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Numerical analysis of inﬂuence of ship hull form
modiﬁcation on ship resistance and propulsion
characteristics
Part I
Inﬂuence of hull form modiﬁcation on ship resistance
characteristics
Tadeusz Szelangiewicz, Prof.
Tomasz Abramowski, Ph. D.
West Pomeranian University of Technology, Szczecin

ABSTRACT
After signing ship building contract shipyard’s design ofﬁce orders performance of ship resistance and
propulsion model tests aimed at, apart from resistance measurements, also determination of ship speed,
propeller rotational speed and propulsion engine power for the designed ship, as well as improvement
of its hull form, if necessary. Range of ship hull modiﬁcations is practically very limited due to cost and
time reasons. Hence numerical methods, mainly CFD ones are more and more often used for such tests.
In this paper consisted of 3 parts, are presented results of numerical calculations of hull resistance, wake
and efﬁciency of propeller operating in non-homogenous velocity ﬁeld, performed for research on 18 hull
versions of B573 ship designed and built by Szczecin Nowa Shipyard.
Keywords: ship hull geometry; computational ﬂuid dynamics (CFD); resistance; wake; propeller efﬁciency

INTRODUCTION
The whole ship design process consisted of 6 ÷ 7 stages
can be split into two parts: pre-contractual design, i.e. before
signing contract, and post-contractual design. In the design
process the designer has to ﬁnd an optimum design of a given
ship, which fulﬁls shipowner’s requirements as well as
technical conditions resulting from rules of ship classiﬁcation
institutions and/or organizations dealing with safety at sea
(e.g. IMO). However crucial decisions are made already
during pre-contactual design phase in the situation where
very scarce information is known about designed ship. The
basic and simultaneously important parameters determined by
shipowner, which have decisive impact on future operational
proﬁtability of the ship are: ship speed, propeller rotational
speed and propulsion engine power at which the ship speed
could be maintained. Overall propulsion efﬁciency which
should be obviously as high as possible, is associated with
ship speed and propulsion engine power.
The shipowner obviously expects that the designed ship
will reach its assumed service speed at the highest value of
propulsion efﬁciency, i.e. at the possible lowest power delivered
to propeller, that also leads to the possible lowest hourly or
daily fuel consumption.
Already in the preliminary design stage the ship designer,
basing on approximate methods, e.g. [4, 5], determines ship
resistance, propulsion power, propeller parameters and overall
propulsion efﬁciency.

After signing the contract further improving the design with
respect to available speed and propulsion efﬁciency takes place
mainly on the basis of appropriate resistance and propulsion
model tests of the ship in question. During model tests in
an experimental tank, apart from resistance measurements,
nominal wake and propeller design, also propulsion engine
power, propeller rotational speed, and necessary modiﬁcations
of ship hull form, mainly of its stern part, aimed at obtaining the
maximum available ship propulsion efﬁciency, are determined.
However number and range of ship hull modiﬁcations
during model tests is limited because of high cost and time
consumption of such tests. Hence it is not certain whether the
elaborated ship hull form together with the designed propeller
will ensure the lowest propulsion power, simultaneously at the
highest propulsion efﬁciency, for the assumed speed.
Such possibilities are offered by numerical methods
especially those of the computational ﬂuid dynamics
(CFD) [1, 2, 3, 6, 8, 9]. The methods can be successfully
applied just before contract signing that should contribute
to improving designed ship’s quality as well as to rising
competitiveness of a shipyard which applies such methods.
This paper presents results of numerical analyses of inﬂuence of
ship hull form modiﬁcations on resistance characteristics, wake
and propeller efﬁciency, performed for a ship designed and
built by Szczecin Nowa Shipyard. Hull form of the built ship is
assumed initial one for process of its successive modiﬁcations,
and to verify the numerical calculations available results of
basin model tests and sea trials are used.
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COMPUTER SYSTEM APPLIED TO
NUMERICAL ANALYSES
Research on ﬂow around ﬂoating objects as well as
modelling process of their form can be performed by means
of various computer programs making use of CFD methods.
Commercial packages of computational programs such as CFX,
Fluent, Commet, V-Shallo, Marine or the programs elaborated
and implemented by research centres, such as PANSHIP, BOS,
HPSDK, are in wide use. Prior to actual calculations, hull form
of an investigated ship is prepared by using e.g. ACAD or
MaxSurf software, and next computational grid is prepared by
means of such programs as Gridgen, ICEM, or Gambit.
On the basis of analyzed possibilities of available computer
programs, FLUENT system was chosen to investigate viscous
ﬂow around ship hull, propeller and rudder, and GAMBIT
system was applied to build numerical grids. Both the systems
(multi-processor licence) in 64-bit version was installed under
control of LINUX operational system.
The selection of FLUENT system has been mainly
justiﬁed by its wide computational capability for complex
systems such as ship hull, rotating propeller, blade rudder
(possible application of sliding computational grids), as well
as by possible performance of simulation calculations for
non-stationary states (e.g. a ship moving with non-stationary
speed).
Preparatory calculations were performed by using PC
computers, and actual numerical calculations by means of
NEPTUN computer cluster installed in the Department of

Ocean Engineering and Design of Marine Systems, Faculty
of Maritime Technology, West-Pomeranian University of
Technology, Szczecin. The NEPTUN cluster is built of Xeon
4-core processors and its capacity is of about 1T ﬂoops. Such
computer system makes it possible to shorten calculation
time and to conduct calculations for modelled ship hull also
in natural scale.
In the frame of realization of the research project in question
a few tests and experiments were performed in advance to
determine most optimum conﬁguration of the cluster with
a view of effectiveness of calculations conducted by means of
the multi-processor version of FLUENT system.
For the processing of calculation results in graphical form
a graphical work station ﬁtted with Xeon 4-core processors, PNY
3500 professional graphical card, as well as Raid disk matrices
(archiving the data and calculation results), was used.

NUMERICAL CALCULATIONS OF B 573
SHIP’S HULL MODEL
On the basis of an agreement signed between the head of
Ship Design Ofﬁce of Szczecin Nowa Shipyard and the head of
the Department, numerical analyses in question were performed
for a B 573 ship (Tab. 1) for which almost full scope of design
documentation including results of basin model tests and sea
trials of the built ship, was available.
The ship’s hull body lines are shown in Fig. 1 – this is
the initial hull form taken for further modiﬁcation of its
geometry.

Fig. 1. Body lines of the analyzed hull form of B 573 ship
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Tab. 1. Main parameters of B 573 ship in various loading conditions

Length between
perpendiculars

LPP 172.00 m 172.00 m 172.00 m

Waterline length

LWL 176.17 m 176.41 m 176.52 m

Hull breadth

B

32.20 m

32.20 m

32.20 m

Draught

T

10.50 m

11.30 m

12.00 m

Volumetric
displacement

∇

46540 m3 50500 m3 54010 m3

Wetted surface
area

S

7874 m2

8201 m2

8477 m2

Block coefﬁcient

CB

0.800

0.807

0.813

Conversion of non-structural grids to polyhedral ones
makes it possible to decrease number of grid elements by 3
to 5 times and to improve their parameters, especially the
element skewness parameter. The whole number of elements
in all variants of calculations for particular draughts was ﬁnally
contained in the range from 650 to 750 thousand.
In all calculation variants convergence of iteration process
was controlled both for residual values of all equations and
coefﬁcients of forces generated on the hull. An example
convergence run (which was similar for all the tests) is presented
in Fig. 4. Iteration tests was terminated when all the remainders
(residuals) were below the value of 1e –04 and resistance
coefﬁcient value did not undergo changes any further.

Prior to actual numerical analyzes a test which consisted
in comparing results of resistance calculations made for the
initial hull form (Fig. 1) by using CFD method with results of
basin model tests [7], was performed. The calculations were
conducted for the ship in 1:25 model scale. They were performed
by modelling the ﬂow around with the use of RANS equations
where turbulence was modeled by means of Reynolds stresses
(RSM). Boundary layer was modelled by means of standard
functions approximating the ﬂow, with the parameter
y+ = 50.
To discretize the domain a non-structural numerical
grid (Fig. 2) with prismatic elements in boundary layer was
elaborated, which was then converted to that of polyhedral
elements (Fig. 3). The non-structural grid was elaborated by
using Gambit system and the conversion - by Fluent system.

Fig. 4. Diagrams of iteration process convergence of resistance calculations
of B573 ship’s hull model
Fig. 2. Non-structured tetrahedral grid

Comparison test for resistance calculations
Ship draught T = 11.3 [m]
Water density ρ = 999.0 [kg · m-3]
Kinematic viscosity ν = 1.13896 [m2 · s-1]
The calculations were conducted for three speed values
– their results are given in Tab. 2 and Fig. 5.
Tab. 2. Comparison test for resistance

Vs
Vm
[knots] [m/s]

Fig. 3. Polyhedral grid obtained from conversion of non-structured
tetrahedral one

11.00
14.50
16.00

1.132
1.492
1.646

Model resistance
acc. basin model
tests
[N]
34.795
59.307
76.500

Model resistance
acc. numerical
calculations
[N]
36.18
61.58
73.5
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The hull form modiﬁcations were so performed as to
maintain the ship’s displacement ∇ constant:

∇ = L·B·T·CB

(1)

and the ship’s breadth as well. In the case of the analyzed ship
the breadth amounted to 32.2 m, hence its enlargement would
not be justiﬁed from the point of view of the imposed design
limitations. While changing the parameters given in particular
groups the remaining quantities were left unchanged.
For each of the hull versions new body lines and next
numerical computational grids were prepared, and ﬁnally
calculations of resistance and wake distribution were
performed. Example frame sections of modiﬁed hull form
variants are shown in Fig. 6 ÷ 9.

Fig. 5. Model resistance (comparison test)

NUMERICAL RESISTANCE
CALCULATIONS FOR MODIFIED HULL
VERSIONS OF B 573 SHIP
On the basis of the available hull documentation (hull body
lines, Fig. 1) various hull form modiﬁcations were prepared.
Their scope covered the following (Tab. 3):
− change of the ship’s hull block coefﬁcient CB
− change of the ship’s hull prismatic coefﬁcient CP
− change of location of the longitudinal centre of buoyancy
LCB
− manual change of the entire ship’s hull form or its stern part
only.

Fig. 6. Variant no.1 – original hull form - marked green;
modiﬁed hull form – marked red.

Tab. 3. Range of changes of B573 ship hull form

Number
of
variant

Change of
parameter

Parameter

1
2
3
4
5
6
7
8
9
10
11

-0.01
-0.005
-0.015
+0.01
+0.005
+-0.015
-0.01
-0.02
-0.03
+0.01
+0.02

0.790
0.795
0.785
0.810
0.805
0.815
0.780
0.770
0.760
0.800
0.810

-1% shift fore

47%

-2% shift fore
-3% shift fore
+1% shift aft
+2% shift aft
+3% shift aft

46%
45%
49%
50%
51%

-

-

12
13
14
15
16
17
17

6

Change of the
block coefﬁcient
CB; its initial
value:
CB = 0.800
Change of
the prismatic
coefﬁcient CP;
its initial value:
CP = 0.790
Change of
longitudinal
location of
the centre of
buoyancy LCB.
its initial location:
equal to 48% Lwl
measured aft from
FP
Manual hull form
modiﬁcation of its
stern part only
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Fig. 7. Variant no.2 – original hull form - marked green;
modiﬁed hull form – marked red.

Fig. 8. Variant no.3 – original hull form - marked green;
modiﬁed hull form – marked red.

Tab. 4. Results of numerical resistance calculations for modiﬁed form
versions of ship hull model (Vm = 1.492 m/s)

Number
of
variant
1
2
3
4
5
6
Fig. 9. Variant no.18 – original hull form - marked green;
manually modiﬁed hull form – marked red.

7
8
9
10
11
12
13
14
15
16
17
18

Fig. 10. Calculated hull resistance in fuction of CB (Vm=1.492 m/s)

Modiﬁed parameter

Hull model resistance
[N]

CB
0.790
0.795
0.785
0.810
0.805
0.815
CP
0.780
0.770
0.760
0.800
0.810
LCB
47%
46%
45%
49%
50%
51%
Manual modiﬁcation

52.3
52.6
52.0
53.5
53.2
53.8
52.2
51.6
51.3
53.2
53.8
52.3
52.2
52.3
53.4
54.5
56.4
52.7

Next resistance calculations were performed for 18
versions of hull form modiﬁcations presented in Tab. 2, for
the speed Vm = 1.492 m/s; their ﬁnal results are given in
Tab. 4. Also, inﬂuence of particular modiﬁed form parameters
of hull model on its resistance to motion is presented in
Fig. 10 ÷ 12. Full range of the results obtained from the
numerical calculations is contained in the research project’s
report [10].

