary water) and the fact that the HFO hull tanks are filled
to different levels. For example, in the case of the 7500 dwt
ship, the amount of fuel stored in the hull storage tanks was
in the range of 50–675 m3. The differences in the values of the
coefficient of determination for the 5300 TEU container ship
(R 2 = 0.229–0.292) and for the 7500 dwt general cargo ship
(R 2 = 0.689–0.692) mainly result from the range of water and
outside air temperatures (t water = 13–30°C for the 5300 TEU
container ship, twater = -2–27°C for the 7500 dwt general
cargo ship and tair = 8–32°C for the 5300 TEU container ship,
tair = -13–32°C for the 7500 dwt general cargo ship). If we delete
all data beside the range of t water = 13–30°C and tair = 8–32°C,
the coefficient of determination for the 7500 dwt general cargo
ship would take values in the range of 0.296–0.369.

SUMMARY
All the results of the calculations given in this paper
concerning the cargo ships’ heat demand characteristics and
the histograms of these demands reflect the operational reality
related to the ships’ heat demand (consumption).
The main engine power and the capacity of heavy fuel oil
storage tanks have the greatest impact on the value of the
total heat demand in cargo ships.
The obtained operational data also confirm the significant
influence of the seawater and outside air temperatures on
the value of the ships’ total heat demand. The considerable
variability of the demand results from the different degree
of filling of the fuel tanks and from randomly run heaters.
Using the Kolmogorov–Smirnov statistical test, the
possibility of describing the heat demand histograms with a
POLISH MARITIME RESEARCH, No 4/2020
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normal distribution and the service time (1 MJ of heat) with
a log-normal distribution was confirmed.
The presented results, which will be supplemented
further, will be used to develop a method for forecasting the
parameters of the operational distribution of heat demand
on cargo ships. This method will be part of the new design
process. The proposed methods, using probabilistic models,
will be tools for analysing various marine heating systems
solutions. They will make it possible to determine the
operational consequences associated with these solutions.
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IN A SHIP’S POWER SYSTEM
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ABSTRACT

This paper presents the results of applying ennobled solid biomass via mechanical compaction or torrefaction as fuel
for ships, in terms of fire safety, environmental protection, the increase in liquid fuel prices and the dwindling resources
of crude oil. The object of investigation is a ship of the ro-pax ferry type, with low cruising range, which is intended for
service on the Baltic Sea. The ship’s power system is discussed and the results of calculations of the thermal cycle for
a steam turbine power plant are presented. We present a simplified comparative analysis of a fuel bunker for a ship
with a power plant including biomass fired boilers, and for a ship with a conventional solution of a motor power plant
supplied by ultra-low sulphur fuel originating from crude oil. The advantages of applying a fluidised bed biomass fired
boiler are highlighted, and selected results from tests of this boiler are presented. In addition, we assess potential fire
hazards on the ship resulting from the storage and transport of pellets, and from pellets after torrefaction.

Keywords: ship’s power plant,environment protection,biomass,fluidised bed boiler,fire safety

INTRODUCTION
At present, sea transport is responsible for 2.2% of the
world’s emission of CO2, although when CO2 emissions from
ships per unit of carried cargo within a distance of 1 km are
taken into account, ships are one of the most efficient means
of transport. Despite this, and despite the significant progress
that has been achieved in reducing this figure from 2.8% in
2007, measures are needed to further reduce CO2 emissions
in order to reach the goal of reducing CO2 emissions by 50%
per ton of carried cargo within a distance of 1 km by 2050,
in comparison with 2005.
It is estimated that the obligation that has been imposed
by the International Maritime Organisation (IMO) since 1st
January 2013 for all newly built ships (of 400 BRT and higher)
that which determines the Energy Efficiency Design Index

(EEDI) will result in a 25–30% reduction in CO2 emissions by
2030 [1]. Since this date, all ships (including both older ships
built before this date and newly built ships of 400 BRT and
above) have been required to be covered by the Ship Energy
Efficiency Management Plan (SEEMP) to ensure optimal
operation [2].
In general, the EEDI is an acceptable standard for
controlling environmental pollution from ships, as CO2
emissions are measured in relation to the benefits to society
(i.e. work in the form of transport). EEDI is defined as the
total CO2 emissions from the main engines, auxiliary engines
and boilers as a proportion of transport work. It is possible to
achieve a low value by reducing the ship’s fuel consumption.
For boilers and heat engines, and particularly low-speed
engines, the margin for reducing CO2 emission is very
small if the fuel consumption is reduced only by increasing
the thermal efficiency of the simple thermodynamic cycle.
POLISH MARITIME RESEARCH, No 4/2020
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The basic actions needed to reduce EEDI therefore include
waste heat recovery. The use of renewable energy sources,
such as solar energy, wind power and alternative fuels like
methanol and natural gas, is also beneficial. The use of LNG
or methanol as a fuel decreases CO2 emission, since the
conversion factor CF, expressed as the ratio of the mass of CO2
resulting from combusted fuel and the fuel mass consumed,
is much more favourable than for other marine fuels.
The rate of conversion factor CF depends on the carbon
content in the fuel. For marine diesel oil ISO 8217, Grades
DMX through DMB, CF =3.206 [tCO2/t fuel], and for LNG,
CF =2.75 [tCO2/tfuel] [3]; in contrast, the value for methanol
(CH3OH) is only CF =1.375 [tCO2/tfuel]. LNG and methanol are
highly promoted as fuels for ships in the EU due to their low
values of CF, among other factors. They are also considered
important as a way of switching to biofuels. Both LNG and
methanol have equivalents among biofuels, i.e. bio methane
and bio methanol, which are renewable energy sources and
are the gas or liquid forms of biomass.
In addition to CO2 emissions, ships are also responsible
for a considerable proportion of sulphur oxide (SOx) and
nitrogen oxide (NOx) emissions. It is estimated that the
proportion of worldwide total emission of sulphur oxides
(SOx) generated by ships is about 5–7%, and for nitrogen
oxides (NOx ), this figure is 15% [4]. This means that stricter
regulations need to be imposed on the permissible emissions
of toxic compounds. The IMO regulations governing this were
formulated in Annex VI to the MARPOL 73/78 Convention.
The permissible NOx emission limits and the dates of their
implementations are shown in Table 1.
Tab. 1. MARPOL Annex VI NOx emission limits [5]

Tier
I
II
III

Ship construction date
(on or after)
1 January 2000
1 January 2011
1 January 2016*

NOx limit, g/kWh
(n - engine’s rated speed, min-1 )
n < 130

130 ≤ n<2000

n ≥ 2000

17.0
14.4
3.4

45·n(-0.2)
44·n(-0.23)
9·n(-0.2)

9.8
7.7
2.0

* In NOx emission control areas (Tier II standards apply outside ECAs)

The Tier III standard limits NOx emissions in controlled
areas (NOx ECAs), whereas Tier II regulations apply outside
of these areas. Permissible emissions of sulphur oxides were
limited by the introduction of Rule 14 in Annex VI, which
regulates the permissible amount of sulphur content in the
fuel. These values, both in global terms and within SECA SOx
Emissions Control Areas, are shown in Table 2.
Tab. 2. Permissible sulphur content in fuel as defined in the MARPOL
convention, Annex VI [5]
Date of limit application
Prior to 1 July 2010
On and after 1 July 2010
2012
2015
2020
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Sulphur limits in fuel (%)
SECA
1.5

Global
4.5

1.0
3.5
0.1

0.5
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Scrubbers to remove sulphur oxides from exhaust gases
are permitted both in control areas and globally; ships can
therefore use heavy fuel oil (HFO), since sulphur oxide
emissions will be reduced to a level equivalent to the required
limit. The Baltic and North Seas are within the SECA area, and
this creates a particular challenge for ship owners operating
in these sea areas.
Another argument in favour of the search for alternative
fuels and new solutions for power plants involves crude oil
resources that are almost depleted and the growing prices
of fuels. These problems have been noted by many authors
of scientific papers. Research in this area mostly focuses on
more effective waste heat recovery, which allows the efficiency
of the ship’s power system to be increased and lower CO2
emissions to be obtained.
The high efficiency of modern ship engines (49–51%)
results in a low exhaust gas temperature, meaning that the
possibilities of utilising waste heat via the classical Rankine
cycle with water as a working medium have therefore reached
their limit due to the unacceptably large heat transfer surfaces
required in the exhaust gas boiler. Many works have therefore
focused on the use of the organic Rankine cycle (ORC) for
waste heat recovery; for example, Mondejar et al. present the
results of a simulation of an ORC for waste heat recovery
on a passenger vessel under different design conditions [6].
Many studies have highlighted various aspects of the use of
liquid biofuels in both two-stroke and two-stroke marine
diesel engines [7,8].
One solution for reducing emissions may be the use
of propulsion systems based on gas turbines (GTs); these
require the use of fuels such as marine gas oil (MGO) that
are more expensive but have a low sulphur content. Despite
the lower efficiency of GTs in comparison with conventional
internal combustion engines (ICEs), they are more compact,
lighter and their emissions of NOx are lower. Armelini
presents a comparative analysis of a propulsion system on
large cruise ship, with a GT fed with MGO, a classical system
with an ICE fed with HFO, and an ICE system fed with HFO
and equipped with De-NOx/De-SOx devices. This analysis
indicates that the use of GTs as prime movers gives lower
weights and volumes and offers environmental benefits.
Average annual fuel consumption is higher than for an ICE
by 10–20%, depending on the season [9].
Research has also been conducted on the application
of various biofuel technologies to marine gas turbines.
The authors of [10] analysed the effects of changes in the
hydrocarbon composition of fuel for a gas turbine due to the
addition of bio-components on the mechanism and intensity
of thermal degradation of these fuels. Morsy et al. considered
the use of hydrogen or natural gas as alternative fuel to diesel
oil for a marine gas turbine [11].
The aim of the present paper is to show that an alternative
solution for power plants is the application of solid biomass
as fuel, which is a more effective source of renewable energy
in comparison with such sources as wind and solar radiation.
These sources are characterised by small power density and
are temporarily inaccessible.

SOLID BIOMASS AND ITS REFINEMENT
Biomass is the organic matter contained in vegetable
and animal organisms, which originated as the product of
photosynthesis, i.e. the conversion of solar energy into biomass
chemical energy. Under the influence of solar radiation, water
is decomposed and carbohydrates are generated via a reaction
with carbon dioxide:
(1)

where:
ν – frequency of electromagnetic radiation,
h – Planck constant [12].
The biomass formed in this way can be considered as
a form of solar energy storage. The conversion of biomass
chemical energy into heat via the combustion reaction
leads to the emission of CO2. This emission can be treated
as environmentally friendly, as it is not responsible for the
greenhouse effect; the CO2 produced in the reaction is
subsequently absorbed by the next generations of plants via
photosynthesis, thus forming a closed cycle.
The concept of biomass involves many energy carriers with
various properties. Conversion of biomass may take place by
gasification or conversion into solid, liquid or gaseous fuels in
various processes or simply by direct combustion [13]. Energy
technologies for the use of biogenic liquids or gaseous fuels
do not differ in principle from those in which petroleum fuels
are used; an example of this is combustion engines, including
marine engines. The energetic use of solid biomass often has
a counterpart in coal-fired power generation technologies.
The dump density of biomass is, however, much lower than
that of coal, and the calorific value is lower, meaning that the
storage space for biomass is larger in order to achieve the same
energy effects. This disadvantage means that biomass is often
subjected to a refining process via mechanical compaction,
which brings it closer to coal in terms of its bulk density and
calorific value. This refined biomass takes the form of pellets
or briquettes, which are prepared from dry and shredded
biomass such as sawdust, husks, grain, shavings, wood chips
and straw. The pellets have a uniform size, an increased
energy density and a low moisture content. Depending on
the moisture content, biomass is dried or drenched to a water
content level of approximately 15% prior to the pressing and
extrusion process. Some forms may require the addition of
binders [14].
Another process used to refine biomass is torrefaction,
which involves heating the biomass to a temperature of usually
between 200° and 300°C in the absence of oxygen, converting
it into solid fuel. The properties of this fuel are similar to
those of coal. These so-called ‘second generation’ pellets can
also be produced from biomass after torrefaction, and are
characterised by an even greater similarity to coal; they also
have very good milling sensitivity, which is an important
parameter for boilers with dust furnaces [14]. The advantages
of torrefied pellets as fuel are highlighted in [15, 16], although

the problems discussed in these works relate to applications
on land.
The calorific value of these pellets is influenced by the
raw material used and the torrefaction parameters, such as
the temperature and time. The results of the study in [17]
show that at the Virginia Mallow plant, carbonisation at
350°C for 60 minutes gave a calorific value for the torrefied
samples of about 1 MJ/kg higher than carbonisation at 300°C
(torrefaction) for the same period.
The increase in the calorific value can also be affected
by extending the period of the torrefaction process. The
observed increase in the calorific value in both cases is related
to a reduction in the moisture content. According to [14],
the typical torrefaction increases the energy density of the
material by about 30%. Table 3 shows the calorific values
and mass and energy densities for various forms of biomass,
including conventional and torrefied pellets; for comparison,
the same data are given for coal, classical marine fuels and
alternative fuels such as LNG and methanol.
Tab. 3. Selected properties of various forms of biomass, coal, marine diesel oil
(MDO), heavy fuel oil (HFO) and alternative fuels [14, 17, 18]
Calorific
value [MJ/
kg]
Grey straw
15.2
Timber debarked
18.5
Briquetted timber
17.5
Ordinary timber pellet
19.5
Torrefied pellets
23–26
LNG
49
Methanol
20
Marine diesel oil (DMA)
40
Heavy fuel oil (RMK 700)
39.4
Hard coal
16–29
Biomass
or other fuel

1)
2)

Mass density
[kg/m3]
90–165
380–640
470 1)
630–750 1)
750–850
431–464 2)
794 (at 15oC)
890 (at 15oC)
1010 (at 15oC)
800–1000

Energy
density
[MJ/m3]
1369–2508
7030–11840
8225
12285–14625
17250–22100
21119–22736
15880
35600
39794
12800–29000

dump density
at boiling point

These parameters have an influence on the fuel stock holder
volume for the ship’s assumed sailing range.

BIOMASS AS FUEL FOR SHIPS
CHOICE OF BIOMASS TECHNOLOGY
When building a ship, it would be most straightforward
to replace liquid or gaseous fuels generated from crude oil
with their biogenic counterparts, due to the many similarities
and knowledge of engine operation gained from using these
fuels under shore conditions [19]. Contemporary marine
engines are capable of running on biofuels [20], although
the use of biomethanol in a self-ignition engine requires
the use of a small amount of diesel fuel, which, as in the
case of biomethane combustion, results in a partial loss of
the benefits of this ecological fuel. The fuel installations
themselves must fulfil rigorous requirements, due to their low
flashpoint [21]. The use of bio-oils creates fewer problems in
POLISH MARITIME RESEARCH, No 4/2020

69

terms of construction, but the price is high, and is equivalent
to the price of ultra-low sulphur diesel oil. In view of this,
it is appropriate to consider the use of solid biomass as an
alternative fuel in ships. Potential technologies for use in
a ship’s power plant are shown in Fig. 1.

FLUIDISED BED BOILER FUELLED BY BIOMASS
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with the application of heating oil as the intermediate medium
2)
with combustion in the outer chamber

Fig. 1. Technologies that may allow for the use of solid biomass in a ship’s
power plant [18]

Zenczak noted that ‘among the technologies utilizing the
direct combustion of biomass, the simplest, tested and suitable
for marine conditions is the technology of firing biomass in
the boiler and the application of a steam cycle plant’ [18]. It
was also well proven in marine conditions when the coal was
commonly used as fuel. As previously mentioned, refined
biomass in the form of torrefied pellets is most similar to
carbon in terms of energy density. The volume of stock will
therefore be similar to the stock of coal for a ship with the
same range. These pellets can also be easily transported from
the stock holder to the boiler, for example by the pneumatic
method, as used in the last coal-powered ships built in the
1980s, or by means of screw conveyors [22-24].
The emission of SOx and generation of NOx from the
nitrogen contained in the pellets is negligible, since the
pellets contain less than 0.08% sulphur and less than 0.3%
nitrogen [13]. For the typical pellets combustion with the air
surplus (λ=1.1–1.3), the generation of NOx mainly takes place
in a thermal manner from the nitrogen contained in the air
(especially for temperatures exceeding 1300°C). Emissions of
NOx can be reduced by supplying air gradually for combustion
or by using fluidised bed combustion technology, which
allows for combustion at lower temperatures [18]. If a fluidised
bed boiler is to be used on board a ship, its effectiveness
under sea conditions must be tested. The disadvantage of
conventional pellets is their hygroscopicity, which leads to
the absorption of water from the environment, resulting
in swelling and crushing, and special storage conditions
are therefore required. These disadvantages do not apply
to torrefied pellets, as they have a hydrophobic nature [14].
Due to the storage location of the fuel in this case, i.e.
on board a ship, it is very important to conduct tests on
the risks associated with stored torrefied pellets and to set
safeguards, as there are not sufficiently detailed guidelines
from classification societies for solid fuel systems.
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As mentioned above, compared to a boiler with a classic
furnace, a fluidised bed boiler ensures environmentally
friendly combustion through a reduction in NOx and SOx
emissions. The use of a fluidised bed is also one way of
increasing the intensity of the heat exchange process, in which
the boiler is characterised by smaller heat exchange surface,
thereby improving the overall mass and volume indicators
of the ship’s power plant.
Since there is a lack of information on the operation of
fluidised bed boilers under marine conditions, testing was
carried out by the present authors on a physical model. This
research involved a model placed on a cradle to simulate the
consequences of the impact of a regular sinusoidal wave on
a ship. The results of this research were published, inter alia,
in [24-27].
The results of investigations of the heat transfer
coefficients prove that the heat transfer conditions have
a clearly local character that is strongly dependent on the
mass of the fluidised bed material located in the column,
the flow conditions, the angle of inclination of the fluidised
bed column, and the frequency of motion of the cradle.
These investigations were conducted on various models of
a fluidising column, including a column undergoing cyclical
pendulous motion. A diagram of the column during cyclical
pendulous motion is shown in Fig. 2.

Fig. 2. Diagram of the fluidising column during cyclical pendulous motion,
showing the return system for the fluidised bed material

Fig. 3 shows the relationship of the average coefficient of
heat transfer between the fluidised bed and the probe surface
to the height above the distributor. The fluidising column was
kept still, in the vertical position. This relationship indicates
a decrease in the average heat transfer coefficient with an
increase in the distance of the probe from the air distributor.

This can be explained by the decrease in the concentration
of bed material in the higher parts of the fluidising column.
Į:P 2K
150

under laboratory conditions will contribute to changes in
the capacity of real boilers.
The heat flow rate ࡽሶ transferred to the heat-absorbing
surface of the boiler can be determined from the relation:
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where:
F – boiler heating surface,
Δt – average temperature difference between the fluidised bed
and the working medium (steam/water mixture).
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Fig. 3. Relation of the average coefficient of heat transfer between the bubbling
bed and the probe surface to the height over the distributor (z) at a constant
velocity of the fluidising air w = 6.5 m/s and at an immovable vertical position
of the column

In all of the experiments on the heat transfer process in the
bubbling bed in the column, which was undergoing swinging
motion, the value of the heat transfer coefficient was lower
during swinging motion than when the column remained still.
Within the range investigated here, a shorter period of motion
gave a lower heat transfer coefficient. Fig. 4 shows a graph
of the values of the heat transfer coefficient in the bubbling
bed for a constant RPM of the blower (n=4400 min−1), for
a motionless column in the vertical position and for periods
of swing of T=57 s and T=34 s at a 30o angle of deflection from
the vertical. The height of the bed standstill was H=0.12 m.
170
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The heat transmission coefficient k for a clean surface is
expressed by the formula:
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where:
s – thickness of the partition wall,
λ – heat conduction coefficient for the partition material,
α1 – heat transfer coefficient between the fluidised bed and
the heat exchanger surface,
α 2 – heat transfer coefficient between the exchanger surface
and the working medium.
It can be assumed that the heat transmission coefficient
k is approximately equal to the heat transfer coefficient α1
between the bed and the surface, since in Eq. (3) the segments
1/D2 and s/O, are negligibly small and can be omitted from
the technical calculations, i.e.:
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In effect, the assumed heat flow rate will be proportional
to α1, i.e.:
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Fig. 4. Average heat transfer coefficient between the bubbling bed and the
probe surface, for a constant value of RPM for the blower (n = 4400 min-1)
during swinging motion of the column with two different periods (T = 57s ,
T = 34s) and for an immovable vertical position (T = ∞)

Hence, a decrease in the heat transfer coefficient α1 for the
bubbling bed (e.g. 15% in the example in Fig. 4) due to the
swinging motion of the column (due to the rolling motion
of the ship) will influence the heat flow rate and the boiler
capacity to a similar degree.

The same tendency was observed at smaller values for the
RPM of the blower and thus at smaller average velocities of
the fluidising air stream; in other words, a decrease in the
heat transfer coefficient was seen for shorter swinging periods.
These changes in the value of the heat transfer coefficient
between the fluidised bed and the probe surface observed
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EVALUATION OF FIRE RISK RESULTING FROM
THE USE OF TORREFIED PELLETS AS FUEL ON SHIPS
Overview
The risk of fire and explosion generated by classic pellets
is connected with their physical and chemical properties,
the moisture content and the quantity of pellets. The most
common problems connected with the use and transport
of pellets are self-heating, self-ignition, explosion (due to
dust formation) and oxygen depletion (which poses a risk to
personnel). Self-heating may also occur in torrefied pellets,
particularly when the pellets are freshly produced (the higher
the number of fresh pellets, the higher the risk of self-heating
and potential self-ignition) [28,29]. Self-heating typically
occurs deep inside the bulk, meaning that the source of the
fire is difficult to reach and extinguish. An additional problem
is a loss of quality along the supply chain, which results in the
formation of fine particles and dust. The torrefied pellets are
drier and more brittle than conventional ones, which makes
them more prone to fire hazard [28].
The parameters that characterise the level of fire risk include
the ignition temperature, the self-ignition temperature and,
indirectly, the humidity of the biomass.
A knowledge of the following parameters is desirable in
order to determine the more specific characteristics: the dust
cloud ignition temperature, minimum energy of ignition,
lower and upper explosive limits of the dust/air mixture,
limiting values of the detonation pressure, dust explosion
class, explosion venting factor, maximum explosion pressure
[28-32].
Chemical degradation of the pellets starts at a temperature
of 40°C and biological degradation at 50°C. Due to poor heat
transfer, heat accumulates inside the mass of pellets. Selfheating starts at 80°C. Factors influencing this temperature
are the ambient temperature (which is usually high in engine
rooms), moisture content, moisture gradient the bulk volume
and density. At temperatures higher than 80°C, emergency
procedures should be started immediately. The pellets
should be stored at a temperature of below 45°C to ensure
an acceptable level of safety [28,29].
Microbiological activities in torrefied pellets are limited.
Although the moisture content and the probability of survival
of any micro-organisms are very low, the risk of spontaneous
ignition is still present; the lower the initial moisture content
and the higher the air humidity, the higher the risk of heat
generation.
Risk of fire and explosion
Potential sources of ignition are connected with both the
pellets themselves and other factors. The pellets should be
clean, since metal pieces or stones could generate sparks
capable of ignition. Overheating motors, conveyor belts,
bearings (due to high friction), lamps, hot surfaces etc. in the
engine room may also increase the risk of explosion, which
is connected with the formation of dust. Physical damage is
connected with internal operation, improper handling during
loading, conveying and transport (over the whole chain). Dust
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formed from torrefied pellets is more reactive than coal dust,
for example [29]. There is a risk of explosion in technological
installations related to transportation, disintegration and dust
removal, as dust is likely to settle on construction elements.
To minimise dust formation during transport, abrasions,
fractures and breakages should be reduced to a minimum.
Sharp turns in transport pipes should also be avoided [28].
Care should be taken that even minor amounts of the
volatile dust cloud with a concentration approximating
the Lower Explosive Limit (LEL) are removed by an
aspiration/ventilation system in an explosion-proof setting.
During pneumatic transportation in these installations and
equipment, the concentration of dust in the air should be
kept within the explosive limits. The interiors are therefore
explosion risk zones, and automatic devices should be used to
prevent explosions and to protect against the accumulation of
static electricity charge. Additionally, in the biomass receivers
(although this mainly applies to biomass of a loose nature)
fixed firefighting equipment should be used that is based on
a high-dispersion mist. The role of this mist is not only to
extinguish fires but also to prevent the rising of settled dust
and the formation of explosive mixtures [33]. This dust is
characterised by a very large surface area compared to its
mass.
To minimise the risk of self-heating and self-ignition,
the pellets should not be stored and transported in large
volumes. Furthermore, the mixing of pellets of different types
and moisture contents should be avoided. The temperature
distribution and emission of gases should also be controlled.
The moisture content of the pellets should not be greater than
15 wt.% [32], and frequent visual inspections are strongly
recommended [29].
Pellet storage compartments must be ventilated to remove
carbon monoxide and carbon dioxide (chemical oxidation
and microbiological processes consume oxygen, and CO and
CO2 are also released). The storage area should be provided
with adequate signage and ventilation instructions. A forced
ventilation system with a dehumidifier should be utylised to
control the amount of moisture injected into the compartment
(to avoid a rise in temperature). The fan capacity should not be
too low, as an increase in oxygen could result in an increase
in temperature rather than a decrease.
Pellets should be stored in free-standing tanks. Piping
routes should be within safe places, and the location of any
intermediate and terminal tanks should be carefully selected.
Adequate insulation, proper earthing for electric
instruments and the provision of a compartment with flame
detectors and spray nozzles are also important [33]. The most
important factors in minimising the risks of self-heating,
spontaneous ignition and explosion are shown in Fig. 5.

safe carriage of solid bulk
cargoes
[29].
Minimisation of self-heating, spontaneous ignition
and explosion
In accordance with the IMO
Report of the Maritime Safety
Storage:
Monitoring:
Committee (MSC95/22/Add.2
x Do not store and transport large
x Measure and monitor the temperature (using sensors
complement to the IMSBC
volumes
embedded in the stored product)
Code), torrefied pellets can be
x Do not mix different types of
x Keep the temperature below 45°C
biomass fuel in one storage area
classified as wood pellets not
x Monitor carbon monoxide, hydrocarbons, radiated heat and
x Do not mix biomass fuels with
smoke as precursors for overheating
containing any additives and/or
different moisture content
binders. They are in cargo group
x Avoid large amounts of fines in
Emergency:
B class MHB (OH), defined as
the fuel
x Run emergency procedures when the temperature > 80°C
‘materials hazards only in bulk’
(emergency discharge by relocating to a different storage
Elimination:
and ‘other hazards’ other than
area or outside to break up hotspots and cool the fuel)
x Eliminate internal and external
those mentioned in the class
x Provide gas injection at the bottom of the silo in case a fire
sources of ignition
division. Pellets pose a low fire
should
occur
x Avoid dust formation
x Indoors: use water spray/jets to cool/extinguish pyrolysing
x Remove carbon monoxide and
risk [34].
material during the extinguishing operation
carbon dioxide by adequate
Hazards defined by the IMO
x In silos: fill the silo with an inert gas, i.e. nitrogen or carbon
ventilation
for
pellets are connected with
dioxide
the possibility of oxidation,
leading to depletion of oxygen
Fig. 5. Minimisation of self-heating, spontaneous ignition and explosion
(based on [29])
and an increase in carbon monoxide and carbon dioxide in
the cargo and communicating spaces, swelling if exposed to
Health and safety hazards are associated with the impacts
moisture, and fermentation over time if the moisture content
of dust on health (for example the lungs, respiratory system
exceeds 15%, which leads to the generation of asphyxiating and
and eyes). Dust can cause allergic reactions and even cancer.
flammable gases, although gas concentrations do not reach
Biological hazards are connected with microbiological decay.
flammable levels [34]. In accordance with IMO legislation,
Fungi produce toxins, e.g. mycotoxins, that can cause allergic
pellets are characterised as a cargo with low fire risk. The
reactions. Health hazards are also associated with different
IMO also highlights the problem of explosion arising from
volatile organic compounds (VOCs), esters, ethers and
a high dust concentration. The regulations define levels of
aldehydes [28].
oxygen (21%) and carbon monoxide (<100 ppm) in spaces to
be entered by personnel. If necessary, ventilation of enclosed
Fire extinguishing for pellets
spaces and breathing apparatuses should be provided. In
Fire extinguishing is a difficult problem, since pellets used
case of fire, the ship’s fixed fire-fighting installation should
be used, if fitted. Carbon dioxide, foam or water should be
as fuel in a ship’s power plant will be stored in silos. If a fire
used to extinguish the fire [34].
does occur, the silo should be emptied in the very early stages
of the fire, although external oxygen may worsen the fire.
It is therefore possible to identify the risks and prevent
An inert gas such as nitrogen or carbon dioxide can be used
dust explosions by following the ATEX regulations and
to extinguish the fire. This must be injected in the gaseous
classification of zones with the support of experts .
phase, as close as possible to the bottom of the silo. The use
of inert gas requires experienced personnel and is expensive
Proposed recommendations for classification societies
[29,32]. Water is an alternative, but its use should generally
The use of torrefied pellets in a shipboard engine room
be restricted, except to prevent the formation of dust clouds.
requires adequate safety conditions. The pellets must be
free from contamination and deliveries from different
Although torrefied pellets do not swell up in the same way as
sources should not be mixed. Torrefied pellets are also
conventional wood pellets, the stability of the ship could be
compromised if the quantity of wet pellets is large. A system of
particularly susceptible to ignition and self-ignition shortly
after production, and hence large amounts of pellets should
compressed air foam is another efficient way of extinguishing
a fire in pellets stored in silos [32].
not be stored. Pellets should be stored in spaces where the
Fire extinguishing is a complicated and time consuming
temperature will not exceed 45°C, in free-standing tanks
process, and in some scenarios may last several days.
or receivers. Appropriate humidity should be ensured in
It is important to ensure evacuation of combustion gases
these compartments so that the pellet humidity is no
from the silo (via the ‘check valve’ at the top) and to prevent
higher than 15%. In order to remove CO2 and CO and to
air flows. Emergency discharge should be preceded by
supplement O2 (due to depletion), and hence to enable entry
inertisation [28,32].
by crew members (i.e. oxygen 21% and carbon monoxide
<100 ppm), a ventilation system with sufficient capacity should
Legislation
be installed. This system should include a dehumidifier in
The International Maritime Solid Bulk Cargoes (IMSBC)
order to control the amount of moisture injected into the
code is the most important legislation governing the
compartment (to prevent a temperature rise).
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The pellets should be transported by means of pipes
without abrupt changes in direction and where the dust
will not come into contact with sources of ignition with
a temperature of over 230°C. To minimise dust formation
during transport, abrasions, fractures and breakages should
be kept to a minimum.
Regular inspections of the condition of the pellets should
be carried out by crew members. The tanks/receivers should
be observed and CO concentrations measured in the air above
the surface of the pellets in order to immediately detect any
fire hazard in the tank. The electrical instrumentation should
be insulated and provided with appropriate earthing devices.
Flame detectors and spray nozzles should be installed in the
storage compartment. Inert gases such as nitrogen or carbon
dioxide, water or the compressed air foam system should be
made available in order to extinguish any fires in the pellets.
The fire safety procedures for a ship’s power plant should
take into consideration the use of classic and torrefied pellets.
The pellets’ properties are similar, although the dust from
torrefied pellets is more reactive while the probability of
self-heating is lower.

CASE STUDY: A POLISH FERRY ON THE
ŚWINOUJŚCIE-YSTAD LINE
BACKGROUND
An increase in the number of truck transports of 8–10%
per year on the Świnoujście-Ystad line prompted a Polish
ship owner to buy a used ferry for this line in Spring 2017
[35]. A decision was also made to build two new ferries in
the near future.
The new ship needed to be suitable for the infrastructure
of the port in Ystad after a planned expansion. Its parameters
were as follows:
– overall length 202.4 m,
– breadth 31 m,
– draught design 6.3 m,
– deadweight 8600 Mg,
– total length of car lanes 3000 m,
– number of passengers 399,
– operating speed 18 knots (for 85% MCR),
– single-screw drive with one dual fuel (MGO low sulphur
and LNG), four-stroke, non-reversible engine [36].
The shipowner also considered the construction of a longer
unit of 218 m.
At the current stage of the project, the propulsion power,
electric power and boiler capacity, which are necessary to
determine the fuel stock, have not been disclosed. For the
purposes of this study, they were estimated using relations
based on statistical surveys of a large population of this
category of vessel. Newer relations developed for ferries and
ro-ro ships in [37] are as follows:
(6)
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(7)

(8)

where:
Nw – power of the shaft(s) of main propulsion, kW,
Dn – ship’s deadweight, Mg,
v – ship’s speed, knots,
Nel – electric power, kW,
Dkmax – capacity of steam boilers, kg/h.
Based on the ship’s parameters, the nominal shaft power
was specified as 12,520 kW, the electric power demand was
specified as 4,302 kW, and the required boiler capacity was
2,825 kg/h. An alternative solution for a power plant is
proposed in which either classic or torrefied pellets can be
used as fuel.
DEVELOPMENT OF THE POWER PLANT SOLUTION
It was assumed that the alternative solution for a power
plant should provide mechanical, electrical and heat energy
streams in similar amounts to a motor power plant. It was
therefore proposed to replace the diesel engine in the ship’s
propulsion system with an electric motor. The electricity used
to power the main electric propulsion motor and to meet the
ship’s general needs was produced in power plants consisting
of two steam turbogenerators. In this solution, the diesel
generator sets were also replaced by steam turbogenerators.
Taking into account the power needed for propulsion and the
demand for electricity for general purposes, the total power of
the power plant was estimated at 17,000 kW. It should be noted
that the conversion of diesel engines to steam turbines slightly
changes the demand for electricity, which may therefore differ
from the value determined from Eq. (7) based on data from
motor ships. This is similar to the estimation of steam demand
using Eq. (8). The estimated value from Eq. (8) determines the
required steam stream for general ship purposes for a motor
ship; it is therefore assumed that the required steam stream
to the turbogenerators will be added to that for general ship
purposes, giving a value of 2000 kg/h. The steam for the
turbogenerators is produced in two fluidised bed boilers,
arranged symmetrically on both sides, which are supplied via
two pellet holds situated in front of the boilers. The boilers
also produce steam for general ship purposes.
This configuration of the power plant should provide
good redundancy and reliability, which will result in longer
maintenance times per year compared to a diesel engine.
Fig. 6 shows the layout of the pellet storage and transport
system, and Fig. 7 shows a simplified diagram of the proposed
configuration of the machinery.

be of a short cruising range. The type of ship analysed here
does not have a large cruising range or a large fuel stock
since the area of operation is the Baltic Sea. The longest is
meridional extension, which is equal to 1300 km. In practice,
the ship is designed for a single line, i.e. Świnoujście-Ystad,


with a length of only 92 Nm, and can sail this distance in less


than six hours, at an operating speed of about 17–18 knots.
In practice, ferries cross this distance somewhat more slowly,
WR%RLOHU
WR%RLOHU
i.e. in about 6–7 hours.
A ferry with steam piston engines and coal-fired boilers
was designed for this line in Poland at the end of the 1980s.
A 15-hour operating time per day was assumed for the power
plant at this speed. The endurance of the ship, which was
Fig. 6 Layout of the pellet storage and transport system
1,2 – Storage of pellets on starboard and port sides; 3,4 – daily hold of pellets
assumed to be four days, was used to determine the fuel stock
on starboard and port sides
rather than the maximum distance to be covered. The coal
stock was 440 m3 and the MDO stock for the port generator
set was 123 m3 [38]. A similar
endurance is assumed for
ferries operating in the Baltic
Soot blowers
Sea, which are powered by
LNG. For example, the largest
1
3
ferry currently operating on
the Turku-Stockholm line,
M
the ‘Viking Grace’, carries
2,800 passengers and 200 crew
5
members and has two LNG
Bow truster
Heating
purposes
tanks with a capacity of 200 m3
each. This provides three days
7
of operation using LNG for
Sea water
power. An additional five days
Saturated steam
M
of operation is provided by the
Superheated steam
Electric wire
emergency MDO reserve [39]. It
Condensate
8
should be noted that this route
10
is 175 Nm, almost twice as long
as the Świnoujście–Ystad route.
6
For the ferry considered
here, the basis for determining
the fuel stock in the form of
2
Air injectors
4
classic pellet or torrefied pellets
was an endurance of four
days, i.e. the same as for the
previously designed ferry with
Fig. 7. Machinery configuration:
steam piston engines and coal-fired boilers. The same power
1- fluidised bed boiler on starboard side; 2- fluidised bed boiler on port side;
plant operating time per day at nominal power was assumed,
3,4 - turbogenerators; 5,6 - condensers; 7,8 - condensate pumps;
i.e. 15 hours. To determine the stock, it was assumed that the
9 - deaerator; 10 - water supply pump.
power plant operated on a simple steam cycle. The parameters
and the results of the calculations are summarised in Table 4.
3HOOHWVXSSO\

440 V

3HOOHWVXSSO\

ESTIMATION OF FUEL STOCK

Tab. 4. Parameters of the steam turbine power plant cycle
Parameter

A comparison of the energy densities (Table 3) shows that
the volume of fuel stock in the form of torrefied pellets is
comparable to the volume of stock of coal or LNG for the
same cruising range. A comparison with MDO gives a much
poorer result, as this stock needs a volume that is several times
smaller than that for pellets. Due to limits on large volumes
of fuel stock in the cargo space, the ship should preferably

Steam temperature at the turbine inlet, t1

Value
530

Unit
o

C

9

MPa

0.006

MPa

Saturated steam pressure, ps

0.8

MPa

Steam flux directed for general purposes, ሶࢎ 

0.56

kg/s

Internal turbine efficiency, ηi

0.9

-

Steam pressure at the turbine inlet, p1
Pressure in the condenser, pc
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Parameter
Mechanical turbine efficiency, ηm

Value

Unit

0.97

-

Tab. 5. Results of calculations for a steam turbine power plant and fuel stock
Parameter

Value

Units

0.85

-

Steam enthalpy at the turbine inlet, i1

3548

kJ/kg

Calorific value of torrefied pellets, Wd

26000

kJ/kg

Drop in useful steam enthalpy in the turbine, Δi

998

kJ/kg

Calorific value of classic pellets, Wd

19500

kJ/kg

Condensate enthalpy, iws

152

kJ/kg

Saturated steam enthalpy

2769

kJ/kg

Steam flow directed to the turbines,

17.56

kg/s

Total boiler capacity

18.12

kg/s

Hourly torrefied pellet consumption for turbine
steam production

9714

kg/h

Total hourly torrefied pellet consumption

9950

kg/h

Mass of torrefied pellet stock (for 60 h of power
plant operation)

597

Mg

Volume of torrefied pellet stock (for a density
of 850 kg/m3)

702

m3

Boiler efficiency, ηk

36

Condensate temperature, tws

17000

Power of the turbogenerators, NT

o

C

kW

The required steam mass flow rate to the power turbine
was determined using Eq. (9):

ሶࢀ ൌ

ࡺࢀ
οK



(9)

and the consumption of pellets by the boilers Gh from Eq. (10):

ࡳࢎ ൌ

ሶࢀ ሺ െ ࢙࢝ ሻ  ሶࢎ ሺ࢙ െ ࢙࢝ ሻ

ࢃࢊ K

Total hourly consumption of classic pellets

(10)

where:
Δi – drop in useful steam specific enthalpy in the turbine,
i1 ±VSHFL¿FHQWKDOS\RIVXSHUKHDWHGVWHDPDWWKHWXUELQHLQOHW
is±VSHFL¿FHQWKDOS\RIVDWXUDWHGVWHDPIRUKHDWLQJSXUSRVHV
IRUps 
iws±VSHFL¿FHQWKDOS\RIFRQGHQVDWH
±VWHDPPDVVÀRZUDWHIRUKHDWLQJSXUSRVHV

13265

kg/h

Mass of classic pellet stock (for 60 h of power plant
operation )

796

Mg

Volume of classic pellet stock (for a density
of 750 kg/m3)

1061

m3

Mass of MDO stock for diesel engine propulsion
(for 60 h of power plant operation)

220

Mg

Volume of MDO stock for diesel engine
propulsion

247

m3

Tab. 6. Fuel costs for a steam turbine power plant powered by pellets
and a diesel power plant powered by ULSFO for 60 hours of operation
time [40, 41]
Fuel type
Parameter

RESULTS

Unit price, USD/Mg

221

Fuel stock for 60 h operation time, Mg

The results of the calculations of the steam power cycle
and the required fuel stock in the form of classic and torrefied
pellets are shown in Table 5. It is estimated that with classic
medium-speed diesel engine propulsion powered by ultra-low
sulphur fuel (ULSFO), this ferry would use about 220 Mg fuel
for 60 hours of operation. Table 6 presents the fuel costs for
the assumed 60 hours of operation time of the power plants,
based on average prices in July 2020 [40,41].
A comparison of the costs shows that the fuel costs for
a ship with a steam power plant powered by torrefied pellets
are slightly higher than the rather low prices for marine fuel.
Due to the continuous upward trend in liquid fuel prices in
the long run, it can be expected that the pellet supply solution
will be more favourable. The current extremely low fuel prices
are due to the COVID-19 crisis. Based on bunker prices from
January 2020, i.e. before the pandemic, it is more cost-effective
to use torrefied pellets for the power plant.
In terms of costs, although the option of using classic
pellets gives very similar results to the solution with torrefied
pellets, the volume of the classic pellets is larger.