CONCLUSIONS DRAWN FROM THE
PERFORMED INVESTIGATIONS
•

Fig. 11. Calculated hull resistance in fuction of CP (Vm=1.492 m/s)

Fig. 12. Calculated hull resistance in fuction of LCB (Vm=1.492 m/s)

The results of the comparison test (Tab. 2, Fig. 5) reveal
certain differences between basin model tests and
numerical calculations. They may result form the following
reasons:
- Hull model as well as numerical computational grid
has been elaborated on the basis of two-dimensional
drawing of body lines. The three-dimesional models
based on it may hence differ to each other, in such tests
three-dimensional ship hull models should be rather
used.
- The numerical resistance calculations have been
performed for hull form model of B 573 ship without
propeller, whereas basin model tests have been
conducted with the use of a fairwater body substituting
propeller cone.
- Accuracy of numerical calculations may be inﬂuenced by
a type of computational grid, number of computational
domain elements as well as other parameters of CFD
method, that should be further investigated.
- The ship resistance numerical calculations were
performed for the selected ship hence it is necessary to
examine whether for other hull forms similar relations
would be obtained.
POLISH MARITIME RESEARCH, No 4/2009
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•

The results obtained from numerical resistance calculations
for modiﬁed ship hull form versions are not any new
relations and such trends are rather obvious. However it is
interesting that the numerical method properly reproduces
the trends, all the more that the changes of the parameters
are relatively small (similar relationships have been also
obtained from the approximate method [2] but only for
varying global geometrical parameters since the method
has not covered geometrical modiﬁcations of stern part
of ship hull). This may serve as a basis for application
of such approach to optimization of ship hull form and
improvement of its propulsion efﬁciency. Especially,
the diagram showing the relation between resistance and
longitudinal location of buoyancy centre, which suggests
existence of a minimum resistance for LCB relative value
equal to 46%.
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NOMENCLATURE

B
cB
cP
LCB
LPP
LWL
RT
S
T
Vm
Vs
∇
ρ
ν

8

–
–
–
–
–
–
–
–
–
–
–
–
–
–

hull breadth
hull block coefﬁcient
hull prismatic coefﬁcient
longitudinal location of ship centre of buoyancy
ship length between perpendiculars
ship waterline length
ship hull resistance
area of hull wetted surface
ship draught
ship model speed
ship speed
volumetric displacement of underwater part of hull
water density
water kinematic viscosity.
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Selected problems on application of steel
sandwich panels to marine structures

Janusz Kozak, Assoc. Prof.
Gdańsk University of Technology

ABSTRACT
The paper presents a view on selected problems concerning application of steel sandwich
panels to marine structures. Such problems connected with speciﬁcity of thin- skin laserwelded structure are varying in topics beginning from micro-scale properties of laser- welded
T-joint through the joining of sandwich structures together up to connection and integration
of such structures with a classical single-skin structure.
Keywords: laser- welded structures, steel sandwich panels

INTRODUCTION
Sandwich structures are considered as an optimum design
for transferring bending loads and can be either metal structures
(built of aluminium skins and honeycomb or metal-foam cores)
or polymer structures (built of composite skins and polymerfoam cores).The laser welding technique - a new idea which
went out from laboratory testing phase - is currently being
applied on industrial scale in shipbuilding. Such technique
offers new interesting possibilities because application of
the laser - welding creates new opportunities of changing the
single-skin conﬁguration typical for ship structure into that of
two metal shells connected by internal system of joining and
supporting elements, see Fig.1, by application ideas and design

solutions which have been reserved so far for glass-reinforced
plastic structures.
Such approach offers signiﬁcantly higher strength properties
of cross section of structures in relation to their weight.
However the replacement of the “classical” ship hull design
consisted of shell plating supported by perpendicular system
of heavy stiffeners by such new structure requires knowledge
of its characteristics of strength, corrosion, vibration and ﬁre
resistance, and also fatigue strength. Moreover the problem
of integration of sandwich structures with “classical” ones
has to be solved. It concerns joints between sandwich panels
themselves as well as between sandwich panels and single- skin
structures, outﬁtting elements (windows, passages), attachment
of equipment like cabling, piping etc.

GENERAL IDEA OF SANDWICH
STRUCTURES

Fig. 1. Example ship deck structure conﬁgurations: conventional structure
(on the left); I-core-sandwich structure (on the right)

Among new materials introduced recently into ship
structures, the main light-weight materials used on ships are
ﬁbre-reinforced-plastic (FRP) composites and aluminium alloys.
The FRP is used in both single-skin and sandwich conﬁgurations.
Aluminium alloys are commonly found in welded stiffenedplate conﬁgurations and in the form of extruded sections (both
open and closed), but sandwich arrangements are also possible.
High strength steels may also be used to reduce weight, although
they are not considered usually to be light-weight materials; they
may be found in stiffened-plate conﬁgurations and, recently,
also in certain sandwich conﬁgurations. There is increasing use
of mixed solutions in which various materials are combined to
form a ship or superstructure.
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Depending on applied materials and sandwich conﬁguration,
the following classes of the structure in question can be
found:
- all- metal sandwich structures whose both skins as well as
core is metallic,
- semi -steel (hybrid) sandwich structures whose plating is
made of a metal but core is non-metallic,
- combined steel-plastic sandwich structures in which only
certain components are metallic.
The FRP is a composite material widely applied in ship
hull structures as the basis for different kind of laminates, but
the question what is maximum size of FRP ship hull remains
still open. To compare FRP and metal structures such aspects
as manufacturing costs, weight, speed, manoeuvrability,
maintaining and repairing costs, possible military aspects as
well as utilisation costs have to be taken into account [15].
Another idea of sandwich structure presents the concept of
Sandwich Plate System (SPS) in which two steel outer skins
are connected by means of BASF Inoac elastomer ﬁller. The
elastomer core bonded with the steel, acts as a web and provides
continuous support to the faces to preclude local plate buckling,
and allows this way to eliminate closely spaced stiffeners,
though stiffening plates may be added. The ﬂexural stiffness
and strength are tailored as required by using appropriate
thickness values of the sandwich elements. Some applications
of the SPS such as revitalisation of car decks on ferries or repair
of FPSO bottom shell plating, were published. As to the latter
example the maximum stresses in the damaged bottom plating
were reduced by approximately 50% to satisfy ABS strength
requirements, and all hard-point stress concentrations were
eliminated [6]. For potential application Limit States Design
rules are proposed for innovative bridge decks comprising SPS
panels that replace concrete decks [7].
A new hybrid concept of sandwich structures is presented
by [13], which consists in combining most of the advantages
of metallic and polymer materials while avoiding some of their
main disadvantages. For this new concept metal sheets are used
at the outer surfaces to maximize rigidity while introducing in
between light-weight cores adhesively bonded to keep the whole
structure together. Furthermore, composite or wood layers may
be used as intermediate layers to improve impact resistance.
Potential manufacturing methods for the new structure are
based on compression- under- vacuum technique.
Basic type of all-metallic sandwich structures is I-core
arrangement which consists of the steel or aluminium panels
fabricated as two shell plating of thickness value from 1 to
6 mm each, with distance between them (height) from 40 to
120 mm, stiffened by one-directional system of stiffeners of
40-120 mm span, connected by using laser welding technique
applied from outside of shell plates and creating welded
joint through the whole thickness of plate. Application of the
sandwich structure instead conventional one (Fig.1), can give
about 34% weight reduction and about 50% reduction of the
manufacturing costs [16].
Steel concrete-ﬁlled sandwich structure offers promising
properties as it signiﬁcantly improves strength properties
without signiﬁcant cost increasing. It was also demonstrated
that application of low- density covering on outer side of steel
sandwich rises resistance to damage resulting from impact
transverse load [12].
As bending properties of multilayer thin-skin sandwich
structure signiﬁcantly differ from those of single-shell structure,
in the1950s investigations were initiated on theoretical
determination of stiffness matrix of sandwich structure [19,
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20]. Latest research in this ﬁeld provides a bending response
theory of web-core sandwich plates, consisting in transforming
an originally discrete core into an equivalent homogenous
continuum forming a sandwich plate, and following thickface-plate kinematics by applying analytical formulation to
determine equivalent stiffness properties of the plate. The
internal forces and displacements are determined by means of
the ﬁnite element method solution for a given load and boundary
conditions. Thereafter, the periodic structure is reconsidered
and the internal forces are used for stress prediction based on
analytical formulation [17].

EXAMPLES OF APPLICATION OF
METAL SANDWICH PANELS TO MARINE
STRUCTURES
Metal sandwich panels -due to their particular propertiescan be used as structural elements of ship hull smooth, ﬂat
surfaces like decks, walls and, in certain cases, side shells,
Fig.2.

Fig. 2. Internal superstructure walls made of steel sandwich panels
(source: Internet)

Another example of sandwich panel application is a RoRo ship’s internal ramp – Fig.3. Such structural part of ship
is suitable for panel application hence it remains a matter of
interest of designers [22].

Fig. 3. Ro-Ro ship’s internal communication ramp built of steel sandwich
panels (source: Internet)

Speciﬁc problems related
to steel sandwich panels
Modelling laser-welded T-joint
To enable proper modelling of laser -welded steel sandwich
panel, a set of methods for generation of its stiffness matrix to
reduce amount of model data, is necessary. Meanwhile laser
- welded T-joint connecting shell and internal core stiffener,
which is present in all steel sandwich panels, signiﬁcantly
differs from conventional MAG -welded ﬁllet joint. Laser
- welded joint is formed due to heat generated by light beam
acting from outside of shell plate and forming a needle-shape
joint from melted metal of joined components. Cross sectional
area of such laser weld is signiﬁcantly smaller than thickness
of the joined stiffener. Moreover, regardless of how high
quality welding process is, a gap between stiffener and adjacent
plate always appears as a result of manufacturing process.
A typical cross section of laser -welded T-joint is presented in
Fig.4a where the above mentioned properties are also shown.
Additionally, a high gradient of hardness distribution due to
high intensity of laser light energy during welding process is
observed, which suggests presence of local stress concentration
due to structural non-homogeneity (Fig. 4b).

The transverse dimension of the laser- welded T-joint
presented in Fig. 4, is equal to 1.2-1.5 mm in stiffener face
section, whereas the gap between face of stiffener and shell
plate is equal to 0.2 mm. The above mentioned peculiarities lead
to conclusion that process of the modelling of such geometry
by using the ﬁnite element method (FEM) for determination
of stress distribution, should be carried out on a signiﬁcantly
higher level of details than for classical welded joints. To
obtain more detailed information on deformation of joint,
investigations for description of deformation ﬁeld in a laser
-welded joint under bending have been carried out. Results
obtained from a laboratory - tested specimen by using the laser
extensometer technique (LES) conﬁrmed a complex behaviour
of the joint under bending load. Apart from tension strain
zone also wide compression strain zone occurs. The occurring
contact process is responsible also for the shifting of the neutral
axis in weld under bending, Fig. 5 [1, 8].

Fig. 5. Strain ﬁeld in a bended laser-welded joint [1]

Study of the presented strain ﬁeld distribution shows that due
to the contact process the maximum value of compression strain
is almost twice higher in relation to that of tension strain [8].
The above mentioned features of the laser-welded
T-connection suggest that the proper modelling of its strength
behaviour should reﬂect all the features. The problem leads to
studies on the proper modelling of laser weld vicinity with taking
into account its stiffness, contact processes as well as material
non-homogeneity. Fig. 6 presents the FEM model reﬂecting the
features in question for the joint presented in Fig. 4a.

Fig. 4. Properties of laser- welded T-joint:
a) geometry of joint, b) distribution of hardness

Such features suggest that the laser - welded T-joint is more
sensitive to in-plane bending than „classical” one. As additional
effect of the sensibility the contact processes between faces
of stiffener and shell plating can occur. The above mentioned
properties suggest radically different fatigue properties as
compared to classical T- ﬁllet welded joint.

Fig. 6. FEM model of the laser- welded joint [14]
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Joints of sandwich structure
Connection of the sandwich structure to single-skin structure
is one of the important problems to be solved when a sandwich
solution has to be applied. In such case the following classes
of the problems may be distinguished:
• connection of composite structure to steel single - skin one
• joining steel sandwich panels together
• connection of steel sandwich structure to steel single - skin
one
• three dimensional connections.
The use of polymer composites for naval structures
is becoming more and more common, particularly due to
potential weight savings. It requires to elaborate various kinds
of connections between composite structure and steel hull
structure. Such connections should be watertight, sufﬁciently
resistant to failure, and, modular panel assembly should be used
to make composite-to-metal connection possible. A few different
approaches to solving the problem have been presented recently
[2, 3]. Another group of problems is created by the connection
between composite panels and supporting steel frames [5].
For all-steel sandwich structure internal joints are necessary
because of limited sizes of actually produced panels due to
limits of manufacturing lines. The main problem is to maintain
continuity of internal stiffener – see Fig. 7. - but appropriate
stiffness, water-tightness, manufacturing easiness and low
post-welding distortions are also strictly required.

As a target function minimum value of weight or stress
concentration factor can be assumed. In Fig. 9 the deformed
model of the joint as given in Fig.8b, with indicated vonMisses-stress distribution for the optimum geometrical
parameters, is presented.