76

POLISH MARITIME RESEARCH, No 4/2020

Fuel cost, USD
1)
2)

Torrefied
ULSFO
pellets
417 1)

ULSFO
6001,2)

597

220

220

131,937

91,740

132,000

Price is converted from USD/metric ton to USD/Mg at a density of 850 kg/m3
Price before the COVID-19 crisis on 24 January 2020

CONCLUSION
In this paper, we take as an example a ferry intended for
shipping in the Baltic Sea region, where strict regulations
apply regarding the admissible emissions of toxic compounds,
and show that it may be advisable to use a steam turbine power
plant with a fluidised bed boiler using classic or torrefied
pellets. Model tests demonstrate that the fluidised bed boiler
is sensitive to the tilt of the ship, resulting in a decrease in
its efficiency, although this was of secondary importance in
the cases analysed here. The use of stabilisers on ferries and
the relatively low heights of the waves within the Baltic Sea
region effectively eliminate this problem.
The potential fire hazards connected with the storage of
pellets primarily include self-heating, self-ignition, explosion
(due to dust formation) and oxygen depletion (which poses
a risk to personnel). The mixing of materials from various
supplies should be avoided in order to ensure fire safety in

regard to the stored pellets. The pellets should also not be
stored and transported in large volumes. The amounts of
oxygen, oxide and carbon dioxide should be at levels that
are safe for the crew, and recommendations for classification
societies have been proposed.
A simplified analysis of the operating costs of the ship’s
power plant also indicates that these can be reduced if the
proposed solution is used rather than a diesel power plant.
Other positive aspects of the use of biomass as a fuel on ships
within a country such as Poland include partial independence
from imported petroleum fuels and improvements in the
environment through the cultivation of energy crops.
However, certain ethical considerations need to be taken
into account with respect to the widespread use of biomass
for energy purposes, since growing crops for energy should
not restrict or compete with food production.
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ABSTRACT
Maritime shipping is a key component of the global economy, representing 80–90% of international trade. To deal
with the energy crisis and marine environmental pollution, hydrogen-natural gas-diesel tri-fuel engines have become
an attractive option for use in the maritime industry. In this study, numerical simulations and experimental tests
were used to evaluate the effects of different hydrogen ratios on the combustion and emissions from these engines.
The results show that, in terms of combustion performance, as the hydrogen proportion increases, the combustion
ignition delay time in the cylinder decreases and the laminar flame speed increases. The pressure and temperature
in the cylinder increase and the temperature field distribution expands more rapidly with a higher hydrogen ratio.
This means that the tri-fuel engine (H2+CH4+Diesel) has a faster response and better power performance than the
dual-fuel engine (CH4+Diesel). In terms of emission performance, as the hydrogen proportion increases, the NO
emissions increase, and CO and CO2 emissions decrease. If factors such as methane escape into the atmosphere from
the engine are considered, the contribution of marine tri-fuel engines to reducing ship exhaust emissions will be even
more significant. Therefore, this study shows that marine hydrogen-natural gas-diesel tri-fuel engines have significant
application and research prospects.

Keywords: hydrogen; tri-fuel engine; combustion performance; emission performance

INTRODUCTION
The major advantages of maritime transportation, such as
large volume and low cost, have enabled maritime shipping to
become a key component of the global economy, representing
80–90% of international trade [1]. Given its sheer scale, the
maritime sector contributes significantly to global ecological
impacts [2, 3]. In the past few decades, people have become
increasingly sensitive about environmental protection due to
the growing energy crisis and environmental problems [4].
Different organizations, such as the International Maritime
Organization (IMO) and governments of various countries,
have introduced pollutant restriction regulations and set up
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emission control zones to protect the marine environment
and effectively control the emission of harmful gases. Among
them, IMO’s Annex VI of MARPOL 73/78, “Regulation for
the prevention of air pollution from ships” has imposed strict
limits on exhaust gas emissions from ship engines, laying
out the standards for the required reduction in ship exhaust
emissions and their time frames [5].
At present, liquefied natural gas (LNG) has become the
first choice alternative fuel for marine engines thanks to its
environmental benefits [6]. However, LNG-fuelled engines
suffer from a slight power loss and other disadvantages due
to the low combustion rate and long combustion duration of
natural gas. Consequently, LNG-fuelled ships will be unable

to meet the increasingly strict requirements imposed on ship
emissions and conform to the IMO shipping regulations to
reduce CO2 emissions in 2050 to 50% of the 2008 levels.
Based on the characteristics of the marine engine’s actual
working environment, adding hydrogen (H2) to the fuel used
in a marine LNG-diesel dual-fuel engine and converting it to
a hydrogen-natural gas-diesel tri-fuel engine can increase
the power and reliability. H2 is a very flammable gas with
a fast-burning rate. It is also recognized as a clean energy
source and known as the most promising secondary energy
source in the 21st century [7]. The latest developments in
the electrolytic industry will increase the attractiveness
and practicality of renewable energy sources, such as wind
power and hydropower, for obtaining hydrogen via water
electrolysis [8].
Since this topic is very important and has scientific potential,
in recent years, some scholars have carried out research work
on hydrogen-natural gas-diesel tri-fuel engines and have
achieved many beneficial results. Wojciech Tutak et al. [9]
studied the dual-fuel engine driven by diesel and hydrogenrich natural gas through experiments; analysed the influence
of the hydrogen ratio on combustion, heat release, combustion
stability and exhaust emissions; and pointed out that hydrogen
enrichment can improve the combustion process. Ouchikh
et al. [10] studied the effect of adding hydrogen to natural gas
in dual-fuel mode on improving combustion performance
and engine performance through experiments and pointed
out that hydrogen-rich in natural gas usually improves the
combustion of gaseous fuel. Abu-Jrai et al. [11] transformed
a diesel engine into an engine that can burn three fuels
(H2, CH4 and traditional diesel) at the same time, carried
out experimental research, and pointed out that gaseous fuels
(H2 and CH4) affected the heat release rate and the NOx and
PM emissions. Abu Mansor et al. [12] used ANSYS FLUENT
to calculate and analyse the effect of changing the hydrogenmethane-diesel mixing ratio on the pressure, temperature, and
NO and CO products in the cylinder. The study concluded that
a mixture of 70% hydrogen and 30% methane in all fractions of
diesel achieved the best balance between combustion, cylinder
operation, and emission characteristics. Alrazen et al. [13]
conducted CFD modelling on a single-cylinder engine and
calculated the combustion characteristics and emission
performance of an H2-CNG-diesel engine under different
fuel gas mixture ratios (H30-N70, H50-N50, and H70-N30)
through numerical simulation. Talibi et al. [14] analysed the
effects of burning methane-hydrogen mixture on the exhaust
emissions of the compression ignition engine and the gas
composition in the cylinder. Studies have shown that when
burning methane-hydrogen mixtures, the emissions of carbon
dioxide and particulate matter in the exhaust gas are both
lower, and the emissions of CO and unburned THC are higher
compared to diesel fuel alone. The NOx emissions increase as
the proportion of hydrogen in the mixture increases. Tangoz
et al. [15] studied the impact of different compression ratios
(9.6, 12.5, and 15) engine power performance and emission
characteristics. Their study suggested that when the CR value is
9.6, a 5 or 10% hydrogen ratio can be used to enhance the power

performance and emission performance of a diesel engine.
Mahmood et al. [16] designed and tested a gas mixer (CNGH2-AIR Mixer) that mixes natural gas, hydrogen, and air.
Through simulation calculations, the gas mixer is suitable for
mixing air with compressed natural gas (CNG) and a mixture
of hydrogen and compressed natural gas (HCNG), and it can
provide a mixture with a high uniformity index to accurately
control the air to gas fuel ratio at different engine speeds.
The current research mainly involves small engines and
has made outstanding contributions to the research on this
type of engines. However, there is little research on applying
the tri-fuel model to large engines in the maritime field.
The purpose of this study is to use numerical simulations
and bench experiments to compare the combustion and
emission performance with respect to different proportions
of hydrogen in the gaseous fuel and study the possibility
of hydrogen-natural gas-diesel tri-fuel engines as marine
engines. The research results can be used for exploring designs
for future marine engines.

METHODOLOGY OF THE NUMERICAL
AND EXPERIMENTAL STUDIES
NUMERICAL METHOD
In this study, a numerical simulation method was used
to analyse the effects of hydrogen addition on combustion
and exhaust emissions in a tri-fuel engine cylinder. First,
the chemical reaction kinetics analysis software CHEMKIN
was used to perform the numerical calculations. Using proven
chemical kinetics mechanisms [17], the effects of different
fuel mixture ratios on combustion characteristics, such as
ignition delay time, peak gas temperature and laminar flame
speed, were studied. Then, the AVL-Fire simulation package
was used to build a 3D engine model, and the effects of
different fuel mixture ratios on cylinder pressure; cylinder
temperature; cylinder temperature field distribution; and NO,
NO2, CO, and CO2 emissions were calculated. In the following,
we explain the chemical kinetics and 3D engine models.
1) Chemical kinetics model
In this study, the closed homogeneous 0-D reaction model,
i.e., closed homogeneous reactor based on the constant
volume bomb model, available in CHEMKIN was used to
simulate the ignition delay time and maximum temperature
of the three fuel mixtures. The calculation model for flame
propagation speed, including a gas input port, a flame speed
calculator, and an output port in CHEMKIN was used to
calculate the laminar flame speed of the three fuel mixtures.
Since pure diesel is a multi-component mixture, it is difficult
to fully reflect it in chemical kinetics calculations. Some
alternative components are needed in numerical studies.
N-Heptane (nC7H16) has a cetane number comparable
to diesel and chemical properties similar to diesel fuel; it
is commonly used in research to study the combustion
POLISH MARITIME RESEARCH, No 4/2020
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performance of diesel [18]. The main component of natural
gas is methane (CH4) with a volume fraction of about 96%,
and it is generally used to study the combustion performance
of natural gas. Therefore, in this study, a mixture of n-heptane
(nC7H16), CH4 and H2 was used for calculating combustion
in CHEMKIN. In the simulation process, the proportions
of oxygen and nitrogen in each component of the mixture
and the ratio of H2-CH4 mixed gas to n-heptane remained
unchanged. The gas-fuel replacement rate was about 90%. In
the simulations, the reaction time was set to 0.05 sec, initial
reaction temperatures of 500, 600, 700, 800, 900, and 1000 K
were used, the initial reaction pressure was set to 20 atm,
i.e., 2.0265 Mpa, and the equivalent ratio was 1. The flame
propagation velocities were calculated under seven different
operating conditions, where the proportion of hydrogen in
the H2-CH4 mixture in these operating conditions was 0, 5,
10, 15, 20, 25, and 30%, respectively. From the calculation
results, the ignition delay time, laminar flame speed, and
maximum temperature of the three fuel mixtures were
recorded.
2) 3D engine model
To evaluate the effects of varying hydrogen ratios on the
in-cylinder pressure; in-cylinder temperature; emission
rates of NOx, CO, and CO2; and in-cylinder temperature
field distribution in a marine hydrogen-natural gas-diesel
tri-fuel engine, a 3D simulation model should be established.
This paper establishes a 3D engine simulation model, taking
the marine engine MAN B&W 6L23/30DF as reference.
This type of marine engine completed the Type Approval
Test (TAT) and the IMO Tier III emission certification test
in 2017. Table 1 shows the relevant structural parameters
of the original diesel engine under full load.
Tab. 1. Parameters of the Engine for 3D Model
Make &Model

MAN B&W 6L23/30

Number of Strokes

4

Bore

225 mm

Stroke

300 mm

Displacement Volume

11.9 L

Rated speed

750 r/min

Compression Ratio

13.5

MCR Power

1000 kW

MCR Fuel Consumption

183 g/kWh

Piston Speed

7.5 m/s

Number of Injection Holes

8

Maximum Combustion Pressure

17 MPa

Mean Effective Pressure

1.56 MPa

The combustion chamber meshing needs to be performed
before the numerical calculation. As there are eight injection
holes on the injection head, only a 45° engine cylinder model
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can be established to save calculation time. Considering
the computing power, the intake and exhaust valves are not
considered in this article. This will affect the initial swirl and
tumble in the cylinder after the intake is completed. Although
this initial swirl and tumble will affect the spray combustion
process, the impact on the overall combustion trend is not
particularly obvious. Previous simulation calculations were
performed on the full-cylinder model. In this paper, the initial
state vortex is 1400. That is, the swirl intensity is 1400 r/min,
the rotation point is (0 0 0), and the rotation direction is (0 0 1).
This setting was also applied to the eighth model in this article.
The cylinder simulation model shown in Fig. 1 consists of the
piston at the top dead centre. In this study, AutoCAD was
used for 2D geometric modelling. The established model was
imported into the Fire ESE Diesel module of the AVL-Fire
software to build a 3D mesh model. The cylinder wall heat
loss was calculated using the model developed by Han and
Reitz [19]. The RNG κ–ε model [20] was used to simulate
turbulence in the cylinder, the Dukowicz model was used for
droplet evaporation [21], and a standard wall function was used
for the wall heat transfer model. The Rayleigh-Taylor (KH/
RT) [22] hybrid model was also used. The KH decomposition
model was used to draw small droplets from the ejector within
the specified breakup length, but the ejector still maintains its
dense liquid core. If the length exceeds the breakup length,
the RT model was used in combination with the KH model
to predict the secondary breakup [23]. The initial diameter of
the droplets (0.00025 m) were in the range of the nozzle hole
diameter (0.00033 m), which is a characteristic of high-pressure
injection systems. The cause of instabilities leading to spray
breakup is the amplification of disturbances generated under
injection, hydrodynamic impact forces, and the interaction
of a liquid sheet with the surrounding gas. When the waves
generated by the disturbances reach a critical amplitude, the
sheet fragments contract into ligaments and break down into
drops. The KH model was the primary jet breakup, and the KH/
RT model was used to calculate the sudden droplet breakup.
The number of grids at the time of intake valve closure was
54,016, and a grid independence test was performed. In the
simulation model, when the chemical reaction was activated
after diesel injection, the temperature of the diesel-air mixture
in the cylinder reached 600 K, the temperatures of the cylinder
head and cylinder wall were set to 465 K, and the initial
temperature of the piston was set to 525 K.

Fig. 1. Sector meshes used in engine simulation

To simulate the effects of different ratios of H2 and CH4 on
combustion and emissions in the engine cylinder, according
to the ratio of energy, the ratios of hydrogen and methane
are 0:100, 10:90, 20:80 and 30:70, respectively. Taking the
MCR point of L23/30H as the calibration condition, the total
energy input corresponding to the specific fuel consumption
at this condition point was calculated and assumed constant.
Mixed gas fuel (H2 and CH4) accounts for 75% of its energy.
Then, according to the ratio based on energy, the ratio of the
mixed gas was changed to ensure that the total energy was
constant. Other parameters in the model remained unchanged.
The diesel injection time was nine degrees before top dead
centre (TDC), and the diesel injection amount per cylinder
was 0.28 g/cycle. The thermal parameters of the engine at
750 rpm and 750 kW were used for initializing the above 3D
model, and the entire process from closing the intake valve
to opening the exhaust valve was simulated.
First, the accuracy of the numerical calculation chemical
model was guaranteed by the ignition delay and laminar
flame velocity derived from the mechanism before the 3D
calculation. Then, based on the verified mechanism, the 3D
simulation model of the cylinder was established to verify the
numerical calculation physical model (such as spray crushing
or the wall surface thermal model). The simulation results
using zero gas substitution rate (H2 0%, CH4 0%, nC7H16 100%)
were compared with the experimental cylinder pressure under
pure diesel. The calculated in-cylinder pressure curve obtained
from the simulation was compared with the experimental
curve shown in Fig. 2. The two curves are basically coincident,
and the largest divergence occurs at the crank angle position
corresponding to the maximum in-cylinder pressure.
The maximum in-cylinder pressures for experiment and
simulation were 13.96 MPa and 14.42 MPa, respectively, i.e.,
a deviation of only 3%. Figure 2 reflects the correctness of
the model indirectly. The 3D model is feasible and can be
used for numerical simulation to evaluate the effect of engine
performance and emissions under different hydrogen ratios.
Moreover, the trends reflected in the numerical simulation
results and the experimental data can be mutually confirmed.

Fig.2. Comparison of experimental and calculated cylinder pressure values

EXPERIMENTAL METHOD
It is difficult to carry out hydrogen-natural gas-diesel trifuel mixed combustion experiments on the marine engine
MAN B&W 6L23/30DF. This is because the marine engine is
too large to complete this experiment, and it is still difficult to
transform the hydrogen fuel supply system. As a last resort, in
this study, a single-cylinder engine was transformed into a trifuel mixed-fired engine test bench. In the experimental study,
the trend of exhaust gas emissions changing with increasing
hydrogen ratio could be obtained. This trend formed
a correspondence with the trend found in numerical research
and has a reference value. The experimental setup is shown in
Fig. 3. In this experiment, the methane-hydrogen mixture was
passed into the main intake pipe through a branch intake pipe.
The mixture was further mixed with air and, subsequently,
it entered the engine cylinder. The original engine used in
the experiment was a ZR180 single-cylinder diesel engine
and its parameters are shown in Table 2. The dynamometer
was a ZF100KB magnetic particle dynamometer, and it was
equipped with a dynamometer control cabinet and a fuel
consumption meter.

Fig.3. Diagram of the experimental system // 1. Dynamometer control cabinet, 2. Permanent magnet synchronous dynamometer, 3. Cylinder filled with gas fuel (CH4 + H2),
4. Flow regulating valve, 5. Check valve, 6. Intake manifold (CH4 + H2), 7.Fresh air duct tube, 8. Intake main, 9. Fuel tank, (diesel), 10. Fuel consumption monitor,
11. Fuel rail, 12. Single-cylinder engine, 13. Exhaust emission, 14. Computers for control and data collection, 15. Testo 350 combustion gas analyser
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Tab.2. Parameters of the test bench engine
Make &Model

CHANGCHAI ZR180

Number of Cylinders

Single cylinder

Type of cooling

Air cooling

Intake Type

Naturally aspirated

Type of Injection

Direct Injection

Injection Pressure

22–23 MPa

Bore

80 mm

Stroke

80 mm

Swept Volume per Cylinder

0.402 L

Compression Ratio

19.5

Rated Power

5.67 kW

Rated Speed

2600 r/min

The emissions measurement device in the experiment
was a Testo 350, a portable combustion gas analyser made in
Germany. It can detect NO, NO2, CO, and CO2 concentrations,
as well as exhaust temperature. The measurement parameters
are shown in Table 3.
Tab.3. Parameters of the Testo 350 combustion gas analyser
Parameters

Range

Accuracy

O2

0–25 Vol.%

0.01 Vol.%

NO

0–4000 ppm

1 ppm

NO2

0–500 ppm

0.1 ppm

CO

0–10000 ppm

1 ppm

CO2

0–50 Vol.%

0.01 Vol.%

In this study, the engine speed was fixed at 1000 rpm,
and the exhaust emission parameters of each fuel mixture
ratio at seven output powers were recorded. The seven
output powers were 1200, 1600, 2000, 2400, 2800, 3200,
and 3600 W. The recorded engine emission parameters
were NO, NO2 , CO, and CO2 gas emissions and exhaust
temperature. The hydrogen and methane mixture used in the
experiment was prepared by a special gas manufacturer, and
the natural gas was replaced with 99.9% purity CH4. The ratio
of hydrogen and methane was 0:100, 5:95, 10:90 and 15:85,
respectively. When the ratio of hydrogen to methane was
increased to 20:80, the engine knock was very violent, and the
higher hydrogen ratio experiments (20, 25, and 30%) could
not be performed. Nevertheless, the trend of increasing the
proportion of hydrogen on the engine has become apparent.
The pressure is 12 MPa, and the flow rate of the mixture
is 2.5 L/min. The flue gas analyser automatically records
data and fuel consumption rate every 0.5 seconds and once
after the experiment reached stable operating conditions.
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Each measurement was averaged and used to evaluate diesel
emissions.

RESULTS AND DISCUSSION
COMBUSTION CHARACTERISTICS
1) Ignition delay time
The ignition delay time represents the time required for the
fuel to reach the ignition condition starting from the initial
state. It is an important parameter for characterizing the
ignition characteristics of the fuel. A shorter ignition delay
time signifies a faster engine response. The temperature,
pressure, and changes in the free radical emission spectrum
intensity can be used to define the ignition delay time. For
hydrocarbons, the ignition delay time is usually expressed
using the Arrhenius equation [24]. According to this
equation, the ignition delay time is expressed in terms of
temperature and concentration of each reactant, as follows:

τ = A[Fuel]α [O2]β [M]γ e

(1)

In (1), A is the pre-factor; [Fuel] and [O2] represent
the molar concentration of substance fuel and oxygen;
M is the third gas, such as N2, Ar, etc.; α, β and γ are
the factors affecting the aforementioned parameters and
E is the activation energy.
The ignition delay time curves versus different hydrogen
ratios are shown in Fig. 4, where the left, middle and right
y-axes correspond to the initial temperatures of 800, 900
and 1000 K, respectively.

Fig.4. Ignition delay times versus varying hydrogen ratios
at different temperatures in numerical simulations

It can be observed in Fig. 4 that under the same initial
temperature, the higher the proportion of hydrogen, the
shorter the ignition delay time. For example, when the
initial temperature was set to 900 K, the ignition delay
times for seven different hydrogen proportions were
2.442, 1.920, 1.596, 1.376, 1.211, 1.065, and 0.787 ms.
This result means that the tri-fuel engine (H2+CH4+Diesel)
has a faster response time compared to the dual-fuel
engine (CH4+Diesel). This is due to the different physical

and chemical properties of the three fuels. Hydrogen
requires the lowest ignition energy and has the best
flame propagation and the highest low heating value.
Therefore, the addition of hydrogen increases the fuel
reaction activity, which shortens the ignition delay time.
This results in improving the engine ignition performance,
shortening the flame retardation period, and a smooth
engine start.
2) Laminar flame speed
Laminar flame speed is an important parameter for
characterizing the combustion process of internal
combustion engines. A high laminar flame speed of the
fuel means that the combustion process is close to the
ideal constant volume heating cycle and, consequently,
the internal combustion engine can obtain higher thermal
efficiency [25].
Significant research has been carried out on the theoretical
aspects of laminar flame, and Mallard and Le Chatelier
described laminar flame as early as 1883. The propagation
velocity of the laminar flame is mainly related to the type of
fuel, air-fuel ratio, temperature, and pressure. The laminar
flame speed can be approximated using the following
expression:

SL ≈

Tu Tb–

n/2

exp(–

p(n–2)/2

)

(2)

In (2), SL is the laminar flame speed, Tu is the temperature
of the unburned gas, Tb is the temperature of the combustion
gas, P is the pressure of the unburned gas, n is the total
reaction order of the package, EA is the activation energy
and T = (Tu + Tb)/2.
The laminar flame speed variation curve under different
hydrogen ratios is shown in Fig. 5. A higher initial
temperature increases the laminar flame speed. At the
same time, the laminar flame velocity increases as the
proportion of hydrogen increases. For example, when the
initial temperature is 600 K, the laminar flame speed is

125.017 cm/s under tri-fuel mode with 30% hydrogen.
However, under dual-fuel mode with 0% hydrogen
ratio, the laminar flame speed is 45.121 cm/s. This is due
to the good flame propagation velocity characteristics
of hydrogen, which increases the combustion speed in
the cylinder.

Fig.5. Laminar flame speeds versus varying hydrogen ratios
at different temperatures in numerical simulations

The spatial distribution of the cylinder temperature
calculated using the 3D engine model also shows that
adding hydrogen increases the combustion speed in the
cylinder. Figure 6 shows that under the tri-fuel mode
(H2+CH4+Diesel), the cylinder temperature is higher than
that under the dual-fuel mode (CH4+Diesel). When the
crank angle is 364°CA, the high-temperature area in the
dual-fuel mode without hydrogen, i.e., 100% CH4 is much
larger than that in the tri-fuel mode, i.e. 30%H2+70%CH4.
This behaviour is due to the slow combustion of methane.
Increasing the hydrogen proportion can increase the
combustion speed in the cylinder. It can be seen from
the numerical simulations that the combustion speed in
the tri-fuel engine cylinder is faster than that in the dualfuel engine, which improves the combustion efficiency of
the engine [26].

Fig. 6. Temperature distribution of the engine’s cylinder at top dead centre positions under different hydrogen ratios
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Fig. 7. Effect of varying hydrogen ratios on in-cylinder pressure
versus crank angle behaviour in numerical simulations

3) In-cylinder pressure and temperature
Figures 7 and 8 show the curves of the pressure and
temperature in the cylinder as a function of crank angle
calculated using the 3D simulation model. It can be observed
from the figures that the peak cylinder pressure value
increases with increasing hydrogen proportion if other
parameters in the model remain unchanged. When the
ratio between H2 and CH4 is 30:70, i.e. 30%H2+70%CH4, the
peak pressure in the cylinder is the highest. This pressure
is 11.85 MPa and the corresponding crank angle is 361°.
When the hydrogen ratio increases from 0% to 30%, the
entire pressure curve is shifted forward. This shows that
as the proportion of hydrogen in the mixed fuel increases,
combustion in the cylinder becomes faster. The engine
cylinder pressure increases mainly because hydrogen,
with excellent combustion characteristics, promotes diesel
combustion, accelerates the flame propagation speed in the
cylinder and improves combustion efficiency.
Figure 8 shows the curve of the in-cylinder temperature
calculated by the 3D model as a function of the crank angle.
Similar to the trend shown in Fig. 7, the peak value of the
in-cylinder temperature increases as the hydrogen ratio
increases when all other parameters remain unchanged.
Data from experimental tests confirm this trend, as shown
in Fig. 9. The increase in hydrogen in the mixed gas provides
improved homogeneity and a better environment for the
entire combustion process. As the proportion of hydrogen
increases, the engine cylinder has faster combustion and
higher temperature, closer to a constant volume, thereby
improving the efficiency of the engine [27].
EMISSION
1) NOx emission
Figures 10–12 show the impact of varying hydrogen ratios
on NOx emissions from the tri-fuel engine. The curves of
the NO and NO2 produced as a function of the crank angle
in the 3D engine simulation model are shown in Fig. 10.
The amount of emitted NO increases and the amount of
emitted NO2 decreases when the proportion of hydrogen
increases.
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Fig. 8. Effect of varying hydrogen ratios on in-cylinder temperature
versus crank angle behaviour in numerical simulations

Fig. 9. Effect of varying hydrogen ratios on exhaust gas temperatures
versus power behaviour in experiments

Figures 11 and 12 show the NOx and NO concentrations
measured in the engine exhaust gas under different
operating conditions for the engine experiment. With
increasing engine output power, the concentration of NOx
in the engine exhaust gas increases. The concentration of
NOx emission does not vary significantly with changing
proportions of hydrogen. As the output power increases, the
difference between the NO emission concentration values for
different mixture ratios gradually decreases. This behaviour
may be caused by the increase in hydrogen proportion,
which increases the temperature in the engine cylinder.
The increased temperature promotes the generation of NO,
which leads to an increase in NO emissions.
High temperature is a major factor that increases the
total NOx emissions. However, the generation of NOx in
the engine cylinder is a complicated chemical reaction
process, which is not only affected by high temperature
but is also related to the oxygen concentration in the
environment and the total duration during which the
temperature remains high. The proportion of hydrogen
affects the NOx emissions in two ways: 1) The increase
of the cylinder temperature promotes the generation of
NOx, 2) Shortening the combustion time and the water
vapour generated by hydrogen combustion suppress the
generation of NOx. The specific underlying mechanisms
for this behaviour need to be studied further.

Fig.10. Effect of varying hydrogen ratios on NO and NO2 emissions
versus crank angle behaviour in numerical simulations

Fig.13. Effect of varying hydrogen ratios on CO and CO2 emissions
versus crack angle behaviour in numerical simulations

Fig.11. Effect of varying hydrogen ratios on NOx concentration versus
power behaviour in experiments

Fig.14. Effect of varying hydrogen ratios on CO2 concentration
versus power behaviour in experiments

Fig. 12. Effect of varying hydrogen ratios on NO concentration versus
power behaviour in experiments

Fig.15. Effect of varying hydrogen ratios on CO concentration
versus power behaviour in experiments

2) CO2/CO emissions
Figures 13–15 show the effects of different hydrogen ratios
on CO2 and CO emissions in tri-fuel engines. Figure 13
shows a curve of the amount of CO2 and CO generated
as a function of the crank angle in the 3D engine model.
It can be observed that when the proportion of hydrogen
increases, the amounts of CO2 and CO produced decrease,
with the latter showing a significant reduction.
Figure 14 shows the ratio of the CO2 concentration
in the engine exhaust gas under different operating
conditions for the engine. Since the engine is naturally

aspirated, the lambda parameter becomes smaller as
the power increases. The curve in the figure shows that
the trend of CO2 emissions is relatively complicated.
However, the emissions when the hydrogen ratio is 0%,
i.e. 0%H2+100%CH4, are significantly higher than the other
three hydrogen ratios. As the output power increases, the
advantages of doping fuel with hydrogen gradually become
apparent. This is because hydrogen (H2) does not contain
carbon atoms, so the only product of combustion is water
(H2O). The combustion products of fuels such as diesel
and methane inevitably contain CO2. Moreover, methane
POLISH MARITIME RESEARCH, No 4/2020
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(CH4) in natural gas is also a greenhouse gas. Therefore,
replacing part of the natural gas with hydrogen is beneficial
for reducing greenhouse gas emissions.
Figure 15 shows the CO concentration in the engine
exhaust gas under varying hydrogen ratios. As the engine
output power increases, the concentration of CO in the
exhaust gas decreases. At the same time, for the same value
of output power, a high proportion of hydrogen lowers the
CO emission concentration. The data measured by the
bench experiments are consistent with the data calculated
by the 3D engine model and both show a downward trend.
It is well known that increasing the hydrogen content
in fuel can significantly reduce CO2 emissions, which
has great significance for low-carbon shipping. If the
methane escape from natural gas engines is considered,
the environmental benefits of using hydrogen to partially
replace natural gas become even more significant.

CONCLUSIONS
In this study, numerical simulations and bench tests
were used to study the marine hydrogen-natural gas-diesel
tri-fuel engine. A 3D model of the marine engine MAN
B&W 6L23/30DF was established for simulations and
a modified single-cylinder tri-fuel co-firing engine test bench
was used for experiments. The effects of varying proportions
of hydrogen in the fuel on combustion characteristics, i.e.
ignition delay time, laminar flame speed, in-cylinder pressure,
in-cylinder temperature and temperature field distribution,
and NOx/CO/CO2 emissions were studied. Based on the
numerical simulation results and bench tests, the main
conclusions are as follows:
1) This type of engine has better combustion characteristics
than the natural gas-diesel dual-fuel engine. The ignition
delay time of the engine is shortened, the laminar flame
speed increases and the pressure and temperature in the
cylinder improve due to the good combustion characteristics
of hydrogen. Based on the results presented in this paper,
the in-cylinder combustion of marine hydrogen-natural
gas-diesel tri-fuel engines will be faster and more efficient,
which can improve the ship’s power performance.

prospects. This topic should be further studied by maritime
research scholars.
With the rapid development of hydrogen energy technology,
these tri-fuel engines will be expected to be applied to ships in
the near future. In the next step, we will study how to distribute
and regulate each fuel in the application of such engines. In
addition, the hydrogen filling and storage issues involving
marine hydrogen engines are also worthy of further study.
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EXPERIMENTAL RESEARCH ON INSUFFICIENT WATER
LUBRICATION OF MARINE STERN TUBE JOURNAL BEARING WITH
ELASTIC POLYMER BUSH
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ABSTRACT

Water-lubricated bearings with polymer bushes are steadily gaining popularity due to their advantages, including
environmental friendliness, relatively simple construction and long-term operation. Nevertheless, in practice instances
of damage to such bearings occur due to insufficient or absent flow of the lubricating agent. In this study, experimental
tests established that elastic polymer bush bearing is capable of operating without excessive wear for a period of at least
60 minutes under conditions of marginal water flow and typical loads for stern tube journal bearings of small ships.

Keywords: lubrication failure,bearing seizure,water-lubricated bearing,non-metallic bearing,sliding bearing

INTRODUCTION
Water-lubricated polymer bush bearings are increasingly
popular and widely employed in shipbuilding (as bearings
of propeller shafts), hydro-power plants (guide bearings
of turbine shafts) [1–3], as well as in water pump shafts.
Because they use water as the lubricating agent, they provide
the undoubted advantage of being environmentally friendly.
In most cases, lubrication takes place in an open system,
making use of the surrounding water (vessels) or working
fluid (turbines and pumps). As a result, there is no danger
of contaminating the natural environment with petroleum
compounds, as may be the case with oil-lubricated white
metal bearings. Polymer bushes are relatively easy to install
and, as pointed out by Ogle et al. [1], the operating costs
of such bearings may be lower, taking into account their
lack of costs connected with oil use (purchase, service,
potential costs of repairing seal breakdowns). In addition,
as Roldo et al. [4] observed, the use of polymer bushes in
stern tube propeller shaft bearings may result in reducing
friction loss by a factor of 6 or even 9, in comparison to

white metal bush bearings. In connection with increasingly
stringent regulations on protecting the marine environment,
bearings manufacturers have for a number of years proposed
the comprehensive replacement of oil-lubricated bearings
with water-lubricated ones, declaring their comparable
hydrodynamic load capacity [5–7].
The wear process of a propeller shaft bearing bush is
a natural phenomenon due to the propeller shaft’s variable
speeds and loads, as well as its frequent start-up periods.
Upon reaching the limit of a certain wear depth, the old
bushes are replaced with new ones. In this way, a properly
designed and installed polymer bush bearing may function
for periods exceeding twenty years.
However, polymer bushes can undergo unexpected, rapid
wear, which in extreme cases may lead to overheating and
melting of the bush material. Root causes of such breakdowns
can include design stage construction faults, improper
bush processing and installation [8], adverse operating
conditions, etc.
Adverse operating conditions include i.a., deformation of
the ship hull, a contaminated lubricating agent or insufficient
lubricant flow through the bearing.
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Deformations of elastic ship hulls result in misalignment
of the rigid propeller shaft in relation to the bush [9]. Such
situation of the shaft not being positioned axially in relation to
the bush may lead to a decrease in the minimum lubricating
film thickness, pressure distribution deformation, and
in certain cases to a significant decrease in the bearing’s
hydrodynamic load-carrying capacity [10–12]. In extreme
cases, local contact between the shaft and the bush at its edge
- often called shaft edging, might occur, along with rapidly
progressing bush wear, due to locally exceeding maximum
allowed pressure values [13].Contamination of the lubricating
agent with solid particles, such as sand [14,15] can accelerate
wear of the polymer bush as well. The research findings of
Dong et al. [14] demonstrate that rapidly progressing wear
occurs in cases of higher sliding speeds or greater applied
loads. A fast rate of wear progression may also be induced
by the presence of a small amount of wear particles in the
lubricating film [16]. The progress of the bush wearing process
depends on the size, shape and number of these particles.
Additionally, limited water flow through the bearing
may lead to rapid wear of the bush. When a water pump
breakdowns or some water contaminations enter the shaft
stern tube, the water flow through the bearing is limited or
even stopped. Moreover, the water flow might be accidentally
limited by a member of the ship’s crew.
An example of propeller shaft bearing damage resulting
from limited water flow was presented by Młynarczak [17].
Three closed-circuit water-lubricated composite bearings
installed in the propeller shaft of a bulk carrier experienced
sudden failure despite the presence of numerous protection
mechanisms against lubrication system breakdowns. The
bearing lubrication system was equipped with two circulation
pumps in case of the failure of one of them, as well as with
seawater inflow to provide a lubricating agent in the event
of breakdown of the shaft stern tube seal and leakage of
fresh water from the lubrication system. Due to the fact that
seawater contains various contaminations which may settle in
the stern tube and limit the water flow, the lubrication system
was additionally equipped with two lines bypassing the stern
tube, allowing the contaminations from the stern tube to be
washed out in the opposite direction. After analysing the
post-failure incident documentation, Młynarczak pointed
out that the designed system allowed for simultaneous flow
of water through the stern tube and the by-pass lines.
Therefore, limited water flow in the propeller shaft stern
tube was probable cause of the sudden seizure and wear
of the three bearings.
The alarm system did not alert the crew that the bearings
of the propeller shaft were not being adequately lubricated,
because the water flow sensor was installed in front of the fork
splitting the installation into the stern tube and by-pass lines.
In the case described by Młynarczak, it is most likely that
the limited water flow through the propeller shaft stern tube
led to an increase in the temperature of the bearings, as the
water flowing through the bearings was not eliminating the
heat generated in the friction zone sufficiently quickly.
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An increase in temperature reduces clearance between the
polymer bush and the steel journal, since the polymer bush
and the journal, increases its volume. At raised temperatures
polymer bushes demonstrate greater thermal expansion and
increased water absorption. This results in fast increase in the
bush volume towards the shaft, since the bush is limited by
housing from the outside. The steel shaft has higher thermal
conductivity than the polymer bush. Therefore, the shaft
conducts more heat than the bushing, and the shaft expands
toward the bush [18].
When the bearing and the shaft are not capable of
transferring out the heat from the friction zone, local contact
between the surfaces of the bush and the journal occurs. If
water flow is not resumed, seizure and rapid wear of the bush
along its entire length occurs [19]. An example of a damaged
polymer bush due to limited lubricating water flow is shown
in Fig. 1.