Fig. 9. Deformed model of the joint as given in Fig.8b, with indicated
von- Misses- stress distribution for the optimum geometrical design
parameters [14]

In the case of angular steel sandwich connection the
problem of selection of proper geometry and later – its sizing
and then optimisation of the applied design – is additionally
complicated by inﬂuence of relationship between bending
moment and shear force acting in joint area; the obtained results
are strongly inﬂuenced by this factor [18, 21]. For the angular
connection, apart from its strength properties, manufacturing
process is of importance. In Fig.10. two proposals for such
joint are presented.

Fig. 7. Scheme of the internal- longitudinal
and transverse - joining of metal panels

Possibility of solving a given connection problem depends
upon a particular case, but optimisation of a given design
from the point of view of stress concentration, weight or
manufacturing process is still a subject of research.
For the panel- to- panel connections many proposals can be
found depending on given assumptions and limitations. A few
possible solutions are presented in Fig. 8.

Fig. 10. Selected proposals for angular panel-to-panel joints

For the geometry presented in Fig. 10.b, calculations have
been carried out to obtain location and value of the geometric
stress concentration factor. The joint deformed under bending
moment is presented in Fig. 11, and location of potentially
high-stressed area of the joint is shown in Fig. 12.

Fig. 8. Selected proposals for panel-to-panel joints [14]

To ﬁnd the best design as well as optimum geometrical
conﬁguration appropriate optimisation procedure is required.
12
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Fig. 11. Angular joint deformed under in-plane bending moment [18]

the ﬁxed car decks no. 7 through no.10 had to be made of
steel sandwich panels instead of conventional stiffened ones,
which required the sandwich deck load-carrying structure
to be optimised. The optimisation was carried out in the
following steps:
• optimization of a prototype structure with equivalent beam
model for transverses, whereas girders and sandwich panels
were modelled as masses;
• optimization of ﬁne models of girder and transverse beam
(new beam scantlings - height and width assumed ﬁxed);
• re-optimization of a superstructure module with new
scantlings of transverses and under smaller load resulting
from lighter girders [22].

Fig. 12. Detail of high-stressed areas in the joint shown in Fig. 11 [18]

Another problem arises when three sandwich panels have
to be mutually connected, for instance, while assembling
deck with transverse wall structure – as shown in Fig. 2.
Such T-shape connection can be made in a wide variety
of geometric forms – depending on strength requirements
and manufacturing limitations. Example proposals of such
connection are shown in Fig. 13; and example results of
calculation of the geometric stress concentration factor are
presented in Fig. 14 and Fig. 15.

Fig. 14. Deformed FEM model of the joint shown in Fig. 13b [21]

Fig. 15. Detail of high-stressed areas found
in the joint shown in Fig. 13b [21]

Flow chart of such procedure is presented in Fig. 16.

AREA OF RESEARCH ON APPLICATION
OF STEEL SANDWICH PANELS TO SHIP
STRUCTURES

Fig. 13. Proposals for T-connection of sandwich panels [21]

Optimisation of panel structure
To perform optimisation of the whole structure containing
both panel and supporting grillage is common problem when
collaboration between stiffeners and panel is necessary. The
below presented example was developed on occasion of
redesign of a Ro-Ro/car carrier where it was decided that

Possible application of multilayer sandwich panels to hull
construction opens prospects for a new generation of ship hull
structures. One may say that new philosophy of ship hull design
arises. However, before panel structures could be applied, one
has to be aware of principles of their behaviour in regions
crucial for hull structural safety, namely:
• their mechanical properties under long-term static and
variable load, theoretical background for occurring
phenomena and principles for their modelling
• progress of corrosion processes in sandwich panels
containing metal parts and its inﬂuence on their mechanical
properties and serviceability
POLISH MARITIME RESEARCH, No 4/2009
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Fig. 16. Flow chart of optimisation procedure of sandwich structure for Ro-Ro car deck [22]

•
•

their vibro-acoustic properties and background for their
modelling and forming
their mechanical properties in elevated and higher
temperatures.

Apart from the mechanical characteristics, are also
important problems related to manufacturing sandwich panels
and mounting them into hull body, such as:
• quality checking procedure of laser welds during
manufacturing
• manufacturing tolerances for metal sandwich panels
• strength calculation procedures for joints between sandwich
panels themselves as well as between the sandwich panels
and classical single-skin structures, including also fatigue
life assessment
• design of panel details like passages for cables and pipes,
foundations, openings etc.
• assembly procedure for larger structures
• repair procedures
• post-usage utilisation of panels.

FINAL REMARKS
•
•
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The above mentioned problems and many other ones have to
be solved to prove safe performance of sandwich consisting
structures both in normal and extreme conditions.
It is necessary to elaborate requirements for application
of sandwich structures, written in the form of rules and/or
recommended practices, similar to those used for single
-skin steel structures. Such rules concerning strictly
sandwich structures have not been introduced so far.
POLISH MARITIME RESEARCH, No 4/2009

•

Noteworthy is also the fact that the introducing of sandwich
panels into ship structures would change speciﬁcity of
ship production. Today character of shipyards would be
transformed from the manufacturing of steel structures
to the assembling of tailored panels produced by highly
specialised enterprises and delivered ready for assembling.
Such approach would lead to simpliﬁcation of ship
prefabrication processes, reduction of distortions of
structures and their assembly time as well as to improvement
of manufacturing accuracy.
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The operating ﬁeld of a hydrostatic drive
system parameters of the energy efﬁciency
investigations of pumps and hydraulic motors
Zygmunt Paszota, Prof.
Gdansk University of Technology

ABSTRACT
The operating ﬁeld of hydrostatic drive system is presented. Subdivision of the hydraulic
motor and pump work parameters into parameters independent of and dependent on
the operation of displacement machines and the system is justiﬁed. A research project is
proposed aimed at development of methods determining the energy characteristics of pumps
and rotational hydraulic motors as well as modiﬁed methods of determining the energy
characteristics of hydrostatic drive systems with selected structures of hydraulic motor
speed control. The paper is an extended version of reference [11].
Keywords: hydrostatic drive and control; pumps; hydraulic motors; Sankey diagram;
energy efﬁciency; laboratory and simulation investigations

INTRODUCTION
The working machines with hydrostatic drive and control
and also with hydraulic servomechanisms are, due to their
drive and control characteristics, very popular in the worldwide economy. However, designers of those machines,
manufacturers of the pumps, hydraulic motors and hydrostatic
drive systems used in the machines do not have at their disposal
a simulation tool for precise determination of their energy
behaviour in the entire ﬁeld of the change of parameters and
operating conditions. That makes it impossible to evaluate the
drive energy efﬁciency at an arbitrary point of the operating
ﬁeld and to search for energy saving solutions.
The existing state of affairs is an effect of common views
on the way of conducting of laboratory tests of pumps and
hydraulic motors used in the hydrostatic drives and control
systems and on the method of determining the energy losses
in them. That method is an outcome of the traditional reading
the energy balance of a hydrostatic drive system illustrated by
the Sankey diagram.
The Sankey diagram informs, in relation to the energy balance
of a drive system, that the width of the input power stream is
equal to the combined width of the output power streams.
In the case of the pump, hydraulic motor and hydrostatic
drive system energy balance, the Sankey diagram suggests
a situation where the power stream of energy losses should
be deducted from the input power stream. However, in the
case of a hydrostatic drive system, in its operating ﬁeld (Fig. 1),
i.e. in the hydraulic motor 0 ≤
<
range of speed
coefﬁcient and the 0 ≤
<
range of load coefﬁcient,
16
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the power stream of energy losses should be added to the
output power stream, because it is the output (and not input)
power parameters that decide about the power of losses.
Only the upper limits
and
, describing the
hydraulic motor operating ﬁeld in the hydrostatic drive system
(limits inﬂuencing the maximum achievable drive output
power), are deﬁned by the maximum pump working parameters.
They are a result of the theoretical (maximum in the variable
capacity pump) capacity qPt per one pump shaft revolution
and of the pump shaft rotational speed nP (dependent in turn
on the pump driving electric motor or internal combustion
engine characteristics) and also of the nominal pressure pn
of the system (maximum pressure of the continuous system
operation) determined in the pump discharge conduit. Besides,
they depend on the used structure of the hydraulic motor speed
control and on the losses in the system elements. Therefore, the
upper limits of hydraulic motor operating ﬁeld are different in
systems with different motor speed control structures.
The simulation methods of determining, by means of
mathematical models and computer programs, of the power of
losses, energy efﬁciency and operation ﬁeld of the hydrostatic
drive and control systems of machines are a way to the precise
qualitative and quantitative evaluation of the energy behaviour
of those systems. The key question is proper selection of the
parameters deciding about the system energy behaviour.
The simulation methods allow to investigate and compare
the energy saving system solutions and also precise and simple
evaluation of the quality of used pumps and hydraulic motors,
motor speed control structures, impact of the viscosity and type
of working liquid (hydraulic oil, oil-water emulsion, water).

The computer simulation of hydrostatic drive energy
behaviour is limited because there are no laboratory
methods for determination of pump and hydraulic motor
energy characteristics allowing to calculate the respective
energy loss coefﬁcients. It is possible only in the situation
when the energy losses (and the loss coefﬁcients describing
them) are determined as a function of the parameters that they
directly depend on.
In a hydrostatic drive system, the power in the power
stream increases in the opposite direction to the direction
of power stream because of the need to overcome the power
of energy losses. Presentation of the power of energy losses
in the system must be constructed in the direction from the
rotational hydraulic motor shaft or linear motor piston rod to
the pump shaft.
In the references [1 – 4] it is shown that the so far
practiced presentation of the results of laboratory tests of
rotational hydraulic motor losses and energy efﬁciency as
a function of parameters dependent on those losses should
be abandoned.
References [5 – 10] present and analyse the areas of
power of energy losses in the hydraulic system elements with
different rotational hydraulic motor speed control structures.
Those considerations allow to understand the roles deciding of
the power of losses corresponding to the current motor work
parameters required by the hydraulic motor driven device, i.e.
the motor load MM and speed ωM (nM). Those considerations
allow to draw conclusions about the conditions of achieving
high energy efﬁciency η of a selected structure system. It
is also possible to compare the power of losses due to the
used hydraulic motor speed control structure. The power PPc
consumed by the pump from its driving electric (or internal
combustion) motor is the power necessary for providing the
useful power PMu = MM ωM required of the hydraulic motor by
the driven device.
In references [7] and [9] a diagram is proposed and
explained presenting the direction of increase of power
stream ﬂowing from the pump shaft to the hydraulic motor
shaft or piston rod, but increasing from the hydraulic
motor shaft or piston rod to the pump shaft. The increase
of power in the power stream is caused by the necessity of
compensating the power of energy losses in the hydrostatic
drive and control system elements. The pump shaft power
is a function (sum) of the hydraulic motor shaft or piston
rod power and power of losses in the system elements. The
proposed diagram replaces the Sankey diagram.

INDEPENDENT AND DEPENDENT
PARAMETERS OF HYDRAULIC MOTOR
AND PUMP OPERATION
The work of a rotational or linear hydraulic motor as an element
of hydrostatic drive and control system, directly connected
with the driven machine (device) must provide parameters
required by the driven machine (speed ωM (nM) of the shaft or
vM of the piston rod and shaft load MM or piston rod load FM)
and also ensure the required machine movement direction.
The mechanical parameters of a motor (speed ωM (nM) or
vM and also load MM or FM) change in the range from zero to
maximum values ωMmax (nMmax) or vMmax, MMmax or FMmax.
The required current speed ωM (nM) or vM and required
current load MM or FM of the driven machine are an effect
of its work cycle and the work task. The current driven
machine speed and load values are independent of the type
and structure of that machine driving system control (e.g.
an electrical or hydrostatic system).

The current speed and current load of a hydrostatic
system driven machine have a direct or indirect impact
on the mechanical, volumetric and pressure losses in the
hydraulic motor, pump and other system elements, a system
with determined motor speed control structure. The losses
are also an effect of the viscosity or kind of the used working
liquid (hydraulic oil, oil-water emulsion, water).
The current speed ωM (nM) or vM and current load MM
or FM of the driven machine inﬂuence, in consequence,
the current hydraulic motor absorption capacity QM and
pressure decrease ∆pM and also (depending on the used
motor speed control structure) the current pump capacity
QP and discharge pressure pP2.
If in effect of the increasing, required by the driven machine
(device) hydraulic motor speed ωM (nM) or vM, as well as in
effect of the increasing, required by the driven machine motor
load MM or FM, and also in effect of the mechanical, volumetric
and pressure losses of the hydrostatic drive system elements, the
maximum drive system capacity (determined by the maximum
pump capacity QPmax or maximum pump discharge conduit
pressure pP2max limited to the system nominal pressure pn) is
fully used, then further increase of ωM (nM) or vM as well as
MM or FM will not be possible.
Maximum pump capacity QPmax is smaller than its theoretical
capacity QPt. The pump theoretical capacity QPt is a product of
the theoretical capacity qPt per one pump shaft revolution and
the unloaded pump shaft speed nP0. The pump QPmax capacity,
however, results from the loaded pump speed nP, lower than the
speed nP0, and from volumetric losses in the pump.
The system nominal pressure pn is a maximum permissible
continuous operation pressure pP2max determined in the pump
discharge conduit.
The maximum speed values ωMmax (nMmax) or vMmax as well
as the maximum load values MMmax or FMmax of the hydraulic
motor used in a hydrostatic drive system are limited
by the maximum pump capacity QPmax or by the system
(pump) nominal pressure pn and also by the corresponding
mechanical, volumetric and pressure losses in the remaining
system elements, the losses being also an effect of viscosity or
the kind of working liquid used. Therefore, the ωMmax (nMmax)
or vMmax, MMmax or FMmax values are dependent variables.
The current mechanical operating parameters of the
hydraulic motor used in a hydrostatic drive system (current
motor speed ωM (nM) or vM and current motor load MM or FM) are
independent values in the motor, deciding of the motor losses
and of the hydraulic parameters (the current motor absorbing
capacity QM and current pressure decrease ∆pM also depending
on the motor mechanical, volumetric and pressure losses). The
current motor absorbing capacity QM and current pressure
decrease ∆pM are dependent variables in the motor.
In the hydraulic motor (hydrostatic drive system) operating
ﬁeld (0 ≤ ωM (nM) < ωMmax (nMmax), 0 ≤ MM < MMmax) or (0 ≤ vM
< vMmax, 0 ≤ FM < FMmax), the pressure and ﬂow intensities in
the system and also the energy losses in the motor, in the pump
and in the whole system, power of energy losses and energy
efﬁciencies of the system elements should be considered the
functions of the current speed ωM (nM) or vM and the current load
MM or FM required by the system driven machine (device). Also
the torque MP that the pump loads the driving (electric or
internal combustion) motor and the speed nP that the motor
drives the pump with should be considered the functions
of the current speed and the current load required by the
system driven machine.
The decrease of speed nP that the electric or internal
combustion motor drives the pump with is connected with the
increase of torque MP that the pump loads the motor with. The
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decrease of speed depends on the operating characteristics of
the motor, which is not a component of the hydrostatic drive
system. Therefore, the pump driving speed nP should be
treated as a parameter independent of the system (of the
pump).

NON-DIMENTIONAL COEFFICIENTS OF
THE HYDRAULIC MOTOR PARAMETERS,
COEFFICIENTS OF ENERGY LOSSES IN
THE SYSTEM ELEMENTS
The energy efﬁciency of the hydraulic drive system and its
elements is described by mathematical models as functions of
the hydraulic motor hydrostatic drive system speed coefﬁcient
and hydraulic load coefﬁcient
.
The current angular speed ωM (rotational speed nM)
required of a rotational motor or the linear speed vM
required of a linear motor, operating in a hydrostatic drive
system, are replaced in the energy efﬁciency mathematical
models by the motor speed non-dimentional coefﬁcient
:

in the hydrostatic drive system (including the pump and the
hydraulic motor) and the pump is driven by an (electric or
internal combustion) motor operating with constant rotational
speed nP = nP0 independent of its load.
The theoretical linear speed vMt of a linear motor is
treated as a constant reference value for the current motor
linear speed vM.
The current torque MM required of a rotational motor
or current force FM required of a linear motor, operating in
a hydrostatic drive system, are replaced by the motor load
non-dimentional coefﬁcient
:

or

The rotational hydraulic motor load coefﬁcient
is a ratio of the current torque MM, required of the motor by
driven machine, to:
theoretical torque

or

The rotational hydraulic motor speed coefﬁcient
is
a ratio of the current angular speed ωM (rotational speed nM),
required of the motor by driven machine, to:
theoretical angular speed

theoretical rotational speed

which would correspond with the theoretical absorbing
capacity qMt per one motor shaft revolution and with the
hydrostatic system nominal pressure pn. The torque MMt would
be achievable on the condition that there are no mechanical or
pressure losses in the hydraulic motor and in the remaining
system elements (except the pump) and the pressure pP2max in
the pump discharge conduit is equal to the system nominal
pressure pn.
The rotational motor theoretical torque MMt is treated as
a constant reference value for the current motor torque MM.
The linear hydraulic motor load coefﬁcient
is
a ratio of the current force FM, required of the motor by driven
machine, to:
theoretical force

which would correspond with the theoretical capacity QPt of the
motor driving pump and with the theoretical motor absorbing
capacity qMt per one shaft revolution. The speed ωMt (nMt) would
be achievable on the condition, that there are no volumetric
losses in the hydrostatic drive system (including the pump and
the hydraulic motor) and the pump is driven by an (electric or
internal combustion) motor operating with constant rotational
speed nP = nP0 independent of its load.
The theoretical angular speed ωMt (rotational speed nMt)
of a rotational motor is treated as a constant reference value
for the motor current angular speed ωM (rotational speed nM).
The linear hydraulic motor speed coefﬁcient
is a ratio
of the current linear speed vM, required of the motor by driven
machine, to:
theoretical linear speed

which would correspond with the theoretical capacity QPt of
the motor driving pump and with effective area SM1 of the
motor piston in the inlet chamber. The speed vMt would be
achievable on the condition, that there are no volumetric losses
18
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FMt = SM1 pn
which would correspond with the effective area SM1 of the
motor piston in its inlet chamber and with the system nominal
pressure pn. The force FMt would be achievable on the condition
that there are no mechanical or pressure losses in the hydraulic
motor and in the remaining system elements (except the pump)
and the pressure pP2max in the pump discharge conduit is equal
to the system nominal pressure pn.
The linear motor theoretical force FMt is treated as
a constant reference value for the current motor force FM.
The mechanical, volumetric and pressure losses in
a hydraulic motor, pump and in the remaining hydrostatic
drive system elements are described in the mathematical
models of the losses, power of losses and energy efﬁciency
by the coefﬁcients ki – relations to the values connected
with the values of the hydrostatic drive system characteristic
parameters:
– theoretical capacity qPt per one pump shaft revolution
– theoretical absorbing capacity q Mt per one rotational
hydraulic motor revolution or effective piston area SM1 in
the linear motor inlet chamber
– theoretical pump capacity QPt
– system nominal pressure pn.

The basis of energy evaluation of the particular design
solutions and size of the volumetric machines is a catalogue
of the coefﬁcients ki of energy losses in various types of
pumps and hydraulic motors used in the hydrostatic drive
systems, operating with different levels of pump theoretical
capacity QPt and system nominal pressure pn, with the
working liquid reference viscosity νn.

THE MOTOR OPERATING FIELD IN
A HYDROSTATIC DRIVE SYSTEM
Figure 1 presents the operating ﬁeld of a rotational or
linear hydraulic motor in a hydrostatic drive system. The
operating ﬁeld is determined in the plane of motor mechanical
parameters, i.e. speed coefﬁcient
and load coefﬁcient
,
independent of the motor and of the system.
The limit values
= f( ) or
= f( ) of the
hydraulic motor operating ﬁeld are determined by the maximum
motor feed capability in the hydrostatic drive system. The
values
and
are dependent on the motor and on
the system losses.
The maximum motor absorbing capacity Q Mmax ,
achieved in the system by the applied motor speed control

structure, should be equal or close to the instantaneous
maximum pump capacity QPmax (resulting from the theoretical
capacity QPt, decrease of the pump shaft rotational speed nP and
the intensity of pump volumetric losses QPv).
The maximum possible motor pressure decrease ∆pMmax
should be equal or close to the system nominal pressure pn
determined in the pump discharge conduit, reduced by the
pressure losses ∆pC in the system conduit. (In the motor series
throttling speed control structure, the maximum slot area of the
throttling valve, proportional directional valve or servo-valve
should allow to minimize the pressure decrease
with
the set QMmax ≈ QPmax).
Therefore, the limit values
of the hydraulic motor
speed coefﬁcient are a function of the current motor load
coefﬁcient
, coefﬁcients ki of the volumetric losses in the
hydrostatic system elements (including coefﬁcient k2 of the pump
shaft rotational speed decrease ∆nP) and a function of the ratio of
working liquid viscosity ν to the reference viscosity νn – ν/νn.
On the other hand, the limit values
of the hydraulic
motor load coefﬁcient are a function of the current motor speed
coefﬁcient
, coefﬁcients ki of the mechanical and pressure
losses in hydrostatic system elements and a function of the ratio
of working liquid viscosity ν to the reference viscosity νn.

Fig. 1. The range of hydraulic motor speed coefﬁcient
and load coefﬁcient
(0 ≤
<
,0≤
<
) in a machine hydrostatic drive and control system
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THE INVESTIGATIONS OF THE
HYDRAULIC MOTOR AND PUMP IN
A DRIVE SYSTEM
•
In a hydraulic motor and hydrostatic drive system operating
ﬁeld (0 ≤
<
,0≤
<
), the losses, power
of losses and energy efﬁciency of the various motor versions,
operating:
– in a drive system with different speed control structures
– with different pump theoretical capacity QPt
– with different system nominal pressures pn
– with different working liquid viscosity ν,
should be determined (and compared) as a function of
mechanical parameters required by the driven machine, i.e.
as a function of the motor speed coefﬁcient
and load
coefﬁcient
and also as a function of the ratio of working
liquid viscosity ν to the reference viscosity νn. The motor
<
,0≤
<
) or the
operating ﬁeld (0 ≤
function
= f(
),
= f( ) should also be
determined (and compared).
In a hydraulic motor and hydrostatic drive system operating
ﬁeld (0 ≤
<
,0≤
<
), the losses, power
of losses and energy efﬁciency of the various pump versions,
with constant or variable capacity, operating:
– in a drive system with different speed control structures,
– with different pump theoretical capacity QPt
– with different system nominal pressures pn
– with different working liquid viscosity ν,
should be determined (and compared) as a function of the
pump capacity coefﬁcient
and a function of the
pump discharge pressure coefﬁcient
resulting
from the current values of mechanical parameters required
by the hydrostatic system driven machine, i.e. the hydraulic
motor speed coefﬁcient
and load coefﬁcient
and also
as a function of the ratio of working liquid viscosity ν to the
reference viscosity νn. The current pump operation coefﬁcients
and
are determined by the current hydraulic motor
coefﬁcients
and
and also by the energy losses in the
motor, in the conduits and the losses resulting from the used
motor speed control structure.

THE INVESTIGATIONS OF A PUMP IN
THE CONDITIONS INDEPENDENT OF THE
DRIVE SYSTEM (INVESTIGATIONS OF AN
ISOLATED PUMP)
Investigations of the losses, power of losses and energy
efﬁciency of a pump, together with evaluation of the
coefﬁcients ki of the pump losses, are carried out in the
conditions independent of the hydrostatic drive system.
• During the investigation of a constant capacity (qPt = cte)
pump (an isolated pump investigated independently
of a drive system), the losses, power of losses and
energy efﬁciency should be evaluated (and compared)
as a function of the discharge pressure coefﬁcient
, changing in the 0 ≤
≤ 1 range. The
pump capacity coefﬁcient
should be also evaluated (and
compared) as a function of the
and the ratio ν/νn of the
working liquid viscosity ν to the reference viscosity νn.
In the constant capacity pump (qPt = cte), the current
discharge conduit pressure pP2 is an independent value,
deciding of the pump losses and the current pump capacity
QP and of the pump shaft torque MP. Also the pump driving
motor speed nP, deciding of the current pump capacity QP,
is a value independent of the pump.
20
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In a constant capacity pump (qPt = cte), the current pump
capacity QP and the pump shaft torque MP are dependent
values in the pump.
During the investigation of a variable capacity pump
(0 ≤ qPgv ≤ qPt) (an isolated pump investigated independently
of a drive system), the losses, power of losses and energy
efﬁciency should be evaluated as a function of the pump
capacity coefﬁcient
and as a function of
the pump discharge pressure coefﬁcient
,
changing in the 0 ≤
≤ 1 range. The pump maximum
capacity
coefﬁcient should be also evaluated (and
compared) as a function of the
coefﬁcient and of the
ratio ν/νn of the working liquid viscosity ν to the reference
viscosity νn.
In a variable capacity pump (0 ≤ qPgv ≤ qPt), the current
pump capacity QP and the discharge conduit pressure
pP2 are independent values deciding of the pump losses,
the current capacity qPgv per one pump shaft revolution (the
current bP = qPgv/qPt coefﬁcient) and of the pump shaft torque
MP. Also the pump driving motor speed nP is a value
independent of the pump.
In a variable capacity pump, the current pump capacity
qPgv per one pump shaft revolution (the current bP = qPgv/qPt
coefﬁcient) and the pump shaft torque MP are dependent
values in the pump.