Fig. 1. Elastomer bush melted during the laboratory test. Test conditions:
load: 0.2 MPa, speed 10 rev/s, water flow 0 L/min.

Therefore, selecting the proper diameter clearance and
material of the bush is a vital aspect in the design of waterlubricated bearings, allowing the bush, i.a., to continue
operating failure-free under conditions of a temporary lack
or decrease of water flow through the bearing.

ORIGIN AND PURPOSE
From a practical standpoint, it is important to ensure that
the bearing suffering from lubrication system failure is able to
continue working for some period of time without excessive
wear of the bush, until the failure is eliminated by the ship’s
crew or power plant employees.
Water-lubricated bearings have been a subject of abundant
research thanks to which their reliability and durability have
increased. The research conducted on various materials and
material additives has resulted in improving the tribological
properties of bearings working under mixed-lubrication
regime [20–25]. Some other research works have proven
a strong influence of polymer bush material’s elastic modulus
on water-lubricated bearings’ load-carrying capacity [26–28].
Many researchers have conducted numerical analyses and
experimental research aimed at determining the impact of
the placement and quantity of lubrication grooves on the

hydrodynamic properties of bearings [29–35]. Thanks to
such investigations, the heat generated in the friction zone
may be efficiently carried off by water while maintaining the
hydrodynamic load capacity of the bearings.
Analyses of real-life failures of polymer bush bearings
are rarely the subject of scientific publications. The works
by Hirani et al. [36] and Młynarczak [17] are exceptional
in that respect. More common are failure analyses of white
metal bearings such as in [37–42]. This stems from the fact
that hydrodynamic bearings with white metal facing have
been widely employed in the industry for many years. On the
other hand, polymer bush bearings have been in use for just
a few decades [19], and remain less popular due to their much
lower hydrodynamic load capacity in comparison to white
metal bearings.
The causes of thermal bush seizures are the subject of
analyses conducted by some research centres [18,43,44]. They
assess, among others, the impact of the polymer bush’s thermal
expansion on the bearing’s diameter clearance. Takabi et al.
[39] indicates that the faster the revolution speed of the shaft,
the higher the probability of bush seizure due to overheating.
Pap B. et al. [18] point out that, as a result of decreasing the
bearing diameter clearance, a drop occurs in the flow of
lubricating agent through the bearing, in consequence leading
to a rise of temperature inside the bearing.
As indicated by Bishop et al. [19], once the process of bush
seizure occurs, it advances very rapidly.
Experimental research carried out at the Technical
University of Gdansk demonstrated that a certain group of
water-lubricated bearings continues to function properly
for a period of at least 2 hours despite the lack of water flow
[45]. This group of bearings includes a three-layer bearing
(PTFE - NBR - brass), in which the temperature after 2 h of
continuous operation at the rotational speed of 11 rev/s and
average loads between 0.2~0.6 MPa did not exceed 50°C.
During experimental research of elastic polymer and
composite bushes [45], the bearings’ temperature increased
rapidly and a sudden stop of the test rig shaft occurred due to
torque overload. The test rig shaft was stopped in both cases
due to the bush seizure on the shaft, which resulted from the
high thermal expansion and water absorption coefficients of
the bushes.
Comparing the results of tests of elastic polymer and
composite bushes with a three-layer bush, it may be concluded
that the thermal resistivity of the bush (its conductivity,
thickness, number of layers) may have a significant impact
on the bearing’s operation under the limited lubricating water
flow. In other words, the bush, due to its low or high thermal
resistivity, may play a significant role in transferring out the
heat from the friction zone during failure of the lubrication
system [46].

SCOPE OF WORK
The aim of this paper is to determine the degree of load
to which an elastic polymer bush bearing may be exposed
under the conditions of no-water flow, as well as to determine
the limit values of flow intensity, at which an elastomer bush
bearing continues to work properly for a period of at least
60 min. A working temperature of 50ºC and no signs of abrupt
increase in motion resistance were set as the criteria for proper
bearing operation.
Analysing literature and regulations, the author did not
note any recommendations regarding the time how long the
bearings of propeller shafts should continue working without
excessive wear in case of lubrication system breakdown. In
the author’s opinion nature of the tests (bearings working
under limited lubrication) is unusual and in marine industry
is not propagated yet. Zander N. [47] from the U.S. Army
Research Laboratory indicates that U.S. Army requires 30 min
of operation of rotorcrafts following loss of lubrication. Time
of 60 min was estimated by the author assuming that this
60 min should be enough for the crew of the ship to verify
the problem and repair the lubrication system.

TESTED BEARING
The bearing subjected to tests under conditions of limited
water flow had an elastic polymer bush with five lubricating
grooves in its upper part. The material of the bush is approved
by classification societies for use on ships (in bushes of
propeller shaft bearings). Due to bush damage following the
first series of tests (Fig. 1, Table 2), two new bushes of the same
geometry and run-in methods were used. The dimensions
and basic properties of the bushes are presented in Tab. 1
Bearing dimensions and bush properties.

TEST RIG
A new built test-rig made it possible to investigate realscale bearings with a shaft diameter of 100 mm at high power
propulsion (Fig. 2). The test rig’s shaft is made of chromiumnickel steel EN 1.4310 with roughness Ra 0.32 μm as it is
required in marine propeller shafts. The test rig is equipped
with a 220 kW electric motor, with the maximum rotational
speed of 1100 rev/min and nominal torque of 2600 Nm. Thus,
the simulated conditions resemble those present on a small
ship where the transmitted power is high enough to destroy
the bearing.

Tab. 1 Bearing dimensions and bush properties
Bearing diameter / bearing
length / bush wall thickness
[mm]
100 / 200 / 12

Bearing’s
Maximum
radial clearance
operating
[mm]
temperature [ºC]
0.3

60

Minimum
water flow
[L/min]
15

Thermal expansion Thermal expansion
Modulus
@ 0<T<30ºC
@ T>30ºC
of elasticity
-5
[x 10-5 ºC]
[MPa]
[x 10 ºC]
600

15.1

21.1

Thermal
conductivity
[W/mK]

Thermal
capacity
[kJ/kgK]

0.25

1.5
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Fig. 2. High-power test rig, 1 – main shaft, 2 – rolling bearing, 3 – electric
motor 220 kW, 4 – test rig frame, 5 – bearing unit, 6 – radial force application
unit, 7 – force sensor for measuring moment of friction.

The test rig (Fig. 2) consists of a shaft 100 mm in diameter
(1) supported by two self-aligning bearings (2) and driven by
an electric motor (3). The motor and the rolling bearings were
mounted on the test rig frame (4). The tested bearing unit
(5) was placed on the shaft between the two rolling bearings.
Loads were applied on the tested bearing using a lever (6)
from which weight discs were suspended. Measurement of the
friction torque was obtained through a force sensor (7), which
was mounted on the bearing set using a clamp with an arm.
The tested bearing unit (Fig. 3. Tested bearing unit: 1 –
tested polymer bush, 2- steel housing, 3 – covers with sealing,
4 – stainless steel main shaft, 5 – thermocouples (T0~T7),
6 – radial force application unit, 7 – arm and sensor for
measuring moment of friction.) consists of the tested bush
(1) which was installed in a steel housing using a thermocompression method (2), as well as two steel covers (3) with
sealing.
Similarly to real-life systems, the axial water flow is forced
by a pump, which pushes water into the bearing.

Fig. 3. Tested bearing unit: 1 – tested polymer bush, 2- steel housing, 3 – covers with sealing, 4 – stainless steel main shaft, 5 – thermocouples (T0~T7), 6 – radial
force application unit, 7 – arm and sensor for measuring moment of friction.
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The water-pumping system includes a valve installed
between the pump and the tested bearing, which allows to
limit or stop the water flow through the bearing. To ensure
that the bearing remains completely filled with water during
the tests in conditions of no-water flow, the test rig was
additionally equipped with a shut-off valve at the wateroutflow of the bearing.
The measured motion resistance is the sum of: resistance in
the tested bearing (1), the sliding resistance of the sealing (3)
on both sides of the bearing and the resistance of the rollers
in the support system (6). In a hydrodynamic lubrication
regime, the summarised measurement of motion resistance
is subjected to significant error, as such a bearing creates very
little resistance in relation to the other elements.
However, the motion resistance of the remaining elements
may be considered to be of no significance, when a bearing
operates under conditions of limited water flow. The bearing
seizing on the shaft generates high motion resistance, making
remaining motion resistance components negligible.
During the tests continuous measurement of the bearing
temperature was conducted at eight measurement points
(Fig. 3. Tested bearing unit: 1 – tested polymer bush, 2- steel
housing, 3 – covers with sealing, 4 – stainless steel main shaft,
5 – thermocouples (T0~T7), 6 – radial force application unit,
7 – arm and sensor for measuring moment of friction., pos. 5).
Two thermocouples (T0 and T7) were installed in the bearing
covers (3) in order to provide constant water temperature
monitoring at the inflow and outflow of the bearing. The
remaining six (T1~T6) were placed in openings distributed
radially along the bush circumference in two cross-sections:
A-A – water inlet side (T4, T5, T6), B-B ‒ water outlet side
(T1, T2, T3). Two sensors (T1 and T4) were placed in the
lower part of the bush, and the remaining ones (T2, T3, T5,
T6) in the upper part between the lubrication grooves. The
openings in the bearing, in which the temperature sensors
were placed, were of a depth that allowed the thermocouple tip
to be positioned 3 mm under the sliding surface of the bush.
Type K thermocouples with an exposed junction of Ø 0.8 mm
in diameter were employed, allowing, in the opinion of the
author, for relatively quick recording of sudden temperature
changes, which is especially significant in recording dynamic
temperature changes [48].

EXPERIMENTAL PROCEDURE
The manufacturer of the tested bearing recommends
minimum water flow of 15 L/min for the loaded bearing
with nominal diameter of 100 mm (Tab. 1 Bearing dimensions
and bush properties). Water flowing with that rate effectively
transfers the heat from the friction zone, which is of key
importance, since the propeller shaft bearing is working at low
shaft speeds and high loads (conditions of mixed lubrication).
It was decided that the bearing would be tested in the
water flow range of 12 L/min to 0 L/min at three different
loads, representing the average pressures of: 0.2, 0.3 and 0.4
MPa at a constant shaft revolution speed of 10 rev/s (Table

2). Pressure values of 0.4 MPa are representative of average,
typical stern tube bearing pressures of a ship propeller shaft.
Prior to commencing tests, the bearings were subjected to
an identical water absorption process through submersion
in a container and run-in. The bushes were run-in within
a range of variable speeds and loads, thanks to which the
surfaces of both bushes were smoothed out, just as is the case
with bearings operating on real-life objects.
Two bearings with the same geometry and run-in methods
were used. The first bush was subjected to eight tests at the
load of 0.2 MPa (Table 2). Each of these tests represented
a different water flow value. The tests were carried from day
to day, so that each consecutive test would start in the same
conditions (thermocouples indicating ambient temperature).
Due to damaging the first bush during testing in the
conditions of 0.2 MPa and no-water flow (0 L/min), the second
bush was used in further testing (0.3 MPa and 0.4 MPa). Since
the tests were carried out in such a way as not to damage the
bush, the second bush was tested in a range of different flow
intensities at the pressures of 0.3 MPa and 0.4 MPa.
Tab. 2 Conditions of bearing tests
Bearing no. 1
Test no.

0.2 MPa

Bearing no. 2
0.3 MPa

0.4 MPa

Water flow [l/min]
1

11.5

-

12

2

9.3

-

-

3

5.25

-

-

4

4

4.8

-

5

3

2.5

-

6

2

1

2.2

7

1

0.5

0.9

8

0

0

0

Each test commenced in the same way: the valves in front
of and behind the bush were opened and a centrifugal pump
was activated, propelling water from a 200 L container to
the bearings. The initial water flow amounted to 15 L/min.
Subsequently, the bearing set was vented, in order to make
certain that the bearing was completely filled with water.
The electric motor was turned on with the shaft revolution
speed set at 10 rev/s. Next, a sufficient number of disc weights
were suspended to obtain the average pressures of 0.2, 0.3
or 0.4 MPa. During the tests the load remained unchanged.
Using the valve located in front of the inlet channel of
the bearing, the flow of water was decreased to the values
presented in the Table 2. In the case of tests conducted
under the conditions of no-water flow, the valve located
behind the bearing was closed to prevent free outflow of
water from the bearing. The actual testing started from that
moment. During testing it was possible to maintain constant
measurement of the temperature and torque. The water flow
intensity was controlled every few minutes.
It was decided that the test would last a minimum of
60 minutes or would be terminated earlier if any of the
thermocouples measuring the temperature of the water or
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the bearing indicated a temperature higher than 50°C, or if
an alarming increase in the levels of motion resistance was
observed.

RESULTS & DISCUSSION
During each test, the heat generated inside the bearing
was partially transferred by the flowing water, as well as by
the shaft and the bearing housing to the surroundings, i.e.,
the air. During the tests, the temperature in the laboratory
hall varied from 21 to 24°C. In order to compare the impact
of the limited water flow on the change of the temperature
inside the bearing, the increase in temperature during the
bearing’s operation is presented.
It should be underlined that the heat dissipation conditions
inside the lab were more demanding than those found on
a ship, where the shaft tube is indirectly surrounded by water
whose temperature is often lower than 18°C.
SPECIFIC PRESSURE OF 0.2 MPA
The temperature increase during the operation of the
bearing at the load of 0.2 MPa is presented in Fig. 4 and Fig. 5.
Fig. 4 presents the temperature increase for the bearing
operating at the water flow of 11.5 to 1.2 L/min and Fig. 5
presents the results for the bearing operating at the no-water
flow condition.
During the operation of the bearing at the water flow
intensity of 11.5 to 1.2 L/min, no sudden changes in motion
resistance levels were observed, and each of the eight
temperature sensors indicated the same rise in temperature.
Therefore, the indications of only one sensor are presented
and the level of friction torque is omitted (Fig. 4).
It may be noticed in Fig. 4 that the maximum temperature
increase was recorded for the water flow of 1.2 L/min,
amounting to 5°C after 60 minutes of bearing operation.
Additionally it can be observed that the temperatures inside
the bearing are stabilising and the bearing unit is moving
towards thermal equilibrium.

Fig. 4. Temperature increase diagram for bearing with elastic polymer bush.
Test conditions: pressure=0.2 MPa, shaft revolution speed =10 rev/s, water
flow=1.2~11.5 L/min.
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It would be expected that as the water flow through the
bearing increases, the temperature in the bearing decreases.
However, in this study, the temperature increase was larger
when the water flow was 11.5 than 9.3 L/min. The reason
was the fact that the ambient temperature during the test at
the water flow 11.5 L/min was 3°C higher than during the
remaining tests. This ambient temperature difference played
an important role, because the cooling water in the tank had
the same temperature as the surroundings.
During the test conducted at the load of 0.2 MPa and
no-water flow, bush damage due to overheating took place
(Fig. 5). The presumption of the author was to terminate
the test if the temperature in the bearing exceeded 50°C,
meaning a temperature increase not greater than 30°C or if
a concerning increase in the motion resistance was observed.
The results of that test are presented in Fig. 5.

Fig. 5. Temperature and friction torque increase diagrams for bearing with
elastic polymer bush. Test conditions: pressure=0.2 MPa, shaft revolution
speed =10 rev/s, water flow=0 L/min. a) Water temperature increase diagram,
b) Bush temperature increase diagram, c) Friction torque increase diagram,
1 – turning off the water flow, 2 – sudden increase in motion resistance,
3 – limiting shaft revolution speed to 100 rev/s and attempting to turn on the
water flow, 4 – another attempt to turn on the water flow, 5 – stopping electric
motor, 6 – momentary activation of the electric motor.

The process of simulating a malfunction was initiated by
closing off the water flow through the bearing (1). Shutting
off the water flow (1) resulted in a temperature increase of
the water and the bush. The water temperatures on the inlet
and outlet sides of the bearing were increasing at the same
rate, and from the moment of closing the valve they were
slightly higher than the bush temperatures (measured 3 mm
underneath the sliding surface).
When motion resistance had increased (2), the author
decided to continue testing, since the water temperature
increased by only 8°C from the simulation start and did not
exceed assumed 30°C. In less than two minutes temperature
differentiation in the bearing was observed (3) and at this
moment the valves were opened, the pump transporting
water to the bearing was activated, and the revolution speed
of the motor reduced from 10 to 1.7 rev/s (100 rev/min). The
motion resistance started to decrease, but unfortunately
no-water flow through the bush was observed and the bush
and the water temperatures were increasing at a very rapid
pace (segment 3-4).
According to the author, the flow of water through the
bearing was impossible (3), since there was no clearance
between the bush and the journal, and the lubrication grooves
were blocked by the melted polymer. Additionally, inlet water
temperature sensor did not indicate any inflow of fresh water
(lack of temperature drop). Water flow was observed after
second attempt at activation of the pump (4), resulting in
a momentary drop of the water temperatures. The electric
motor was turned off at (5) and turned on for a moment at (6).
After disassembling the bearing’s covers, the melted bush
was visible on both sides of the bearing (Fig. 6).

Fig. 6. Disassembly of bearing’s cover: lubricating grooves clogged with wear
particles. Test conditions: pressure=0.2 MPa, shaft revolution speed =10 rev/s,
water flow=0 L/min.

SPECIFIC PRESSURE OF 0.3 MPA
It was decided to start the test for the load of 0.3 MPa at
the water flow intensity of approx. 5 L/min (Fig. 7), assuming
that at higher intensities the bearing will continue to operate
properly for a period of 60 minutes, since the temperature and
motion resistance values did not cause concern at low loads
(0.2 MPa) and the water flows above zero (Fig. 4).
During the operation of the bearing at the water flow
intensity of 4.8 to 0.5 L/min and load of 0.3 MPa, no sudden
changes in motion resistance levels were observed, and each
of the eight temperature sensors indicated the same rise in
temperature. Therefore, the indications of only one sensor are
presented and the level of friction torque is omitted (Fig. 7).
Similarly to the test results for the loads of 0.2 MPa, the
temperatures inside the bearing are stabilising and the bearing
unit is moving towards thermal equilibrium. The maximum
temperature increase was recorded for the water flow of 0.5 L/
min, amounting to 8°C after 60 minutes of bearing operation.
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Fig. 7. Temperature increase diagram for bearing with elastic polymer bush.
Test conditions: pressure=0.3 MPa, shaft revolution speed =10 rev/s, water
flow=0.5~4.8 L/min.

To avoid sudden damage of the bush during the test
conducted at 0.3 MPa and no-water flow, it was decided to
proceed in the following manner:
• If a sudden increase in the resistance of motion is observed,
the immediate action is to activate the water pump at the
setting of approx. 15 L/min.
• If the water cooling proves insufficient, as the second step
the electric motor is to be turned off.
The results of the test conducted at 0.3 MPa in the
conditions of no-water flow are presented in Fig. 8.
Fig. 8. Temperature and friction torque increase diagrams for bearing with
elastic polymer bush. Test conditions: pressure=0.3 MPa, shaft revolution
speed =10 rev/s, water flow=0 L/min. a) Water temperature increase diagram,
b) Bush temperature increase diagram, c) Friction torque increase diagram,
1 – closing the water flow, 2 – sudden increase in the resistance of motion, 3 –
stopping motor’s operation.

Following the closing of the water flow (1), the temperatures
of the water and the bush rise at a similar rate. After approx.
9 minutes into the test, a sudden rise in the resistance of
motion occurs (2), thus the valves are being opened and the
water pump turned on. This resulted in bringing down the
temperatures on the inlet side of the bearing (Δt5, Δt6, Δt7),
but also in a sudden increase of the temperatures at the outlet
(Δt0, Δt2, Δt3). These temperature changes concerns the water
and the upper part of the bearing, where lubricating grooves
are placed. The outlet temperatures increase is a result of
pushing out the hot water from the bearing and it might be
additionally affected by water backflow phenomenon [49]. The
opening of the fresh water flow did not affect the temperatures
at the bottom of the bush (Δt1, Δt4), since water mainly flowed
through the lubrication grooves.
As the friction torque was still increasing, it was decided
to turn off the motor shaft (2). The stopping of the shaft
resulted in immediate drop of the outlet water temperature
and delayed drop of the bush temperatures.
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Disassembly of both covers revealed a small amount
of polymer bush wear particles located on the shaft and
lack of any wear particles clogging the lubrication grooves.

minutes from the moment of pushing the sealing out that the
water flow through the bearing finally took place (6).

SPECIFIC PRESSURE OF 0.4 MPA
Taking into account that the radial clearance of the bearing
might have been altered in the previous tests, it was decided
to verify whether the bearing would be able to work at the
load of 0.4 MPa and a flow of 12 L/min (Fig. 9). As it turned
out, the bearing was able to operate for the set period of
time (60 min) without an excessive temperature increase
(2°C). Moreover, the bearing underwent further tests at 2.2
and 0.9 L/min, during which neither sudden changes in the
resistance of motion nor large temperature increases were
observed for the period of 60 minutes.
The fact is that the temperatures were no longer increasing
in a degressive way, which may be symptomatic of temperature
instability in the system and the occurrence of mixed friction
in the bearing.

Fig. 9. Temperature increase diagram for bearing with elastic polymer bush.
Test conditions: pressure=0.4 MPa, shaft revolution speed =10 rev/s, water
flow=0.9~12 L/min.

The final test consisted of investigating the bearing’s
behaviour at loads of 0.4 MPa and conditions of no-water
flow (Fig. 10).
From the moment of closing the water flow through the
bearing (1) the water temperature was growing faster than
the bearing temperature. After 30 minutes of the bearing’s
operation at 0.4 MPa sudden increase in the resistance of
motion was observed (2). At this point, the valves were opened
and the water pump was turned on. Just a few seconds later the
cover sealing was pushed out (on the outlet side) by steaming
water (2). The steaming water began to leak out and, despite
activating the pump, no-water flow through the bearing was
observed. A moment later the motor was turned off (3). After
switching the electric motor off, several attempts were made
to activate the water pump (4,5). It was only after about 30

Fig. 10. Temperature and friction torque increase diagrams for bearing with
elastic polymer bush. Test conditions: pressure=0.4 MPa, shaft revolution speed
=10 rev/s, water flow=0 L/min. a) Water temperature increase diagram,
b) Bush temperature increase diagram, c) Friction torque increase diagram,
1 – closing the water flow, 2 – sudden increase in the resistance of motion,
turning the pump on, pushing out of the cover sealing by steaming water,
3 – stopping the motor, 4, 5, 6 – attempts at turning the water flow on.
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The test demonstrates that the temperature of the water
inside the bearing must have been 100°C, despite the fact that
the outlet water temperature sensor indicated only 33°C just
a moment before the sealing was pushed out.

SUMMARY
Experimental study of the bearing with elastomer bush
showed that the axial water flow plays a significant role in heat
transferring out from the bearing. The real-scale stern-tube
bearing with 100 mm nominal diameter is able to operate
properly for a period of at least 60 minutes at the constant
loads, shaft speed and marginal water flows, limited even to
0.5 L/min. The bearing in the absence of the water flow (fully
filled with water) was able to work properly for short periods
(15-30 minutes) followed by rapidly advancing seizure of the
bearing and its damage. The process of bearing’s damage
can be stopped by activating the maximum water flow and
decreasing the shaft’s revolution speed to zero.
Practically, it is very difficult to capture the moment when
the failure occurs, since the seizure is preceded only by the
appearance of a sudden increase of bearing motion resistance.
Additionally, during the seizure of the tested bearing, the
power consumption of the electric motor increased from 3
to only 25 kW. It should be underlined that the seizure of the
bearing with polymer bush in comparison to the bearings
with white-metal facing is frequently connected to melting of
the bush material due to temperatures exceeding the melting
point of the polymer. This confirms reports from ship crews
of similar failures occurring, without increases in the engine
loads being observed when the failure took place.
The tested bearing was able to work properly for established
time at marginal water flows, but probably not without
any wear. Both tested bushes had undergone melting and
hydrolysis (Fig. 1). The deep cracks in the sliding surface,
characteristic of the hydrolysis process, indicates that the
bushes had been subjected to the long-term exposure to
water at a temperature of at least 50°C. Thus, the process
of hydrolytic degradation of the bushes could have already
occurred during tests at the water flows greater than 0 L/min.
In the conditions of limited water f low, the water
temperature measurements at the bearing’s inlet and outlet
may be affected by a large error, since a large part of heat
remains inside the bearing. When the lubricant flow is
completely shut-down, sensors located in front of and behind
the bearing indicate the temperature of the water, which
is barely affected by the heat generated in friction zone.
Therefore, installing sensors at the inlet and / or outlet of
the stern tube may not provide information about possible
overheating of the aft bearing.
Theoretical studies should be carried out to see if
experimentally tested bearing in conditions of limited water
flow is working under hydrodynamic or mixed lubrication
regime. Additionally, it would be worth paying attention to
the thermal resistivity of the polymer bushes. This could
explain why the tested bearing with elastomeric bush is
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not capable of working in no-water flow conditions and the
bearing with three-layer bush is [45].
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ABSTRACT

The AISI 316L type steel belongs to the group of chromium-nickel stainless steels. They are determined according to
European standards as X2CrNiMo17-12-2 and belong to the group of austenitic stainless steels. Steels of this group are
used for elements working in seawater environments, for installations in the chemical, paper, and food, industries, for
architectural elements, and many others. The chemical composition of corrosion-resistant austenitic steels provides
them with an austenite structure that is stable in a wide temperature range, under appropriate conditions for heating,
soaking, and cooling. 316L steel plate was subjected to a technological treatment of hot straightening with an oxyacetylene torch, which is not commonly used for this type of steel, mainly due to the lack of objective assessment of
whether the austenitizing temperature has been achieved and the stability of the heat treatment process is ensured.
The single-phase structure of austenite with high corrosion resistance, without precipitation of carbides, steel is obtained
by supersaturation in water from 1100°C. The purpose of the presented research was to determine the usefulness of
the flame straightening process for a ship structure made of 316L steel.

Keywords: 316L steel, flame straightening, corrosion resistance, mechanical properties

INTRODUCTION
The technological process of hot straightening of steel
is one of the most frequently performed operations in the
shipbuilding industry. It is carried out in order to obtain the
desired shape of the welded structure by reduction of structural
deformations resulting from welding to a specific level that
does not exceed the limit values. In the case of structural
steels, there are strictly described phenomena that allow for
proper hot straightening without undesirable effects on the
structure of the material. The heated steel develops tarnish
colours that are closely related to the temperature that the
material reaches at a given moment, which affects the full
control of the process. This allows the process to be carried
out without phase changes occurring in the material. In the
case of austenitic steels, it is not possible to observe the color
change during heating, because austenitic steel does not have

intermediate stages, it immediately turns to brown, that makes
the proper performance of the process difficult. Nowadays, two
main methods of straightening are used in the shipbuilding
industry: flame straightening (suitable for carbon steels, due
to tarnish colours) and induction (suitable for carbon and
austenitic steels as well). During the production of fishing
vessels, the Crist shipyard had to deal with the straightening
process of structures made from austenitic 316L steel. Because
the shipyard did not have the possibility of performing
straightening construction with induction technology, a trial
of flame straightening of austenitic steel was performed.
Compared to ferrite, the effect of alloying elements on
austenite is less well known because the stable austenite at
room temperature can be achieved by a correspondingly high
content of alloying elements [5, 6, 9, 13, 17]. Alloy austenite has
very good plasticity and impact strength and can obtain special
properties such as high corrosion resistance, heat resistance,
POLISH MARITIME RESEARCH, No 4/2020
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creep resistance, and abrasion resistance. The single-phase
structure of austenite with high corrosion resistance, without
precipitation of carbides, is obtained by steel supersaturation
in water at 1100°C. Reheating the steel to a temperature higher
than 500°C, for example in operating conditions or during
welding, is followed by separation of chromium carbide in
the form of a grid, often intermittently at grain boundaries
in the welding heat affected zone. This process is associated
with chromium depletion of areas adjacent to austenite grain
boundaries and intergranular corrosion. This phenomenon
occurs for austenitic steels with a carbon content equal or
greater of 0.03%. The tested steel, according to the point
measurement of the chemical composition, showed the
values of approximately 0.026 to 0.029%C, additionally, the
surface layer of the steel during the heating process could cause
carburization At a temperature of about 500°C, the Cr diffusion
rate is much lower than the C diffusion rate. Coal-forming
carbides pass from the area of the whole grain, while Cr passes
from the areas adjacent to its boundaries This may cause a local
decrease in the Cr concentration below about 12% [2], [5],
[12], [15]. For this reason, Flade potential increases rapidly
in these places and makes it more sensitive to electrochemical
corrosion along grain boundaries. The rate of Cr diffusion at
a temperature of about 650°C is much higher than at a lower
temperature, and therefore intercrystalline corrosion does not
occur after heating to this temperature. This process is strongly
related to the carbon content of steel. For steel with 0.01%C it
should not be present. Similarly, chromium depletion it has
a significant prolongation of steel heating, even at a relatively
low temperature – close to 500°C. Sensitivity to intergranular
corrosion depends on the carbon concentration in the solution,
temperature, and soaking time, as shown in the graph of TTP
(time-temperature-precipitation) [4], [7], [17].
Effective prevention is to intergranular corrosion prevention
of the separation of chromium carbides, which can be achieved,
inter alia, by re-supersaturation of steel, reduction of the C
concentration below 0.03% and the so-called stabilization of
steel by introducing carbide-forming alloying elements with
a higher chemical affinity for coal, most often Ti and Nb, so
that permanent MX type carbides are formed and do not pass
into the solid solution during supersaturation [20].
The purpose of the research is to determine the usefulness
of the flame straightening process in shipbuilding practice,
applied to austenitic sheets. Tests were carried out to show
what is the impact of the technology used on the mechanical
and corrosion properties of the tested material.

MATERIAL
Tests were carried out on 316 L steel plates after the flame
heating process. The steel plates were austenitic steel, which,
due to its corrosion resistance and high plasticity properties,
has a wide spectrum of uses. It is commonly used even
under cryogenic conditions. In shipbuilding industry it
is used to make, among others, LNG gas tanks in a liquid
state (operating temperature of about –155°C), piping and
to lay RSW (refrigerated seewater) holds (for transporting
fish in water at a temperature close to 0°C) of fishing vessels
(see Fig. 1).

Fig. 1. RSW cargo tank under construction in shipyard

Eight test plates were provided for testing: two reference
ones made of material not subjected to flame straightening
(reference material), three straightened and naturally cooled
ones), and three straightened and water-cooled ones (All
panels had dimensions of 300×450 mm and a thickness of
10 mm. Straightening was carried out using triple flame
burners. Figure 2 shows the plate during straightening.
The straightening direction was perpendicular to the rolling
direction.

Fig. 2. Test plate during straightening process (a) and surface after process (b)

Tab. 1.Chemical composition of tested steel (in wt. %)
C

Mn

Si

P

S

Cr

Ni

Mo

N

Cu

Co

Reference material

0.029

1.42

0.46

0.027

<0.002

16.71

10.57

1.92

–

0.42

0.24

Natural cooling

0.026

1.67

0.42

0.011

0.005

17.14

10.81

1.96

–

0.07

0.04

Water cooling

0.028

1.67

0.42

0.009

0.003

17.13

10.85

1.95

–

0.07

0.03

2.00–
2.501

Max.
0.11

Reference values according to 1.4404 (PN-EN 10088-1) / AISI 316L
Max.
0.03

104

Max.
2.00

Max.
1.00

Max.
0.045
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Max.
0.015

16.50–
18.50

10.00–
13.00

Fig. 3. Temperature record during cooling: a) natural, b) rapid (water bath)

Chemical composition testing was carried out and the
results are summarized in Table 1. A Spectrolab M5 optical
spectrometer was used for the tests. Each specimen was
checked five times. Presented values are averaged.
In order to control the temperature during both heating
and cooling, thermocouple sensors are mounted on each of
the plates. The process record is shown in Fig. 3a for natural
cooling and in Fig. 3b for rapid water cooling.
From the records of the temperature during the test it is
clearly seen that the time required for natural cooling is many
times longer than that required for cooling in a water bath.
According to the record, during heating, in both cases, the
temperature of the plate oscillated around 400°C. It should
be noted that, for technical reasons, the temperature was
measured on the side opposite to the heated side of the sheet.
After the process was completed, clear plastic deformation
(bending) appeared on the metal sheet in a form corresponding
to the method of introducing heat into the sheet.

SCOPE OF TESTS, RESULTS,
AND DISCUSSION
Mechanical, macro- and microscopic, and corrosion tests
were carried out. To determine the scope of the mechanical
tests, similarly to qualification of welded joints, the standard
[10] was used. Figure 4a shows the distribution of the samples
on the test plate. When planning the distribution of samples
on the test plate, the direction of run of the flame was taken
into account. All the samples were prepared by machining.

Fig. 4a). Typical test plate for butt weld qualification [11]
1 – to be discarded; 2 – welding direction; 3 – one flat tensile, one face bend,
and one root bend specimen; 4 – Charpy V-notch specimens; 5 – one flat tensile,
one face bend, and one root bend specimen; 6 – macroscopic and Vickers
hardness specimens; b) Charpy V-notch specimen localization schema

the mechanical properties of the reference material. The test
was performed both along and across the rolling direction.
The differences in mechanical properties are clearly visible:
the longitudinal direction is characterized by about 7% higher
plasticity and about 4% lower strength limit. For tensile test
uncertainty of measurements was estimated in accordance
to [10]. For tensile and proof strength combined uncertainty
is equal to 0.27%, 0.014% for elongation after fracture.
Tab. 2. Tensile properties of reference steel. L – specimen parallel to rolling
direction; T – specimen transverse to rolling direction
Dimensions, mm

Section
area,
mm2

Initial
length
L0, mm

Elongation after
fracture

Proof
strength
Rp02,
N/mm2

Tensile
strength
R m,
N/mm2

L

25.00×10.10

253

90

55

317

582

T

24.90×10.10

251

90

51

315

608

THE TENSILE TEST
A tensile test was carried out for all three groups of the test
plates. For the reference material, the aim was to determine
the basic mechanical properties of the tested steel. One
specimen for each case was prepared. For the samples after the
straightening process, the tensile test was performed to show
whether the straightening traces, visible in Fig. 2b, would have
different properties. The test was carried out on a ZD40Pu
testing machine according to [11, 14]. Table 2 summarizes

Table 3 summarizes the results of the tensile test for the
straightened plates. For both heating cases, the strength was
basically the same but slightly higher than in the longitudinal
direction of the reference plate. Breakage clearly occurred in
the zone after passing the burner or at its border.
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Tab. 3. Tensile properties of naturally and water cooled test plates
Specimen
designation

Section
area,
mm2

Dimensions, mm

Tensile
strength
R m,
N/mm2

A change in mechanical properties, such as impact strength,
indicates a change in microstructure.

Fracture

THE HARDNESS TESTS

Naturally cooled
1.1

24.80×10.70

265

584

Heat affected zone

1.2

25.10×10.70

269

585

Fusion line: heat
affected zone /
unaffected material

Water cooled
2.1

25.10×10.75

270

586

Heat affected zone

2.2

25.10×10.60

266

586

Fusion line: heat
affected zone /
unaffected material

Continuing the methodology contained in the standard [6,
10], hardness tests were performed. The purpose of this test
was to observe the change in hardness in the rectified region.
The measurements were carried out both on the surface, using
a standardized test method [21], and on a cross-section. In
the second case, the method described in [3] was used. Both
types of tests were carried out on a Vickers-Brinell HPO-250
hardness tester. Figure 5 shows the location of the indentions
appropriate for the surface Brinell test and the test results.

THE IMPACT TEST
Another test whose results are of key importance from the
point of view of allowing technology to be used is the impact
test. Due to the natural high ductility of the material, the
experiment was performed at liquid nitrogen temperature
(about – 194°C). Figure 4b schematically shows the locations
of the Charpy specimens.
An analogy to the procedure contained in the already
mentioned standard [8–10] can be seen. The test was carried out
for three zones: zones after the burner passage, the transition
zone (equivalent to the fusion line), and material unchanged
by heat introduced during the process. Similarly to the tensile
test was performed for the reference material. The test was
carried out in accordance with the standard [16] on samples
with a reduced thickness of 7.5 mm. Extended uncertainty of
impact test, calculated in accordance to [9] is equal to 7.5 J.
Tab. 4. Impact test results
Absorbed energy KV2, J

Designation
1

2

3

Average

Reference material
Longitudinal

192

188

196

192

Transverse

167

137

131

145

Naturally cooled
1.1.

206

198

198

201

1.2.

210

186

204

200

1.3.

202

209

190

200

Water cooled
2.1.

204

208

214

209

2.2.

216

216

212

215

2.3.