CONCLUSIONS
•

•

•

•

•

The diagram proposed in [7] and [9], presenting the direction
of increase of the power stream in a hydrostatic drive system
(replacing the Sankey diagram), the power ﬂowing from
the pump shaft to the hydraulic motor shaft or piston rod,
but increasing from the hydraulic motor shaft or piston rod
to the pump shaft, makes one understand the subdivision
of the hydraulic motor and pump work parameters into the
parameters independent of and dependent on the energy
losses in those machines.
The graphical presentation of subdivision of the hydraulic
motor and the system (in consequence, also the pump)
work parameters into the parameters independent of and
dependent on the hydrostatic drive system losses is the
system operating ﬁeld presented in the hydraulic motor
speed coefﬁcient
and load coefﬁcient
coordinates
(Fig. 1).
Mathematical models, describing the system losses and
energy efﬁciency as a function of parameters independent
of the losses, should be based on the deﬁned ki coefﬁcients
of the hydraulic motor, pump and conduits, and also of
the motor speed throttling control assembly, mechanical,
volumetric and pressure losses.
The values of ki coefﬁcients of the hydraulic motor and
pump mechanical, volumetric and pressure losses should
be a basis for evaluation of the motor and pump design
solutions. The values of ki coefﬁcients of the losses should
be determined nominal pressure pn levels of the system
where the hydraulic motor and pump are used and also in
the full range of the working liquid kinematic viscosity.
The simulation determination of the pump, rotational
hydraulic motor and hydrostatic drive system energy
efﬁciency will be enabled by development of the laboratory
methods of determination of the pump and hydraulic motor
energy characteristics as well as of the modiﬁed methods of
determination of energy characteristics of the hydrostatic
drive systems with selected motor speed control structures.
That simulation technique of determining the energy
efﬁciency will be a work tool of the drive system designer.

•

It will allow to search for energy saving solutions of pumps
and hydraulic motors and also for the analysis of energy
saving hydrostatic drive and control systems.
It is suggested to open a research project aimed at
considerable reduction of the scope of pump, rotational
hydraulic motor and hydrostatic drive system energy
efﬁciency laboratory investigations. The aim is to be
achieved by replacing the so far executed full laboratory
investigations by simpler tests determining only the
ki coefﬁcients of losses in the system elements. The
coefﬁcients ki are then used in the mathematical models and
in simulation computer programs for the pump, hydraulic
motor and hydrostatic drive system energy efﬁciency
calculations. The mathematical models should take into
account and describe the physical phenomena and power of
losses, determine the pump, hydraulic motor and hydrostatic
drive system operating ﬁeld and the energy efﬁciency at
any point of that ﬁeld. They also should allow to evaluate
the relative value of power of losses in the pump, hydraulic
motor or drive system during the unloaded pump, unloaded
hydraulic motor or unloaded drive system operation.
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Problems of the starting and operating
of hydraulic components and systems in low
ambient temperature
Part III
Methods of determining parameters for correct start-ups of hydraulic
components and systems in low ambient temperatures
Ryszard Jasiński, Ph. D.
Gdansk University of Technology

ABSTRACT
More and more intensive technology development makes it possible to produce modern
hydraulically driven devices which secure high reliability of operation in various conditions.
To design such devices, investigations are performed, including experimental tests, which
are very expensive and time consuming. In the design process of a new hydraulically
driven machine or system, designers frequently have to solve problems concerning its
operation in different weather conditions, for instance in low ambient temperatures. Due
to the complexity of the phenomena of concern, the serviceability of the designed hydraulic
component or system in those conditions is most frequently assessed based on numerical calculations, much
cheaper than the experiments. The article presents three methods: experimental, analytical, and that based
on computer simulation, applied for assessing the serviceability of cold hydraulic components supplied
with hot working medium being a source of a so-called thermal shock.
Keywords: hydraulic machines, hydraulic drives, diagnostics, hydraulic systems

INTRODUCTION [4, 5]
Two articles entitled “Problems of the starting and
operating of hydraulic components and systems in low ambient
temperature”, which were published in Polish Maritime
Research No. 4/2008 and 1/2009, presented the results of
experimental investigations of hydraulic components and
systems in the abovementioned conditions. Basic parameters
which affect the correct start-up of a hydraulic component
in thermal shock conditions were deﬁned. These parameters
include: the ﬂow rate Q of the working medium (most
frequently oil), the oil temperature Tol and the initial temperature
of the component Tot which most frequently corresponds to the
ambient temperature.
In the experimental investigations the time-histories of
ﬂow rates and oil pressures at component inlet and outlet were
recorded. Based on these data the operation of the examined
component was analysed, and conclusions were made about
its correctness.
An important factor affecting the serviceability of the
components in negative-temperature conditions is its structural
properties. Numerous phenomena take place during the
component start-up in thermal shock conditions. Among them, the
factor which most affects the faultless operation of the component
is the changes in the dimensions of axial and radial clearances
between the cooperating elements. Methods which make it
22

POLISH MARITIME RESEARCH, No 4/2009

possible to determine the areas of correct and incorrect operation
of the hydraulic component during its start-up in thermal shock
conditions base on analysis of changes of the effective clearance
during the transient process of component elements heating.
Determining parameters of correct start-up of the component
based on the results of experimental investigations (recorded
time-histories of oil pressures and ﬂow rate) is expensive and
time consuming. The areas of correct start-up parameters can be
assessed not only from experimental investigations, which may
lead to component damage, but also using numerical methods,
which are recommended as cheaper and faster.

THERMAL PROCESSES IN COLD
HYDRAULIC SYSTEM COMPONENTS
DURING THEIR START-UPS IN THERMAL
SHOCK CONDITIONS
The start-up of a cold hydraulic component supplied
with the working medium, usually the mineral oil of higher
temperature, is a source of unsteady heat ﬂow
from the oil
to component elements. The temperature of the component
elements will change to reach a new steady-state level, as the
system (component) response to the input signal in the form of a
ﬂow rate jump of the hot oil having the temperature Tol (Fig. 1).
During this time the component will absorb some portion of
heat, arriving at a new internal energy level.

•

•
•

work done for delivering and extracting the elementary mass
of the ﬂuid having the speciﬁc
ﬂow rate ﬂux
volume v and pressure p, i.e.:

dL = p · v · dm

(3)

dU = dm · u

(4)

internal energy:
kinetic energy:
(5)
where:
w – average ﬂuid ﬂow velocity

Fig. 1. System response (component temperature) to the set input signal
in the form of a ﬂow rate jump of the hot oil having the temperature Tol

The hydraulic system consists of a number of components
having different functions. Three basic groups of components,
differing by the structure, can be named, which are: supply,
control, and executing components.
The article presents thermal balances for two systems of
hydraulic components, typical from the point of view of the
examined problem, which are pumps and spool valves.

THERMAL BALANCE OF A HYDRAULIC
PUMP IN THERMAL SHOCK CONDITIONS
It was assumed in the pump heating model that external
leakage ﬂows are absent, i.e. the mass ﬂow rates of the working
medium at the pump inlet and outlet are equal to each other:
(1)

•

potential energy:

dEp = dm · g · h

(6)

where:
h – height of the position of the elementary mass of ﬂuid
with respect to the reference level.
In the elementary time dτ the external work dLz is delivered
to the machine, and the heat dΦz is extracted from it to the
environment. The internal energy of the pump changes by dE.
Using the balance form of the ﬁrst law of thermodynamics
we arrive at the equation:
(7)

Components and differences of the kinetic energy, which
depends on the ﬂow velocities: w1 on the suction side of the
pump and w2 on its pressure side, are negligibly small compared
to other terms in Equation (7). Moreover, the positions of the
inlet and outlet connectors are most frequently on similar levels,
h1 ≈ h2. Taking that into account, the energy balance equation
can be simpliﬁed by eliminating the potential energy from it,
as its differences are close to zero. After these simpliﬁcations
Equation (7) can be written as:
(8)
After introducing the enthalpy, deﬁned as i = u + p · v, to
Equation (8) we arrive at:
(9)
where:
i1(τ), i2(τ) – enthalpy of the ﬂuid at inlet and outlet of the
control shield.

Fig. 2. Parameters used for determining energy balance in hydraulic pump

According to the ﬁrst law of thermodynamics, the energy
E1 delivered to the hydraulic pump during its start-up is the
sum of the energy extracted from the system E2 and the system
energy increase ΔE:

E1 = E2 + ΔE

(2)

The energy delivered with the working medium ﬂowing
through the pump and that extracted from the pump in time dτ
(Fig. 2) consist of:

The hydraulic pump consists of two groups of elements,
which are mobile and ﬁxed elements. The simpliﬁed scheme of
the pump, (Fig. 3), presents the ﬂow of energy ﬂuxes affecting
the process of heating of pump elements.
The difference in energy ﬂuxes:
at pump inlet and
at pump outlet depends on:
, ﬂowing from the outer pump
• thermal energy ﬂux,
surface to the environment. This quantity is deﬁned by the
equation:
(10)
where:
αz
–
Tz(τ) –
Tot –

heat transfer coefﬁcient between the outer pump
surface Fz and the environment
average temperature of the outer pump surface
ambient temperature.
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The ﬂux of the thermal energy ﬂowing from the oil to pump
elements is equal to:
(16)
where:
FWP – heat exchange area between the ﬂowing oil and
the pump
αWP – heat transfer coefﬁcient between oil and pump
Tol
– average oil temperature in the pump
TWP(τ) – average temperature of the heat exchange surface
between the ﬂowing oil and the pump.
The ﬂux
of thermal energy ﬂowing from the oil to
mobile elements
and ﬁxed elements
of the
pump is equal to:
(17)

(18)
Fig. 3. Model of cold pump heating by the ﬂowing hot ﬂuid

•

ﬂux of thermal energy which increases the internal energy
of the oil in closed pump chambers and the thermal energy
of pump elements:
(11)
– ﬂux of thermal energy that increases the internal
energy of the oil in closed pump chambers:
(12)
where:
V
– total volume of pump chambers and passages
ρol
– oil density
col
– speciﬁc heat of oil
– ﬂux of thermal energy that increases the thermal
internal energy of structural pump elements:
(13)
where:
mi
– mass of the i–th pump element
ci
– speciﬁc heat of the material of the i–th pump
element
Ti
– average temperature of the i–th pump element.

•

where:
r – index deﬁning the mobile element
n – index deﬁning the ﬁxed element
m – number of surfaces of mobile elements
z – number of surfaces of ﬁxed elements.

THERMAL BALANCE OF THE COLD
CLASSICAL AND PROPORTIONAL
SPOOL VALVE, AND THE HYDRAULIC
SERVOVALVE DURING SYSTEM START-UP
IN THERMAL SHOCK CONDITIONS
In the spool valves which are most frequently used in
hydraulic systems the oil ﬂows through channels connected
with the pump 1, executing components 2 and 3, and the outlet
to the tank 4 (Fig. 4). During the system start-up in thermal
shock conditions, when the hot working medium suddenly
ﬂows through the cold valve, the increase of the internal energy
of the valve is observed.
The thermal balance for the hydraulic valve with the oil
ﬂowing inside (Fig. 4) can be described using the equations in
which the energy ﬂuxes of the medium ﬂowing in
and out
are taken into account:

mechanical power delivered to the pump:
(14)

(19)

Part of the energy LZ(τ) delivered to the pump is converted
to heat as a result of energy losses caused by leakage ﬂows, ﬂow
resistance, and friction. We can assume that the heat generated
as a result of pump losses is totally absorbed by the oil.
The ﬂux
of the thermal energy ﬂowing from the
oil to the outer pump surface is equal to the ﬂux
of the
thermal energy which increases the internal energy of pump
elements and the ﬂux
of the thermal energy ﬂowing
from the outer pump surface to the environment:

Let us assume that the heights of the valve ports are h1 ≈ h2 ≈
≈ h3 ≈ h4, and the ﬂow velocities are w1 ≈ w2 ≈ w3 ≈ w4. After
introducing the enthalpy according to the deﬁnition i = u + p · v
to Equation (19) we arrive at:

(15)
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(20)

Assuming that the mass ﬂow ﬂuxes
Equation (22) can be written in the form:

and

,
(23)

The increase of the internal energy of spool valve elements
(spool and casing) depends on the working medium enthalpy
differences between channels 1 and 2, and between channels
3 and 4.
The ﬂux of the thermal energy ﬂowing from the oil to spool
valve elements is equal to:
(24)

METHODS FOR DETERMINING
CLEARANCES BETWEEN COOPERATING
HYDRAULIC COMPONENT ELEMENTS IN
THERMAL SHOCK CONDITIONS
Fig. 4. Model of thermal energy ﬂow from the hot oil to spool valve
· - ﬂux of energy ﬂowing into spool valve channel P;
elements: E1(τ)
E·2(τ) - ﬂux of energy ﬂowing out of spool valve channel A; E·3(τ) - ﬂux of
energy ﬂowing into spool valve channel B; E·4(τ) - ﬂux of energy ﬂowing out
of spool valve channel T; Φ·z(τ) - ﬂux of energy passed to the environment;
· 2 , m· 4 - mass ﬂux
m· 1 , m· 3 - mass ﬂux of oil ﬂowing into the spool valve; m
of oil ﬂowing out of the spool valve; T1(τ), T3(τ) - oil temperature at inlet;
T2(τ), T4(τ) - oil temperature at outlet; i1, i3 - inlet enthalpy of the ﬂuid;
i2, i4 - outlet enthalpy of the ﬂuid; TS(τ) - temperature of the spool;
TWS(τ) - temperature of the spool surface being in contact with the ﬂowing oil;
FWS - heat exchange surface between oil and spool; αWS - heat transfer
coefﬁcient between the oil and the spool surface; TWK(τ) - temperature
of the inner housing surface; FWK - heat exchange surface between the oil
and the housing; αWK - heat transfer coefﬁcient between the oil
and the surface of housing; αz - heat transfer coefﬁcient
between the outer surface and the environment

If we assume that the temperature difference between
the outer surface and the environment is close to zero in the
initial system start-up stage, then the ﬂux of energy ﬂowing
from the outer valve surface to the environment becomes also
close to zero:
(21)
With the relation (21) being taken into account in Equation
(20), the increase of the internal energy dE of the spool valve
elements is given by the equation:
(22)

Changes in the effective clearance between the cooperating
hydraulic component elements during the start-up depend
on a number of factors, including: assembly clearance, load
of the component, ambient temperature, oil temperature and
ﬂow rate.
If the effective clearance values calculated for the start-up
of the hydraulic component in thermal shock conditions are
positive (le > 0), we can conclude that the component will work
faultlessly in those conditions.
Methods which make it possible to determine component
serviceability (calculate clearances between the cooperating
elements) are given in Fig. 5. These methods include experimental,
analytical, and computer simulation based methods.