206

218

218

214

Table 4 lists the results obtained during the impact test.
They clearly show that overheating of the material increases
the impact strength. The most noticeable increase can be
observed in the case of heated and then rapidly cooled sheets.
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Fig. 5. Surface hardness measurement test result

As can be clearly seen in Fig. 5, the hardness distribution
on the surface of the tested objects is heterogeneous and is
similar in both cases. It is clearly seen that the lowest hardness
values can be found at the points –10, 0, and 10. These are
measuring points that coincide with the marks after the burner
passes. The increase in hardness occurs between the tracks,
that is, in places where there was no direct impact of the heat
source. The hardness distribution in the tested panels therefore
resembles the hardness distribution in the welded joint, where
there is a clear increase in hardness in the heat affected zone
(on the fusion line), that is, in a place where the heat source
did not work directly.
To determine whether the observed changes in the hardness
distribution are purely surface in nature, a cross-sectional study
was performed. Two measuring lines were made for each case.
For the line marked “L”, the measurement was made at a depth
of about 1 mm from the heated surface of the test plates, and
the measuring points were numbered and arranged as for
a surface test. For the line marked “T”, the measurement was
made according to the material thickness, with measuring
points spaced approximately every 1 mm. The measurement
lines and test results are depicted in Fig. 6.
As can be seen in Fig. 6, the hardness values measured 1
mm under the heated surface of the sheet show significantly
lower fluctuations. The nature of the graph caused the results
to be averaged, and the standard deviation was calculated.
For the naturally cooled sheets, the average hardness was
186.5 ± 2.0 HV10, while for the water-cooled sheets it was

specimens: reference, after natural cooling and after cooling
in water. Each time the analysis was performed in two areas:
austenite and δ-ferrite. Results of the SEM investigation are
presented on figure 7. Table 5 contains chemical composite
in investigated areas (in %at). The micro-sections were
digested in accordance with the recommendations contained
in [19]. The microscopic tests showed no anomalies in the
microstructure or composition.
Table 5. Chemical composition of invastigaded specimens (EDS result)

δ-ferrite,
At%

austenite,
At%

δ-ferrite,
At%

austenite,
At%

δ-ferrite,
At%

198.0 ± 4.8 HV10. Analysing the T lines, in both cases, one
can notice a certain regularity – the hardness reaches higher
values at the material surfaces. This is the result of metallurgical
processes – rolling and the effect of the greater pressure on
the surface of the sheet (compared to its interior). For sheets
cooled after straightening in a natural way, the hardness
distribution over the sheet thickness is practically symmetrical.
In the case of test plates cooled in a water bath, the effect of
the thermal process is clearly visible – the hardness distribution
is asymmetrical and its minimum is clearly shifted towards
the heated surface.
In parallel to the mechanical tests, macroscopic and
microscopic tests were performed, both classical and by
using a JEOL JSM-7600F scanning electron microscopy
(SEM) equipped with a chemical composition analysis
adapter (EDS). Microstructure tests were performed for the

Water cooled

austenite,
At%

Fig. 6. Vickers hardness test results

Naturally cooled

Element

Referece material

SiK

1.12

1.29

1.08

1.13

1.02

1.10

PK

0.22

0.12

0.09

MoL

1.28

2.32

1.25

2.40

1.30

2.45

CrK

18.56

24.22

18.57

25.23

18.80

25.55

MnK

1.38

1.12

1.63

1.21

1.58

1.26

FeK

68.08

65.94

67.04

64.96

67.10

64.91

NiK

9.58

4.90

10.44

4.94

10.20

4.65

The δ-ferrite content was determined and was about 6.5%
in all cases, which is typical for 316L steel [1], so the thermal
processes carried out did not affect the microstructure of
the tested material. In either case, the steel has an austenitic
structure with a small amount of δ- ferrite. The structure
conforms to the steel grade.

Fig. 7. Result of SEM investigation: a) reference material; b) naturally cooled material; c)water cooled material
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Final
mass, g

Corroded
area, %

WT_1

55.992

54.139

4.80

WL_1

55.281

53.431

4.53

Naturally
cooled
material

6.10

54.727

52.170

5.06

6.12

54.066

51.978

6.23

6.13

52.900

50.585

6.02

Water
cooled
material

3.8

53.630

51.338

11.48

3.10

51.911

49.876

8.36

51.627

49.325

10.17

Initial
mass, g

Specimen

In order to determine the impact of the flame straightening
process on the corrosion properties, tests were conducted
for the presence of intergranular corrosion and resistance
to pitting and crevice corrosion. Standardized procedures
described in PN-EN ISO 3651-2:2004 [4] and ASTM G48 [1]
were used. The dimensions of the samples for the corrosion
tests were set as 20×60 mm, while the thickness was equal to
6 mm. Samples were taken from the area subjected to heating.
They were positioned in relation to the test plates in such a way
that the surface heated by the burner was intact in the process
of their preparation and the longer dimension of the samples
was perpendicular to the direction of heating of the plate.
The Moneypenny-Strauss test was performed as a test of
intergranular corrosion. The previously prepared samples were
first degreased, weighed, and placed in a flask on the particles
layer consisting of the electrolytic copper material and filled
with a corrosive solution (aqueous solution of 16% sulphuric
acid and copper(II)-sulfate). The measuring equipment
consisting of a solution flask, reflux condenser, and the heating
platform was assembled. Then the prepared set was brought to
boiling point and left for about 21 hours. After completion, the
samples were removed, rinsed, dried, and reweighed and then
subjected to a bending test on a testing machine. The result of
the intergranular corrosion test was negative – no intergranular
corrosion was found. The tested steel is characterized by its
low carbon content, not exceeding 0.03% C in the alloy (see
Table 1), and thus the obtained result was as expected.
Very interesting results were obtained for the other corrosion
tests, especially for the pitting corrosion. The test was carried
out in accordance with the standard [4] methods A and B.
Before the test was carried out, the specimens were weighed
(with 0.001 g accuracy) and degreased with ethanol. Then they
were placed in previously prepared flasks: on glass cradles in
the case of method A and on rubber pads in the case of method
B. In addition, in method B, rings made of Teflon were used,
fastened to both side faces of the samples with an elastic band.
After preparation, specimens were flooded with a corrosive
solution (iron chloride). The test temperature according to the
standard was within 22–24°C. The exposure time was 72 hours.
After completion of the test, the samples were removed from
the flasks, thoroughly dried, gently scraped with a brush (to
remove the loose corrosion products), and accurately weighed
again. Surface of each specimen was examinated by Keyence
VHX 7000 digital microscope, with 0.01 μm resolution. 20×
magnification was used in each case.
Corroded area was determined with
Keyence software. The results are
summarized in Table 6.
Similarly to the tensile strength test,
for comparative purposes, the reference
material tests were performed.
As a result of the observations,
a concentration of pits in the area of
the burner passage was noticed. The
phenomenon is particularly visible for
the naturally cooled sheets. For the

Tab. 6. Results of pitting and crevice corrosion tests

Pitting corrosion
Reference
material

3.11

Crevice corrosion
Reference
material
Naturally
cooled
material
Water
cooled
material

WT_2

56.263

54.958

0.58

WL_2

55.493

54.212

0.65

6.11

53.345

52.203

3.33

6.14

54.452

53.196

2.19

6.15

53.554

52.144

1.51

3.6

53.304

52.047

8.70

3.7

53.440

52.123

11.39

3.9

50.714

49.483

13.13

reference samples, the obtained pitting corrosion distributions
are shown in Fig. 8. All images of corroded specimens were
taken with Nikon D7100 camera with macro photography
lens (focal length equal to 60 mm).
The crevice corrosion appeared on both the surface and
the contact with the rubber and the ring. Images of the tested
samples are shown in Fig. 9.
With regard to crevice corrosion, the corroded area,
expressed in percent, is different for each case. Average values

Fig. 8. Pitting corrosion

Fig. 9. Crevice corrosion

Fig. 10. a) Profile and depths of the smallest observed pits; b) The depths of the largest pits formed during the test; Keyence VHX 7000

for reference material, naturally cooled plates and watercooled plates as sequentially: 0.62%, 2.76% and 10.07%. It can
be clearly seen, that there is impact of flame straightening
process on crevice corrosion. Pitting corrosion also affected
larger area in case of processed plates. It is minor influence
when reference material and naturally cooled plates are
compared, 4.7% to 5.8% of corroded area. In comparison of
reference material and water-cooled plate, the difference is
over two times (4.7% to 10.0% of corroded area). Moreover,
it case of pitting corrosion it can be seen, that pits are
concentrated between traces of torch. For reference material,
corrosion pits are located evenly.
A significant impact on the emerging corrosion, both pitting
and crevice, may be due to the fact that the pretreatment of
steel made of 316L alloy was carried out together with carbon
steel, which is wrong, since the dust deposited on the surface
of stainless steel may create additional corrosion centres and
as consequence, can affect its increased range of corroded
area (shown in Table 6).
It is also worth noting the large dispersion of the size of
pits formed during the experiment. For example, for sample
No. 3.7 (shown in Fig. 9), it ranges between 0.5 and 2 mm,
which is already classified as severe pitting corrosion according
to the standard [1]. As shown in Fig. 10a, the smallest pit is
517 μm deep and the largest about 1995 μm. There are also
significant differences in the surface profile of the pits. The
smallest ones are close to a spherical shape and their longest
diameter is about 610 μm. The largest ones, as seen in Fig. 10b,
are oblong and consist of several pits combined with each
other, with a total length of about 16 850 μm.

SUMMARY AND CONCLUSIONS
The research presented in this paper has shown that
the flame straightening process has no negative impact
on the mechanical properties of the material. Micro- and
macroscopic examinations did not show clear changes in
the structure of the material as a result of heating with

a burner. The ferrite-δ content is similar in each case and
is typical for the tested material. The method of cooling
does not affect the internal structure of the material. These
observations also indicate that the straightening process took
place at temperatures below 1000°C, as it had no effect on the
structural change. The conducted corrosion tests indicate,
however, a clear increase in the pitting corrosion rate for
plates heated by the burner compared to the corrosion rate
of the reference material. The concentration of corrosive
pitting was observed at the junction of the burner trace and
the “unchanged” material (see Fig. 11).

Fig. 11. Pitting corrosion concentration regions

This indicates that the flame straightening process
was carried out at a temperature above 500°C, which led
to the phenomenon of dechromination of areas adjacent
to the austenite grain boundaries. When heating steel to
a temperature higher than about 500°C, the diffusion rate
of Cr is less than that of C; this process was described in
the initial part of the publication.
Austenitic steels constitute about two-thirds of all
corrosion-resistant steel production. Technological processes
as well as surface treatment appropriate to such a widely used
group of engineering materials should guarantee full control
of not only of their preparation process but also the properties
of the material itself. The process of flame straightening
austenitic steels with an acetylene burner does not provide
an assessment of the temperature reached by the austenitic
steel during the straightening process.
POLISH MARITIME RESEARCH, No 4/2020
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Due to the high risk of exceeding the safe temperature
at which the chromium depletion process of steel occurs,
flame-straightening of a structure made of austenitic steel is
not recommended to. Induction straightening is definitely
a better solution, allowing better control of thermal process
parameters in relation to flame straightening.
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ABSTRACT

Q690E high strength low alloy (HSLA) steel has been intensively applied in maritime engineering. Also, the underwater
dry welding (UDW) technique has been widely used to repair important offshore facilities. In this paper, joints of Q690E
steel were fabricated through single-pass underwater dry welding at three pressures (0, 0.2, and 0.4 MPa). To study
the effect of the pressure on the microstructure and mechanical properties of the UDW joint, an optical microscope
(OM) and scanning electron microscope (SEM) were used to observe the microstructure and fracture morphology of
the welded joints. The electron backscattered diffraction (EBSD) technique was used to analyse the crystallographic
features and the crystallographic grain size of the ferrites. The proportion of acicular ferrite (AF) in the UDW joints
and the density of low-angle boundaries increase dramatically with the increasing depth of water. The weld metal
of UDW-40 shows higher strength because more fine ferrites and low-angle boundaries within UDW-40 impede the
dislocation movement.
Keywords: underwater dry welding, high strength low alloy steel, water depth, microstructural evolution, mechanical property

INTRODUCTION
Underwater welding is used to repair and maintain
offshore structures, such as submarine pipelines, offshore
platforms, and watercraft [1,2]. Underwater welding can
be divided into dry and wet underwater welding [3,4] and
three different methods, underwater wet welding (UWW),
underwater dry welding (UDW), and underwater local cavity
welding (ULCW) [1,3]. Each of these methods has different
characteristics. The UDW process is conducted in a large
dry chamber, which could minimise the disadvantageous
influence of water because the seawater in the chamber will
be exhausted by the filled gas [1]. Thus, UDW can obtain
better-welded joints than the other two methods. The whole
UWW process is conducted in an aqueous environment,
which results in a high cooling rate and the formation of
porosity and cracks within welds. Compared to UDW and
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ULCW, UWW is more effective, efficient, and economical and
it has freedom of movement [4]. ULCW can obtain a stable
welding process and improve the welding quality because of
the shielding effectiveness of the small dry chamber filling
gas [1, 5]. The cooling rate of ULCW is also high. Both ULCW
and UWW can result in a high hydrogen concentration of
the weld metal because of the water vapour surrounding the
welding arc [6].
High strength low alloy (HSLA) steel has good weldability,
excellent ductility and low-temperature toughness. Thus,
HSLA is widely applied in maritime engineering. The soft
heat-affected zone (HAZ) in traditional arc-welded HSLA
joints generally reduces the strength of the weldment [7, 8].
The soft HAZ is caused by the slow cooling rate and the
high welding heat input [7]. The low impact toughness of
HAZ, especially inter-critically reheated coarse-grained
HAZ, could harm the mechanical properties of the whole

HSLA welds [9]. The martensite–austenite constituents (M–A)
and bainitic microstructure have an important effect on the
impact property of the HAZ [10]. The high-carbon martensite
is more deleterious for these properties when compared with
retained austenite. Also, the high heat input and the low
cooling rate of welds could increase the cellular dendritic cell
spacing and the size of the acicular ferrite laths, and reduce the
acicular ferrite (AF) content [11]. The increasing cooling rate
could increase the martensite, which harms the mechanical
properties of HSLA welds. During underwater HSLA welding
processing, the aqueous environment generates some essential
problems. Jacek Tomków reported that the underwater wetwelded HSLA (S460N steel) joint is characterised by a high
susceptibility to cold cracking [6,12]. Hao Chen et al. [13]
reported that the diffusible hydrogen content in underwater
wet welds significantly increased with the increasing water
depth because of the high hydrogen partial pressure and
the rapid solidification rate of the molten metal. It is easy
to form brittle structures in the HAZ of HSLA welds and
cause a high value of residual stress [14]. However, scholars
have also invented several methods to improve weldability
in the water environment. Zhang et al. [15] employed a
real-time induction heating-assisted process to reduce the
cooling rate of joints in the underwater environment and
improve the mechanical properties. During underwater
welding processing, an ultrasonic wave was used to control
the dynamic bubble and improve the arc stability [16]. The
ultrasonic wave could also reduce the porosity and reduce
the diffusible hydrogen content in the deposited metal [17].
Tomków et al. reported that changing the sequence of the
beads during the process could reduce the susceptibility of
steel to cold cracking [18]. The additional welded stitches laid
on the face of the welded joint could provide an in situ local
heat treatment, which could temper the brittle structures in
the HAZ and reduce the hardness in this area [12]. Post-weld
heat treatment could also be used to improve the mechanical
properties [19,20].
Compared to UWW and ULCW, the cooling rate of UDW
is slower. And UDW can avoid the disadvantages of the water
environment. To obtain welds with good quality, we use
underwater dry gas metal arc welding (GMAW) to complete
the repair of the HSLA. The pressure in the chamber is an
important parameter for the UDW process. Firstly, it can affect
the cooling rate, which has an impact on the microstructure
evolution and mechanical properties of welds. The cooling
time of the weld pool decreases with increasing pressure
because of the higher chamber gas density [21]. Secondly,
the pressure could also affect the solidification process of
the weld metal because the high pressure could not only
make the arc contract, but also affect the arc instability and

the droplet transfer frequency [22]. The high pressure could
also increase the penetration depth of the arc and enhance
the melt flow magnitude (faster) and direction (inward) [23].
Thus, the present work aims to study how different water
depths affect the microstructure evolution and mechanical
properties of underwater dry weld metal of high strength steel
Q690E. The present work will make a significant contribution
to the UDW of HSLA.

EXPERIMENTAL MATERIALS AND
PROCEDURE
The base material (BM) is Q690E HSLA steel (690
indicating that the minimum value of yield strength is 690
MPa). Workpieces of Q690E steel (300×100×10 mm) were
prepared. The detail of the groove is shown in Fig. 1. The
schematic illustration of the GMAW joint is shown in Fig.
2. The filler metal was EASB solid-core wire Mn3Ni1CrMo
with a diameter of 1.2 mm. Table 1 presents the chemical
compositions (by wt.%) of the Q690E HSLA steel and filler
wire based on the manufacturer data. An automatic UDW
system located in a hyperbaric chamber is used to carry out
the underwater dry welding experiment. The underwater
welding system consists of a hyperbaric chamber, threedimensional motion platform, welding power source, welding
torch, wire feeding machine, and auxiliary equipment. Before
UDW, the chamber is filled with compressed air, which is used
to simulate the pressure associated with the water depth (the
water depth of 10 m can be simulated by compressed air with
0.1 MPa ) [24]. Formula (1) presents the calculation method
of the carbon equivalent based on the International Institute
of Welding equation (CEIIW) [25].
(1)

Fig. 1. Cross-section profile of the joint groove.

During UDW, there was no water in the high-pressure
chamber but the UDW processes were conducted at three
different pressures (0, 0.2, and 0.4 MPa), which are equivalent
to different water depths (0, 20, and 40 m). The shielding gas

Table 1. Chemical compositions of the Q690E HSLA steel and Mn3Ni1CrMo filler wire (wt. %).

C

Si

Mn

P

S

Cr

Ni

Al

Ti

Nb

Mo

V

Cu

Fe

CEIIW

Q690E

0.14

0.19

1.03

0.009

0.004

0.57

0.45

0.048

0.015

0.034

0.26

-

-

Bal.

0.51

Mn3Ni1CrMo

0.06

0.6

1.6

0.01

0.01

0.3

1.4

-

-

-

0.25

0.07

0.07

Bal.

0.55
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was 80%Ar2+20%CO2. The UDW parameters and heat inputs
are listed in Table 2. Formula (2) presents the calculation
method of the heat input.

RESULTS AND DISCUSSION
MICROSCOPIC TESTING

(2)

In this formula, q is the heat input (kJ), I is the welding
current (A), U is the arc voltage (V), ν is the welding speed
(mm∙s-1), and η is the arc efficiency. For GMAW, = 0.85 [26].
The microstructure was characterised using an optical
microscope (OM). The crystallographic features and grain
size of ferrites within the welds were observed by using a
scanning electron microscope (SEM) equipped with an
electron backscattered diffraction (EBSD) system. To evaluate
the mechanical properties of the welds, tensile test specimens
were subjected to tensile testing. The location of the test
specimen in the welds is shown in Fig. 2. The dimensions of
all tensile specimens were designed following ASTM E8M16a [27] (as shown in Fig. 2). After the tensile tests, SEM was
used to observe the fracture surfaces.

Specimen
No.

Arc voltage
(V)

Welding current
(A)

Welding speed
(mm s-1)

Heat input
(kJ mm-1)

Value of gas flow
(L/min)

Depth of water (m)

Table 2. UDW parameters and heat inputs.

UDW-0

26

220

4

1.216

25–30

0

UDW-20

26

220

4

1.216

25–30

20

UDW-40

26

220

4

1.216

25–30

40

Fig. 2. Schematic illustrations of tested samples.
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Fig. 3 shows the microstructure of the weld metals (WM),
which are dominated by acicular ferrite (AF). Also, parts
of proeutectoid ferrite (PF) and ferrite side plate (FSP) are
found. From Fig. 3, the volume fraction of AF in UDW-40
and UDW-20 is higher than in the weld conducted at a lower
pressure (0 MPa), although the percentage of PF decreases.
Fig. 4 summarises the grain size of the ferrites from the whole
scanning areas of the three UDW joints. From the statistical
distribution of the crystallographic grain size (Fig. 4), it is
easy to find that the frequency of fine ferrite in the WM of
UDW-40 and UDW-20 is higher than that of UDW-0. The
WM completed under higher ambient pressure shows more
ferrite with larger grain sizes because of the different cooling
rates caused by different welding pressures. The cooling time
of the weld pool decreases with increasing pressure. The
high pressure results in high gas density and high thermal
conductivity [21]. Also, the high pressure harms the arc
stability. The arc efficiency factor is relatively low at high
pressure because more welding powder is needed to hold the
arc rather than transfer to the molten pool [28]. Farrell [29]
explored the cooling time through the temperature range of
1200–800 °C under different water depths when he studied
the UDW of duplex stainless steel offshore pipelines. He
reported that the time decreased gradually with increasing
water depth (5.2 s for 10 m, 5.08 s for 40 m, 4.3 s for 160 m,
and 3.2 s for 320 m) [29].
Thus, the cooling rate of the UDW joint increases when
the ambient pressure increases from 0 to 40 MPa. Many
researchers agreed that [30] the increasing cooling rate
could result in a decrease of the bainite transformation start
temperature, an improvement of the thermodynamic driving
force for nucleation, and the growth of AF laths. Hence,
the weld metal of UDW-40 shows more AF. The lath of
parts of AF also increases. At the same time, Babu [31]
found that the external stress could provide a mechanical
driving force for AF transformation and improve the
selection of a particular growth variant among the 12
different Nishiyama–Wasserman (NW) or 24 different
Kurdjumov–Sachs (KS) orientation relationships.
The stress during transformation could destroy the
conventional AF in which the plates emanating from
inclusions point in different directions and improve the
development of the specific crystallographic variants.
During underwater dry welding, the solidification
process of the liquid weld pool is affected by the ambient
pressure from all directions. Thus, there is no clear
alignment of acicular ferrite plates within underwater
dry welds, and the lath of acicular ferrite increases with
increasing ambient pressure.

Fig. 5. Inverse pole figure and band contrast maps showing the morphology of
ferrite structures and the boundaries distribution with weld metals completed
under different ambient pressure: (a, d) ambient pressure = 0 MPa;(b,e)
ambient pressure = 0.2 MPa; (c, f) ambient pressure = 0.4 MPa.

Fig. 3. Optical microstructures of the central weld metals: (a) UDW-0; (b)
UDW-20; (c) UDW-40.
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Fig. 6. The proportion of grain boundaries with different angles for WMs
(HAGB: high-angle grain boundaries; LAGB: low-angle grain boundaries).
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Fig. 4. The crystallographic grain size of ferrites from the three WMs.

Fig. 5 shows the EBSD inverse pole figure (IPF) and
band contrast (BC) maps of the WMs. In Fig. 5 d, e, and
f, low-angle grain boundaries (LAGB) are represented by
green lines, and high-angle grain boundaries (HAGB) are
represented by black lines (LAGB: 2° < θ < 15°; HAGB: θ
> 15°; θ - misorientation). The colours in Fig. 5 a,b, and c
correspond to the crystallographic orientation. They clearly
show the detailed morphology and crystallographic features
of the ferrite structure. These figures indicate that three
different ferrite structures (AF, PF, and FSP) and the AF
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grains present various directions and show different colours
from those of neighbouring ferrites. From Fig. 5 d,e, f, and Fig.
6, the density of HAGB in the WM of UDW decreases with
decreasing underwater welding pressure, while the density
of LAGB increases. Young Min Kim et al. [32] investigated
the microstructural characteristics of AF and they found
that an AF grain consists of several sub-units misoriented
by 1–2°, a number of the boundaries between AF grains
exhibit misorientation angles of 5–10°, and that lots of
adjacent AF grains with misorientation below 15° make up
the crystallographic packet.

substructures and a notable increase of the tensile properties
through boundary strengthening.

MECHANICAL PROPERTIES
Six representative tensile stress–displacement curves of
WMs are shown in Fig. 7. The tensile properties of the WMs,
yield strength (YS) and ultimate tensile strength (UTS) are
summarised in Table 3. From Fig. 7 and Table 3, the UDW-40
specimen presents good YS and UTS. The YS and UTS of
the UDW-40 specimen (750.6 MPa and 920.91 MPa) are
higher than those of the UDW-20 specimen (YS: 710.6 MPa,
UTS: 866.235 MPa). Also, the YS (678.69 MPa) and UTS
(810.075 MPa) of the UDW-0 specimen are ~72 MPa and
~110 MPa lower than those of the UDW-40 specimen. The
dislocations with high density and the AF with fine grains
result in good strength and toughness [32]. From Fig. 3 and
Fig. 4, the proportion of fine AF in UDW-40 and UDW-20
is higher than UDW-0, but the percentage of PF and FSP
decreases with the increasing water depth. Fig. 4 shows that
the frequency of fine ferrite in WM of UDW-40 is higher
than that in WM of UDW-0 and UDW-20. The mechanical
properties of the weld metals could be improved by grain
refinement of AF, which increases the amount and density
of dislocation, and improves the uniform distribution [33].
Also, the fine grain size is important for improving the
tensile properties [32]. As the underwater welding pressure
and the cooling rate increase, the effective grain is refined,
and the dislocation density increases, which improves the
tensile properties of the WM. The increasing AF and grain
refinement improve the tensile properties [33]. From Fig. 5 and
Fig. 6, the density of LAGB within the weld metals increases
dramatically and improves the tensile properties. The grains
with low misorientation (2° < θ < 15°) are one of the factors
that affect the strength because LAGB contributes to the
dislocation strengthening [34]. The increasing underwater
pressure and cooling rate result in raising of the proportion
of LAGB (Fig. 6), which contributes to the refinement of AF

Fig. 7. Tensile stress–displacement curves of the three welds.

Table 3. Tensile properties for the three weld metals.

Test specimen

Yield
strength Test
1 (MPa)

Yield strength
Test 2 (MPa)

Average yield
strength (MPa)

Standard
deviation

Tensile
strength
Test 1 (MPa)

Tensile
strength
Test 2 (MPa)

Average tensile
strength
(MPa)

Standard
deviation

UDW-0

706

688

697

9

846

847

846.5

0.5

UDW-20

750

744

747

3

904

901

902.5

1.5

UDW-40

783

791

787

4

954

961

957.5

3.5
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ABSTRACT
The objective of this study is to analyse the behaviour of compressed stiffened plates of different slenderness using
experimental and numerical methods. The presented results are part of a long-term project to investigate the ultimate
strength of geometrically imperfect structures subjected to different degradation phenomena, including corrosion
degradation and locked cracks. Several specimens were subjected to a uniaxial compressive force, and the most important
quantities related to the structural behaviour were captured and analysed. A finite element model, accounting for
material and geometrical nonlinearities and initial geometrical imperfections, was developed using the commercial
software ANSYS. The residual welding-induced stresses were measured in the middle cross-section for two specimens.
The initial imperfection was identified by employing a close-range photogrammetry approach. It was concluded that
the numerical analyses, based on the finite element model, predict the ultimate strength of stiffened plates accurately,
although some deviations were also observed. The detailed analysis with the indication of possible uncertainty is
presented, and several conclusions are derived.

Keywords: Stiffened Plate,Ultimate Strength,FEM,Boundary conditions

INTRODUCTION
Ultimate strength analysis is currently one of the
fundamental types of structural assessment considering ship
and offshore structures. Nowadays, the most commonly used
method is the non-linear finite element method [1]. A static
solver is used, including a convergence iterator using the
Newton–Raphson methods, including Riks arc-length one.
A benchmark study in [2] showed that various analysts who
participated in the benchmark study, having the same initial
parameters of the FE model, presented results with relatively
high scatter. The conclusion was that more validation through
experimental work is needed.
The development of numerical tools is still progressing,
and experimental investigations are the most valuable for
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predicting the ultimate strength of different structural
components. The experimental results are typically used
to validate other numerical methods. The most useful are
full-size experiments, e.g., with the destroyer Albuera [3],
and now large-scale experiments [4]. However, due to the
very high costs and problems with the loading application,
reduced-scale experiments are more frequently conducted,
usually in the form of a box girder. Apart from hull girder
tests, investigations of reduced models, i.e., stiffened panels,
stiffened plates, and plates, are frequently performed.
The structural components that compose the ship hull
are plates and stiffened plates. The primary role of plates
is to support the external sea pressure and internal cargo
pressure and transfer the load into the stiffeners and primary
supporting members. Such members can be subjected to

EXPERIMENTAL SET-UP
Stiffened plates made of normal strength steel (minimum
yield stress of 235 MPa) with three different thicknesses (5, 6,

and 8 mm) were tested, where the plate and the stiffener are
of the same thickness. The stiffened plates were 1,260 mm
long and 400 mm wide with the stiffener 100 mm in height.
To avoid excessive post-welding residual stresses, automatic
arc-welding was performed with the welding sequence
presented in Fig. 2 (left). The mechanical properties of the
steel are obtained through tensile testing of three dog-bone
shaped specimens for each plate thickness, and the results
are summarised in Table 1. The information related to the
experimental set-up was provided in [16], which provides
an analysis of the impact of the boundary conditions. In
experimental testing, the incremental loading has been
produced by a hydraulic jack-up subjected to the bottom
support. The quasi-static conditions have been provided
by the very slow increment of the load. Fig. 1 presents the
distribution of both mounted strain and displacement gauges.
Clamped boundary conditions were employed, and were
analysed in the pre-experimental numerical investigations,
including the interaction between the supports and specimen,
as reported in [17].

263.2

199.0

386.5

0.278

6

279.3

190.6

404.8

0.267

8

357.5

196.7

457.0

0.224

Ultimate
tensile
stress
[MPa]

5

Young’s
modulus
[GPa]

Yield
stress
[MPa]

Total
elongation
[-]

Tab. 1. Mechanical properties
Thickness
[mm]

different loads, such as longitudinal, axial and lateral loads.
Series of experiments on plates subjected to different types
of loading may be found, for example, in [5], and numerical
analysis e.g. in [6]. Based on that, different empirical
formulations were proposed.
The fundamental structural component that resists
longitudinal loads during ship bending is the stiffened plate,
which is composed of a stiffener with attached plating. The
stiffened plate typically spans between two rigid transverse
frames. The series of adjacent stiffened plates between
two longitudinal girders forms a stiffened panel. When
considering typical aspect ratios of the stiffened plates, the
structural behaviour of a single stiffened plate is relatively
independent of the adjacent stiffened plates. The investigation
of these components typically allows the ultimate strength of
the entire ship hull girder to be assessed. A significant number
of experiments were carried out in the 1970s, such as [7].
Other recent experiments and numerical analyses concerning
both stiffened plates and panels can be found in [8,9].
Small-scale specimen tests of ship hull girders modelled as
box girders have also been performed. However, the number
of stiffeners and geometrical similarity is hard to satisfy when
compared to a full-scale ship. Thus, the transfer of the results
obtained on a real scale is still challenging. Nevertheless,
such experiments are highly useful in validating numerical
codes, especially the FE analyses. One of the first attempts at
experimental analysis using a box girder was performed in
[10]. Studies investigating small-scale box girders representing
a ship hull were conducted, such as a series of experiments
in [11–13] and on a large-scale specimen in [14]. Wang et al.
[15] tested a hull model of three longitudinal box girders on
a deck subjected to pure bending.
The presented results are part of a project that aims to
investigate the ultimate strength of geometrically imperfect
structures subjected to different degradation phenomena,
such as corrosion and cracks. To establish a reliable numerical
model, this study aims to validate the finite element model
with experimental results through a detailed investigation
of different governing input parameters, such as mechanical
properties, level of initial imperfections and residual stresses.
In this case, three stiffened plates without any degradation
effects were tested, to quantify the structural behaviour in
a non-degraded state. The initial imperfection was identified
by employing a close-range photogrammetry approach.
The relevant information, such as the force-displacement
relationship, lateral mid-displacement, and strains in the
mid-cross-section, was captured during the loading process
and analysed. A numerical model, taking into account the
actual mechanical properties and initial imperfections of
the specimen, was created and validated with the existing
experimental results.

Fig. 1. Strain gauges and displacement transducers (strain gauges – green,
displacement gauges – red) [16]

Both the plate slenderness and the column slenderness
ratios are the primary factors that govern the ultimate
strength of stiffened plates [18]. The plate slenderness ratio
is defined as:

ߚൌ
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where b is the plate width, t is the plate thickness, Re is the yield
stress of the material and E is Young’s modulus. The column
slenderness ratio is equal to:

ߣൌ

݈
ܫ
ߨට
ܣ

ܴ݁
͓ሺʹሻ
ܧ

ඨ

the residual stresses near the welding zone (points 5 and 6)
were measured approx. 2.5 cm from the symmetrical axis,
due to the width of the gauging probe. However, the residual
stresses in the longitudinal direction, in the welding zone,
are reaching the level of the yield stress of the material [20].
Thus, the residual stress level in that region is assumed as
equal to the yield stress.

where l is the plate length, I is the moment of inertia of the
plate with the attached stiffener and A is the cross-sectional
area of the stiffened plate.
The resulting plate and column slenderness ratios of the
tested specimens, considering the actual values of mechanical
properties, are presented in Table 2. When comparing these
values with those typically observed in ship structures [18],
the plate slenderness ratio can be considered as relatively
high, and the column slenderness is within the mean range.
Tab. 2. Characteristics of tested stiffened plates
Thickness
[mm]

Plate slenderness ratio
[-]

Column slenderness ratio
[-]

5

2.91

0.499

6

2.55

0.522

8

2.13

0.576

Welding-induced distortions and residual stresses in
stiffened panels may affect their ultimate strength. To
determine the level of welding-induced residual stresses, nondestructive testing in the section located at a half-length of the
5 mm and 8 mm stiffened plates, where the maximum level is
observed, was carried out employing MagStress5c apparatus
developed by NNT laboratory, which utilises the Barkhausen
effect [19]resulting in the full information on the stress
distribution (main stress components and their orientation
in all the investigated points. The welding technique has
been identical for each plate. Thus, it was identified that the
residual welding stresses could be measured for maximum
and minimum thickness of the plate, providing sufficient
information about the impact of this effect. The points where
the welding-induced residual stresses were measured are
presented in Fig. 2 (right).

Fig. 2. Applied welding sequence (left) and the measured points of weldinginduced residual stresses (right)

At each point, the stresses in both the longitudinal (Sx)
and transverse (Sy) directions were measured. The residual
stresses in the plate element for the 5 mm and 8 mm specimens
are presented in Fig. 3, considering both the upper (DP, DL)
and lower (G) surfaces of the plate. It should be noted that
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Fig. 3. Welding-induced residual stresses, plate element of 5 mm (top)
and 8 mm (bottom) thickness

The distribution of the welding-induced residual stresses in
the longitudinal direction is similar to that typically observed
in [20]. The region of high tensile stresses is observed near the
welding zone, whereas the compressive stresses are observed
away from that region. However, when considering the 5 mm
stiffened plate, there are significant differences between
the residual stresses on the top and bottom surface, which
indicates that the plate areas near the specimens’ free edges are
subjected to local bending from the beginning of the loading
process. Additionally, the bending direction is opposite on
both sides of the stiffener. Furthermore, it can be seen that
the distribution of compressive stresses is asymmetrical,
which is a result of the applied welding sequence. However,
in the case of the 8 mm specimen, the bending stresses are
less significant, which is caused by the lower plate slenderness
ratio compared to the 5 mm plate. In the case of the stresses
in the transverse direction, the compressive stresses exist
in the regions away from the welding zone, whereas in the
welding zone the transverse stresses are close to zero in the
case of both specimens.
As it was discussed in [20], the parameter used to determine
either the residual stresses will have a significant impact or not
is used the ratio between the mean compressive stresses and
the yielding stress of the material. The higher the compressive
stresses are; the potential decrease of the ultimate strength
is also higher. The estimated compressive stresses are 7.0 %,
and 4.4 % of yield stress for 5 mm and 8 mm stiffened plates,
respectively. Based on the analysis of the welding-induced
residual stresses, it may be concluded that these are rather
insignificant, and they are not taken into account in the
numerical analysis.

FE ANALYSIS
The commercial software ANSYS [21] is used in the present
analysis, employing the non-linear FE methods using a static
implicit solver and the arc-length iterative procedure. For
modelling the bending behaviour of the plate elements, fournode shell elements are used, denoted as SHELL181. The
bilinear relationship with hardening is used as a material
model, and the material properties are considered as presented
in Table 1, depending on the thickness of the analysed
specimen. The tangent modulus of linear hardening was
considered equal to E/500. The proposed model is sufficient
for the study since it was shown in [22] that the ultimate
tensile stress has almost no impact on the ultimate strength
of stiffened plates. The mechanical properties that mostly
govern the ultimate capacity are the yield stress and Young’s
modulus; thus, the multilinear stress-strain relationship is
not needed. The calculation procedure takes into account
both material and geometrical nonlinearities. The latter is
considered due to the existence of high deflections of both
the plates and the stiffener caused by the buckling and further
plastic collapse.
Initial imperfections [23,24] are among the most critical
parameters that govern the ultimate strength of stiffened
plates. Thus, these were measured using the photogrammetry
technique [25]. The detailed information about the
measurements can be found in [26] (see Fig. 4). The point
cloud generated was further transformed into a regular mesh
with the use of specially developed code.

Fig. 4. Cloud of specimen surface and positions where photographs
are taken [26]

The initial imperfections were applied to the numerical
model by changing the z-coordinate of each node. The shapes
of the initial imperfections for the three considered specimens
are presented in Fig. 5, compared to the shape of perfectly
flat plates.

Fig. 5. Initial imperfections of specimens (scale factor 5x)

In general, the imperfections may be described as
a superposition of two types. The first one is a general
imperfection, which results in a global sideways distortion
of the plate element, leading to a V-shape at both ends of
the stiffened plate. The second one is a local imperfection
resulting in distortions in the shape of a half sine-wave on
both sides of the stiffener. One can see that with the increase
of the plate thickness, the global imperfections are more
dominant, whereas the local imperfections are less significant.
The shapes are consistent with the measured welding-induced
residual stresses. In the case of the 5 mm specimen, the local
imperfections are significant, which results in pre-existing
bending stresses in opposite directions. In the case of the
8 mm specimen, one side is almost flat (which results in
no bending stresses) and the second one is slightly curved
(which results in considerable bending stresses). One needs
to be aware, that the clamping of the specimens could change
the initial imperfections of the specimen as presented in
Fig. 5. Thus, before the loading, the strains and deflections,
as presented in Fig. 1 were measured during the clamping
procedure. There was identified that imperfections decreased
slightly, whereas stresses increased. However, their level
was marginal concerning both initial imperfections and
welding residual stresses levels. Thus, it was concluded, that
clamping of the specimen won’t have a significant impact on
the initial specimen state. The maximum local imperfections
are about 6 mm, 4.5 mm, and 2.5 mm for the 5 mm, 6 mm,
and 8 mm stiffened plates, respectively. Thus, these cannot be
neglected during finite element modelling. Due to the nonsignificant impact of clamping on the initial imperfections
of the stiffened plates, the initial imperfections were applied
to the FE model as-measured.
The experimental boundary conditions are reflected, and
the model of the stiffened plate with the considered restrained
DOFs is presented in Fig. 6 (left). Both stiffener and plate
are clamped. The loading is generated via an incremental
application of the longitudinal shortening to the upper edge
of the specimen.

Fig. 6. Applied boundary conditions (left) and FE model of the specimen (right)
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To find the proper mesh density, convergence studies were
carried out. It was found that the element size of 20 mm
provides sufficient accuracy, leading to a not too long
computational time. The FE model, with the generated mesh
of the considered element size, is presented in Fig. 6 (right).

with the stiffener, which forms a T-shape, it is much more
resistant to the out-of-plane bending.

EXPERIMENTAL RESULTS
The experimental results for the three specimens of different
stiffness are presented in the form of force-displacement
curves, as can be seen in Fig. 7. With the increase of the plate
thickness, the inclination of the force-displacement curve
is higher due to the rise of the specimen’s in-plane stiffness
(the extent to which the element can resist deformation or
deflection under the subjected load). The point of the ultimate
capacity was reached for a longitudinal shortening of 5 mm in
the case of the 6 mm and 8 mm specimens. In the case of the
5 mm stiffened plate, the maximum force was reached at the
level of 7 mm of longitudinal displacement. At the beginning
of loading, the behaviour is not stable, which could be the
result of the fixing of the specimens in the support at the
beginning of the loading process. Furthermore, in the case of
the 5 mm specimen, the exact bifurcation point can be seen,
with an axial force of 240 kN, whereas, when considering
the 6 mm and 8 mm specimens, the exact bifurcation point
cannot be traced. This can be possibly caused by the higher
slenderness ratio of the 5 mm stiffened plate. In general, the
post-collapse behaviour was similar in all three specimens.