Experimental method
The experimental method of determining effective clearance
changes between the cooperating hydraulic component
elements during the process of component heating requires
a number of series of experimental tests for a given component
structure scale. The hydraulic components must be prepared for
investigations in thermal shock conditions, including possible
measurements of temperatures of their elements and the oil
temperature. Temperature sensors are to be placed in both the
ﬁxed and mobile elements of the component. If the temperature
of the mobile elements of the examined component cannot be
measured, model investigations of the process of their heating
are to be done.

Fig. 5. Methods of determining effective clearance
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The experimental investigations of the hydraulic component
in thermal shock conditions for selected start-up parameters
(ﬂow rate, ambient temperature, and oil temperature) and the
initial clearance, will produce the time-histories of temperatures
of hydraulic component elements, pressures and ﬂow rates.
The collected data, which include the time-histories of
temperatures of elements and assembly clearances, will make
the basis for determining the correct operation area depending
on the initial temperature difference between the oil and the
hydraulic component, and the temperature differences between
the cooperating component elements.
The effective clearance le between the cooperating elements
of not loaded component depends on the assembly clearance
lm and the thermal expansion difference ∆lt:

le = lm – ∆lt

After further transformations of Equation 26 a formula
is obtained which describes the temperature of the mobile
element, at which the effective clearance disappears:
(27)
Assuming that the component elements are made of materials
revealing similar values of linear thermal expansion coefﬁcients,
), Equation 27 can be written as:
where:

Tr = Tn + B

(28)

Equation 28 can be used for determining the temperature
difference between the mobile element and the ﬁxed elements,
at which the effective clearance disappears, i.e. when
lm = ∆lt:
Tr – Tn = ∆Tr – n = B
(29)
In Equation 25 the temperature difference between the
mobile element and the ﬁxed elements depends most of all on
the assembly clearance lm. The smaller the assembly clearance,
the smaller the permissible temperature difference between the
mobile and ﬁxed elements cooperating with each other at which
the effective clearance disappears.
In order to determine the temperature difference ∆Tol – ot
between the hot oil and the cold component, the following set
of equations is to be solved:
(30)
The constant “a” is to be read from the diagram (Fig. 6)
or calculated.
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∆Tol – ot(MAX) = a · B

(31)

When the temperature difference ∆Tol – ot between the oil
and the hydraulic component is smaller at the initial time than
the permissible temperature difference ∆Tol – ot(MAX) (Fig. 6),
the start-up of this component will take a faultless course in
thermal shock conditions.

(25)

When the seizure of the mobile elements in the ﬁxed
elements takes place, the effective clearance [3, 4, 5] is equal
to zero (le = 0).
After introducing the equations which describe the thermal
expansion differences ∆lt of the hydraulic component elements
we get:
(26)
where:
βr, βn – linear thermal expansion coefﬁcient of the mobile
element (r) and ﬁxed element (n)
hr, hn – height of the mobile element, height of the opening
in the ﬁxed element
Tr, Tn – average temperature of the mobile element and
ﬁxed element, respectively
T0
– temperature of the element height measurement

(

After solving the set of equations the relation was obtained
which can be used for calculating permissible temperature
difference ∆Tol – ot(MAX) between the hot oil and the cold
component:

Fig. 6. Experimental assessment of the maximum temperature difference
between the oil and the component, at which the component will work
faultlessly in thermal shock conditions

Analytical method
Due to its disadvantages, the experimental method cannot
be used in all cases. For instance, measuring temperatures of
mobile elements is, generally, extremely difﬁcult. Therefore
basic parameters of faultless system start-up should be
determined using the analytical method or the computer
simulation method.
An advantage of the analytical method is its ability to
determine the correct operation area using simple equations.
Time consumption is smaller than when using complicated
computer codes.
In order to determine with the aid of the analytical method
the serviceability of the hydraulic component started in thermal
shock conditions we have to know the time-histories of average
temperatures of mobile and ﬁxed elements of the component.
Figure 7 shows the time-histories of the average temperatures
of the ﬁxed elements Tn and their surfaces TWn which are in
contact with the ﬂowing oil after the beginning of the start-up.
In the initial time interval of heating of the ﬁxed elements, from
τ = 0 to τ’, the disordered heat transfer takes place [1, 3, 12, 13].
In the next interval, τ > τ’, the nature of temperature changes
at particular points of ﬁxed elements (Tn , TWn) depends of
the shape, dimensions, and thermophysical properties of the
element and on heat transfer conditions on the element surface.
This is the time of well-ordered heat transfer. After time τu the
steady state of temperatures in ﬁxed elements is reached.
The time τ’ of initial heating of component elements
a disordered manner (Fig. 7) is short, as compared to the entire
time τu of the heating process and is not of high importance for
the mathematical description of the phenomenon. To determine
the effective clearance with the aid of the analytical method,
the author made use of the well-ordered state of heating of
component elements.
The temperature time-history Tn(τ) of the ﬁxed elements
can be calculated, for initial conditions (Tol , Tot), making use
of the energy balance for those elements:

After relevant transformations of Equation 34 and
introduction of relation 35 we arrive at:
(32)
(36)
where:

After integrating we get:

• mn

– mass of ﬁxed elements

•

– coefﬁcient of non-uniform

(37)

temperature distributions in ﬁxed elements, taking into
account relations between the temperature differences:
-

ϑWn – difference between the average oil temperature
(higher) and the average temperature (lower) TWn
of the surface FWn
ϑn – difference between the average oil temperature
(higher) and the average volumetric temperature
(lower) of the ﬁxed elements in the conditions
of well-ordered unsteady heat transfer.

Having known the initial conditions: oil temperature Tol ,
ambient temperature Tot and the rate of heating of ﬁxed elements
σn we can calculate the temperature time-history Tn(τ):
(38)
In the analytical method the rate of heating of ﬁxed
elements can be determined from Equation 35.
Temperature time-histories Tr(τ)of mobile component
elements can be calculated based on the initial conditions
(Tol , Tot) and the rate of heating of mobile elements σr:
(39)
The rate of heating of a mobile element of the hydraulic
component can be calculated from the relation:
(40)
where:
αWr – heat transfer coefﬁcient between oil and mobile
element
FWr – area of heat transfer of mobile element
mr – mass of mobile element
cr – speciﬁc heat of mobile element
Ψr – coefﬁcient of non-uniform temperature distribution
in mobile element.

Fig. 7. Time-histories of temperature changes in heated ﬁxed elements.
Within time interval from τ = 0 to τ = τ’ disordered heat transfer takes place,
while the interval τ = τ’ to τ = τu – is characterised by well-ordered unsteady
state, and above τ = τu – by steady state. Tn0 is the initial temperature of the
ﬁxed element

Some quantities in Formula (32), such as masses and heat
transfer surfaces of component elements, and speciﬁc heats of
materials, are known, while the others are to be determined
experimentally. The results of experimental tests make the
basis for determining the heat transfer coefﬁcient αWn and
the coefﬁcient ψn of non-uniform temperature distribution in
component elements.
The ﬂux
of the energy passed to the environment,
described by Equation (32), has been neglected. The thermal
energy passed to the environment during the start-up time is
small, as the outer temperature of the component is approximately
equal to the ambient temperature
.
After some transformations of Equation (32) we get for
ﬁxed elements:

The rate of heating eg. of ﬁxed elements of the hydraulic
component can be established experimentally having known
current values of the temperature differences ϑn1 and ϑn2 for
times τ1 and τ2 [13]:
(41)
The rate of heating of an element can be more precisely
determined by measurements of more temperature differences
and corresponding time moments, and by making a semilogarithm diagram. In Fig. 8, of coordinates lnϑ and time τ,
time-history of temperature difference is presented using the
straight line equation y = ax + b, where a is the slope of this
line and represents the rate of heating σ (σ = −a).

(33)
Equation 33 can be rewritten to the form:
(34)

Fig. 8. Determining the rate of heating

Calculating coefﬁcients of non-uniform temperature
distribution in hydraulic component elements

where:
(35)
is the rate of heating of ﬁxed component elements.

The coefﬁcients of non-uniform temperature distribution
ψr , ψn in component elements (Equations 35, 40) can be
determined using the relations given by Kondratev [1, 3, 7, 8].
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The coefﬁcient ψ depends on the Biot number (Bi):

ψ = 1 – 0.73 · ξ2

(42)

where:
– criterial number

(43)

The criterial number p can be calculated from the formula
(Bi < 1):
(44)
where:
L0
l = V/Fw

– characteristic dimension deﬁning the body,
for instance: wall thickness, radius of
a cylinder or a sphere
– linear dimension of a body as the ratio of its
volume V to heat transfer surface Fw.

The value of the number p∞ for ﬁxed elements of hydraulic
components can be roughly estimated based on a selected
characteristic element having the shape of a plate or cylinder.
For the plate the value of the number p∞ is equal to p∞pl = π/2,
while for a cylinder - p∞wa = 2.4 [1, 3, 7, 8].
For an arbitrary ﬁxed element of the hydraulic component,
the criterial number can be assumed from between those for
a plate and a cylinder. The averaged value of the criterial number
for the ﬁxed element is equal to

Fig. 9. Heat transfer coefﬁcients between oil and surfaces of spool and
housing of proportional spool valve PVG 32 vs. ﬂow rate

.

Calculating heat transfer coefﬁcients between oil and
surface of the hydraulic component elements
Calculating the heat transfer coefﬁcients between the oil
and the surfaces of component elements requires the following
data: heat transfer area, mass of the element, speciﬁc heat of the
element, coefﬁcient of non-uniform temperature distribution in
the element, and the rate of heating of the element.
Using Equations (35), (40), the heat transfer coefﬁcients
αn , αr between the oil and the surfaces of ﬁxed and mobile
elements of hydraulic components were calculated, among
others, for: proportional spool valve PVG 32 made by Sauer
Danfoss (Fig. 9), satellite motor SOK 100 made by Hydroster
(Fig. 10).

Fig. 10. Heat transfer coefﬁcients between oil and surfaces of rotor and
housing of satellite motor SOK 100 vs. rotational speed

b) housing temperature, TK(τ):

TK(τ) = 37 – 47e– 0.0105τ [°C]

(46)

The heating rates in Equations (45) and (46) were
determined experimentally.
The temperature time-histories calculated using those
formulas for the spool and the housing are close to those
obtained from experimental tests (Fig. 11).