Fig. 8. Longitudinal strain distributions, mid-cross-sections of the specimens

Fig. 9 shows the lateral mid-displacements of the specimens,
which increase up to a point where the ultimate capacity is
reached in all specimens. The negative displacement indicates
that it is increasing towards the stiffener. After reaching the
ultimate strength, the displacements decrease and the final
values go to the opposite sign in the case of the 5 mm and
8 mm stiffened plates. This behaviour indicates that in all
cases the collapse is caused by the secondary effects (i.e., local
plate buckling and stiffener tripping) and that global column
buckling has not occurred. It is also notable that in the case
of the 6 mm and 8 mm specimens, the displacements are
much higher than that of the 5 mm specimen.

Fig. 9. Lateral mid-displacements of the specimens
Fig. 7. Force–displacement curves for tested specimens

The longitudinal membrane strains in the mid-crosssection are evaluated, and the strain gauges’ measurements
are analysed (see Fig. 8). Two steps of the incremental load
are chosen, one in the elastic stage and the other when the
ultimate capacity is reached. For all specimens, the transition
of longitudinal loads is non-uniform. The region near the
welding transmits most of the load, with a much higher
rigidity than the rest of the specimen. The free edges of the
stiffened plate have the highest imperfection level, and the
in-plane stiffness is low from the beginning; additionally, there
are not restrained from a deflection. However, the plate in the
welding region is relatively flat, and due to the connection
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The post-collapse shapes are analysed as presented in
Fig. 10. The deflection forms of the specimens are somewhat
similar. During the experimental testing, it was observed that
firstly the plate buckled on both sides of the stiffener, having
deflections in opposite directions. Then the plate buckling
forced the rotation of the cross-section, and stiffener tripping
occurred. Finally, the critical cross-section crossed the level of
the yield point of the material, and the stiffened plate was not
able to carry any more load. Thus, the complex elastoplastic
collapse mode was observed, where plate buckling followed
by stiffener tripping was the trigger to cause the loss of the
structural capacity. Global column buckling did not occur
in the analysed cases.

Fig. 10. Post-collapse shape for 5 mm (left), 6 mm (mid) and 8 mm (right)
specimens

COMPARISON BETWEEN NUMERICAL
AND EXPERIMENTAL RESULTS
The force-displacement relationships as estimated by the FE
analyses and experimental tests are compared. The ultimate
strength was reached, for the longitudinal shortening, between
5 and 7 mm. In the case of the numerical results, this point
was reached with 2 mm of shortening. The readjustment
of the test set-up may explain this until every part of the
stiffened plate, supports and hydraulic machine were in full
contact, and the experimental supports start to behave like
those generated by FEM. Cui and Wang [27] suggested that
when the displacement is measured only in the head, which
transmits the load, the other supporting structure, since it is
not perfectly rigid, is also subjected to some deflections and
this increases the shortening measurements. An additional
displacement transducer was installed to measure the relative
displacement between the supports. It was found that there
were no significant differences between the two readings and
the upper head was rigid enough (it does not deform under
the considered load).
The longitudinal displacement was divided by a factor
between 2 and 3.5, depending on the specimen, to adjust the
numerical and experimental results, as presented in Fig. 11.
When comparing the numerical and experimental results, the
structural behaviour is quite similar, including the pre- and
post-collapse regime, especially when considering the 6 mm
specimen. Nevertheless, in the case of both the 5 mm and
8 mm specimens, some differences were notable; in the precollapse behaviour, the force displacement-curve inclination
is smaller at the beginning of the loading process, up to the
level of approximately 50 % of the maximum force. Furtherly,
it is increasing, leading to a similar displacement at the point
of the maximum capacity.

Fig. 11. Force–displacement relationship of 5, 6, and 8 mm specimens

The most important output from the analysis, in terms of
the design solution, is the ultimate strength. The summary of
the results is presented in Table 3. It can be seen that the results
from the experimental testing and numerical estimation are
quite similar. The most significant difference is observed for
the 5 mm specimen, whereas the closest results were obtained
in the 8 mm stiffened plate. The differences may originate
from various sources. Almost clamped boundary conditions
were achieved in the experimental testing. On the contrary,
in the case of the numerical model, this was unachievable.
Secondly, the mechanical properties presented in Table 1 are
subject to some scatter, as shown in [28].
Tab. 3. Characteristics of tested stiffened plates
Ultimate force [kN]

Thickness
[mm]

Experimental

Numerical

5

380.2

403.8

5.9

Difference [%]

6

559.5

537.2

-4.1

8

969.9

979.7

1.0

The post-collapse shapes obtained in the FE analysis are
presented in Fig. 12. As can be seen, when compared to the
experimental test (see Fig. 10), the forms of collapse are
very close in general. However, for particular specimens,
some differences can be observed. In the case of the 5 mm
stiffened plate, the critical cross-section, where the highest
deflections are observed, is near the middle in the case of the
numerical model. It is located closer to the support in the
experimental testing. The most similar forms are observed
when considering the 6 mm specimen, including the critical
cross-section and the shape of the collapsed stiffener. In the
8 mm stiffened plate, the region of the highest deflections is
similar; however, some differences in the stiffener shape are
observed. One of the possible reasons has been presented in
[28], where it was shown that the non-uniform distribution of
mechanical properties within a single specimen could affect
both the ultimate strength and the post-collapse shape of the
compressed stiffened plate.
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This indicates that column buckling did not occur, and
the local buckling of the plate dominates the collapse. These
observations are consistent with the analysis of the postcollapse shape. The strain in the edge of the stiffener is
presented at the bottom of Fig. 13. As can be observed, up to
the moment when the maximum compressive force is reached,
the strain readings are very similar for the experimental test
and numerical computations.

Fig. 12. FE model post-collapse shape for 5 mm (left), 6 mm (mid), and 8 mm
(right) specimens

To investigate the structural behaviour during the entire
loading process, selected strain measurements in the middle
cross-section (see Fig. 1) were compared with the FE results.
The results for the 5 mm stiffened plate are presented in
Fig. 13.
The upper-left corner of Fig. 13 presents the strain of the
edge of the specimen. It can be seen that, from the beginning
of the loading process, the plate is subjected to bending. Up
to the level of the ultimate strength, the strain measurements
are very similar. After reaching the status of the highest
compressive force, the strain in the experiment test decreases,
whereas the strain in the FE analysis is still increasing. This
indicates that before the ultimate strength was reached, the
most significant bending occurred in a similar place, i.e., the
middle of the specimen, caused by the shape of the imperfect
stiffened plate. However, after reaching that point, in the FE
model, the collapse occurred in this cross-section, leading
to a significant strain. In the experimental test, the highest
deflections shifted closer to the upper support (see Fig. 10),
leading to the plate bending in the middle cross-section in the
opposite direction and decreasing the strain. In the upperright corner of Fig. 13, the strain near the connection between
the plate and stiffener is presented; in the upper and lower
surface of the plate, these are almost identical.

Fig. 13. Selected strains comparison for 5 mm specimen

126

POLISH MARITIME RESEARCH, No 4/2020

Fig. 14. Strain development of a 6 mm specimen

Fig. 14 shows the strain development of the 6 mm
specimen. The strain in one of the longitudinal plate edges
is shown in the upper-left corner in Fig. 14. Similarly, as was
the case for the 5 mm specimen, the bending of the plate
occurred from the very beginning of the loading process.
However, in that case, when comparing the experimental and
numerical measurements, the readings are very similar, which
indicates that the structural behaviour during collapse was
very similar. In the pre-collapse regime, the strain increases
almost linearly. The decrease of the strain after the region
of the highest compressive force is caused by the shift of the
critical cross-section near the upper support.
Fig. 14, upper-right corner, shows the strain development of
the plate between the edge and the stiffener. The observations
are similar to those obtained for the strain gauges located
on the edge of the plate. The only difference is that the
plate transmits the axial compression, and the readings are
unsymmetrical between the upper and bottom surface of
the plate. The strain measured in the connection between
the plate and stiffener is presented at the bottom of Fig. 14.
Similarly, to the specimen of 5 mm thickness, there is no
significant difference between the strain in the upper and
bottom surface of the plate, which indicates that local plate
bending has been the primary cause of the collapse.

Additionally, the presented results are compared with the
experimental results of Horne [7]. In this case, two flat-bar
stiffened plates with similar plate and column slenderness
ratios were found. Finally, the empirical formulation, as
developed by Paik and Thaymballi [30], is used to compare
the results presented in the current work. The numerical and
experimental test results, as a function of the plate slenderness
ratio, are presented in Fig. 16.

Fig. 15. Strain development of 8 mm specimen

The strain development of the 8 mm stiffened plate is
presented in Fig. 15. In the upper-left corner of Fig. 15, the
strain in the side-edge of the specimen is compared. It can be
seen that up to the level of the longitudinal displacement of
approximately 0.75 mm, the plate was only subjected to the
compressive load, and no bending was observed. In that region,
the strain in the FE analysis and the tested specimen were
the same. In the case of the 8 mm plate, local imperfections
of the plate were insignificant. Thus, in the beginning, only
an axial thrust was transmitted. After crossing that point,
buckling occurred, and the strain increased rapidly due to
the local bending of the plate created. It is also observed that
the strain in the experimental test was considerably higher
than the numerical estimation.
Relatively similar observations can be seen when one
considers the strain in the plate between the edge and the
stiffener, as presented in the upper-right corner of Fig. 15.
However, the asymmetry of the readings is observed due
to the higher contribution of the membrane stresses than
in the plate edge (see Fig. 8). The strain in the middle of the
specimen near the weld is presented at the bottom of Fig. 15.
Similarly, to previous specimens, the strain in the upper and
bottom surface of the plate is very close, showing that local
plate buckling has dominated the collapse.

COMPARISON BETWEEN EXPERIMENTAL
RESULTS AND OTHER METHODS
The method used to estimate the ultimate strength of
the ship hull girder is the incremental-iterative approach
as adopted by the Common Structural Rules [29]. The hull
girder’s ultimate strength is estimated based on the stressstrain responses of the stiffened plate and plate elements
treated separately. The normalised ultimate strength of any
individual stiffened plate is defined as the minimum from
several possible failure modes: plastic collapse, local plate
buckling, local stiffener tripping, or global column buckling
and this formulation is used herein.

Fig. 16. Comparison of numerical and experimental results

It can be seen that, in the case of the stiffened plates with
the lowest and highest values of the plate slenderness ratio,
the presented analyses show results that are very close to the
experimental results presented in [7]. In the case of Paik and
Thaymballi’ s empirical formulation [30], the normalised
ultimate strength is lower concerning the experimental
investigations presented in the current work. However, when
considering the CSR formulation, it should be noted that it
overestimates the ultimate strength estimated by FEM by
up to 15%.

CONCLUSIONS
Stiffened plates with different slenderness have been
tested experimentally, and then a numerical analysis with
the use of the FE method was performed. Pre-experimental
analysis of both welding-induced residual stresses and initial
imperfections was carried out, showing relatively low residual
stresses and higher initial geometrical imperfections.
In all specimens, local plate buckling, followed by stiffener
tripping, was the primary cause of the structural collapse.
The analysis of the membrane strain in the plate revealed
that the axial load is mainly transmitted by the region of the
connection between the plate and the stiffener, and decreases
near the side edges of the plate.
The developed numerical model was revealed to be an
excellent tool in predicting the structural behaviour of
stiffened plates subjected to compressive load, showing
ultimate strength values very close to the experimental ones.
The post-collapse forms were very similar. However, some
differences were observed in the position of the collapsed
cross-section where the highest deflections occurred and
the shape of the collapsed stiffener. The possible reasons are
POLISH MARITIME RESEARCH, No 4/2020
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related to the non-ideal clamped boundary conditions in the
experimental testing and uncertainties in the mechanical
properties. Comparison of the strain in the mid-cross-section
revealed that, up to the point where the ultimate strength
was reached, the agreement between the numerical and
experimental results was good. In the case of the 5 mm and
6 mm specimens, bending of the plate occurred from the
beginning of the loading process, due to a high level of initial
imperfections compared to the plate thickness. In the 8 mm
specimen, the level of imperfections was not that high, and
the local plate bending occurred above a certain compressive
force.
The experimental and numerical investigations were
compared with results published in the literature and showed
good agreement. However, it was revealed that the formulation
used in the Common Structural Rules overestimates the
ultimate strength of stiffened plates.
In future work, the structural behaviour of stiffened
plates, accounting for different degradation effects such as
corrosion degradation and cracking, will be investigated.
The analyses presented here will establish the basis for the
next experimental analysis by providing information about
the strength characteristics of intact non-corroded stiffened
plates.
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ABSTRACT
Punch-through is a major threat to the jack-up unit, especially at well sites with layered stiff-over-soft clays. A model
is proposed to predict the spudcan penetration resistance in stiff-over-soft clays, based on the random forest (RF)
method. The RF model was trained and tested with numerical simulation results obtained through the Finite Element
model, implemented with the Coupled Eulerian Lagrangian (CEL) approach. With the proposed CEL model, the
effects of the stiff layer thickness, undrained shear strength ratio, and the undrained shear strength of the soft layer
on the bearing characteristics, as well as the soil failure mechanism, were numerically studied. A simplified resistance
profile model of penetration in stiff-over-soft clays is proposed, divided into three sections by the peak point and the
transition point. The importance of soil parameters to the penetration resistance was analysed. Then, the trained RF
model was tested against the test set, showing a good prediction of the numerical cases. Finally, the trained RF was
validated against centrifuge tests. The RF model successfully captured the punch-through potential, and was verified
using data recorded in the field, showing advantages over the SNAME guideline. It is supposed that the trained RF model
should give a good prediction of the spudcan penetration resistance profile, especially if trained with more field data.

Keywords: Machine learning,Random forest,Jack-up,Penetration resistance,Stiff-over-soft clays

INTRODUCTION
Jack-up drilling units are widely employed in the offshore
oil and gas industry, due to their economical and operational
efficiency. However, the safety of jack-ups is usually challenged
by the complex soil conditions in seabeds. A strong layer
overlying a weak layer is a dangerous condition during jack-up
installation. In this case, the penetration resistance usually
has a peak value followed by some reduction, resulting in rapid
penetration of jack-up legs during preloading, a phenomenon
known as “punch-through” [7].
Seabeds with stiff clay overlying soft clay, i.e. stiff-oversoft clays, often threaten the safety of jack-ups due to their
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punch-through potential. Since the 1960’s, there have
been many theoretical studies on the bearing capacity of
foundations in stiff-over-soft clays. Two semi-empirical
methods, the projected area method proposed by Yamaguchi
[15] and the punching shear model proposed by Mehyhof and
Hanna [9], are recommended in most of the civil engineering
codes [6,11]. Furthermore, Madhav and Sharma studied the
effect of load distribution at the interface on the ultimate
bearing capacity of the underlying soft clay [8]. Yuan and
Yan improved the punching shear model for layered soils
with more than two layers [16]. The above methods assumed
the presence of a soil plug underneath the spudcan, and
the evolution of plugs has been comprehensively studied for

the case of sand overlying clay [5,17]. However, the assumed
failure mechanisms were different to the actual mechanism
in stiff-over-soft clay, and were concentrated on the peak
resistance at the stiff layer surface, which could not provide
guidance for predicting the resistance profile.
Much research has been performed to study the spudcan
penetration resistance profile in stiff-over-soft clay. Mehryar
and Hu initiated the numerical simulation of the punchthrough problem with the Remeshing and Interpolation
Technique with Small Strain (RITSS) approach, and obtained
a preliminary understanding of the punch-through process
[9]. Hossain and Randolph experimentally and numerically
studied the spudcan penetration in stiff-over-soft clays
[3,4]. A semi-empirical model with a peak resistance and
a post-peak resistance in the profile was proposed. The peak
resistance and its position were proposed by curve fitting from
the numerical and experimental results, and the post-peak
resistance was deduced based on the evolution of the soil plug
before merging with the bearing profile in the underlying clay.
Tjahyono also conducted experimental and numerical studies
of spudcan penetration in stiff-over-soft clays, and proposed
a semi-empirical model [13]. Zheng et al. proposed formulas
for the peak resistance, and the resistance at layer interfaces,
by curve-fitting both the numerical and centrifuge results
[18], then further extended the method into stiff-soft-stiff
clay. All methods mentioned are based on the interpolation
of numerical and/or centrifuge results, and only a limited
number of parameters are considered. Therefore, their
applicability to engineering practice is doubtable.
This study aimed to propose a robust model for the
prediction of the spudcan penetration resistance profile in
stiff-over-soft clays. Firstly, a numerical model based on the
CEL approach was proposed and validated against centrifuge
tests. With the proposed model, a series of parametric
studies were conducted to study the influences of stiff layer
thickness, soil strength ratio and the soil strength of the soft
layer on the penetration resistance profile. Then, a machine
learning method, the Random Forest (RF) method, was
adopted to analyse the numerical results. The RF model was
trained and tested with the numerical results, showing good
performance in capturing the punch-through potential. The
successful implementation of the Machine Learning method
in spudcan penetration resistance profile prediction is of great
significance to future offshore geotechnical studies.

(a) 0.05 D

NUMERICAL METHODS
AND SIMULATIONS
NUMERICAL MODEL
In this study, the coupled Eulerian Lagrangian method
is adopted to simulate the spudcan penetration process
in stiff-over-soft clays [10,12]. The soil was modelled as
a Eulerian part, as it deforms and flows enormously, while
the spudcan was modelled as a Lagrangian part. The spudcan
was constrained as rigid for its negligible deformation in
the penetration process. As the model was axisymmetric,
only a quarter of the model was set up. The spudcan was
discretised with the 10-node three-dimensional element,
denoted as C3D10M, while the soil was discretised with the
8-node three-dimensional Eulerian element with reduced
integration, denoted as EC3D8R. The spudcan-soil interface
was modelled using the general contact method, and a rough
interface was assumed.
As severe soil deformation is induced in the region close
to the spudcan during its penetration, the mesh in this region
was refined while the mesh size gradually increases to the
outer boundaries. In this study, the mesh within 1.5 times
the spudcan diameter (1.5 D) from the spudcan centre was
refined. The finer the mesh, the higher the computation
cost, thus, in order to balance the computation cost and
the simulation precision, the influence of mesh size on the
resistance simulation was studied. Three cases with different
mesh sizes (0.05 D, 0.015 D and 0.005 D, see Fig. 1) in the
refined region were simulated and compared. In these cases,
the parameters were the same as the centrifuge test case E2UUII-T5 in Ref. [3] (see Table 1). The penetration responses show
that in the case with the coarsest mesh (0.05 D), a much larger
resistance than in the other two cases was predicted. The other
two refined cases matched very well, showing < 2% difference.
It can be inferred that the effect of mesh size converges, and
the mesh size of 0.015 D in the refined region is fine enough,
with regard to the simulation precision.
The clay was modelled as an elastic, perfectly plastic
material obeying the Tresca criteria. The large plastic strain
in clay is always involved during spudcan penetration.
Hossain and Randolph showed that the effect of strain rate
on the spudcan penetration resistance is negligible [2], while

(b) 0.015 D
Fig.1. Local mesh around the spudcan with different mesh sizes

(c) 0.005 D
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Tjahyono demonstrated that the strain softening effect is not
negligible in stiff-over-soft clay [13]. Therefore, the strain
softening effect of clay is considered in the present model. In
the Abaqus model, a field variable is introduced to represent
the degree of softening. The field variable is updated by the
user subroutine VUSDFLD during the solution, which
furtherly updates the soil strength in each time increment.
The strain softening model proposed by Evian and
Randolph was incorporated into the present model, as
follows [1]:
ܵ௨ = ߜ + (1 െ ߜ ) exp ൬െ

ଷߦ
൰൨ ܵ௨
ߦ95

(1)

in which Su is the undrained shear strength of clay updated
during numerical calculation, while Su0 is the initial undrained
shear strength of the clay measured from geotechnical tests,
δrem is the residual degradation factor, which is the inverse
of soil sensitivity St, ξ is the accumulated plastic shear strain,
and ξ95 is the reference accumulated plastic shear strain.
A typical value of ξ95 = 10, within the range of 10–25 (i.e.
1000–2500% shear strain) suggested in [2] for normal clays
with sensitivity St = 2–5, was used.
MODEL VALIDATION
To verify the accuracy of the proposed model in simulating
spudcan penetration in stiff-over-soft clay, two centrifuge
test cases E1UU-II-T5 and E2UU-II-T5 from [3] were used
for comparison.
Both test cases have an underlying clay layer with uniform
strength, but differ in the soil strength ratio. Enormous
numerical simulations show that δrem = 0.33 and ξ95 = 10 gave
the best prediction of the spudcan penetration resistance in
stiff-over-soft clay, while the numerical cases without strain
softening significantly overestimated both the peak and postpeak resistance (see Fig. 2). For E1UU-II-T5, the numerical
simulation precisely resembled the centrifuge test, and no
punch-through potential was shown. For E2UU-II-T5, the
numerical simulation also showed significant punch-through
potential, as did the centrifuge test.

PARAMETRIC ANALYSIS
Several parameters involving the spudcan geometry, soil
property, and strata configuration all affect the penetration
resistance in stiff-over-soft clays. In order to systematically
analyse the influences of all these parameters, 67 numerical
cases were simulated and characterised by three normalised
parameters: the normalised upper layer thickness t/D; the soil
strength ratio Subs /Sut; and the normalised undrained shear
strength of the soft layer Subs /γ ’ bD. All parameter values are
summarised in Table 1.
Tab. 1. Parameters in numerical simulation cases
Parameters

Value

Spudcan Diameter, D (m)
’
t

6

’

3

Effective weight, γ and γ b (kN/m )

8.5 / 7.5
3

Clay sensitivity St
Normalised upper layer thickness, t/D

0.5, 0.75, 1.0, 1.5, 2.0

Strength ratio, S ubs /S ut

0.2, 0.4, 0.6, 0.8

Normalised undrained shear strength, S ubs /γ ’ bD

0.2, 0.4, 0.6

The penetration resistance of the four cases with different
layer thicknesses (t/D = 0.5, 0.75, 1.0, 1.5) were compared.
The other two normalised parameters were set as constant:
Subs/γ ’ bD = 0.4, Subs/Sut = 0.2, and the undrained shear strength
of the lower layer was uniform along the depth k = 0.
It was shown that the normalised resistance reached
a peak value, followed by some reduction. For t/D = 0.5,
the normalised penetration resistance firstly increased to
a peak value, then decreased and transited around the layer
interface. The other cases showed a similar trend: the larger
the normalised stiff layer thickness, the larger the peak
normalised resistance. The transition point also deepened
with the normalised stiff layer thickness. It is also shown in
Fig. 3 that the post-peak resistance reduction rate increased
with the normalised stiff layer thickness.
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30
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40

-0.25
q/subs
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20

0.00
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Without Strain effect
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0.00

0.50

Grem [ 

d/D

0.25

d/D

0.50

1.00

0.75

1.25

1.00
1.25

0.75

E1UU-II-T5

E2UU-II-T5

1.50

t/D=0.5
t/D=0.75
t/D=1.0
t/D=1.5

1.50

Fig. 3. Effect of the stiff layer thickness on penetration resistance
1.75

Fig. 2. Comparison between the numerical results and centrifuge tests
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To study the influence of the shear strength ratio, the
normalised resistance profiles of two series of numerical
simulations with Subs/γ ’ bD = 0.4 are plotted in Fig. 4. The shear
strength ratio varied between 0.2, 0.4, 0.6 and 0.8, while the
other parameters were set as D = 6m, t/D = 0.75 and k = 0.
For Subs /Sut = 0.8, the penetration resistance monotonously
increased in both the stiff and soft layers, and no punchthrough potential was observed. As Subs /Sut decreased, the
peak resistance tended to be larger than the resistance in
the soft layer, and the punch-through potential emerged.
It should be noted that, in the cases where Subs /Sut = 0.6, the
post-peak resistance was very close to the peak resistance in
the stiff layer. For cases where Subs /Sut > 0.6, the penetration
resistance profile showed no punch-through potential, while
showing significant punch-through potential for Subs/Sut < 0.6.

Fig. 5. Effect of undrained shear strength of lower layer clay on penetration
resistance

Normally the undrained shear strength varies linearly
with depth, so that the influence of strength gradient in the
soft layer is studied. Results for cases of various normalised
strength gradients ( kD/S ubs = 0.4, 0.5, 0.6 and 0.8) for
Subs/Sut = 0.4 are plotted in Fig. 6. The influence of the
normalised strength gradient on the normalised peak
resistance was not significant; however, significant differences
were shown in the lower layer.

Fig. 4. Effect of the undrained shear strength ratio on penetration resistance

To analyse the influence of the shear strength of the
underlying layer, cases with S ubs /γ ’ bD = 0.2, 0.4 and 0.6
for S ubs /S ut = 0.4 were simulated. As shown in Fig. 5,
the potential for punch-through failure existed in all cases.
The undrained shear strength of the soft layer influenced not
only the normalised resistance in the lower layer but also in
the upper layer. The normalised peak resistance decreased
with increasing shear strength of the underlying layer, while
the potential for punch-through failure increased.

Fig. 6. Effect of strength gradient in the lower layer clay on the penetration
resistance
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PREDICTION WITH THE MACHINE
LEARNING METHOD
The penetration resistance profile in stiff-over-soft clay
usually has a peak value followed by significant reduction;
however, it may be insignificant in some cases, such as for thin
stiff layers. It is difficult to find a nonlinear function that can
describe the whole profile, as there is no potential function
clearly fitting the shape, and the number of independent
parameters of the function may be more than four. Therefore,
the profile was divided into three sections in this study, and
each segment assumed to be linear. In the first section, the
resistance increased rapidly up to the peak value. Resistance
then decreased with penetration depth, until transiting
around the layer interface. In the last section, the resistance
persistently increased in the lower layer. Therefore, the general
resistance profile in stiff-over-soft clay can be illustrated as in
Fig. 7. There are two points characterising the profile, which
are the peak and transition points. Correspondingly, there
are four parameters defining the resistance profile – peak
resistance, transition resistance, peak depth, and transition
depth.

dtrans

d
Fig. 7. Penetration resistance profile in stiff-over-soft clays

RANDOM FOREST METHOD
Decision trees are a popular method for various machine
learning tasks. However, trees that are grown deeply tend to
overfit their training sets, i.e. have low bias, but very high
variance. To correct for decision trees’ habit of overfitting, the
random forest or random decision forest method is proposed.
As shown in Fig. 8, it is an ensemble learning method for
classification, regression and other tasks, which operates
by constructing a multitude of decision trees at training
time and giving as outputs the class that is the mode of the
classes (classification) or mean prediction (regression) of the
individual trees.
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As a mature algorithm, it is available in Python and can
be very easily called on in a Python program. However, to
improve the predictive power of the model, some parameters
should be tuned. Generally, there are 3 parameters involved.
The first one is “max_features”, the maximum number of
features that the random forest algorithm can try in an
individual tree. Increasing “max_features” generally improves
the performance of the model, as a higher number of options
are considered at each node. However, it may decrease the
diversity of an individual tree, which is a significant advantage
of the algorithm. The second one is “n_estimators”, which
represents the number of trees to build before taking the
maximum voting or averages of predictions. A higher number
of trees gives better performance, but makes the code slower.
The last one is “min_sample_leaf”, the minimum sample leaf
size. A smaller leaf makes the model more prone to capturing
noise in train data.
In the present work, the four characterising parameters of
the resistance profile should be predicted separately. Thus, the
RF model parameters should be tuned for each case. Multiple
sets of parameters were tried to find the most optimum for
the cases, and optimised parameters are listed in Table 2.
Tab. 2. Optimised parameters for the trained RF model

Case

The peak resistance
The peak depth
The transition resistance
The transition depth

min_sample_leaf

dpeak

Fig. 8. Diagram of the random forest method

n_estimators

q

max_features

qtrans qpeak

4
1
4
2

40
5
15
10

1
1
1
1

IMPORTANCE ANALYSIS

the independent parameters of the test set, and predicted the
dependent parameters of the resistance profile.

The random forest algorithm is a highly convenient method
with which to analyse data. In this section, the contribution of
the independent parameters to the dependent parameters, i.e.
the importance of the independent parameters, was analysed.
The sum of the importance ratios was 1; the larger the
value, the more the parameter contributes to the dependent
parameter.
As shown in Fig. 9a, the undrained shear strength ratio
showed a dominant effect on the normalised peak resistance
with an importance ratio of 0.92. In other words, the other
parameters had little effect. Fig. 9b shows that the peak
resistance depth was also widely affected by the strength
ratio, the normalised stiff layer depth, and the normalised
shear strength of the soft layer. The strength gradient of the
soft layer showed little effect on the peak resistance depth.
Fig. 11. Test of the trained RF model in resistance prediction

(a)
(b)
Fig. 9. Importance of the soil parameters to peak resistance and depth

The transition resistance was affected by the strength ratio
and the undrained shear strength of the lower layer. As shown
in Fig. 10a, the normalised stiff layer thickness also showed
a small effect, likely due to the soil plug locked underneath
the spudcan. As the undrained shear strength gradient in the
soft layer affected the shear strength on the shear banding
underneath the spudcan, it also showed some effect. The depth
of transition resistance was affected by all four normalised
parameters. However, as shown in Fig. 10b, the strength ratio
and the strength gradient showed prominent effects.

(a)
(b)
Fig.10. Importance of soil parameters to the transition resistance and depth

The predicted results were compared with the test set.
Fig. 11 shows that the peak and transition resistances
predicted by the trained RF model agreed well with the test
set. However, comparisons of the depths of peak resistance
and transition resistance showed poor agreement, as shown
in Fig. 12, likely due to the error accumulated from the data
extraction. Because the resistance profile was not angular
but very smooth, the value was difficult to determine when
choosing the peak and transition points in the resistance
profile.

Fig. 12. Test of the trained RF model in depth prediction

DISCUSSION
RF MODEL TEST
In order to test the trained RF model, the penetration
resistance results obtained from numerical simulations were
divided into a training set and a test set. The training set was
used to train the RF model. Then, the trained RF model read

The trained RF model was further validated against
two centrifuge test cases in [3], as no field data is available.
The proposed method was also compared with the widely
recognised recommended practice SNAME TR5-5 [11].
As shown in Fig. 13, the potential of punch-through was
well captured in both cases, while SNAME TR5-5 tended
POLISH MARITIME RESEARCH, No 4/2020
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to overestimate the punch-through potential. However,
the profiles predicted with the present model were not in
good agreement with the centrifuge tests. The difference
between the prediction and the test was due to the RF model
being trained with the numerical results, which bias from
the accurate resistance profile. The centrifuge test results
also may have some error, as Xie et al. pointed out that the
interpretation of the top stiff layer strength is very challenging
in centrifuge tests [14]. If the RF model is trained with field
data, it should give a good prediction of the penetration
resistance profile in stiff-over-soft clays.

depth predicted by the RF model was 8.1 m, which is deeper
than that predicted by the SNAME TR5-5 (6.0 m). The peak
resistance predicted by the RF model is 87.3 MN, which is
larger than that predicted by the SNAME TR5-5 (70.7 MN).
Field records show that the JU2000E spudcan preloaded with
85.8 MN encountered punch-through at 7.3 m depth. Clearly,
the resistance profile predicted by the trained RF model gives
a better prediction of the site S-A than the SNAME TR5-5;
however, as the training data set is very limited given the lack
of field data, the RF model should be trained with more field
data before being widely adopted.

Fig. 13. Validation of the trained RF model against centrifuge tests
Fig.14. Comparison between the performance of the RF model and SNAME
TR5-5 at site S-A

Although there is a lack of field-recorded penetration
resistance profiles for stiff-over-soft clay, there are some
documented punch-through accidents. A JU2000E jack-up
unit encountered a punch-through at the site S-A. The unit
has three spudcans, each with a diameter of 18 m, and the
distance from the maximum cross-section to the spudcan tip
is 1.17 m. The stratum properties of site S-A are listed in Table
3. Because there is an inter-bedded soft clay layer, spudcans
have punch-through potential when installed there.
Table 3. Stratum properties of site S-A
Depth (m)
Layer

Description

1

Soft silty clay

2

Medium stiff silty clay

3

Medium stiff to stiff
silty clay

From

to

γ’
(kN/m3)

0

4.8

8.6

20

4.8

11.8

8.4

40

11.8

28.7

8.4

33

28.7

38.1

8.3

60

Su
(kPa)

The trained RF model was used to analyse the penetration
resistance of the JU2000E platform at site S-A, and was also
compared to the SNAME TR5-5 (Fig. 14). The peak resistance
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CONCLUSIONS
Various numerical simulations of spudcan penetration
in stiff-over-soft clays were conducted with a numerical
model based on the Coupled Eulerian Lagrangian method.
A preliminary parametric study of the numerical results
showed that the undrained shear strength ratio dominates
the punch-through potential in stiff-over-soft clays, and
the critical ratio is around 0.6. Furthermore, the Random
Forest method is adopted to analyse the numerical results.
Importance analysis was use to further analyse the effects
of independent parameters on the resistance profile. The
RF method was trained and tested, with a training set and
a test set extracted from numerical results data. It was shown
that the prediction of resistance values by the trained RF
method agreed well with the test set. Finally, the trained RF
method was validated against two centrifuge tests. Although
the values of the resistances predicted by the trained RF
method did not agree well with the centrifuge tests, the shapes
of the resistance profiles were well-captured, which is critical
to evaluate the punch-through potential.
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LNG TANK IN ŚWINOUJŚCIE: NONLINEAR ANALYSIS
OF THE TANK DOME ELEMENTS BEHAVIOUR
Bartosz Sobczyk
Gdańsk University of Technology, Poland

ABSTRACT

In this paper, the dome of a tank in the Świnoujście LNG terminal is analysed. Some of the rafter ribs at the
connection with hangers were not mounted during construction of the tank dome. Therefore, it has become
necessary to estimate its response, which has been done with the aid of some computational models of the dome,
that have been created in the finite element method environment. Different local models are studied, aiming to
recreate possible outermost conditions of the tank dome response, i.e. with or without composite action between
steel and concrete parts of the tank dome. Static calculations with material and geometric nonlinearities are
carried out on the computational models, enabling the creation of a load capacity envelope of the rafter with
or without ribs. The obtained results are then used to decide if repair works need to be done and whether the
missing ribs should be welded.

Keywords: ultimate capacity, local analysis, nonlinear equilibrium paths, finite element method (FEM)

INTRODUCTION AND RESEARCH
BACKGROUND
The rules and principles of structural mechanics and
dynamics govern the behaviour of all structures, regardless
of their location and function. Therefore, offshore floating
and fixed structures, ships, harbours, docks and their
equipment are often treated as constructions made of beams,
plates, shells, solids, etc. Such structures and equipment are
subjected to loading conditions, that need to be determined
carefully, depending on the function of the structure and the
environment in which it operates. Appropriate theoretical
approaches and computational methods make it possible
to build idealized models of the structures, providing
insight into their response and properties. Sometimes it
is also required to measure the properties of a structure
at the site, for example via structural health monitoring.
Recent studies reveal that structural analyses of maritime
or offshore constructions are still desirable and of interest

to researchers and engineers. Selected examples of such
studies, that show current trends in this field and deal
with the aforesaid issues, are briefly discussed. Response,
failure and diagnostics problems of wind turbines and their
foundations have been analysed in [1–3]. Application of
modern materials like laminated composites or sandwich
elements has been considered and tested, as presented
in [4–6]. Structural responses in different loading conditions
of ships, floating structures and rig equipment have been
studied in [7–10]. Structures that enable effective operation
and exploitation of docks, shipyards and terminals, such as
retaining walls, bridges and tanks, have also been analysed
in the field of their response predicted by means of the finite
element method (FEM) or methods resulting from sensor
measurements [11–14].
The problems considered in this paper are entirely
consistent with the research trends described above. A tank,
located at the LNG Terminal in Świnojście, shown in Fig. 1,
is analysed here.
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Fig. 1. View of the tank during its construction

Fig. 3. Underside of the dome and the lightweight inner aluminium roof

Two the same tanks were built at the terminal and are
used to store liquefied natural gas (LNG). Each structure
includes an inner steel, vertical and cylindrical storage
tank with a flat bottom, which is covered with a lightweight
aluminium roof sustaining thermal insulation. The storage
tank has a capacity of 160000 m3. The aluminium roof is
suspended by hangers from a tank dome. The external
structure is also vertical, and cylindrical and its walls are
made of post-tensioned concrete. It is covered by the dome,
which is made of steel IPE300 radial rafters and HEB240
circumferential purlins, that form a steel grillage. Steel sheets
are welded to the rafters and purlins to close the roof surface.
The steel sheets serve as a stay-in-place (SIP) formwork
and gas-tight insulation of the concrete shell, being the
topmost element of the dome. Shear studs are placed on
the steel sheets to connect the steel and the concrete parts
of the dome. The thickness of the part of the dome made
of concrete ranges from 800 mm at the intersection with
the vertical walls to 400 mm at the crown. The scheme of
the tank cross-section with its basic dimensions is shown
in Fig. 2. A picture taken from the lightweight roof (Fig. 3)
shows the underside of the dome.

During construction of the steel grillage, approximately
25% of the total number of the rafter ribs that had been
designed were not welded. The ribs should have stiffened the
rafter at the connection with the hangers of the lightweight
roof. The detail of this connection is shown in Fig. 4.
The missing rib is coloured in purple.

Fig. 2. Tank cross-section (dimensions in [m])
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Fig. 4. Rafter–hanger connection

This defect was found after the steel grillage had been
mounted above the tank. The cost of eventual repair and
assembly of the missing ribs would be relatively high, as the
work would need to be done by industrial climbers. It was
not possible to build scaffolding (enabling easy installation
of the ribs) on the lightweight roof due to its insufficient load
capacity under additional temporary loading conditions.
It is worth mentioning that IPE300 rafters should be rather
resistant to the stability loss even when the webs are not
additionally stiffened. It can also be stated that the hanger–
beam connection detail, presented in Fig. 4, is a standard
one. It is proposed by many engineers and treated as a typical
solution, although possibly there is no need to add stiffening
due to real loading conditions. Nevertheless, because the ribs
were included in the design project, the investor wanted to
check if it is, in fact, necessary to mount them or instead

perhaps unnecessary or unjustified because of the cost.
Therefore, before the decision about the repair was made,
computational analyses of the dome response were done, to
check this issue.
In this paper, the attention is focused on the dome response
calculations. Computational models are shown that allow
estimation of the dome failure risk when the ribs are not
welded. On this basis it is possible to draw conclusions about
the repair work. This paper is in a sense a continuation of
work [15] in which a simplified analysis was done, for which
the simulations were made under the assumption that there
would be no composite action between the steel grillage and
the concrete shell. New results are presented here, and this
effect is now taken into consideration.

ANALYSIS METHODS
Decisions about the choice of theoretical approaches that
are used to create a computational model of a structure and
types of analyses to be carried out are crucial. These have to
be done with great care and are usually influenced by the time
and resources that can be spent on the task solution, as well as
by the level of results precision to be achieved. The methods,
models and approaches that are used to estimate the response
of the tank dome elements are presented in this paper. They are
chosen in a way to enable a clear decision whether the missing
rafter ribs are essential to maintain safety of the whole dome.
The tank description (above and shown in Fig. 2 – Fig. 4)
reveals that its structure is quite complicated. Additionally,
because of the construction technology, there are uncertainties
about the response of the dome, mainly related to the stiffness
of the connection between their parts. Shear studs were
constructed on the steel SIP sheets, and therefore a composite
action between the steel and concrete parts of the dome should
have occurred. Similarly, the stiffness of the connections
between elements of steel grillage is not precisely clear, as for
example some of them use a combination of bolts and welds
(flanges of rafters are welded, while their webs are bolted),
and in others only bolts are used (this applies to the purlin–
rafter connection) [16]. Therefore, the elements of the dome
can be treated neither as hinged nor as continuous. Thus,
estimation of the response of the whole structure, although
possible, would require many stages and loading conditions
to be considered. As a result, parametric analyses should be
done, due to the connection stiffness issues and the other
uncertainties described above. In such a case significant time
and resources would be needed to obtain the solution.
On the other hand, the ribs (Fig. 4) are used to ensure
stability of the rafters’ webs and to strengthen the connection
with hangers. Their role is to provide local load capacity
only, and they do not contribute to the global stiffness of the
whole tank. Therefore, it seems that it is justified to conduct
some local analyses of the behaviour of representative parts
of the dome. It is important that this reduces the effort
to obtain a solution. Here the local analyses are done on
models with and without ribs. As composite action could have

occurred between the steel and concrete parts of the dome,
the theoretical response is studied, both taking the concrete
shell into account and neglecting it. This allows to study the
possible outermost stiffness conditions of the local models:
on the one hand, conservative and the most unfavourable,
so that only the steel parts of the dome are modelled, and
on the other hand favourable, assuming that there is full
composite action and no slippage between the dome elements,
due to the presence of shear studs. It is expected that the real
response will be somewhere between these two scenarios. In
the case of local analyses, the computational model boundary
conditions are very important, as they significantly influence
the results. Because the stiffness of the steel rafters’ or purlins’
real connections is hard to estimate and also because of the
problem of composite action between steel and concrete
parts of the dome, outermost conditions are applied to the
boundaries. Therefore, different variants of local models are
considered, which are either simply supported or fully fixed
on the outer edges of the models.
The problems of load capacity and stability are now
considered, hence nonlinear static analysis of the system is
the choice for the type of calculations to be done. If a decision
has to be made about the additional repairs and welding of
the missing ribs, the local load capacity of the rafter with and
without ribs should be estimated. The local failure of the beam
in the area of the connection with the hanger can be caused
only by increasing load in the hanger, because of a specific
structure and loading conditions of the tank. In consequence,
if a rib is missing, the lower flange subjected to increasing
load in the hanger would undergo plastic deformations, which
could negatively affect the structure. If such an accidental
increase of the force in the hanger is analysed, the initial
state of stress in the dome elements resulting from permanent
loads, live loads and other conditions has to be considered,
because it will affect the load capacity of the rafter.
According to these considerations, two-stage static analyses
are carried out on different local models representing steel
grillage with or without the concrete shell, taking into account
the problematic rib or not, with simply supported or fixed
conditions assigned to the boundaries of the models. During
the first stage of calculations, a state of stress corresponding
to the ultimate limit state (ULS) design situations according
to [16] is recreated. To determine this condition, internal
forces taken from ULS envelopes are applied to the model
boundaries, and static analysis is done. The resulting state of
stress is then saved and treated as initial input data for all the
finite elements in the model during the second stage of analysis.
Then, an increase of the force in the hanger is simulated. All
degrees of freedom of the nodes located on the lower half of
the bolt hole edge in the gusset plate are constrained to the
rigid body motion of a single reference point in the centre of
the bolt connection. A translation “U” in the downward axis
direction of the hanger is applied to the reference point. The
scheme of this constraint is shown in Fig. 5. Such an approach
enables simulation of the eventual force increase in the hanger.
The distribution of loads from the hanger, transferred to the
gusset plate via the bolt, is simplified. It is assumed that in
POLISH MARITIME RESEARCH, No 4/2020
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the unlikely event of an increase of the hanger force, the bolt
will move in the downward direction and it will interact
with the lower half of the bolt hole edge in the gusset plate.
Thus, the two-stage calculations are realized according to the
following rule, g + λ pref, where g represents the loads which
are applied to the hanger according to the ULS (initial state),
pref is the force in the hanger according to the ULS, and l is the
hanger force multiplier, enabling to consider its hypothetical
increase. Static calculations with material and geometric
nonlinearities are done here. The material nonlinearities are
applied in steel elements only (ideally plastic material law),
whereas the problem of eventual concrete failure is omitted.
Newton’s method is used for the purpose of solving nonlinear
equilibrium equations [17]. The moment of initiation of plastic
deformations in the elements of the steel grillage is captured,
and the rafter failure mechanism is determined as well.

location of the analysed hanger is indicated with a red dot. The
outer boundaries of the local models with the concrete shell are
defined by the axes of rafters and purlins, which are adjacent
to the analysed hanger (blue lines in Fig. 6). For the case of
the model without the concrete shell, only the rafter between
two purlins adjacent to the analysed hanger is considered.
Full-integration S4 shell elements are used to build both steel
and concrete parts of the computational domain. In order
to consider the full composite action between the concrete
shell and the steel rafter, all degrees of freedom of the nodes
created on the top flange of the rafter are tied with the ones
that have been created on the adjacent part of the concrete
shell. Therefore, it is assumed that the interface between the
rafter top flange and the steel shell is a fixed connection. It
needs to be emphasized that the hanger and the gusset plates
are not included in the computational domain. The ultimate
tensile capacity of the hanger and gusset plate, however, is later
compared with the capacity of the rafter or the composite. Such
an approach has been applied to determine the eventual margin
of safety of the rafter in the unlikely event of a hanger force
increase, which is very important regarding the evaluation of
whether the ribs should be mounted or not.
The mesh of finite elements in all cases is very fine in order
to allow appropriate calculations of plastic deformations.
A mesh convergence study was undertaken, and visualisations
of the models with and without the concrete shell are shown
correspondingly in Fig. 7 and Fig. 8.

Fig. 5. Gusset plate detail. Realisation of force increase in hanger during 2nd
stage of static nonlinear calculations: purple x (reference point), red lines
(kinematic constraint), and yellow arrow direction of the increasing translation

As a result of static analyses done on different variants of
local models with distinct, outermost boundary conditions,
an envelope of the rafter load capacity is created. Obviously,
now all the problematic parts of the dome should be analysed.
However, here the results for one hanger are presented, as it
is intended to focus mainly on the approach that can be used
to solve such a problem. It is worth mentioning that a similar
analysis was done in [15]. However, in [15] the authors did
not take into consideration any eventual composite action
between the steel grillage and the concrete shell, which is
done in the current study.
All the local models are created in the FEM [18]
environment, using Abaqus 6.14 code [17]. The part of the
dome selected for the analysis is shown in Fig. 6, in which the

Fig. 6. Plan view of steel grillage, analysed hanger (red dot)
and outer boundaries of the local model (blue lines)

Fig. 7. Visualisation of the computational local models with full composite action between concrete shell (green)
and rafter (grey) with rib (left) and without rib (right). Rendering of shell thickness is turned on
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Fig. 8. Visualisation of the computational local models without concrete shell, with rib (left) and without rib (right). Rendering of shell thickness is turned on

The steel grillage has been made from S275 steel. It is treated
as homogenous, isotropic, ideally plastic material, for which
the elastic modulus is E = 205 GPa, Poisson’s ratio is equal
to 0.3 and the yield strength is 275 MPa. The concrete shell
has been built of C50/60 concrete. Because concrete failure
is not considered in this study, only its elastic properties are
reflected. It is assumed that the shell is homogenous and
isotropic and has an elastic modulus equal to E = 37 GPa
and a Poisson’s ratio of 0.2.

the lightweight aluminium roof; therefore, the tank dome
cannot be sucked inside the structure, and additional loads
resulting from these effects are not considered.
For the considered part of the dome, the initial axial force
in the hanger equals approximately 8 kN. In Fig. 9 – Fig. 12
the moment of rafter yielding initiation is indicated, which
occurs when the steel yield strength is achieved in the first
finite element of the computational domain. Finally, the load
corresponding to the failure of the hanger and the gusset
plate is also shown in Fig. 9 – Fig. 12. According to [16], this
load equals 45.5 kN.

RESULTS AND DISCUSSION
As a result of the analyses described above, detailed insight
into the dome elements’ responses is possible. The relation
between increasing force in the hanger, as a function of
the hanger connection displacement “U” (Fig. 5) along its
axis, is plotted in Fig. 9 – Fig. 12, correspondingly for two
models: with the concrete shell with simply supported or
fixed boundaries, and without the concrete shell with simply
supported or fixed boundaries. All the force-displacement
relations shown in Fig. 9 – Fig. 12 start from a certain value
of hanger axial force, denoted as axial force in hanger ULS.
This is because of the initial state of stress, a consequence
of all the loading conditions applied to the steel grillage
according to the design, that can affect the dome response.
Thus, the analysis begins from the moment when the steel
grillage is subjected to the most unfavourable combination
of internal forces, according to the ULS envelopes presented
in the detailed design [16]. The actions contributing the most
to the unfavourable combination are the self-weight of the
steel grillage, the dead load of the aluminium lightweight
roof and additional maintenance live load distributed on
the lightweight roof or on the dome. This is because of the
dome construction stages and assembly technology: the steel
grillage was mounted on the ground, lifted to its position with
the aid of pressure generated inside the tank, and attached
to the tank walls; then another stage of tank pressurization
was done to enable compensation of the grillage deflections
when the concrete of the shell was poured. In consequence,
when the concrete reached its full effective strength and the
pressure was released, the steel grillage started to carry itself,
the lightweight roof and eventually the additional live load.
The wind and snow loads did not contribute significantly to
the state of the internal forces. Moreover, there are vents in

Fig. 9. Axial force in hanger as a function of the hanger connection
displacement “U” for the local model with concrete shell, for which
the boundaries are simply supported

Fig. 10. Axial force in hanger as a function of the hanger connection
displacement “U” for the local model with concrete shell, for which
the boundaries are fixed

Fig. 11. Axial force in hanger as a function of the hanger connection
displacement “U” for the local model without concrete shell, for which
the boundaries are simply supported
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Fig. 12. Axial force in hanger as a function of the hanger connection
displacement “U” for the local model without concrete shell, for which
the boundaries are fixed

In Fig. 13 – Fig. 16, contours of the Mises stresses are shown
for all the variants of local models at the end of the static
analyses. They indicate that in the models without the concrete
shell, due to the unconstrained upper flanges of rafters, they
are bent, and consequently plastic hinges are observed in the
areas of extreme moments. If composite action between steel
grillage and concrete shell is considered, due to the additional
stiffness of the concrete, the estimated deformations are much
smaller than in the aforesaid case, and high local stress in the
area of the hanger connection causes the failure.

Fig. 13. Contours of the Mises stress [MPa] at the end of the analysis for the models without concrete shell, with simply supported boundaries,
without (left) or with (right) the rib

Fig. 14. Contours of the Mises stress [MPa] at the end of the analysis for the models without concrete shell, with fixed boundaries, without (left) or with (right) the rib

Fig. 15. Contours of the Mises stress [MPa] at the end of the analysis for the models with concrete shell, with simply supported boundaries, without (left) or with (right) the rib

Fig. 16. Contours of the Mises stress [MPa] at the end of the analysis for the models with concrete shell, with fixed boundaries, without (left) or with (right) the rib
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The force-displacement paths presented in Fig. 9 – Fig. 12
reveal that the models without the analysed rib experience
yielding much earlier than the ones with ribs, which was
expected. The yielding initiation values are collected in Tab. 1.
Tab. 1. Hypothetical forces in the hanger, that lead to yielding
initiation of the rafter in all the considered local models

CONCLUSIONS

Hypothetical force in the hanger resulting in
initiation of rafter yielding [kN]
Type of model

fixed BCs

without ribs and that they are not susceptible to damage even
if an increase of load in the hanger were to happen. This means
that the repair work of the tank dome is not needed, and
expensive additional work does not have to be done.

simply supported BCs

with
rib

without
rib

with
rib

without
rib

without concrete
shell

195

118

88

64

with concrete
shell

395

130

389

127

For the rafters without ribs and without the concrete
shell, the envelope of yielding initiation ranges from 64 kN
to 118 kN. These values are correspondingly 1.42 to 2.62
times greater than the plastic resistance of the hanger crosssection (45.5 kN). If the composite action between the steel
grillage and the concrete shell is considered and the rafters
without ribs are investigated, the yielding initiation envelope
ranges from 127 kN to 130 kN, which is correspondingly 2.79
to 2.86 times greater than the load capacity of the hanger.
Thus, a very important conclusion can be drawn. The onset
of plastic deformation in rafters without ribs in all the
considered variants, i.e. including or neglecting composite
action between the concrete shell and the steel grillage,
is always beyond the resistance of the hanger and gusset
sheet to tension forces. This means that if hypothetically
the force in the hanger is accidentally increased, dangerous
deformations or plastic yielding of the rafter in the area of
the connection with the hanger will not occur. Instead, in
the unlikely event of such a load increase, the hanger would
break while the steel grillage, being a part of the dome, would
remain undamaged. It is also worth mentioning that Tab. 1
presents results from models created to reflect outermost
conditions: conservative in the case of steel elements only, and
highly favourable including full composite action between the
steel grillage and the concrete shell. In reality the response of
the dome would be somewhere between these two conditions.
Here, only one, selected part of the dome has been
analysed. If the attention is focused on the lowest estimated
load capacity of the rafters without ribs under increasing
loads in the hangers, i.e. neglecting the composite action,
one may refer also to [15]. In [15] all the representative
parts of the analysed tank dome are analysed, showing
that for such a particular approach the loads causing rafter
yielding initiation are always greater than the load capacity
of the hanger. Therefore, the safety of the steel grillage is
ensured. The results from the current analysis, showing that
the yielding loads are greater in the case when the dome is
treated as a steel–concrete composite compared to the analysis
in which the concrete shell is neglected, are combined with
the previous conclusions [15]. In consequence, it is concluded
that there exists a margin of safety for failure of the rafters

In this study, analysis of the behaviour of the Świnoujście
LNG terminal tank dome elements has been done. Because
during the construction of the tank some ribs of the dome’s
steel grillage rafters were not assembled, static numerical
simulations were carried out here to predict the dome
response. Different variants of local computational models
with and without the problematic ribs, aiming to describe all
the possible outermost conditions of structure response, were
studied in order to determine the envelope of the rafters’ load
capacity under hypothetically increasing load in the attached
hangers. The calculations revealed that the lowest estimate of
load capacity, determined for the most conservative model
in which the composite action is neglected, is greater than
the load capacity of the hanger. This shows that if the hanger
axial force accidentally increases, plastic deformations of the
rafter elements in the area of connection with the hanger
will not occur, because the hanger will fail much sooner.
Additionally, local load capacity of the rafter, assuming full
composite action between the concrete shell and the steel
grillage, is much greater than in the conservative condition,
determined on the model in which only the steel part is loaded.
The real response of the structure is somewhere between
these two situations. Some previous analyses [15] done for
all the representative parts of the analysed tank, assuming
conservatively that there is no composite action between the
steel grillage and the concrete shell, revealed that for such
a particular approach the loads causing yielding initiation of
rafters without ribs are always greater than the load capacity of
the hanger. The present study shows that this difference is even
greater due to the composite action. The rafters without ribs
can easily carry increased loads, greater than the resistance
of the hanger cross-section to tension, and hence there is
quite a large margin of safety. Although the hanger–rafter
connection is not stiffened, it allows appropriate distribution
of loads during the lifetime of this structure. Thus, in view
of the actual and previous analyses, it can be stated that the
safety of the steel grillage–hanger connection is ensured,
although nearly 25% of the ribs were not assembled.
In view of these results, a question can be asked as to
whether it is always necessary to apply stiffening ribs in
structural details similar to those considered here. Such ribs
are used by many engineers and treated as a typical solution,
although possibly in some situations there is no need to add
stiffening due to real loading conditions. As a consequence of
project time limitations and the fast-paced work environment
in the design offices, engineers do not check every detail of
the designed structure. In this case, from the mechanical
point of view, the tank dome can maintain safe operation
conditions when the ribs are not mounted. Therefore, some
POLISH MARITIME RESEARCH, No 4/2020
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cost savings could have occurred, and the ribs should not
have been designed and mounted. On the other hand, the
site supervisors did not ensure appropriate quality of the
work regarding this detail, and thus additional resources had
to be spent to determine whether repair work was required.
Therefore, great attention should be paid to the supervision
of the structural design process and construction work in
order to avoid such mistakes, that can sometimes significantly
increase the duration of a project.
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ROBUST TRAJECTORY TRACKING CONTROL OF UNDERACTUATED
SURFACE VEHICLES WITH PRESCRIBED PERFORMANCE
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ABSTRACT

In this paper, a robust sliding mode tracking controller with prescribed performance is developed for an underactuated
surface vehicle (USV) with time-varying external disturbances. Firstly, to guarantee the transient and steadystate performance of the closed-loop system, the error transformation technique is presented. Further, the design
of the prescribed performance function implements predefined tracking performance constraints, which eliminate
the requirement for prior knowledge about the initial errors. Then, a Lyapunov stability synthesis shows that all
closed-loop signals remain bounded and the tracking errors remain strictly within the predefined bounds. Finally,
simulations and a comparative study are performed to illustrate the robustness and effectiveness of the proposed robust
sliding mode control scheme.

Keywords: robust sliding mode control,prescribed performance,guaranteed transient performance,trajectory tracking,underactuated
surface vehicle

INTRODUCTION
Tracking control of underactuated surface vehicles (USVs)
has been widely used in military and civil fields such as coastal
patrols, mine countermeasures, oceanographic sampling,
military reconnaissance, and so on [1], [2]. In the case of
tracking problems, trajectory tracking is more difficult than
path following, since the control laws require the USV to
be driven to reach and track a time-varying trajectory on
time. The challenge comes mainly from the nonlinearity
and underactuation of USV dynamical systems. At the same
time, USVs inevitably suffer from uncertainties, complex
hydrodynamics, and time-varying external disturbances such
as wind, waves, and ocean currents [3]. Therefore, an actual
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mathematical model of a USV is hard to obtain precisely using
current modeling methods. The other challenge, however, is
that the number of USV control inputs is less than the degrees
of freedom, which means that its system causes non-integral
constraints [4].
On the one hand, it is clear that a USV is an underactuated
system with nonholonomic constraints that cannot be
stabilized by continuous time-invariant feedback [5]. Many
nonlinear control works have been conducted to solve
the tracking problem of underactuated vehicles, such as
Lyapanov-based techniques [6], robust adaptive control
[7], the backstepping technique [8], sliding mode control
[9], neural networks [10], and disturbance-observer-based
control [11]. Considering external perturbations, a full state

feedback control algorithm based on a backstepping scheme
was presented to track a straight line in [8]. Reference [12]
proposes a point-to-point navigation technique combined
with an adaptive and backstepping method to improve
the robustness under the model uncertainties. However,
the repeated differential of virtual control laws in the
backstepping method increases the complexity of calculations.
Moreover, due to the use of the adaptive technique and neutral
networks, some parameters need to be adjusted online, which
makes the computing process and parameter selection
harder. Nevertheless, a sliding mode control structure is
simple and provides excellent tracking performance even
when uncertainty and bounded disturbance are acting on
the underactuated vehicle.
On the other hand, it is necessary to consider the prescribed
transient and steady-state control performance in practical
controller design. More recently, the prescribed performance
control (PPC) method was introduced in [13]. Furthermore,
PPC was used in the tracking control for several classes of
nonlinear systems [14] and robots [15] and for autonomous
underwater vehicles [16] and surface vehicles [17]. However,
logarithmic error mapping functions used in previous studies
have led to the potential singularity problem of the designed
control law. For tracking control of an underactuated vehicle
with ensured transient performance [18], a robust adaptive
controller under environmental disturbances was put
forward, but it only solved the path-following problem. In
[19], a robust fault-tolerant controller was proposed to ensure
that the tracking errors of a USV were within predefined
performance bounds. Reference [20] investigated the
distributed containment control of networked surface vessels,
which achieved the prescribed transient and steady-state
performance. PPC is common in fully actuated nonlinear
systems but has not been innovatively extended to the control
of underactuated vehicles [21].
Motivated by the above observations, to guarantee the
predefined performance of USVs under time-varying external
disturbances, a robust sliding mode technology is used to
design a control scheme. The main contributions of this article
include the following: (1) unlike the existing literature, the
proposed controller can guarantee that tracking errors will
not exceed a prescribed performance bound; (2) the proposed
method eliminates the requirement for prior knowledge about
the initial errors.

PROBLEM FORMULATION
MATHEMATICAL MODELS
Before presenting the design procedure, mathematical
models of the USV are described. Figure 1 shows the threedegrees-of-freedom motions of the USV with body-fixed and
earth-fixed frames. It should be noted that the kinematics
and dynamics of the USV with time-varying external

disturbances in the horizontal plane (surge, sway, and yaw)
are as follows [22]:

 x
° y
°
°°\
®
°u
°v
°
°̄r

u cos\  v sin\
u sin\  v cos\
r
M 1 a23vr  Du u  W u  W wu (t )
M 2 a13ur  Dv v  W wv (t )

(5)

M 3 a12uv  Dr r  W r  W wr (t )

where K [ x y \ ]T ,\  > S , S @ is the north and east
positions and heading of the USV in the earth-fixed frame
and X [u v r ]T represents the surge and sway velocities
and yaw rate in the body-fixed frame. Then, the only two
control inputs are the surge force W u and the yaw moment
W r , and the USV model has underactuated characteristics.
Then, W wj (t ), j u , v, r are the vectors of time-varying external
disturbances acting on the USV. Also, M 1 1 m  X u
, M 2 1 m  Yv , M
I z  N r , Du  X u  X u u u
, Dv Yv  Yv v v , Dr  N r  N v r v , a12 Yv  X u ,
a13 X u  m , and a23 m  Yv . I z is the moment of inertia.
X j , j u , v, r are the hydrodynamic added mass terms. D j
comprises the linear and nonlinear hydrodynamic damping.
m is the mass of the USV.

XE

Actual position

Desired position

vd

:d

\d

ud

xd
\ u

v
x
^E `

OE

Wr

^B`

Wu

y

yd

YE

Fig. 1. Definition of reference coordinate frame of the USV trajectory tracking

Control objective: The control goal of the USV system
is to design a robust sliding mode tracking controller with
prescribed performance under time-varying external
disturbances, ensuring that the system output can track the
arbitrary smooth reference trajectory : d at the corresponding
time (refer to Figure 1). All signals in the closed-loop system
remain bounded.
Assumption 1: The external environment disturbances
W wj (t ), j u, v, r are bounded by unknown constants, that
is, W wj (t ) d W wj max .
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A s su mpt ion

2:

T he de si re d t r aje c tor y
and its first order derivative

:d t : U o \ 2 , t  U  > 0, f

are bounded.
Assumption 3: All the states are measurable and available
for feedback.
PRESCRIBED PERFORMANCE
As shown in Figure 2, to guarantee the prescribed transient
performance and ensure that the steady-state tracking error
is bounded, the following definition is introduced first.

where V is the transformation error, and the transformation
function S V is strictly increasing and satisfies:

° lim S V
V of
®
S V
°¯ Vlim
of
S (V )

G , e 0 t 0 ° lim S V
V of
®
1, e 0 d 0 ° lim S V
¯V of

eV  G e V
,e t t 0 S V
eV  e V

1, e 0 t 0

G ,e 0 d 0

G eV  e V
eV  e V

,e t d 0

(6)

(7)

From the definition of S V and , we can get:

Prescribed performance
constraints

Constrained space

V (t ) F S V

homeomorphic mapping

Spatial equivalence
mapping

Constraint independent space

Sliding mode control

(8)

where F  is the homeomorphic mapping function, and
the derivative of V t is:

V t

Underactuated surface
vehicle controller design

1 G S V
ln
2 1 S V

e t  U t S V
§ wS ·
U t ¨
¸
© wV ¹

(9)

Fig. 2. Structure of prescribed performance method

Definition 1 [23]. A smooth bounded function U t ˖
is
\ + o \ + can be called a performance function; if
decreasing, e 0  U 0 and lim U t Uf ! 0 .

Remark 1. From (5) and (8), it can be seen that the bounded
transformation error V t can guarantee that the prescribed
performance constraint is met. Meanwhile, the two systems
are the homeomorphic mapping.

t of

The prescribed performance can be achieved if the
following conditions hold:

GU (t )  e(t )  U (t ), e(0) t 0

(2)

 U (t )  e(t )  GU (t ), e(0) d 0

(3)

where e t is the system state error, G  [0,1] is the designed
parameter, and t  [0, f) . Because of the convergence
performance in exponential form, the prescribed performance
function in this paper is defined as:

U t
where

U0  Uf e  lt  Uf

(4)

U0 ! Uf , l ! 0 .

To achieve the control performance (2) and (3), the
error transformation method is employed to eliminate the
requirement for prior knowledge about the initial errors,
and the error transformation function is constructed as:

e(t ) U (t ) S (V )
150

or

§ e(t ) ·

V (t ) S 1 ¨
¸
© U (t ) ¹
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(5)

DESIGN OF PRESCRIBED PERFORMANCE
TRACKING CONTROL
In this section, a robust sliding mode tracking controller
based on prescribed performance (robust sliding mode with
prescribed performance – RSMPP) will be designed for the
system (1) with time-varying external disturbances. The whole
control architecture can be seen in Figure 3. The detailed
design procedure is as follows:
Step 1. Tracking error transformation
Define the position and velocity error variables as:

ª ex º
«e »
¬ y¼

ª x  xd º
«y  y »
d¼
¬

(10)

ª ue º
«v »
¬ e¼

ªu  D u º
«v D »
v¼
¬

(11)

where xd , yd and D u , D v are the desired position and
velocity, respectively.

>W ZX W ZY W ZU @7
> [G  \G @7

> [ \\ @7



¦
>H[  H\ @7

>D X  D Y @7

>V [  V \ @7

 ¦

>XH  YH @7

>W X W U @7


>X Y U @7

Fig. 3. The whole control architecture

Considering (1) and (10), the time derivative of the variable

Substituting (12) into (15) yields:

ex , ey can be calculated as:

ªcos\
« sin\
¬

ª ex º
«e »
¬ y¼

 sin\ º ªu º ª xd º

cos\ »¼ «¬ v »¼ «¬ y d »¼

(12)

Here, the design purpose is to make the position vector
track the desired position vector with prescribed performance.
As mentioned above in Section 2.2, the error transformation
function is designed as:

ªV x º
« »
¬V y ¼

ª1 §
ex
« ln ¨ G 
U
«2 ©
«1 §
e
« ln ¨ G  y
U
«¬ 2 ©

· 1 § ex · º
¸  ln ¨1  ¸ »
¹ 2 © U ¹»
· 1 § ey · »
¸  ln ¨1  ¸ »
U ¹ »¼
¹ 2 ©

(13)

ªV x º
«V »
¬ y¼

ª[ x
«0
¬

§
0 º ¨ ªcos\
¨
[ y »¼ ¨ «¬ sin\
¨
©

ªV x º
«V »
¬ y¼

ªV x º
«V »
¬ y¼

where [ x

ª §
« [ x ¨ ex  ex
« ©
« §
«[ y ¨ ey  ey
¬« ©

U · § 1
1 ·º

¸»
¸¨
U ¹ © UG  ex ex  U ¹ »
»

U · § 1
1 ·»

¸
¸ ¨¨
U ¹ © UG  ey ey  U ¸¹ »¼

U · º
»
U ¹¸ » ª[ x
«
U · » ¬ 0
»
U ¹¸ ¼»

1§ 1
1 ·

¨
¸ , [y
2 © UG  ex ex  U ¹

ª
e  e
«
0º x x
«
[ y »¼ «
«ey  ey
¬

U º
U»
»
U »
U »¼

1§ 1
1 ·

¨¨
¸.
2 © UG  ey ey  U ¸¹

(14)

(15)

(16)

Step 2. Design of the desired velocities
To avoid design flaws in Remark 2 [24], the desired surge
and sway velocities, that is, the virtual control law, are
chosen as:

ªD u º
«D »
¬ v¼

ª cos\
«  sin\
¬

Then, we have:

ª1§
« ¨ ex  ex
«2©
«
« 1 § e  e
« 2 ¨© y y
¬

U º ·
ª
x  e
 sin\ º ªu º « d x U » ¸¸
»
«
U » ¸
cos\ »¼ «¬ v »¼ «
« y d  ey U » ¸
¬
¼¹

ex U k xV x º
ª
« xd  U  [ »
sin\ º «
x
»
»
ey U k yV y »
cos\ ¼ «

« y d 
»
U
[ y »¼
«¬

(17)

where the choice of the controller gains k x ! 0, k y ! 0 can
be tuned and determines how fast the tracking errors converge
to zero so that the performance of the USV is robust against
uncertainties.
Based on (1) and (17), the derivative of the variable D u , D v
is constructed by:

ªD u º
«D »
¬ v¼

ª D º ª cos\
r« v »«
¬ D u ¼ ¬  sin\

ª
U e  Uex ex U 2
V [  V [ º
 2  kx x x 2 x x »
xd  x
« 
U
U
[x
sin\ º «
»
cos\ »¼ «
U ey  Uey ey U 2
V y[ y  V y[y » (18)
« 
»
yd 
 2  ky
U
U
[ y2
¬«
¼»

Remark 2. Avoiding large tracking errors causes the virtual
control law to exceed the maximum velocity of the USV and
thus affects the control effect. So the virtual control law selects
(17), not the following:
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ªD u º
«D »
¬ v¼

ª cos\
«  sin\
¬

sin\ º ª xd  k xV x º
«
»
cos\ »¼ ¬ y d  k yV y ¼

(19)

with the virtual control law (17) guarantees the stability of
the USV closed-loop system. All states remain bounded and
it can be ensured that the tracking errors remain within the
given prescribed performance bounds for t t 0 .

Step 3. Prescribed performance tracking controller design
Combined with (11), the sliding surfaces are chosen such
that:

Proof: Firstly, the complete Lyapunov function is assigned:

V1
L1

L2

t

ue  O1 ³ ue (W )dW

In virtue of (22) and (23), the derivative of V1 satisfies:

t

0

(21)

V1

L2

M 1 a23vr  Du u  W u  W wu (t )  D u  O1ue

  Dv v  Wwv (t )

ª a13ur
°M 2 «
 L2 ®
¬  a13uM 3 a12uv  Dr r  W r  W wr (t )
° 
¯D v  O2 ve  O3ve

(22)

  Dv v  Wwv (t )  a13uM 3 a12uv  Dr r  W r  W wr (t ) º¼  Dv  O2 ve  O3ve (23)
M 2 ª¬ a13ur

To ensure the finite-time convergence of L1 and L2 to zero,
the design is as follows.

L1

 K1 sign L1

(24)

L1 L1  L2 L2
L1 ª¬ M 1 a23vr  Du u  W u  W wu (t )  D u  O1ue º¼

where O1 , O2 , O3 ! 0 . Using (1), the time derivatives of these
sliding surfaces are such that:

L1

(28)

(20)

0

ve  O2 ³ ve (W )dW  O3ve

1 2 1 2
L1  L2
2
2

º½
»°
¼¾
°
¿

(29)

Integrating (26) and (27), one has:
V1

L1 L1  L2 L2
  Dv v  Wwv (t )

ª a13ur
º½
°M 2 «
»°
L1 ¬ª M 1 a23vr  Du u  W u  W wu (t )  D u  O1ue ¼º  L2 ®
¬  a13uM 3 a12uv  Dr r  W r  W wr (t ) ¼ ¾
°
°





D
O
O
v
v
2 e
3 e
¯ v
¿
  Dv v  Wwv (t ) @  L2 ¬ª *  b a12uv  Dr r  W r  W wr (t )  O2 ve  O3ve ¼º
=  K1 L1sign L1 +L2 M 2 > a13ur

(30)

=  K1 L1sign L1  K 2 L2sign L2  W wu (t )  K1  Wwv (t )  K 2  W wr (t )  K3

L2

 K 2sign L2

d  K1 L1  K 2 L2

(25)

where K1 , K 2 ! 0 .
Therefore, the robust sliding mode control law based on
prescribed performance is:

Wu
Wr

a23vr  Du u  K1 

1
Du  O1ue  K1 sign L1
M1

where W wu (t )  K1 d 0 , Wwv (t )  K 2 d 0 , and W wr (t )  K3 d 0 .
* and b are defined in (27). It is obvious from (30) that V1  0
for L1 , L2 z 0, 0 since K1 ! 0 and K 2 ! 0 . This indicates that
sliding surfaces in (20) and (21) can reach zero; that is, the
tracking errors satisfy ue , ve o 0, 0 .
Then, the following Lyapunov function candidate is chosen:

(26)

V2

1
1
  Dv v  K2  *  O2 ve  O3ve º¼ (27)
a12uv  Dr r  K3  K 2sign L2  ª¬  M 2 a13ur
b
b

where K 2 t W wv max , K3 t W wr max , b z 0 , and b M 3 M 2 a13u  D u
. Then according to (18), we can get Dv *  D u r , * Du r  f
, and
.
ª
U ey  Uey ey U 2
V y[ y  V y[y º
 2  ky
f « 
yd 
» cos\
2
U
U
[y
¬«
¼»
ª
U e  Uex ex U 2
V [  V [ º
 « 
 2  k x x x 2 x x » sin\
xd  x
U
U
[x
¬
¼

Theorem 1. Consider the USV model under time-varying
external disturbances, which are given by , and the error
transformation function (13). Under Assumptions 1 to 3,
the design parameters O1 , O2 , O3 , K1 , K 2 , k x , k y and G are
carefully adjusted. Then the proposed controller (26) and (27)
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1 2 1 2
Vx  Vy
2
2

(31)

Substituting (17) into (16), the time derivative of V2 can
be written as follows:

V2

V xV x  V yV y k xV x 2  k yV y 2

(32)

Since k x ! 0 and k y ! 0 , it is clear from (32) that V2  0
for V x , V y z 0, 0 . So, it can be found that both ex and e y
converge asymptotically to zero.
Furthermore, consider the following Lyapunov function
candidate:

V3

1 2
r
2

(33)

The time derivative of V3 is given by:

V3

M 3 r > a12uv  Dr r  W r  W wr (t ) @

(34)

Knowing that M 3 ! 0 , the condition V3  0 is satisfied
when:

a12uv  W r  W wr (t )  Dr r if r ! 0

(35)

a12uv  W r  W wr (t ) ! Dr r if r  0

(36)

which implies the following:

Therefore, O1 , O2 , and O3 should be selected carefully. Then,
it can be found from the theoretical analysis of Theorem 1 that
the remaining control parameters K1 , K 2 , k x and k y should
be designed to be positive. As with the performance function
parameters, it is obvious that the parameter U 0 denotes
the bound of the overshoot, U f represents the maximum
allowable steady-state tracking error, and l influences the
convergence rate of the tracking error. Based on the above
analysis and the debugging results, the control parameters are
chosen as O1 = 3, O2 = 0.9, O3 = 0.2, K1 = 5, K 2 = 0.7, k x
= 0.4, k y = 0.04, and G = 0.4 and the performance function
80  0.06 e 0.2t  0.06 . To show the
is chosen as U t
advantages of the proposed algorithms, two conditions are
compared and evaluated: with and without the predefined
performance bounds.
Table 1. Parameters of the USV
Parameter

Value

Unit

m

23.8

kg

(37)

L

1.255

m

Therefore, V3  0 if the inequality (37) is satisfied.
Moreover, V3  0 implies that V3 is a decreasing function,
which means that r is decreasing as well from .
Consequently, the control laws proposed in (26) and (27)
ensure the convergence of position and velocity errors while
the yaw motion remains bounded. In accordance with the
above depiction, all states of the USV closed-loop control
system remain bounded.

B

0.29

m

Iz

1.760

kg  m 2

X u

-2

kg

Yv

-10

kg

Yr

0

kg

Dr r ! a12uv  W r  W wr (t )

N v

0

kg

SIMULATION RESULTS AND ANALYSIS

N r

-1

kg  m 2

In this section, simulation studies are performed
to illustrate the effectiveness and robustness of the
proposed control scheme. A USV from the Norwegian
University of Science and Technology [22] is adopted
and the parameters used for it are given in Table 1. The
reference trajectory is selected as xd
100sin 0.1t
and yd
and
100 cos 0.1t . The initial position
T
velocity of the USV
are
and
K
30
110

S
9
T
X 2 0 0 . The time-varying external disturbances
are given as W wu 10 ª¬sin 0.1t  cos 0.05t º¼ ,
W wv 0.01 ª¬0.01sin 0.1t  0.01cos 0.05t º¼ ˈand
W wr 0.1 ª¬0.2sin 0.1t  0.1cos 0.05t º¼ , and the
units are N and N  m , respectively. From (20) and
(21), we can find that O1 and O2 are integral factors. If the
values chosen are too small, the system may be unstable.
However, small integral factors can eliminate steady-state
error and improve the accuracy of the system. And O3 is
a proportional coefficient, which can speed up the reaction
speed of the system and reduce the steady-state error. The
coefficient selected should be neither too large nor too small:
a large coefficient may make the system unstable and a small
coefficient can reduce the reaction speed of the system.

Xu

-0.72253

kg / s

Yv

-0.88965

kg / s

Nr

-1.900

kg  m 2 / s

X uu

-1.32742

kg / s

Yv v

-36.47287

kg / s

Nvr

0.080

kg / s

>

@

>

@

Remark 3: Without loss of generality, simulations are
adopted with the same initial position, reference trajectory,
and control parameters. The blue solid line represents the
proposed robust sliding mode control method based on
prescribed performance. The dashed line in green expresses
the proposed method without prescribed performance (PP)
and the black dashed line represents the proposed method
without time-varying external disturbances (TED). The
simulation time is set as 100 s. Then, the simulation results
are as shown below.
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Fig. 7. The yaw rate of trajectory tracking for the USV
Fig. 4. The position curve of trajectory tracking for the USV

Fig. 8. Time response of the control input curve for USV
Fig. 5. Time response of the tracking errors for the USV

Fig. 6. Trajectory tracking errors and performance bound
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Figure 4 gives the change of positions and heading. Whether
or not the impact of time-varying external disturbances is
taken into account, the controller performs the tracking
mission well. In comparison, the proposed controller with
prescribed performance converges faster. It is shown that the
proposed controller has strong robustness to time-varying
external disturbances. The tracking errors are shown in
Figure 5, where the convergence time of the method without
prescribed performance is more than 50 s. Besides, it will
lead to undesirable transient-state performance when the
large overshoot exceeds the boundary. As can be seen from
Figure 6, the constraints for the case without the prescribed
performance method where the tracking error is greater
than 0.1 m, clearly exceed the performance boundary. On
the contrary, the proposed method can quickly converge to
the bounded sets and will always be maintained between
the prescribed upper bound and lower bound with small
overshoots. The prescribed performance function is designed
to ensure the performance of the tracking control without

any prior knowledge about the initial errors. The yaw rate of
trajectory tracking for the USV is shown in Figure 7. Compared
with the proposed controller, the method without prescribed
performance requires greater control forces, which results
7
in larger overshoots. The control inputs W >W u 0 W r @
are depicted in Figure 8, where only surge force and yaw
moments exist. It is shown that the control force and moment
can guarantee the stability of the closed-loop system under
time-varying external disturbances. It can be concluded that
the designed controller ensures that the tracking errors are
within the predefined bounds and produce better transient
and steady-state performance compared to the one without
prescribed performance.