Determining serviceability of the proportional
spool valve PVG 32 with the aid of the
analytical method
Proportional spool valves PVG 32 [5] are used in various
hydraulic systems. They can consist of up to twelve sections.
Using the analytical method we can determine the serviceability
of the spool valve working in thermal shock conditions.
In order to determine the average temperatures of the heated
elements in the spool valve PVG32 in thermal shock conditions,
relations (38, 39), we should know the rate of heating of those
elements. This quantity can be determined from formula (35).
The required heat transfer coefﬁcient can be determined from
curves shown in Fig. 9.
One experimental test of the spool valve PVG 32 was done
for the following initial conditions: spool valve temperature
-10 °C, oil temperature 37 °C, and ﬂow rate 39 dm3/min.
Based on those data the equations were obtained to describe
time-histories of:
a) spool temperature, TS(τ):

TS(τ) = 37 – 47e– 0.106τ [°C]
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(45)

Fig. 11. Temperature time-histories of the spool and housing in spool
valve PVG 32 obtained from experimental tests and calculated for initial
conditions: spool valve temperature -10 °C, oil temperature 37 °C,
ﬂow rate 39 dm3/min

The equation of the clearance time-history between the
spool and the housing during the spool valve start-up has the
following form:
(47)

After placing relations (38) and (39) into Equation 47
we get:
(48)
where:
S – spool
K – housing.
Effective clearance changes between the spool and the
housing having the nominal dimension h ≈ hS ≈ hK is given
by the relation:
(49)
For instance, the equation of the effective clearance timehistory between the spool and the housing in the single-section
spool valve PVG 32 during the start-up from initial conditions:
spool valve temperature -10 °C, oil temperature 37 °C, ﬂow
rate 39 dm3/min, heating rates (experimentally determined) for
the spool σS = 0.106 [1/s] and housing σK = 0.0105 [1/s], and
the clearance 7 µm, can be written as:
[µm] (50)
It results from the characteristics determined with the
aid of formula (50) and given in Fig 12, that for from these
start-up conditions incorrect spool valve operation will not
take place as the minimum clearance for ∆Tol-ot = 47 K is
equal to 0.7 µm.
Permissible parameters of the hot oil supplied to the cold
spool valve at which the correct valve operation will take place
can be calculated. By increasing, in the theoretical analysis,
the oil temperature in Equation (49) we get the characteristics
of effective clearance changes for increasing temperature
differences between the oil and spool valve, (Fig. 12).

Fig. 12. Time-history of effective clearance between spool and housing in
spool valve PVG 32 for initial conditions: spool valve temperatures -10 °C,
oil temperature 37, 42, 48, 55 °C, ﬂow rate 39 dm3/min

When the initial temperature difference between the oil and
the spool valve is equal to 52 K, the effective clearance will
temporarily totally disappear at 25th second (Fig. 12).
When the temperature difference is 65 K (Fig. 12), clearance
disappearance and the incorrect operation of the spool valve
will be observed between second 12 and 55.
The clearance changes calculated using the analytical
method are very close to those obtained from the experiment.

Fig. 13. Areas of parameters of correct and incorrect operation of spool
valve PVG 32 with clearance 7 µm

When the temperature difference between the oil and the
valve exceeds 52 K, the spool valve PVG32 operates incorrectly
in thermal shock conditions (Fig. 13). Here, the calculated
results are in full agreement with the experimental tests.
In those tests faulty operation of the spool valve was observed
when the temperature difference between the oil and the spool
valve was larger than 54 K.

Characteristics of the computer
simulation method
The computer simulation method for determining the
serviceability of hydraulic components in thermal shock
conditions makes use of computed temperature distributions
in hydraulic component elements. These temperature
distributions make it possible to calculate the effective
clearance between cooperating component elements using
relation (25).
Computing the effective clearances during the component
start-up requires the following input data: initial temperature
of the component, oil temperature and heat transfer coefﬁcient
(stepwise ﬂow rate).
When deciding to solve this task, the author had to select
a relevant numerical method.
There are a number of basic numerical codes which
make use of the ﬁnite element method FEM [3, 6, 9, 10, 11],
including: NASTRAN, ABAKUS, ANSYS, COSMOS/M
and others.
The numerical calculations of temperature distributions
were performed for a number of hydraulic components,
including: satellite motors SOK 100 and SOK 1600 made
by Hydroster, orbital motor GMR 160 made by Rexroth [3],
axial piston pump PWK 27 made by Hydrotor, axial piston
pump PV 16 made by Parker, gear pump PZ-2-K-6,3 made
by Hydrotor, orbital motor TF 170 made by Parker, radial
piston motor MR1000 made by Parker, gear motor PZ-2-K10 made by Hydrotor, hydraulic cylinder CJ2F-50/28/250
made by Stalko, spool valve RE2510/101 made by Hydrotor,
proportional spool valve PVG 32 made by Sauer Danfoss,
and hydraulic servovalve 4WS2EM10 - 45/20 made by
Rexroth.
Along with temperature distributions, the numerical
calculations also produced the time-histories of average
temperatures in component elements.
Comparing the numerical results with those obtained
from experimental tests has made it possible to conclude that
the time-histories of average temperatures of the examined
elements are very close to each other.
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SUMMARY AND CONCLUSIONS
The summary and conclusions concerning methods used
for determining permissible start-up parameters for hydraulic
components in low ambient temperatures is given below:
- A basic design factor, deciding about permissible start-up
parameters of a hydraulic component in thermal shock
conditions, is the effective clearance which deﬁnes dimensions
of the clearances between the surfaces of the cooperating
elements. The effective clearance can be calculated for an
arbitrary component based on temperature time-histories of
its mobile and ﬁxed elements. If the effective clearance is
positive, the component will work faultlessly.
-

There are three methods of determining parameters for
faultless start-up of the hydraulic component in low ambient
temperatures, which are: the experimental method, the
analytical method, and the computer simulation method.

-

Using the analytical method we can determine the area
of correct operation of an arbitrary not loaded hydraulic
component during its start-up in thermal shock conditions,
depending on the oil ﬂow rate and the temperature difference
ΔTol–ot = (Tol – Tot) between the oil and the environment,
according to the following inequality:
(51)
The variables in this inequality are: the oil temperature Tol,
the ambient temperature Tot and the rates of heating
σr , σn, of mobile and ﬁxed elements. The rates of element
heating σ, mainly depend on the average ﬂow velocity of
the ﬂuid supplying the hydraulic component.

-

The heat transfer coefﬁcient between the oil and the
mobile and ﬁxed component elements depends on the
average oil ﬂow velocity. The author determined its values
experimentally.

-

The analytical method of determining faultless component
operation can be used in engineering practice. Using
this method the area of correct operation of a hydraulic
component can be determined with high accuracy.

-

30

The computer simulation method makes it possible to
assess the serviceability of the component during its startup in thermal shock conditions with higher accuracy than
the analytical method. The computer simulation method
base on the ﬁnite element method (FEM) for determining
temperature ﬁelds in component elements.
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The application of the computer simulation method for
determining the process of elements heating and the
serviceability of hydraulic components will be presented
in Part 4 of the article.
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of measurements of ship hull blocks
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ABSTRACT
The paper presents an analysis of measurements taken on ship hull blocks to assess their
feasibility for the ﬁnal stage of assembly in a dry dock or on a slipway. The analysis
requires ﬁrst to check if blocks were manufactured within tolerances assumed in design and
then to compare if two neighbouring blocks can be joined to each other. As each block is
measured in a different coordinate system it is necessary to make transformations and bring
results to a common CAD model without loss of accuracy. An algorithm for optimizing the
transformation process to obtain better results, is proposed. The optimization is aimed at
minimizing the sum of distances between transformed points and corresponding points in a CAD model.
Description of the optimization method and example of its application is also presented. The problem of
transformation of measurements or coordinate systems is more general as it can be found, apart from
shipbuilding , e.g. in civil engineering, cartography, robot control, pattern recognition, medical imaging.
Keywords: co-ordinate system transformation; ship hull measurements;
ship hull assembly; computer aided design (CAD)

INTRODUCTION
The dimension control of pre-fabricated hull structural units
and blocks is very important in the process of building ship’s
hull. It is crucial for the shipyard to be sure that units and blocks
being brought to a dry dock or slipway have dimensions within
assumed tolerances and that they do not require corrections as
the time necessary to join them should be as short as possible.
Corrections of units and blocks, conducted outside workshop
where they have been manufactured, are very time consuming.
Moreover it slows down the ﬁnal hull assembly which is usually
a bottleneck in every shipyard production process.
Two comparisons should be done to check dimensions of the
units and blocks. It is ﬁrst necessary to check if the dimensions
are within design tolerances. If yes, then two neighbouring
blocks should be checked against each other to know where
differences occur and of what size they are. This information
may inﬂuence the way in which the neighbouring units and
blocks are joined.
Prefabricated elements are usually measured by means of
modern laser-optic instruments. Results of the measurements
are presented as a set of coordinates of points in three
dimensional space. To verify the dimensions it is necessary
to compare location of measured points with a CAD model.
Thus the measured points must be brought to the CAD model
coordinate system. This requires an isometric transformation
of the measurement results to be performed. Usually such
transformation is done intuitively by an experienced specialist

who checks the dimensions. To avoid human errors and make
the process faster an algorithm intended to be implemented
as a computer program and hence to solve the problem, is
proposed.

MEASUREMENTS – ACCURACY,
DIFFICULTIES
Measurements must be done with proper accuracy.
Accuracy is one of the main characteristics of measuring
instrument. Only measurements taken with the use of a proper
accuracy instrument may be further analyzed. Unfortunately
most popular instruments used in land surveys or at construction
sites are not precise enough for shipbuilding purposes.
Measurements of ship’s hull units and blocks are difﬁcult.
There are two main reasons of the difﬁculties. The ﬁrst reason
is location of measured points within unit or block. Measured
points are usually not located at the edges, but inside and
they are hidden behind stiffeners, longitudinal or transverse
elements. The second reason is position of a given unit or
block against its neighbourhood. Prefabricated units and
blocks are often stored close to each other as shown in Fig. 2,
because of limited space in shipyard. In such cases certain
measurement points may be accessible only from one side of
a unit or block and the rest from the other side. Taking direct
measurements is rather impossible in narrow gaps between
units and blocks or in hidden locations therefore additional
techniques must be applied. It is very important not to lose
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Fig. 1. Units and blocks of ship’s hull in an exploded view

Fig. 2. Prefabricated ship’s hull units and blocks in positions in which they are measured

accuracy while applying the techniques because it may lead
to incorrect results.
If one unit or block is measured from different positions
it is also very important to properly relate both series of
measurements to each other. It is achieved either by choosing
certain points common for both series of measurements or
by establishing a common coordinate system with the use of
measuring instrument functions.
There are many different measuring techniques, e.g. with
application of visible laser, invisible laser, with reﬂector,
without reﬂector, automatic search, scanning etc. Each of
them has its advantages and disadvantages. However the
32
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problem is not discussed in this paper. Attention is focused on
transforming results of measurements to assess if prefabricated
units and blocks are suitable for further assembly. It is assumed
that measurements are taken with a satisfying accuracy.

TRANSFORMATION OF MEASUREMENTS
Measurements of each unit or block are taken in different
coordinate systems. The coordinate system is arranged
according to local situation where the measurements are
taken. All measured points have corresponding points in the
design and in the other unit or block with which it will be

joined. Therefore the transformation is constrained by the
following:
• it must keep distances between measured points within
a unit or block,
• it must not lose accuracy.
The purpose of the transformation is to obtain the best ﬁt
between measured points and points taken from CAD model
or the other unit or block. In other words, the transformation
of measurement results is aimed at minimization of the sum
of distances between corresponding points.
The problem of transformation of measurements is very
similar to the shape recognition or pattern recognition problem.
In the shape recognition problem, however, we search for
transformation of one set of points to best ﬁt to the other set
of points in situation we do not know if the two sets of points
correspond to each other. Results of the best transformation
show how much similar the two sets of points are. In the case
of question we know that points in the two sets correspond to
each other and we search for an optimum transformation.

Shape recognition problem
Shape recognition is a well known problem. In most general
form its deﬁnition is as follows:
Deﬁnition 1
Given two sets of points A {a1, a2, a3, …, ak} and C {c1, c2,
c3, …, cm} in d-dimensional space, where k is not necessarily
equal to m, ﬁnd the similarity transformation parameters
giving the minimum value of the squared distance between
corresponding points in these two point sets.
Since the1980s different solutions of the problem were
described in many sources e.g. [1, 2, 3, 5, 7, 8, 9, 10].
•
•
•

There are several kinds of the problem depending on:
known/unknown correspondence between points in the two
sets
equal/unequal number of points in the two sets (phantom
points)
only distance preserving transformation allowed/scaling
transformation allowed.

Flick & Jones [5] give a very general formulation of
a d-dimension to d-dimension mapping problem with the
possibility of omission, phantom and unknown transformation.
Their basic idea is to write down the probability equation for the
image based on a given object by all the possible matchings, and
then to ﬁnd the best parameters and the best matching by using
the maximum probability principle. However, due to the large
number of parameters in the equation and the computational
complexity in doing all the possible matchings, a solution is
generally intractable unless the number of points is small.
When the correspondences between the point sets are
unknown a priori a popular approach to solving the problem
is the class of algorithms based on the Iterated Closest Point
(ICP) technique introduced by Besl [3] and Zhang [11]. ICP is
attractive because of its simplicity and performance. Although
the initial estimate does need to be reasonably good, the
algorithm converges relatively quickly.
Arun et al. [1] address the „absolute orientation problem”
of ﬁnding the least squares solution of a rotation and translation
of rigid body transformation. The algorithm [1] sometimes
gives a reﬂection instead of rotation transformation. Umeyama
[10] presents a reﬁnement to [1] that always gives a correct
rotation matrix and also handles scaling transformation.