5. K. Y. Wichlund, O. J. Sordalen and O. Egeland, “Control
properties of underactuated vehicles,” IEEE International
Conference on Robotics and Automation, 21–27 May 1995,
Nagoya, Japan.

CONCLUSION

8. K. D. Do, Z. P. Jiang and J. Pan, “Robust global stabilization
of underactuated ships on a linear course: State and
output feedback,” International Journal of Control, 2003,
76(1):1–17.

In the presence of time-varying external disturbances,
the problem of trajectory tracking control for a USV with
prescribed performance has been solved in this paper. Based
on error transformation technique, a robust prescribed
performance tracking control law is designed in combination
with sliding mode technology. Meanwhile, the prescribed
performance bound approach, which is combined with
Lyapunov theory, successfully ensures that the tracking
errors of the USV remain within the required performance
constraints. The results of the simulation and comparison
show that the tracking errors of the proposed controller
remain strictly within the predefined bounds, while the
one without prescribed performance cannot guarantee this.
ACKNOWLEDGEMENTS
This work was supported by the Fundamental Research
Funds for the Central Universities (3132020106) and the
China Postdoctoral Science Foundation (2019M661082).
REFERENCES
1. T. Pastore and V. Djapic, “Improving autonomy and control
of autonomous surface vehicles in port protection and
mine countermeasure scenarios,” Journal of Field Robotics,
2010, 27(6):903–914.
2. Z. Liu, Y. Zhang, X. Yu and Yuan C, “Unmanned surface
vehicles: An overview of developments and challenges,”
Annual Reviews in Control, 2016, 41:71–93.
3. L. Qiao and W. Zhang, “Adaptive non-singular integral
terminal sliding mode tracking control for autonomous
underwater vehicles,” IET Control Theory & Applications,
2017, 11(8):1293–1306.
4. W. Dong and Y. Guo, “Global time-varying stabilization
of underactuated surface vessel,” IEEE Transactions on
Automatic Control, 2005, 50(6):859–864.

6. E. Lefeber, K. Y. Pettersen and H. Nijmeijer, “Tracking
control of an underactuated ship,” IEEE Transactions on
Control Systems Technology, 2003, 11(1), 52–61.
7. S. Wang, M. Fu and Y. Wang, “Robust adaptive steering
control for unmanned surface vehicle with unknown
control direction and input saturation,” International
Journal of Adaptive Control and Signal Processing, 2019,
33(2):1214–1224.

9. H. N. Esfahani and R. Szlapczynski, “Model predictive
super-twisting sliding mode control for an autonomous
surface vehicle,” Polish Maritime Research, 2019,
26(3):163–171.
10. P. Liu, H. Yu and S. Cang, “Adaptive neural network
tracking control for underactuated systems with matched
and mismatched disturbances,” Nonlinear Dynamics, 2019,
98:1447–1464.
11. G. Zhang, W. Yan, J. Gao and C. Liu, “High-gain observerbased model predictive control for cross tracking of
underactuated autonomous underwater vehicles,”
IEEE International Conference on Underwater System
Technology: Theory & Applications, 13–14 Dec. 2017,
Penang, Malaysia.
12. J. Li, P. M. Lee, B. Jun and Y. K. Lim, “Point-to-point
navigation of underactuated ships,” Automatica, 2008,
44(12):3201–3205.
13. C. P. Bechlioulis and G. A. Rovithakis, “Robust adaptive
control of feedback linearizable MIMO nonlinear systems
with prescribed performance,” IEEE Transactions on
Automatic Control, 2008, 53(9):2090–2099.
14. X. Wang, X. Yin and F. Shen, “Disturbance observer based
adaptive neural prescribed performance control for a class
of uncertain nonlinear systems with unknown backlashlike hysteresis,” Neurocomputing, 2018, 299(19):10–19.
15. C. P. Bechlioulis, Z. Doulgeri and G. A. Rovithakis,
“Neuro-adaptive force/position control with prescribed
performance and guaranteed contact maintenance,” IEEE
Transactions on Neural Networks, 2010, 21(12):1857–1868.

POLISH MARITIME RESEARCH, No 4/2020

155

16. O. Elhaki and K. Shojaei, “Neural network-based
target tracking control of underactuated autonomous
underwater vehicles with a prescribed performance,” Ocean
Engineering, 2018, 167(1):239–256.

CONTACT WITH THE AUTHORS

17. S. He, M. Wang, S. Dai and F. Luo, “Leader-follower
formation control of USVs with prescribed performance
and collision avoidance,” IEEE Transactions on Industrial
Informatics, 2018, 15(1):572–581.

Dalian Maritime University,
LENGHAI RODE, 116026 DALIAN,
China

18. T. Gao, J. Huang, Y. Zhou and Y. Song, “Robust adaptive
tracking control of an underactuated ship with guaranteed
transient performance,” International Journal of Systems
Science, 2016, 48(2): 272–279.
19. B. S. Park and S. J. Yoo, “Robust fault-tolerant tracking
with predefined performance for underactuated surface
vessels,” Ocean Engineering, 2016, 115:159–167.
20. S. J. Yoo and B. S. Park, “Guaranteed performance design
for distributed bounded containment control of networked
uncertain underactuated surface vessels,” Journal of
the Franklin Institute, 2017, 354(3):1584–1602.
21. C. P. Bechlioulis, G. C. Karras, S. Heshmati-Alamdari and
K. J. Kyriakopoulos, “Trajectory tracking with prescribed
performance for underactuated underwater vehicles
under model uncertainties and external disturbances,”
IEEE Transactions on Control Systems Technology, 2017,
25(2):429–440.
22. R. Skjetne, Y. I. Fossen and P. V. Kokotovic, “Adaptive
maneuvering, with experiments, for a model ship in a marine
control laboratory,” Automatica, 2005, 41(2):289–298.
23. Q. Yang and M. Chen, “Adaptive neural prescribed
performance tracking control for near space vehicles with
input nonlinearity,” Neurocomputing, 2016, 174:780–789.
24. S. Wang, M. Fu, Y. Wang and H. Wei, “Area-keeping
robust sliding mode control for underactuated surface
vehicle,” Journal of Harbin Engineering University, 2020,
41(5):684–690.

156

POLISH MARITIME RESEARCH, No 4/2020

Yulong Tuo
e-mail: tuoyulong@dlmu.edu.cn

POLISH MARITIME RESEARCH 4 (108) 2020 Vol. 27; pp. 157-169
10.2478/pomr-2020-0076

AUTOMATIC CONTROL OF SHIP MOTION CONDUCTING
SEARCH IN OPEN WATERS
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ABSTRACT

In this work a search operation support system is presented, which is an additional autopilot function block. Its task
is to lead a vessel included in the search by the SAR services to the datum position on the basis of the data entered
by the operator into the system and then automatically to search the indicated area according to the newly defined
search pattern. The set goal can be achieved thanks to the autopilot that guides the ship along a given trajectory
consisting of straight lines and arcs. High control accuracy is provided by the IMC control system using a relatively
simple non-linear ship model. The simulation tests of the tanker model confirmed that the indicated search area can
be precisely checked in a shorter time than when using the expanding square search pattern.

Keywords: : computer control, IMC control, safety and risk analysis

INTRODUCTION
Oceans and seas provide convenient opportunities for the
transport of people and goods. Unfortunately, ships involved
in sea transport are exposed not only to typical transport
accidents, most often occurring in areas where the density
of shipping is high, but also due to the impact of powerful
forces of nature occurring in this environment. In order to
provide assistance to the injured in such cases, appropriately
trained services are required. The International Convention
on Maritime Search and Rescue (SAR) was adopted at an
international conference held in Hamburg, Germany, in
April 1979. Primarily, it was designed to improve the existing
arrangements and provide a framework for carrying out
search and rescue operations following accidents at sea.
Many states have accepted the obligation to provide maritime
SAR coordination and services on a 24-hour basis for their
territories, territorial sea and where appropriate, the high
seas. To fulfill these responsibilities, they established national
SAR organisations or joined one or more other states to form
a regional SAR organisation associated with a certain sea area.

The planning process should be carried out in accordance
with scientific criteria from both probability theory and
technical aspects in order to increase its effectiveness. SAR
operations planned in order to detect a missing object at sea
in the minimum possible time are nowadays supported by
computational methods. The science of search theory was
described by Koopman [13, 14] and Stone [24]. Mathematical
models based on this theory were formulated by Frost for
this purpose using tidal current prediction and leeway
simulations [11]. The first computer-based SAR planning
system was developed by the United States Coast Guard [12].
Visualisation of ocean drift models was introduced as
a helpful tool in preparing actions by the SAR coordinator
[7, 30]. Li [18] and Azofra et al. [2] solved the problem of
optimising the deployment of rescue units so that they could
cover the largest possible area of coverage while maintaining
the required safety standards. Burciu [5] proposed a Bayesian
Network model to assess the reliability of SAR operations.
Bayesian networks, which were used in probabilistic inference
concerning the causes of maritime accidents [3], were also
used to determine the reliability of the search and rescue
POLISH MARITIME RESEARCH, No 4/2020
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operations (SAR) in coordination centres [22]. A simulation
model to evaluate the performance of a SAR system was
constructed by Goerlandt et al. [6].
As is often the case with road traffic accidents, the vessels
closest to the scene of the incident are fundamental to the
effectiveness of the assistance provided. Under long-standing
traditions of the sea and various provisions of international
law, ship masters are obliged to assist others in distress at sea
whenever they can safely do so. In the case of SAR operations,
when the distance from the location of an event is greater than
150 Mm, units from outside the SAR resources are included
in the action. The Coordination Centre recommends the
involvement of the vessel in the search action and outlines
the proposal for its framework. However, the final decision
in this regard is taken by the master of the vessel, who has
the necessary knowledge of the characteristics and condition
of the ship.
Bearing this kind of SAR operation in mind, the concept of
extending the autopilot function with a system that will allow
for more effective participation of these units in the search
action is considered in this article. The aim of this work was to
develop a system whose purpose is to facilitate merchant ships
(incorporated into the SAR action) in carrying out an optimal
search of the designated area. This tool, referred to as a search
operation support system, SOSS, is an extension of modern
digital autopilots with an additional function block. Its tasks
include planning a search route and automatic control of the
ship motion that guides it along the set trajectory of the route
determined in the first stage.

COORDINATION OF SEARCH
AND RESCUE OPERATION
The SAR system in each country, besides the coordinator
representing the highest level of SAR management, has
a Search and Rescue Mission Coordinator (SMC) and, if
necessary, on-scene coordinators. The SMC typically provides
the search or rescue action plan, but may also be required to
perform other operations.
The elements of the basic problem of an optimal search
are defined by Koopman [13]. They are as follows:
– an a priori probability density distribution on the search
object location, with which it is possible to estimate the
probability of containment (POC) for any subset of the
possible area,
– a detection function relating to the search effort density
or coverage C and the probability of detecting (POD) the
object if it is in a searched area,
– maximising the probability of finding the object, often
referred to as the probability of success (POS), which is
subject to constraints on the effort involved.
In the case of searching for survivors, the data provided
by the SMC contains a brief description of the incident and
a recommended search area. It includes primarily the centre
point, Ro – the radius of the circle in which it is located, and
sometimes size corner points. The region of the incident will
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usually be divided into certain sectors, inside each of which
the POD is constant, though their POC may be different.
The SAR handbook [17] recommends the use of expanding
square search, sector search track, line search or parallel
sweep search in an open sea.
DIRECT SEARCH ACTION
Based on information from the SMC, including estimation
of the most probable position of a distressed craft or survivors
and determination of the search area, taking a drift effect
into consideration, the assisting ship or, if there are more,
the on-scene coordinator, can choose the search pattern and
develop a search plan. The SAR headquarters have adopted
certain rules of search action planning. They are largely based
on the theory presented in Koopman’s works. Determination
of the optimal route of search requires consideration of the
state of the sea, the time of day and weather conditions as well
as steering of the ship. The classical search planning method
(CSPM) assumes that the detection (vs. coverage) function is
based upon the inverse cube law of visual detection:

γ ≈ kh / r3

(1)

where k – constant of proportionality, r – lateral range from
the observer to the search object, h – height above the ocean’s
surface, being applied under uniform search conditions by
using search patterns consisting of long, straight, equally
spaced, parallel tracks relative to the search object.
This method also assumes that the optimal search area is
an area centred on the datum that is searched with uniform
density of the search effort.
EXPANDING SQUARE SEARCH
Most search patterns consist of parallel tracks covering
a rectangular area. Non-SAR units near the scene of the
accident usually use the so-called expanding square method
for their search operations. The shape of the search route
recommended by SAR is shown in Fig. 1.

Fig. 1. Expanding square search pattern

The commence search point CSP is specified by the SMC.
Usually it is the most likely location of the missing objects.
The recommended route consists of pairs of segments running
perpendicularly to each other, whose length gradually increases
by a segment equal to the sweep band width. The distance
between adjacent tracks is called the track spacing S.
Suppose that we are searching uniformly throughout
a region of area As with the effectiveness of “random” search.
The ship is moving at speed V and its sweep width is W.
A certain measure of the effectiveness of the sweeping process
is called, in SAR terminology, coverage C, which expresses the
density of the search effort in the region:

C = Z / AS

(2)

where Z – area effectively swept.
This may be determined by multiplying the effective
search width and the effort defined as the total length of the
searchers’ tracks while searching:

Z=W·L

(3)

The effective search width, if a searcher passes through
a swarm of identical stationary objects uniformly distributed
over a large area, is defined by the equation [12]

W=

This is the case if the course changes at a right angle as
illustrated in Fig. 2.

Fig. 2. Changing the sweep width in the corner of the square

As shown, there will be areas farther from the observer on
the vessel than the assumed track spacing. In other words,
the maximum lateral distance between the observer and the
sensor (survivor) r can be greater than S/2 by ΔS, whose value
can be determined from the following expression:

ΔS =

–

= 0.2071S

(8)

(4)

SPIRAL SEARCH
where ΣO/[t] number of objects detected per unit time,
ΣO/[A] number of objects per unit area, V searcher speed and
where all the values are averages over a statistically significant
sampling period. If the lateral range function is known for
a given search situation, then the area under the lateral range
curve equals the sweep width W for that situation. That is,
if the detection probability is expressed as a function dr of
lateral range r from a sensor’s single straight track through
the swarm of objects,

then

dr(r) = 1 – e
W=

dr dr

(5)
(6)

This effective sweep width is also twice the maximum
detection range of an “equivalent” definite range detection
profile (one that is 100% effective out to some definite lateral
range either side of its track and completely ineffective beyond
that range). Here, “equivalent” means that the definite range
detection profile and the actual detection profile both detect,
on average, the same number of objects per unit time under
the same conditions of object density and the searcher’s speed.
The total length of the route covered by the ship during
the search in time Ts is equal to

L=

Vdt

Of course, light and manoeuvrable SAR units can make
such a return at approximately right angles. It is different in
the case of large merchant ships, whose minimum turning
radius is much bigger. The new search pattern proposed here
takes into account the real manoeuvring properties of larger
ships. Its diagram is shown in Fig. 3.

(7)

As we consider this search pattern in detail, it can be
seen that the adopted track spacing is by no means constant.

Fig. 3. Spiral search

According to this pattern, apart from the immediate
neighbourhood of commence point search which avoids
duplication of the searched area, the ship sails in a circle
with a radius increasing after a 180-degree change of course.
The planned trajectory, therefore, consists of half-circles with
a radius equal to the multiple of track spacing.
POLISH MARITIME RESEARCH, No 4/2020
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COMPARISON OF TWO SEARCH METHODS
In order to compare this method with the expanding
square search pattern, the length of the route L the ship has
to travel to search the area indicated by the SMC and the time
ts needed to complete it were considered.
Let’s assume that the distance sailed by a ship using the
expanding square search pattern is the sum of straight
sections, with adjacent sections having the same length, then

Lsq = 2Σ i · S

(9)

where n · S – length of the side of the largest square.
Referring to the expression for the sum of the n-first
elements of the partial sum of this series, we will obtain

Σ i·S=S

(10)

As the next two consecutive straight sections are of the
same length, the whole length of the route will be double, so

Lsq = n(n + 1)S

(11)

In order for the ship to close the square and reach e.g.
position F (Fig. 1), she must additionally travel a distance
equal to the length of the last side, i.e. n · S. Then, the total
distance travelled Lt while sweeping the square is

In the case of the spiral method, taking into account the
dependence S = 2Ro /n and the closing of the last circle, the
total route can be computed from the expression

Ltsp = π(n + 2)Ro / 2

(16)

Tab. 1. Comparison of lengths of routes needed to sweep through
a given area with a radius Ro
n

3

4

5

6

8

Ltsq

10Ro

12Ro

14Ro

16Ro

20Ro

Ltsp

7.85Ro

9.42Ro

11Ro

12.57

15.7Ro

As can be seen from Table 1, the amount of search effort
required to cover the area recommended by the Coordination
Centre using the expanding square pattern is greater.
However, it should be taken into account that, after crossing
the Ltsq route, the swept area, although partly outside the area
indicated by the SAR services, is in fact 21.5% larger than it.
The second comparison criterion is the time ts needed to
cover the area indicated by the SAR services, assuming the
same propulsion of the vessel. Since the average speed of
the vessel, which depends on the rudder angle and changes
in time, plays a role in this criterion, the comparison of the
two methods was carried out on the basis of simulation tests,
which are described in one of the next chapters.
PROBABILITY OF SUCCESS

Ltsq = n(n + 2)S

(12)

In the case of the new search pattern considered, the
distance sailed by the vessel will be the sum of half-circles
with an increasing radius value. The length of half-circles
with equal radii is equal to 0.5πS, πS, and 1.5πS, respectively.
Therefore, the total distance travelled by the vessel can be
determined on the basis of the following formula:

Lsp = 0.5πS Σ i

(13)

where n – number of the largest half-circle.
Taking into account the expression for the partial sum of
natural numbers, we will receive the expression for the ship
route consisting of semicircles:

Lsp = 0.25πn(n + 1)S

(14)

Considering that the search area for vessels does not
normally exceed 20 NM, we compare in Table 1 the f-indices
only from a small range. The area to be searched is given
by the SMC in the form of a circle with a radius Ro around
the datum. In the expanding square method, this circle is to
be inscribed in the largest square, thus its side nS will be equal
to 2Ro. Assuming that it is a multiple of the track spacing,
in the expanding square pattern the ship will pass the route

Ltsq = 2(n + 2)Ro
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The probability of success can be computed as POC×POD.
If the goal is to maximise it, this creates new opportunities
when planning a rescue operation, but to compare the
two methods, it is enough only to examine the POD vs.
the effort density detection function. It should be noted that
the following dependences were derived assuming that, in
order to conduct search operations in an area, it is necessary
to move the sensor along a series of long, straight, equally
spaced parallel tracks. Koopman derived the general POD vs.
the coverage detection function for this type of search using
the simplified inverse cube model of visual detection and
found [13] that

POD = erf (

)

(17)

e–t dt

(18)

where erf is the error function

erf (r) =

2

The classical search planning method assumes that, for all
searches, the track spacing will equal the sweep width, i.e. the
coverage will be 1.0. If parallel tracks occur during searches
(Fig. 4b), then the probability of detection will drop halfway between them and then increase again. If the tracks are
spaced one sweep width apart, the average cumulative POD
should be about 79%. Let’s also consider the impact on the
POD that the lateral range in the expanding square pattern
can have. Although the conditions of observation in search

square corners are slightly different from those of parallel
bands, there are some areas that are more distant from the
observer than half the track spacing distance. The increase in
the distance between two paths in this search area is shown
below in Fig. 4a, where the length of the route travelled by
the ship is plotted on the horizontal axis.

Fig. 5. POD dependence on coverage

For the coverage equal to unity, the POD is 79%. If the
distance between adjacent routes is in the extreme case equal
to 1.207W, the coverage falls to the value of 0.83 and the
POD to 70%.
DURATION OF THE SEARCH
Fig. 4. a) Real track spacing varying along the side of the square,
b) Parallel tracks, c) Square search

The lateral range near the vertices of each square increases
by ΔS (8) regardless of the ship’s turning radius, as shown
in Fig. 2.
Suppose that track spacing S = W. On the basis of the above
dependences (17), we get that the POD = 0.7899. However,
if the lateral range from the observer to the sensor increases
to half the maximum distance between adjacent routes and
reaches the value of 1.207.W, the probability of detection
decreases to a value of 0.7009. The probability that the distance
between the observer and the missing object near the vertices
of the square will be greater than 0.5 S is due to the ratio of
the area, in which this condition is met for the total surface
of the sweep band

P(r > 0.5S) =

(19)

This can be written as

P(r > 0.5S) =

(20)

which means that the longer the sweep bands are, the smaller
will be the drop of the POD caused by a temporary increase
in the distance between tracks.
The average value of the range extension in corner squares
of the sweep band is

m=

δdl = 1.1478 S

(21)

Fig. 5 shows the graphical dependence of the POD on the
search effort density, which is expressed here as the ratio W/S.

The second comparison criterion is the time ts needed to
cover the area indicated by the SAR services, assuming the
same propulsion of the vessel.
When planning a search, the objective is often to maximise
the probability of detecting the missing object by some
time. Because the survival time of a human without special
protective clothing rapidly reduces as the water temperature
decreases, a special case of SAR action is to maximise the
probability of detecting the survivor alive.
If we are searching uniformly throughout a region of
area A with the effectiveness of “random” search, then the
probability of detecting the search object by time t can be
expressed by the so-called random search formula

POD = 1 – e

(22)

If we take into account Table 1, it follows from this
dependence that the spiral method can be a useful tool for
arranging a plan of the SAR action.
Determining the optimal sweep width on the basis of
factors influencing its value due to their fuzziness is difficult
to explain. Interpreting them has a significant impact on
the risk. On the one hand, by reducing the track spacing,
the probability of overlooking the missing object decreases.
On the other hand, it may increase the time frame for
finding the survivors. This may not matter much when they
are in a well-stocked, unsinkable boat. Otherwise, when
people are directly affected by the environment at a low
water temperature, a change of the strategy to “T-optimal”
maximises the probability of finding the missing object by
a limited time T. However, a higher speed will increase A but
reduce the search efficiency at the same time. This could
increase the probability of detecting the missing object faster.
POLISH MARITIME RESEARCH, No 4/2020
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CONTROLLING THE SHIP
MOTION ALONG AN ARC

R = 0.5c / cosα

To conduct a spiral search along the arc-shaped trajectory,
a ship motion control system was designed. This innovative
approach to ship control was described in [16]. This chapter
presents the concept of using this system, extended by a case
of turning a complete 180 degrees.
Let’s assume that the considered autopilot can control the
ship to a given way-point. The set course ψref is not a fixed value
and depends on the current bearing to the destination point.
If we assume that G(xs,ys) and the offset from the next waypoint is at the moment t in the meridian line Δxi(t) = xi – xs(t)
and in the parallel line Δyi(t) = yi – ys(t), then the reference
course can be determined from the dependence

ψref(t) =

· arctg

+ n · 180

[deg]

where α a is half of the so-called central angle corresponding
to the change of the course angle by Δψ from ψi into ψi+1, and
c means the chord, which is the length of the straight line
joining the beginning and end of a desired arc and can be
developed from the equation

c=
where Δxi+1 = xi+1 – xi

(25)

Δyi+1 = yi+1 – yi .

The angle α is equal to

α = 90° – β

(26)

β = ψi – ψi→i+1

(27)

(23)

where x, y – the coordinates of the centre of gravity of the ship,
xi, yi – the specified coordinates for the successive turning
point,
n = 0 if Δxi > 0 and Δyi > 0,
n = 1 if Δxi < 0,
n = 2 if Δxi > 0 and Δyi < 0
In the proposed layout, the transition from wpi to wpi+1 is
to take place on an arc with a given radius R, as illustrated
in Fig. 6.

c-chord, s-sagitta, R-radius, M-middle of the circle, l-advance section,
B-starting of the manoeuvre
Fig. 6. Turning along the set arc to a fixed way-point

The determination of a reference trajectory in the shape of
an arc, which should be kept by the ship from the waypoint
wpi to wpi+1, requires giving their coordinates (xi, yi), (xi+1, yi+1)
and the ship’s course ψ1, ψi+1 at these points. This will make it
possible to determine the required turning radius R, assuming
that the turn is made by an angle of no more than 180 degrees.
There is only one arc, whose slope of tangents in the points
common to neighbouring straight lines will coincide with the
slope of these sections. The radius of this arc can be calculated
on the basis of the trigonometric dependence
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where ψi→i+1 is the bearing from wpi to wpi+1.

CONTROL SYSTEM OF
THE SHIP MOTION
Most autohelm systems are mainly formulated to follow
a desired course under constant speed settings. Because the
ship, as a control plant of its motion, is highly nonlinear,
the object places high demands on the regulation system.
The course control is still an active field of research. Nowadays,
considering structural and model parametric uncertainties
in marine systems, some nonlinear adaptive techniques are
being tested. In recent years, systems such as artificial neural
networks [4, 23], sliding mode control [9, 19], predictive
control [8, 25], fuzzy control [29], backstepping control [26]
and control applying a nonlinear observer [31] have been
tested to achieve high quality regulation. The advantages
of the IMC for the control of the ship motion are presented
in [28]. Because it is not suitable for controlling integral
processes, the structure of the system has been modified to
one in which the angular velocity is regulated. The IMC [20]
is generally an open-loop control system, in which the input
signal is corrected according to the difference between the
plant and the model. The diagram of this control system is
shown in Fig. 7.

Fig. 7. Structure of Internal Model Control IMC

The signal of mistuning of the model and the object ε may be
the result of the influence of disturbances, model uncertainty or
model incorrectness. The error signal can adjust the set point
in such a way that the value, adjustable in the steady state, is
equal to the desired value, even when the model differs from
the object. The transfer function of this system is equal to

G(s) =

=

However, the change in longitudinal and lateral velocities
during the manoeuvre leads to changes in the dynamics of
the ship and thus increases the incorrectness of the linear
model. To prevent this, in the proposed control structure, such
a model with parameters depending on propeller revolutions
n and the rudder deflection d was introduced. Eq. (31), after
rearranging to the new form,

(28)

· (T3(n,δ) · (t) + δ(t)) –

(t) =
Let’s assume that the dynamics of the linearised plant is
presented in the form of the transfer function Gp(s) and that the
model fully reflects the properties of the object M(s) = Gp(s).
Then, the controller which could ensure the perfect control
in this system should have the transfer function equal to the
inverse of the object

Goc(s) = Minv(s)

–(

+

) (t) –

r(t)

(33)

can be directly used to create a model, whose operator transfer
function with variable parameters better reflects the nonlinear
properties of the ship. A schema of this second order model
is shown in Fig. 8.

(29)

where Minv(s) is an inverse model of the process taking into
account rules of Q-parametrisation.
To make this controller realisable, it is necessary to add
into the inverse model the forming filter so that its transfer
function should be proper

Q(s) = F(s) · Minv(s)

(30)

Fig. 8. Nomoto’s model of the ship with variable parameters k and time
constants T1,T2,T3

where F(s) – the transfer function of the filter.
MODEL OF THE SHIP
It can be seen from Eq. (28) that, in the absence of
uncertainties and plant modelling errors Eq. (29), the control
system works as an open-loop system. The performance of
the control system will depend on the accuracy of the model.
Unfortunately, the dependences describing the ship’s motion
are nonlinear. The movement of a ship can be described using
six nonlinear differential equations [10], which are based on
the equations of moments and forces acting on a ship in three
dimensions. The first step to obtain a simplified model is to omit
some coupling between the oscillating motions of the vessel
around the axes. Then, after linearisation around a selected
point of work and after elimination of the sway velocity, we get
the following simplified linear differential equation:

(t) + (
=

+

) · (t) +

· (T3 · (t) + δ(t))

r(t) =
(31)

where δ – rudder angle.
The time constants T1, T2 , T3 and gain k depend on
derivatives of hydrodynamic forces and momentums with
respect to the sway and surge velocity and the yaw rate r.
Assuming constant speed of the ship, the transfer function
of the model [21] is equal to

M(s) =

=

The dashed lines indicate the influence of the abovementioned variables on the model parameters. As can be
seen, deflection of the rudder is not only a control value, but
also affects the value of the time constants.
The dependence of the steady state gain, time constants
T1, T2, T3 and the rudder angle at shaft velocity n = 200, are
shown in Fig. 9.

Fig. 9. Model parameters as functions of rudder deflection

The steady state gain of the model k at a different number
of propeller revolutions n is calculated from the dependence

(32)

k(δ, n) = k(δ, 200) · n/200
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This will ensure better quality of the model in a wider range
of changes of the state variables of the system.
If the shaft velocity is equal to 200 revolutions per minute,
then, after a 1 degree rudder deflection, the responses of the 3
DOF nonlinear model and Nomoto’s model are almost the
same, as presented in Fig. 10. However, with larger rudder
deflections, these differences will be bigger.

of the RSB in the section providing control along an arc shape
trajectory is shown in Fig. 11.

Fig. 11. Block schema of the Reference Signal Builder M-manual,
A-automatic

Fig. 10. Model responses of 1 deg rudder deflection
n = 200, d = 1(t = 600), T1= 15 s, T2= 21.6 s, T3= 29.7, k = 0.028

In order to determine the transfer function of the IMC
regulator Goc(s), an inverse model of the plant is required.
It must be compatible with the model of the ship used, so that
Minv(s).M(s) = 1. Then the transfer function of the controller
Goc(s) will be equal using inertia of the first order (n = 1)
as a filter

Goc(s) =

(35)

It should be noted at this point that such an approach as
the IMC may cause arbitrary determination of the parameter
Tf to limit the system’s ability to maximise the full power of
the actuators. However, it is extremely useful in implementing
harmonious control of nonlinear systems. The use of a linear
model to control the nonlinear plant is acceptable; however,
to improve the quality of control, a nonlinear model in the
structure of the IMC controller could be included, causing
a better reflection of the actual controlled object than a simple
linear model. The advantages of such a model in controlling
a nonlinear object such as a ship are presented in [15].
Such autopilots as described above cannot be directly used
to automatically control a ship during spiral search. In order
to be able to control the ship along the desired path consisting
of straight lines and circular arcs, it is necessary to couple the
control system of the ship motion with a device that, according
to the designated tasks, will set the current reference value
of the controlled variable. The task of this device, called the
Reference Signal Builder (RSB), is to determine the set angular
velocity rref (t) according to the selected operating mode such
as the control to a reference course or to a chosen way-point
along a straight line or an arc. The functional block schema
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The most common use of arc control is a course change
when the curve radius is limited to the specified R max (switch
position M). Arc control from wpi to wpi+1 requires their
coordinates to be entered into the database. The set value of
the turning radius R is calculated in the function block “Turn
radius determination” on the basis of way-points coordinates
and the course to wpi, from Eqs. (24)–(27). The yaw rate
transformer sets on-line for the entire duration of the planned
ship manoeuvre and the reference value of the yaw rate rref
according to the measured vessel speed u.
In order for this system to be able to automatically search
the SAR-derived area around the datum position using the
spiral method, the RSB has been expanded with the waypoints generator. Before the automatic search mode can be
activated, the following data: spacing S, acceptable deviation
from consecutive way-points ε 2 and the coordinates of
the commence search point (xd, yd) as the centre of a circle
with radius Ro typed by the SMC as the most likely area to be
searched, must be entered into the system. The initial value
of its radius is usually taken to be 10 Mm.
Spiral search is a sequence of turns that constitute
semicircles with increasing radii. Their radius at the time
of transition to a new arc is determined by the dependence

Ri+1 = 0.5(|x’i+1| + |x’i|)|

(36)

where x’i is the coordinate of the vertical axis, normal to the
direction of approach to the starting point, which is the centre
of this reference frame.
The following radius reference values are determined until
the next way-point is reached. The horizontal axis Y of the
coordinates system of the search area coincides with the
direction of the ship’s approach to the successive waypoints
that are equal to 0. However, in order for the entry into the
spiral to actually start near the datum (starting point), the
manoeuvre should start some time in advance. This is because
when the rudder is turned, the ship does not immediately enter
the turn. In order to increase the accuracy of the path-keeping,
the rudder deflection command must precede the way-point
by a certain distance l. The control system determines the
length of advance of manoeuvre l, which depends on the
ship’s inertia based on the following dependence:

l = u(t) · T(u)

(37)

where T – resultant time constant of Nomoto’s model
T = T1 + T2 – T3, which also depends on the ship’s velocity u.
The coordinates of the point of starting turn B (x’1, y’1) that
goes beyond the way-point wp1 can be estimated as

y’1= –l

x’1 = 0

(38)

Accordingly, the control is redirected to this mode by the
“Manoeuvre activating” block after confirming that it has
reached the designated position, i.e. even before the way-point.
The function block “Position detection” tracks the current
position of the ship and relates it to the set target.
Transition to the next way-point occurs when one of the
following conditions is met:

ε1= ψi+1 – ψ(t) ≤ ± 2°
ε2=

< rt

(39)

(40)

where rt – distance representing an acceptable deviation from
the way-point wpi+1.
Figs. 12.a and 12.b illustrate the importance of anticipating
the start of a manoeuvre. During the first, the command
of the rudder was given when the ship reached wpi and
during the second one at point B, a distance l meters earlier
(l = 11.9 m), which allowed the vessel in the absence of
disturbances to pass the planned trajectory along the arc of
a circle without a shift.

Fig. 13. Blue Lady

lake taken from Tomera’s work [27] was used. Simulation tests
were performed using the Matlab/Simulink software. The aim
of the study was to verify the operation of the ship control
system after the specified arc and to assess the suitability
of the system to automatically perform a search of the area
designated by the SAR service to rescue the survivors. For
the synthesis of the IMC controller to test its robustness
for model inaccuracy, a model adequate for the number of
revolutions n = 200 and rudder deflection δ = 4 deg was used.
As the filter time constant Tf the value of 30 s was adopted.
Matlab’s Guide User Interface GUI facilitated communication
in the system (Fig. 14).

Fig. 14. Graphical User Interface GUI

Fig. 12. Route of the ship without (a) and with (b)
a shift of the manoeuvre beginning

SIMULATION TESTS
Simulation tests were carried on Lake Silm out using the
model of the ship “Blue Lady” belonging to the Foundation
for Safety of Navigation and Environment Protection in Iława.
It provides training for masters and merchant navy officers to
practise and improve their skills through trial manoeuvres in
a safe environment. It is a copy of the tanker made on a scale
of 1:24. For the purpose of computer simulation of the ship
motion, a mathematical model verified during trials on the

Simulations of the search vessel movement according
to the square search method and to the spiral search were
proposed in this work. Based on the results obtained, these
methods were compared in terms of the time consumed to
achieve the goal. Of course, the aim is to rescue the survivors,
but for the purpose of testing the methods, it was assumed
that the aim would be to sweep all the points of the desired
area as quickly as possible from a distance not greater than
the specified effective sweep width. It was assumed that
the area designated by the SAR mission coordinator to search
for a small boat (less than 5 m) would include a circle with
a radius of 8.3 NM. The weather was windless and visibility was
rated at 15 NM. After scaling, an area with radius Ro = 640 m
was tested. The ship movement at full load was registered
POLISH MARITIME RESEARCH, No 4/2020
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in a perpendicular coordinate system, where the datum
position coincided with the commence search point and
had the coordinates (x = 0, y = 0). The ship speed was halfforward at the specified number of revolutions of the propeller
n = 200 rpm. With regard to the SAR recommendations, a track
spacing value of 2.1 NM was adopted. After rescaling, this
corresponded to a distance of 160 m. In Figs. 15 and 16, the
trajectory in which the vessel arrived at the starting point was
shown during automatic execution of the square and spiral
search. In the other method, the same turning radius was used
to change the course by 90 degrees as for the first semicircle
in the square method.

In the spiral method, taking into account the closing of the
last circle, as shown in Fig. 16, the total routes were 62.83.S
and 64.55.S, respectively. Figs. 17 and 18 showed the ship’s
forward speed during the search. As seen in the proposed
method, the hydrodynamic resistance of the hull is lower,
which allows a higher average speed to be obtained when
limiting the maximum speed. However, the optimal speed
should in any case be determined by the shipmaster.

Fig. 17. Time series of vessel speed u(t) and average velocity ua(t)
during the square search

Fig. 15. Vessel trajectory during the expanded square search

Fig. 18. Time series of vessel speed during the spiral search

Comparing the probabilities of detection of a missing
object after completing the spiral test, that is, t = 19450 s,
the tested area As is equal to the sum of Ao and Ad, where Ad
doubled the search, including the closing of the last full circle
and sailing to the CSP, because

Ao = πR2o = 16πS2
Ad =

Fig. 16. Vessel trajectory during the spiral search

Performing a task using the square method requires
a longer distance. According to Eq. (12), taking into account
that n = 8, the total distance Ltsq should be equal to 80.S.
However, 79.06.S was measured, because the ship was sailing
on an arc with the radius of 80 m when changing course.
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S2

(41)
(42)

On the basis of Eq. (22) it is possible to determine
the detection probability for the tested spiral search
PODsp = 0.6955. In the expanded square search, after the
same time, the ship reaches a point with the coordinates
(–640, 142) and the examined surface reaches the value of
57.86.S2 and the PODsq = 0.5951.
Figs. 15 and 16 show the trajectories of the ship without
external disturbances. However, waves, wind and sea currents
may affect the ship. On the basis of the relative wind speed
and wind direction, as well as the ship’s response to this

disturbance measured during the tests on the lake, a model
of the wind force generator was prepared. A fragment of its
recording showing changes in the relative wind speed and
direction is shown in Fig. 19. The obtained wind model was
then applied to simulate the ship movement [27]. The effect
of wind on the ship will change the shape of the trajectory
along which it will move. This depends on several factors.
First of all is whether the next half circles of the planned

Fig. 19. Time series of the relative wind speed Vw [m/s] and wind direction γ [deg]

route will have sequential set rays, or the set rays will be
determined successively based on knowledge of the ship’s
position and coordinates of the set waypoints. The SAR
services prefer the first of these approaches, because the same
disturbances also affect the missing object and the search
should be carried out around a certain starting point, which
will change its position when the same disturbances occur.
However, if the search is to be carried out around a fixed
reference point, then their simulated path is shown in Fig. 20.

SUMMARY
The presented innovative method of automatic ship guidance
during the search for a missing object in a spiral is intended
to shorten the time of sweeping the area around the starting
point indicated by the SAR service. However, carrying out
a rescue operation according to this pattern requires additional
computer support. For its execution, a control system was
designed using a technique for guiding the ship along a set
trajectory in the shape of an arc. It allows a constant track
spacing to be kept, which increases its reliability.
The spiral search process was checked and compared with
the usual expanding square method by computer simulation
of the movement of a surface unit with verified properties.
The comparison was made on the basis of the detection
probability and the previously defined performance indicators.
The computer simulations confirmed that the open water area
indicated by the SAR coordinator, determined by means of
a circle with a given radius around the commence search point
with the same main motor drive power, can be swept with
a higher probability of success than would be the case after using
the expanding square method. Simulation tests also showed that
the proposed control system is capable of performing the test
automatically and with high accuracy. Despite the promising
results of the computer simulations, there is a need to conduct
research on Lake Silm using a physical model to confirm the
thesis. The spiral search method extends the time of wave action
in sensitive sectors of its angle of attack, which may limit its
application for smaller vessels without anti-roll stabilisers and
therefore requires further research in this regard.
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ABSTRACT

This article presents an analysis of the possibilities of using the pre-degraded GoogLeNet artificial neural network to
classify inland vessels. Inland water authorities monitor the intensity of the vessels via CCTV. Such classification seems
to be an improvement in their statutory tasks. The automatic classification of the inland vessels from video recording
is a one of the main objectives of the Automatic Ship Recognition and Identification (SHREC) project. The image
repository for the training purposes consists about 6,000 images of different categories of the vessels. Some images were
gathered from internet websites, and some were collected by the project’s video cameras. The GoogLeNet network was
trained and tested using 11 variants. These variants assumed modifications of image sets representing (e.g., change in
the number of classes, change of class types, initial reconstruction of images, removal of images of insufficient quality).
The final result of the classification quality was 83.6%. The newly obtained neural network can be an extension and
a component of a comprehensive geoinformatics system for vessel recognition.

Keywords: ship classification, image classification, geoinformatics, artificial intelligence, artificial neural network

INTRODUCTION
In terms of vessel traffic, there are several techniques and
methods for monitoring water areas. The most popular are
AIS (Automatic Identification System) and radar. These two
systems are often supported by radio communication and
video surveillance (CCTV). All these components make up
the RIS (River Information Service) or VTS (Vessel Traffic
System) system, where the operator can easily identify the
vessel and acquire all information about its voyage, crew
members, shipowner or cargo. The water traffic observation
system is well organized in the scope of large sea vessels and
inland cargo ships, mainly due to the fact that these vessels
are covered by legal equipment requirements. However, there
is a huge problem in the field of small inland boats, such as
motor or rowing boats, small sailing yachts and pleasure
crafts. In general, they are not equipped with AIS, radar or
VHF systems. Many of them do not even require registration
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in the relevant registers. Given the growing interest in pleasure
water tourism, there is a need to support the monitoring
through a recognition and identifying system dedicated to
small boats and their approximate location.
The Automatic Ship Recognition and Identification
(SHREC) project aims to develop a system for detecting,
recognizing and identifying small boats based on video
monitoring from CCTV cameras located in strategic points
of the water area such as bridges and marinas [1]. It will
cover the inland water areas in Szczecin-Swinoujscie harbor
located in the northwest of Poland and will provide support
for the RIS-ODRA system (River Information Service). While
the detection of a vessel itself is simple, its recognition and
identification are more complex tasks. For this purpose, the
SHREC project assumes the use of artificial neural networks
and searches for an available tool that can be implemented
with the SHREC system. The project is funded by the Polish
LIDER NCBiR program.

Recognition of vessel types based on images is not a new
issue. Specialists in the field of image processing and analysis as
well as computer vision have been dealing with this problem for
many years. However, there is no solution that can be directly
implemented with the SHREC system. First, solutions based
on the analysis of satellite imagery can be indicated [2–4].
However, these methods are not suitable for the recognition of
small ships and real-time data analysis. The key to the SHREC
project is a solution that will allow real-time recognition based
on images collected using standard digital cameras at a short
distance (e.g., a camera located near to a water reservoir or
river) to recognize the vessel.
Systems that monitor vessel movement (such as the River
Information Service of Lower Oder) [5] are equipped with
video cameras. Unfortunately, often the video stream is not
analyzed using artificial intelligence methods but by manual
analysis performed by the operator. Yet, such systems can be
a huge source of data to train neural networks.
By analyzing the literature and available knowledge on
the use of computer vision when analyzing a video stream of
vessels from cameras, three issues can be identified. The first
of these is the issue of vessel detection [6–8]. The next
issue is the detection and recognition of text on the vessel
(e.g., International Maritime Organization (IMO) number
and registration) [9]. The last is the issue related to vessel
recognition. These issues are the most important in the context
of the research carried out in this study. Researchers dealing
with this topic most often utilize convolutional neural networks
(CNNs) for classifications. There are also analyses involving
the use of simple classifiers for the purposes of the task [10].
In this case, the classification method used was k-nearest
neighbors (kNN). For the purpose of selecting the features,
an image analysis was performed with the use of the Hough
transform. Thanks to the tested approach, it was possible to
detect sailing yachts and separate them from other vessels.
The described achievement is not sufficient for the purposes
of the classification of all vessels that are the subject of the
SHREC system analyses. An example of using more complex
classifiers and neural networks is the publication [11]. In this
case, convolutional neural networks VGG19 were used.
Scientists classified five classes and obtained an F1-score
of 70%. Another study [12] used deep convolutional neural
networks and gnostic fields. The authors of this publication
obtained classification quality results of more than 85% for
images taken during the day due to combining images in
the visible and infrared spectrum. A multi-task learning
framework has also been proposed by scientists [13]. They
used deep feature embedding, coarse-grained classification and
fine-grained classification. The above-mentioned solutions do
not meet the key conditions that should be met by the SHREC
system component aimed at the classification of ships:
– obtaining high values of the classification quality based
on the visual image,
– carrying out the classification for objects that are subject
to classification in the SHREC project,
– minimizing the speed of the classification process – by
default, the classification should take place in real time.

Therefore, it was decided to verify another available
solution, which is the verification of one of the most popular
neural networks which is easily available, widely used and
tested, achieving high values of classification quality for
objects based on images. For this reason, it was decided for
the purposes of the project that the pretrained GoogLeNet
network would be tested.
The aim of this study is to analyze the potential
development and use of the most popular neural network
for image classification – GoogLeNet – for the classification
of vessels on inland waterways. GoogLeNet is a pretrained
convolutional neural network that is 22 layers deep. This net is
commonly used, for example, with Chinese handwriting [14],
scene recognition [15], autonomous driving [16], feature
tracking [17], artifact removal, classification [18], domain
adaptation [19] and medicine [20].

MATERIALS AND METHODS
DATA COLLECTION
For the initial stage of the task, an analysis of the categories
of vessels that the SHREC system would deal with in the
classification process was made. The following ship types
were selected:
1. kayak, pedalo, rowing boat – small units powered by
muscle power;
2. small boat, motorboat – small units with an outboard
internal combustion engine, usually without a built-in
cabin or without a cabin and a low superstructure;
3. motor yacht – mechanically propelled boat, with an
outboard or permanent engine, higher superstructure
and a cabin up to approximately 10 m in length;
4. sailing yacht with a mast – yacht with a single sail, with
or without a cabin;
5. sailing yacht with a mast down;
6. large motor yacht – power boat, with fixed engine, higher
superstructure, a cabin, over 10 m in length, luxury;
7. sailing ship – sailing vessel with more than one mast;
8. barge – large inland waterway vessel with cargo holds for
general cargo, bulk or liquid cargo;
9. inland pusher – inland waterway vessel used for “pushing”
barges without a mechanical drive, the whole creating
a pushed set;
10. pushed convoy – inland pusher with a set of inland barges;
11. water services – police, WOPR (Volunteer Water Rescue
Service), border guards; usually these are smaller vessels,
serving in the port and in the coastal zone of the territory
of a given country; they are distinguished by appropriate
colors and descriptions of the service they represent;
12. small ship – small conventional ship defined as a ship below
24 m length, ships with cargo holds for the transport of
bulk and general cargo, ships for the transport of liquid
materials/chemicals, ships for the transport of bulky cargo;
POLISH MARITIME RESEARCH, No 4/2020
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Fig. 1. Flow through the orifice

13. medium ship – conventional ships up to 120 m long, ships
with holds for the transport of bulk and general cargo,
ships for the transport of liquid materials/chemicals, ships
for the transport of bulky goods;
14. large ship – conventional ships of over 120 m in length,
ships with holds for the transport of bulk and general
cargo, ships for the transport of liquid materials/chemicals,
ships for the transport of bulky goods;
15. navy ship – military ships, properly marked and in gray
colors;
16. special vessel – measuring vessel, dredger, icebreaker;
vessels designed for maintaining the navigation path and
works in port: measuring vessel – small vessels; dredger –
vessel with visible dredging equipment/pipes; tug – small
vessel with visible low stern side;
17. passenger ship – sea or inland ship for the transport of
people;
18. special purpose service ships (e.g., hydrographic, security,
fire, telecommunications, customs, sanitary, school, pilot,
icebreakers, rescue);
19. fishing vessels – small vessels for fishing at sea, often with
fishing gear/frame at the rear;
20. ships of historical value;
21. other ships.

Fig. 1. Examples of images included in the classes in the case of a collection
obtained from the internet (a., barge; b., special purpose service ships;
c., motor yacht with motorboat; d., passenger ship; e., sailing yacht; f., other)

It was determined from which angles the unit’s view was
assumed. Angles from 0° to 315° were set with a 45° division
clockwise. The next step was to collect photos, which were
gathered from two sources:
• photos gathered from the internet;
• photos obtained from video recording in the area of the
Szczecin-Swinoujscie port complex.
The first source consisted of 200 photos for each of the 21
categories of vessels, which gives a total of 4,200 photos.
As far as possible, attempts were made to collect photos
representing vessels from different angles. The second
catalog, which was created from video registrations of the
2018 measurement campaign, showed that the previous
categories of vessels were too detailed for the inland basin of
Szczecin-Swinoujscie harbor. Taking into account the depth
of the water area together with the shipment possibilities of
the port of Szczecin itself, some ships do not appear at all,
due to too much draft of the ship. Therefore, the number of
vessel categories was reduced from 21 to 6:
• barge – combining inland barges, pushers and pushed
sets;
• special purpose service ships;
• motor yacht, with motorboat;
• passenger ship;
• sailing yacht;
• other.
Figures 1 and 2 present sample images of vessel categories.
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Fig. 2. Examples of images included in the classes in the case of a set of images
obtained from video recordings (a., barge; b., special purpose service ships;
c., motor yacht with motorboat; d., passenger ship; e., sailing yacht; f., other)

Finally, from the video registration, about 6,000 images
were obtained. Both catalogs were then filtered for the quality
of the photo itself, the repeatability of the vessel and the size
of the ship in the photo. The filtered catalogs were then used
to train GoogLeNet.
METHODS AND TOOLS
The key tool used to achieve the goals of this research was
Matlab software, with the following toolboxes: Deep Learning
Toolbox Model for GoogLeNet Network, Deep Learning
Toolbox, Image Processing Toolbox, Computer Vision
Toolbox. The use of this numerical computing environment
for the needs of analysis related to artificial intelligence and
machine learning is very popular today, in particular for
the classification and recognition of objects based on photos
[21, 22]there is a growing interest in the use of non-contact
techniques to automate this process. Machine learning
techniques, such as artificial neural networks, support vector
machines (SVMs. Matlab is a tool that enables the use of
ready-made components (functions, scripts, etc.), but it is
also possible to edit and create additional components from

scratch. We focused on verifying the potential to use a readymade tool – pretrained GoogLeNet deep convolutional neural
network (GoogLeNet CNN) – for vessel recognition.
PRETRAINED GOOGLENET DEEP
CONVOLUTIONAL NEURAL NETWORK
(GOOGLENET CNN)
GoogLeNet CNN is a pretrained network with 22 layers.
This network facilitates the classification of images in
1,000 object categories (there is no category related to
vessel classification) in the ImageNet dataset. The Matlab
environment gives the opportunity to train GoogLeNet CNN
based on new datasets, as was done in this study.
ARTIFICIAL NEURAL NETWORK TRAINING
AND CLASSIFICATION OF IMAGES PROCESS
The commonly used transfer training was used to retrain
the convolutional neural network for the new set of images in
this study. This process does not involve training the network
from the very beginning but uses a pretrained network as
the starting point. Some pretrained layers can be reused when
training a new set. This saves a lot of time to develop learned
functions for new collections and allow the network to be
trained with a smaller number of images. Figure 3 presents
the process used for this study, which was based on a defined
algorithm of process that is described in detail on the software
manufacturer’s website. [23]
The process, which was aimed at developing a scheme
for the classification of vessels, focused on testing one
developed algorithm for network retraining and classification.
This process is presented below (Figure 3). The selection of
the appropriate dataset for network training involved the
development of several different sets of images that represented
different classes.
The process of training and testing began with image
preprocessing. As a way of selecting the best algorithm for image

preprocessing, the assessment of the quality of the classification
based on the confusion matrix was chosen. In a situation where
the quality of classification for a given set decreased, another
way of developing the set was sought. As quality increased,
it was verified whether there was still an optimal alternative,
testing another variant. All changes that were made to the
dataset were named variants and are described in Section 3
(Results). Variant testing was performed until the desired
classification quality value was reached (above 82%).

RESULTS
For each variant of the dataset, the GoogLeNet network
was trained from the beginning and the classification was
carried out. The scheme of division of chosen variants is
presented in Figure 4. Table 1 presents information on the
selection of individual variants, a description of the set and
a comment on the results obtained.
The work began with the classes, i.e., barge, other, special
purpose service ships, motor yacht, passenger ship and sailing
yacht. These classes were selected because of the place where
the recordings were made – these vessels sail on inland waters.
Successively, changes to class variants were carried out to verify
the recognition potential among more classes. Collections
of sets of different class variants have been developed.
There are collections that contain more detailed classes of
recreational facilities such as a kayak, rowing boat or pedalo.
Some collections only contain information on the general
classification of floating objects or collections combining
several classes of objects, such as pushed convoy and barges
combined into one class. The collections are as follow:
• Z1 – barge, other, special purpose service ships, motor
yacht, passenger ship, sailing yacht;
• Z2 – barge, other, special purpose service ships, kayak,
motor yacht, passenger ship, sailing yacht;
• Z3 – barge, other, special purpose service ships, kayak,
passenger ship, sailing yacht, small motor yacht, large

Fig. 3. Diagram of the operation process during retraining of an artificial neural network
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motor yacht, pushed convoy, catamaran, rowing boat,
pedalo, scooter, motorboat;
• Z4 – barge, special purpose service ships, motor yacht,
passenger ship, sailing yacht;
• Z5 – barge, other, special purpose service ships, kayak,
motor yacht, passenger ship, sailing yacht, pushed convoy;
• Z6 – barge (with pushed convoy), other, special purpose
service ships, kayak, motor yacht, passenger ship, sailing
yacht.
Initial testing consisted of variants W1 to W8 (see Table 1
for variant definitions). This was intended to generally verify
the classification options based on GoogLeNet. In this case,
network training was carried out on 70% (arbitrarily assumed
value by the authors, resulting from the repeatability of use
in Matlab scripts used to train and test artificial neural
networks) of the set images for each class; this division was

automatic. At this stage, the data structure in collections
must be emphasized. The images were clippings from film
frames, and often one unit is included in many images [24, 25].
It hould be noted that often during the collection of data, the
same vessels floated on the river. This was characteristic of the
places that were chosen for data collection. Due to these two
aspects of the data, there should be a degree of caution when
considering the classification quality results, as the same units
may have been in the training and testing set.
The proper testing consisted of variants W9–W11. Here,
the sets were manually divided into two, where the training
was done on separate images for separate ships, and testing was
also carried out on separate ships. In this case, the possibility
of the same unit being duplicated in two sets was eliminated.
The details of the development of variants are presented
in Figure 4 and Table 1.

Fig. 4. Variant diagram of the work process of dataset selection
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Tab. 1. Detailed description of the variant
Variants

Description
– analyze primary data;
– divided into three sets A, B and C
(verification for each individual)

Conclusions
– training evaluation and quality of
classification shows the potential of using
GoogLeNet to perform the task

W1

W2

W3

W4

W5

Recommendations for future work
– verification of the impact of image
preprocessing on the quality of
classification;
– verification of the impact of changing the
number of classes on the quality of the
classification

– for set A, the bottom of the image was
limited to the bottom line of the vessel
(“water removal” using the proprietary
algorithm)

– the quality of the classification increased
by 1% compared to W1 (set A), which is
too low

– verification of background removal effect

– for set A, apart from “removing water”,
the background was cut out based on
the ship’s mask [8][26]

– the quality of the classification increased
by 1% compared to W2;

– accumulate sets A, B, C into one;
– “clean up data”;

– the value is too low compared to the
computational cost to be imposed on the
whole process

– failure to preprocess image

– train and test the ABCD dataset;

– increased the quality of the classification;

– verification of the impact of changes in
the number of classes on the quality of
classification

– verify images and remove images from the
collection that badly represent individuals
(no representation of the entire ship, ship
too small, vessel blurred)(Z1)

– a good result, but the images should be
manually divided for testing

– separate the kayak class from the other
classes (Z2)

– increased the quality of classification
compared to W4

– verification of increasing the number of
classes effect on classification quality

– perform training and testing on a set
divided into 11 classes (Z3)

– decreased classification quality compared
to W5;

– it is considered unreasonable to classify
with this number of images the small
motor yacht and large motor yachts

– the classification error increased for
special purpose service ships, small motor
yacht, large motor yacht and motorboat;

W6

– high quality classification was noted
for the barge and the pushed set, but
unfortunately this resulted from the small
amount of data and the repeatability of
the photos in the training and test set
W7

– limit the representation of one ship to
three images in the Z1 set

– no increase in classification quality

– abandon this process in further works and
return to the previous number of images

– high quality classification (91%)

– verification of entering data from set D for
changing the quality of classification;

W8

– train and test on a new dataset (D), where
each ship is represented by one image (no
repeatability possible) (Z4)

– 74% quality classification;

W9

– verify the possibility of classifying dataset
D based on a network over-trained on the
ABC dataset

– divide image sets for training and testing
so that they are mutually exclusive

– quality classification 83%;

– verify the change of attachment of the set
pushed into the barge;

– repeated incorrect classification of the
sailing yacht – this phenomenon occurs
due to the data that the sailing yacht
represents: the sailing yacht is often
represented without a mast or sail (there
is a “cut”) and is “confused” with a motor
yacht;

– work on changing the image database,
refining algorithms for recognizing sailing
yachts and cutting them out of the film
frame with the mast, and obtain better
quality images

– dividing image sets for training and
testing so that they are mutually exclusive

– include set D in training and testing sets
– add an inland pushed set class due to new
data from set D that may represent this
class
W10

– verify entering data from set D to ABC for
changing the quality of classification

– rated as good at this stage because of the
completely different image characteristics

– decreased the quality of the classification
and is also associated with the incorrect
rewriting of kayak and motorboat class
objects as “other” (some blurred objects in
the images may be confused with a rowing
boat, which is part of the class other)

W11

– compared to W10, the push set is
includedin the barge class

– the quality of the classification has not
changed significantly compared to W11

– as above
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Work was completed on the W11 variant because of the
conclusions drawn. It was thought that the best option was
the trained network from the W11 variant (set Z6), due to the
availability of pictures associated with the pushed convoy and
the frequency with which this unit occurs on inland waters.
Figure 5 shows the confusion matrix for the W11 variant.
It provides numerical values regarding the quality of the
classification, giving the numbers of correctly and negatively
classified vessels [27]. Examples of correctly classified vessels
are presented in Figure 6, while incorrectly classified vessels
are shown in Figure 7. These examples confirm that there is
a problem with the classification of some yachts, motorboats
and kayaks due to their strong similarity with other vessels.
In addition to the similarity of the hull of the vessels and
incorrect cropping of the image, the authors put forward
some hypotheses about the reasons for the misclassification of
vessels, which will be the subject of further research. As such,
the following can be indicated:
– low image quality (photo resolution less than 224 × 224)
in the test and training set,
– representation of the class in the training set by an
insufficient number of differentiated units (with
nonstandard characteristics),
– too few photos in the training set,
– problem with a down or invisible mast in the sail yacht
class.

Fig. 6. Examples of correctly classified vessels together with the probability
of correct classification assigned to the class

Fig. 7. Examples of incorrectly classified vessels together with the probability
of classification for the class

Fig. 5. Confusion matrix for the W11 variant

DISCUSSION AND CONCLUSIONS
The developed classification algorithm will be one of the
key components of the SHREC system. Ship classification
will be partly based on the retrained GoogLeNet network.
Images representing the inland ships will be the input values.
However, the output will take into account the probability
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values of assigning a particular class. The entire classification
developed in the SHREC system will be complex and based on
logical principles. Nevertheless, the data on the probability of
the recognized class will be important supporting information
toward making the final decision in ship recognition.
For the purposes of achieving the best results in the
classification of vessels, it is suggested to develop guidelines
for photos constituting the basis for teaching the network.
It is obvious that there should be as many images as possible
for each category. Pictures for individual categories should
be taken in the highest resolution and quality (color images
with a resolution of 224×224 pixels are optimal). It is also
important to view the vessel in the largest possible size (in the
whole frame) as it allows the valuable details that characterize
a given class to be captured. Similarly, it is important to use
only those pictures on which the background is minimized,
i.e., it is best that the vessel or craft is presented in open water,
where the background will be water and sky. It is also crucial
to gather a database of vessels without duplicates.
Assuming that the SHREC system will operate on CCTV
cameras directed either from the side of the fairway or exactly
on its axis, it is necessary to have a database of vessels taking
into account the view of the vessel from the boat, stern and
each side. Proper classification is influenced by both the
shape of the bow or stern, as well as the silhouette of the
superstructure or the characteristic elements on the ship’s
sides. For this purpose, the 45° angle scheme is recommended.

For the purposes of unit classification, parallel to the research
on the GoogLeNet network, machine learning [28] will be
carried out. The future work is in collaboration with machine
learning algorithms. It involves the use of both the GoogLeNet
network and machine learning, as two components in the
classification module. Wherever a given method brings better
results, it will be used in another component of the SHREC
system – in the identification module. For machine learning
purposes, six classes of objects will be used:
1. inland barge – combining inland barges, pushers and
pushed sets;
2. motor yacht;
3. sail yacht;
4. passenger ship;
5. port service ships;
6. other – kayak, small boat, pedalo and all other.
GoogLeNet is supposed to be used as a second step in the
classification process, wherever it will be possible to divide
the class into individual units. A good example is Class 6
(other), where kayaks, small boats, pedalos and catamarans
are included.
The goal established at the beginning of the research was
achieved. The potential to use the GoogLeNet framework for
the purposes of inland ship classification has been proven.
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ABSTRACT

The technology of Autonomous Underwater Vehicles (AUVs) is developing in two main directions focusing on improving
autonomy and improving construction, especially driving and power supply systems. The new Biomimetic Underwater
Vehicles (BUVs) are equipped with the innovative, energy efficient driving system consisting of artificial fins. Because
these driving systems are not well developed yet, there are great possibilities to optimize them, e.g. in the field of
materials. The article provides an analysis of the propulsion force of the fin as a function of the characteristics of the
material from which it is made. The parameters of different materials were used for the fin design and their comparison.
The material used in our research was tested in a laboratory to determine the Young’s modulus. For simplicity, the
same fin geometry (the length and the height) was used for each type of fin. The Euler–Bernoulli beam theory was
applied for estimation of the fluid–structure interaction. This article presents the laboratory test stand and the results
of the experiments. The laboratory water tunnel was equipped with specialized sensors for force measurements and
fluid–structure interaction analysis. The fin deflection is mathematically described, and the relationship between fin
flexibility and the generated driving force is discussed.

Keywords: fin flexibility, propulsion force, biomimetic underwater vehicle, fish-like movement

INTRODUCTION
Biomimetic Underwater Vehicles (BUVs) [8], [11] have
become more popular due to their ability to achieve a low
hydroacoustic spectrum [10] and high energy efficiency
in comparison to Underwater Vehicles (UVs) [13] with
conventional rotary propellers. The control algorithm is
based on the movement of fish, especially on their undulating
propulsion [7]. Fig. 1 shows the BUV with undulating
propulsion made of a combination of rigid movable elements
and flexible fins. This type of construction is difficult to
control, quite expensive, and more connections increase the
risk of flooding electronic components inside. Therefore,
efforts have been made to investigate energy efficiency
and the ability to achieve high linear speed for a vehicle
with a propulsion system based on a one-piece flexible fin

construction [20]. An example of an undulating propulsion
system in a BUV in the form of one flexible fin is shown in
Fig. 2. It was assumed that the fish-like movement could be
reproduced with a fin made from a flexible material controlled
with different motion algorithms. Fish-like movements seems
to be more energetically efficient due to many million years
of fish evolution. But it is difficult to reproduce due to the
variable thickness along the fish body, the bone density
and stiffness. A comprehensive review of the state of the
art of hydrodynamics of the flapping foil is performed in
the paper [19]. Although the review [19] is based on a large
number of studies, it seems that many problems are still not
completely understood, for example, how the flapping foil
reverses the Kármán street or how to generate the optimal
thrust. According to results presented in the papers [1], [14],
flexibility plays a crucial role in determining the efficiency of
POLISH MARITIME RESEARCH, No 4/2020
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undulating propellers. In the paper [4], it is assumed that the
optimal oscillation frequency is different from the resonance
frequency. In the paper [2], information is provided that it
is possible to put the oscillation frequency for the range of
optimal Strouhal number [17].

modulus estimation as well as the force measurements.
Section 4 provides a discussion on achieved experimental
results. Finally, conclusions and the schedule of future
research are presented in Section 5.

MATHEMATICAL MODEL
Taking into consideration the single-fin design for the
BUV propulsion system, the Lighthill [6] model (1) can be
used for its kinematic analysis:

y(x, t) = (c1x + c2x2) sin (kx + ωt)

Fig. 1. Biomimetic underwater vehicle called CyberFish [7]

The fluid–structure interaction has an impact on the fin
deflection and the amplitude of the trailing edge. The trailing
edge amplitude depends on the angle of the attack, the actual
speed, the length of the fin as well as the fin flexibility [1]. For
a higher water velocity [12], the bending moment is higher,
and the amplitude of the trailing edge is lower. Taking
into consideration a nonlinear characteristic of generated
thrust [16], the analysis is to be provided to determine
the mutual, selected relationships between parameters of
the undulating propulsion. Here, the fin flexibility and
material capability impact on the produced propulsion force is
investigated. The presented results were achieved for transient
conditions but without water flow.

(1)

where:
y(x, t)
x
t
c1
c2

– the transverse displacement of the tail unit;
– the independent spatial variable;
– time, a second independent variable;
– the primary coefficient of the fish wave envelope;
– the quadratic term coefficient of the fish wave
envelope;
k = 2π/λ – the wave number;
λ
– the wavelength of the fish body;
ω = 2πf – the frequency of the fish wave.

The algorithm for the identification process of the
coefficients c1 and c2 is presented in the author’s paper [3].
The experiment was conducted for the same Reynolds
number understood as a ratio of fluid inertia to viscous forces:

Re =

(2)

where:
υ
– fluid velocity;
γ
– fluid viscosity;
L
– characteristic dimension.
According to literature research [8] and fish movement
analysis [9], the optimal Strouhal number [17] defined by
equation (3) is in a range from 0.25 to 0.35.

St =
where:
St
f
Ux
Ay

Fig. 2. BUV with two side fins and one flexible tail fin [15]

This paper is organized as follows. Section 2 discusses the
mathematical model with the Euler–Bernoulli beam theory
applied to the fin deflection analysis. Section 3 describes
laboratory equipment and experimental results of the Young’s
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(3)

– the Strouhal number;
– the oscillation frequency;
– the fluid (water) velocity;
– the peak-to-peak oscillation amplitude, measured
at the trailing edge.

The fin trailing edge amplitude depends on the maximal angle
of attack and the fin stiffness, defined as EI, where:
E
– the Young’s modulus;
I
– the moment of inertia.
In some analysis [5], the fin flexibility is defined as the ratio
of the fin deflection on the trailing edge to the total length

of the fin due to the triple value of the total mass of the fin
(Fig. 3) attached to the trailing edge. The above formulation
is simply presented in equation (4):

HF =

(4)

where:
L
– the length of the fin;
h
– the fin deflection;
mf
– the mass of the fin.

ρ
S
L
x
Ux

– the fluid density;
– the area of the fin cross section;
– the length of the fin;
– the independent spatial variable;
– the fluid velocity.

Due to the nonlinear interaction between fluid and
the flexible fin, the following solution of equation (5) was
proposed [4]:

EI (x) =

(6)

where the deformation of the fin
was assigned from MES
calculation. During the analysis, the deformation of the fin was
established from the vision system described in the author’s
paper [3]. The stiffness depends on the moment of inertia
I and Young’s modulus E. The relationship between the Young’s
modulus, the bending moment M and the fin curvature R can
be written as follows:

h

EI = MR

Fig. 3. Method of measuring the stiffness of a fin [18]

This simplification is insufficient if a more accurate
mathematical model is required for the analysis of the dynamics
of the system. To limit the number of influencing factors,
the analysis was provided for fins with rectangular shape
(Fig. 4). The fin dimension are length L = 100 mm and height
H = 30 mm, while the thickness (w) depends on the material
used. In this paper, the following fins were compared: the fin
made from stainless steel with thickness w = 0.1 mm, the fin
made from plexiglass with thickness w = 0.5 mm and the fin
made from PLA (polylactic acid) with thickness w = 2 mm.

(7)

where:
M
– the bending moment;
E
– the material modulus of elasticity (determined
experimentally);
I
– the moment of inertia about the axis of bending;
R
– radius of the fin deflection.
In Fig. 5, according to equations (6) and (7), the fin
deflection is presented for the value of force equal to 0.1 N.
Here, the force value is assumed, and the deflection is estimated
using the analytic solution. According to Newton’s third law
of motion, if a fluid exerts force on a fin, a fin exerts force on
a fluid so that the forces are equal but directed in opposite
directions. Therefore, if the force needed to deform the fin
can be estimated, then similarly the force acting on the fluid
can be estimated based on the deflection of the fin. The red
line represents the fin made from stainless steel (w = 0.1 mm
thickness), while the blue line is for the fin made from
plexiglass (w = 0.5 mm thickness).

Fig. 4. Dimensions of the fins analysed in the thickness function
(in w) of the material used

When considering the dynamics of the fin, the Euler–
Bernoulli theory is to be taken into account [18]. Based on the
partial differential equation (PDE), the propulsion force as
a function of the fin deflection is described with equation (5):

F=

ρS{(

)2 – U (

)2}x = L

where:
F
– the propulsion force;
y
– the coordinate perpendicular to x;

(5)

Fig. 5. The fin deflection for tested fins: fin 1 – made from stainless
steel with the thickness w = 0.5 mm, fin 2 – made from
plexiglass with the thickness w = 0.1 mm
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In the next section the laboratory test stands are depicted for
experimentally measurements of the fin material parameters
and the force reaction in the water tunnel.

LABORATORY TEST STANDS
WATER TUNNEL
The water tunnel with measurement equipment is depicted in
Fig. 6. Fins with different flexible properties were attached to the
servomechanism (Dynamixel AX-12+). The servomechanism
is attached to a transparent polycarbonate plate mounted on
ball bearings above the water surface. Above the transparent
plate, the camera was mounted for video recording of the fin
deflection. The force between the fin and the water is measured
by two precise strain gauges installed differentially on both
sides of the water tunnel (Fig. 6).

Fig. 8: The sample of material during stretching test

The results of experimental measurements of Young’s
modulus are depicted in Fig. 9. The equivalent engineering
strain and stress were used to calculate Young’s modulus.
The following materials were selected for rapid prototyping of
the fins for the propulsion system in the biomimetic underwater
vehicle: PLA (E = 2.90 GPa), plexiglass (E = 3.25 GPa) and
stainless steel (E = 194 GPa). The first one was chosen because
of possibility of three-dimensional printing with almost
unlimited shape and dimensions of the fin. The second and the
third ones were used because of their homogeneous material
parameters and well-known mechanical parameters.

Fig. 6. Measurement test stand: 1 – computer, 2 – microcontroller,
3 – servomechanism, 4 – tested fin, 5 – strain gauges, 6 – ball bearings,
7 – water pump, 8 – ultrasonic flowmeter, 9 – laser

THE YOUNG’S MODULUS ESTIMATION
For the proper analysis, the material for the fin design was
investigated with respect to mechanical parameters. Fig. 7
shows the laboratory station for measuring Young’s modulus.
Three kinds of materials were used for comparison between
material properties and the fin flexibility. Although Young’s
modulus is well known for stainless steel, the designation of
it for PLA material requires a lot of effort. In Fig. 9, the PLA
material sample during the stretching test is presented.

Fig. 7. Laboratory station for measuring Young’s modulus
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Fig. 9. The results achieved during the Young’s modulus estimation
as an approximation of the tangent of the slope of the curve

EXPERIMENTAL RESULTS
The presented results of the experiment were provided
for three fins with the same lateral surface but different
thickness and material properties. Fins were driven with
three different frequencies with the same angle of attack [11].
The amplitude of trailing edge can be used for the Strouhal
number calculation (3) according to the vision system
ability as presented in [3]. Here, the authors were focused on
experimental thrust force measurements.
In Fig. 10, the force measured for the stainless steel fin with
three frequencies – f1 = 0.7 Hz, f2 = 1.4 Hz and f3 = 2.1 Hz – is
presented. It can be observed that the largest oscillations were
achieved for the lowest frequency. For the higher frequencies,
the oscillations are lower and the mean thrust is higher.
Therefore, the higher frequencies are desired for the BUV
thrust if the stainless steel is considered as a material for fins.
In Fig. 11, the thrust is presented as a function of time for
three different frequencies of fin propulsion. The fin is made
from PLA material. It can be seen that the thrust increases
proportionally to the control signal frequency, but the highest
oscillation is observed for the second frequency.
In Fig. 12, the results for fin made from plexiglass are
presented. For this fin, the largest force oscillations are observed
for the lowest frequency (f1 = 0.7 Hz). For higher frequencies,
the force increases and the oscillations decrease.

Fig. 12. Thrust for the fin made for plexiglass and propeller controlled
with three frequencies: Fmean = 20.9 N for f1 = 0.7 Hz,
Fmean = 25.7 N for f2 = 1.4 Hz, Fmean = 29.3 N for f3 = 2.1 Hz

In Fig. 13 – Fig. 15, the experimentally measured force is
presented for the same frequency but for different fins, i.e. fins
with different flexibility. For the frequency f1 = 0.7 Hz (Fig. 13),
the fin made from stainless steel has the highest oscillation and
the highest mean thrust as well. The lowest thrust is produced
by the fin made from PLA with 2 mm thickness.

Fig. 13. Thrust produced by the three fins working with f1 = 0.7 Hz:
Fmean = 27.5 N for fin 1 (stainless steel), Fmean = 18.2 N for fin 2 (PLA),
Fmean = 20.9 N for fin 3 (plexiglas)

Fig. 10. Thrust for stainless steel fin propelled with three frequencies:
Fmean = 27.5 N for f1 = 0.7 Hz, Fmean = 28.1 N for f2 = 1.4 Hz,
Fmean = 38.6 N for f3 = 2.1 Hz

Fig. 14. Thrust produced by the three fins working with f2 = 1.4 Hz:
Fmean = 28.1 N for fin 1 (stainless steel), Fmean = 54.1 N for fin 2 (PLA),
Fmean = 25.7 N for fin 3 (plexiglas)

Fig. 11. Thrust for the fin made for PLA and propelled with three frequencies:
Fmean = 18.2 N for f1 = 0.7 Hz, Fmean = 54.1 N for f2 = 1.4 Hz,
Fmean = 98.2 N for f3 = 2.1 Hz

For the control frequency f2 = 1.4 Hz, the highest mean
thrust was achieved by the fin with the highest stiffness
(Fig. 14). The stainless steel fin produced much less thrust
POLISH MARITIME RESEARCH, No 4/2020
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than the fin made from PLA, but slightly higher thrust than
the fin made from plexiglass.
For the frequency f3 = 2.1 Hz (Fig. 15), the fin with the
lowest elasticity produced much higher force than other two
fins. The oscillation level and the mean force are comparable
with the fins made from PLA and from plexiglass.

Fig. 15: Thrust produced by the three fins working with f3 = 2.1 Hz:
Fmean = 38.6 N for fin 1 (stainless steel), Fmean = 98.2 N for fin 2 (PLA),
Fmean = 29.3 N for fin 3 (plexiglas)

The average values of thrust for all the fins and the
frequencies tested are summarized in Table 1.
Tab. 1. Thrust produced by different fins oscillating with different frequencies
Fin 1
w = 0.1 mm,
stainless steel
EI = 0.0005
Nm2

Fin 3
w = 0.5 mm,
plexiglas
EI = 0.0010
Nm2

Fin 2
w = 2 mm,
PLA
EI = 0.0580
Nm2

f1 = 0.7 Hz

27.5 N

20.9 N

18.2 N

f2 = 1.4 Hz

28.1 N

25.7 N

54.1 N

f3 = 2.1 Hz

38.5 N

29.3 N

98.2 N

The presented results of measured force can be used not only
for mean force value analysis but also for investigation of the
influence of the fin oscillation frequencies. A natural frequency
is the next factor that is to be taken into consideration. It is
expected that the natural frequency of the fluid–structure
model can be found, and the comparison to the literature
value of the Strouhal number can be provided in the results
of future research.

CONCLUSIONS
The fluid–structure interaction is a nonlinear problem
without a ready-to-use mathematical model. The presented
results can be used for a mathematical model verification, and
they can establish the mathematical model validity range.
The effort is to be made to connect the available Euler–
Bernoulli beam theory with fluid mechanics. But even then,
the mathematical model should be completed with the results
from the measurements in a laboratory test stand. Based on
the results of 2-mm-thick fin operation (the fin with highest
value of EI). It can be shown that the analysed mathematical
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model validation range can be provided only for the flexible
fin. If the inflexible fin is analysed, then fluid viscosity must be
included and the mathematical model range validity analysis
has to be additionally performed.
The goal of the paper was to examine how the mechanical
parameters influence generated thrust. The presented results
show not only the mean values of thrust force but also the
oscillation of the force. It can be seen that the thrust produced
by the fin depends not only on the fin flexibility but also
on the frequency of the fin oscillation. What is more, the
fluid viscosity has to be included due to the measurement
results made for an inflexible fin. The water velocity is another
factor that is to be taken into consideration in the next step
of examining the fluid–structure interaction. In parallel,
the fluid dynamics using Particle Imaginary Velocimetry
(PIV) will be used for the examination of fluid viscosity in
the transient state analysis. The results achieved are to be
completed with an energy consumption investigation.
In future research, PLA material will be used because
of the convenient way of designing variable shapes of
fins. Then, the shape impact on generated thrust will be
investigated.
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