Ramos & Verriest [9] point out that while [10] returns a correct
rotation in the degenerate cases where [1] fails, it does so
at the expense of larger ﬁtting errors. Ramos & Verriest [9]
propose a method based on a mixed least squares - total least
squares solution, assuming noises to be present in both point
series to be ﬁtted. The methods presented in [1, 9, 10] have
the disadvantage of requiring both data sets to have the same
number of points, and that the point-to-point correspondence
is known a priori. On the contrary, Goodrich et al. [6] solve the
„approximate geometric pattern matching problem”, based on
the approximate minimizing of the direct Hausdorff distance
from the pattern set to the background set, conducted by using
rigid body transformation. The point sets can be of different size
and the point-to-point correspondence is not assumed.

Deﬁnition of measurement transformation
problem
The problem of measurement transformation is a special
case of shape recognition problem. In the case in question we
assume that the correspondence between the points in the sets
is known exactly and the scaling when transforming one set of
points into the other, is not allowed. Formal deﬁnition of the
problem is as follows:
Deﬁnition 2
Given two sets of points A {a1, a2, a3, …, ak} and C {c1, c2,
c3, …, ck}, we search for isometric transformation of points
in the set A which produces minimum sum of distances with
corresponding points in the set C. We assume that each point
of the set A has exactly one corresponding point in the set C
and each point of the set C has exactly one corresponding
point in the set A. Points are labelled and their coordinates in
3-dimensional space are known.
For us, isometric transformation is a composition of
translations and rotations. We do not allow symmetry (mirror)
which is also isometric transformation. Formula (1) deﬁnes
isometric transformation matrix I which depends on six
parameters: x, y, z - coordinates of translation and χ, β, α angles of rotation about X, Y and Z axes.

I(x, y, z, χ, β, α) = T(x, y, z) · R(χ, β, α)

(1)

OPTIMIZATION OF MEASUREMENT
TRANSFORMATION
According to Deﬁnition 2 given in the previous paragraph,
we must deﬁne criterion function for the measurement
transformation problem. We assume distance to be the metrics
in 3-dimensional space. The square of the distance is also
a metrics and it is less complicated for calculation hence the
criterion function is presented in the form of the formula (2).
(2)
where:
k - number of points in the set C and the set A
Since we transform ai points with isometric transformation
matrix I(x, y, z, χ, β, α) our criterion function depends on six
decision variables as presented in formula (3).
(3)
By using the criterion function (3) it is possible to calculate
an approximate value of the sum of distances between
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corresponding points in the set C and transformed points in the
set A. The aim is to ﬁnd such values of the decision variables
x, y, z and χ, β, α, which produce the minimum result of the
criterion function (3).

Measurement results of sections and blocks are transformed
and analyzed to assess if sections and blocks can be joined
together. Minimum sum of distances between points on seams
on both joined sections or blocks is the most obvious criterion
but not the only one to be used. While building the ship’s
hull it is crucial to keep decks planar and adjusted to axes.
A measure of how coplanar or how coaxial the sections and
blocks are, might also be used as an optimization criterion.
Alternatively, it can be used as a constraint, hence only these
transformations which yield coplanar and coaxial results within
certain tolerance, are accepted.

important, because in contrast to the shape recognition problem,
it is not the aim to check whether the point sets resemble each
other, which is always true, but to precisely state the minor
differences between point sets. In case of shape recognition,
it is a perfect match if the two patterns of size of about 10
meters have distances between corresponding points of about
30 mm. In case of measurement transformation it is of a great
importance if to minimize this distance from 30 mm to 10 mm,
is possible at all.
Labels in point sets allow to control the correspondence
between points in the two sets. Assigning labels is time
consuming, but prevents from mirror matchings. As the
constructions in question are usually symmetric, sometimes
about two axes, it is quite easy to lose orientation without
a proper labelling. The labelling also prevents from matching
sections or blocks which are similar in shape but are not to
be joined. Clear labelling system of measured points helps in
storing and retrieving measurement results.

Optimization method

Application example results

There are many methods to minimize function (3). Brieﬂy,
they can be divided into two categories: deterministic and
probabilistic. Deterministic methods are proven to ﬁnd
a solution when optimized function has certain properties.
Not all functions conform to restrictions of deterministic
methods.
In our case the criterion function (3) is well deﬁned. To ﬁnd
the minimum for the function (3) we use a deterministic method
– the Newton’s method described by the formula (4).

The above described method was implemented in a program
used for visualization and checking of measurements of ship’s
hull units and blocks. Measurements of two neighbouring
sections of a ship’s double bottom were taken as an example.
Fig. 3 shows a view of both sections.
Tab.1 presents comparison of measured points and points
from CAD model of the portside section, where measurement
transformation was done by intuition. Tab. 2 presents the
same comparison, but the transformation was optimized by
the program.
Tab. 3 presents comparison of measured points and points
from CAD model of the starboard section, where measurement
transformation was done by intuition. Tab. 4 presents the
same comparison, but transformation was optimized by the
program.
In both cases the optimized transformation is better. In the
case of the portside section the sum of distances is only slightly
smaller and the maximum distance between points decreased
from 19,36 mm to 17,50 mm. In the case of the starboard
section the difference is more signiﬁcant. The sum of distances
is two times smaller and the maximum distance decreased from
30,05 mm to 17,21 mm.

Other possible optimization criteria
and constraints

xn+1 = xn – H-1 · g

(4)

where:
x - a vector of decision variables.
This is an iterative method described by Bjorck & Dahlquist
in [4], which requires calculation of the gradient g and Hessian
matrices H of the function (3). To start, we assume some initial
values of the vector of decision variables xn and calculate next
values of the vector of decision variables xn+1. In each step we
receive values of decision variables, which produce smaller
result of the function (3). The advantage of the Newton’s
method is a quick convergence and stability.

Point - to - point correspondence
In case of measurement analysis, exactly one measured
point must correspond to exactly one point in a CAD model or
located on the other section or block. The one- to- one- point
correspondence is a very fundamental assumption. This is so

DIRECTIONS OF FUTURE RESEARCH
Further research investigations are expected to be conducted
in two main directions: the automatic recognition of measured
points and the automatic selection of points to be measured. The

Fig. 3. Neighbouring sections of a ship’s hull double bottom with measured points marked with numbers
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Tab. 1. Comparison of measured points and points from CAD model of the portside section – intuitive transformation

CAD model points
Label
X
Y
101
133400
0
102
130200
0
103
128400
0
104
125200
0
105
122000
0
106
133400
0
107
130200
0
108
128400
0
109
125200
0
110
122000
0
Sum of dist

Z
0
0
0
0
0
1950
1950
1950
1950
1950

Transformed measured points
Label
X
Y
Z
01
133413.87
0.00
0.00
02
130194.79
1.10
0.18
03
128384.61
0.68
2.49
04
125202.71
0.00
3.83
05
122000.00
0.00
0.00
06
133409.37
15.59 1944.57
07
130192.01
0.54
1950.39
08
128380.91
0.16
1953.21
09
125195.10
-0.51
1950.17
10
121995.62
0.00
1951.82

dX
-13.87
5.21
15.39
-2.71
0.00
-9.37
7.99
19.09
4.90
4.38

Comparison
dY
dZ
0.00
0.00
-1.10
-0.18
-0.68
-2.49
0.00
-3.83
0.00
0.00
-15.59
5.43
-0.54
-0.39
-0.16
-3.21
0.51
-0.17
0.00
-1.82

dist
13.87
5.32
15.60
4.69
0.00
18.98
8.02
19.36
4.93
4.74
95.51

Tab. 2. Comparison of measured points and points from CAD model of the portside section – optimized transformation

CAD model points
Label
X
Y
101
133400
0
102
130200
0
103
128400
0
104
125200
0
105
122000
0
106
133400
0
107
130200
0
108
128400
0
109
125200
0
110
122000
0
Sum of dist

Z
0
0
0
0
0
1950
1950
1950
1950
1950

Transformed measured points
Label
X
Y
Z
01
133417.11
-3.66
0.15
02
130198.04
-0.65
-0.14
03
128387.86
0.00
1.90
04
125205.95
1.21
2.77
05
122003.24
3.11
-1.52
06
133412.34
9.14
1944.74
07
130194.97
-4.02
1950.07
08
128383.87
-3.32
1952.62
09
125198.06
-2.10
1949.11
10
121998.57
0.30
1950.29

dX
-17.11
1.96
12.14
-5.95
-3.24
-12.34
5.03
16.13
1.94
1.43

Comparison
dY
dZ
3.66
-0.15
0.65
0.14
0.00
-1.90
-1.21
-2.77
-3.11
1.52
-9.14
5.26
4.02
-0.07
3.32
-2.62
2.10
0.89
-0.30
-0.29

dist
17.50
2.07
12.29
6.67
4.74
16.23
6.44
16.68
3.00
1.49
87.11

Tab. 3. Comparison of measured points and points from CAD model of the starboard section – intuitive transformation

CAD model points
Label
X
Y
111
133400
0
112
130200
0
113
128400
0
114
125200
0
115
122000
0
116
133400
0
117
130200
0
118
128400
0
119
125200
0
120
122000
0
Sum of dist

Z
0
0
0
0
0
1950
1950
1950
1950
1950

Transformed measured points
Label
X
Y
Z
11
133400.00
0.00
0.00
12
130185.96
-0.76
-2.74
13
128375.40
-1.28
-0.42
14
125186.42
-2.56
-0.45
15
121986.27
0.00
0.00
16
133401.79
0.00
1948.05
17
130178.92
2.05
1945.82
18
128370.33
3.71
1947.05
19
125180.79
0.43
1949.68
20
121980.13
3.76
1950.81

dX
0.00
14.04
24.60
13.58
13.73
-1.79
21.08
29.67
19.21
19.87

Comparison
dY
dZ
0.00
0.00
0.76
2.74
1.28
0.42
2.56
0.45
0.00
0.00
0.00
1.95
-2.05
4.18
-3.71
2.95
-0.43
0.32
-3.76
-0.81

dist
0.00
14.33
24.64
13.83
13.73
2.65
21.58
30.05
19.21
20.24
160.26

Tab. 4. Comparison of measured points and points from CAD model of the starboard section – optimized transformation

CAD model points
Label
X
Y
111
133400
0
112
130200
0
113
128400
0
114
125200
0
115
122000
0
116
133400
0
117
130200
0
118
128400
0
119
125200
0
120
122000
0
Sum of dist

Z
0
0
0
0
0
1950
1950
1950
1950
1950

Transformed measured points
Label
X
Y
Z
11
133415.46
-1.34
1.56
12
130201.42
-0.35
-1.38
13
128390.86
0.32
0.83
14
125201.88
1.84
0.60
15
122001.72
-0.47
0.86
16
133417.13
1.56
1949.62
17
130194.26
-0.24
1947.19
18
128385.67
-1.77
1948.31
19
125196.13
1.77
1950.73
20
121995.47
-1.32
1951.67

dX
-15.46
-1.42
9.14
-1.88
-1.72
-17.13
5.74
14.33
3.87
4.53

Comparison
dY
dZ
1.34
-1.56
0.35
1.38
-0.32
-0.83
-1.84
-0.60
0.47
-0.86
-1.56
0.38
0.24
2.81
1.77
1.69
-1.77
-0.73
1.32
-1.67
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dist
15.60
2.01
9.19
2.70
1.98
17.21
6.39
14.54
4.32
5.01
78.95
35

points to be measured are now clearly indicated in measurement
instructions which are a part of the workshop design. The points
are chosen by designers and production engineers who design
techniques of the assembly process.
As the ship hull sections and blocks are manufactured it
seems possible to use some new marking method to make the
points of interest for measurements distinguishable, e.g. paint
of a special kind, magnetic or radio location etc. This way, the
time-consuming pointing of each measured point by means of
a mirror or a pole, could be omitted.
The automatic selection of measured points requires to have
knowledge about construction. In order to choose appropriate
points this knowledge should be built into the program which
makes decisions instead of a human being. It is difﬁcult but
might be possible by applying knowledge engineering and
artiﬁcial intelligence. The other solution could be obtained by
using the scanning of entire section or block. The comparing of
entire elements may eliminate choice of points to be measured.
However the precise scanning of large elements is a problem.
Moreover, sections and blocks in a shipyard are usually
stored close to each other or close to other constructions like
scaffolding, cranes etc. In such conditions separating scanned
element from surroundings is a serious task.
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Pattern Analysis and Machine Intelligence, Vol. PAMI-13, No.
4, (1991)
11. Zhang, Z.: On local matching of free-form curves. Proceedings
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U1-298-0EN_AMS.pdf
19.Morgera, S.D., Cheong, P.L.C.: Rigid body constrained noisy
point pattern matching. IEEE Transactions on Image Processing,
Vol. 4, No. 5, 1995
20.O’leary, P., Harker, M., Zsombor-Murray, P.: Direct and least
square ﬁtting of coupled geometric objects for metric vision. IEE
Proceedings - Vision, Image and Signal Processing, Vol. 152,
No. 6, 2005
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22.Yang, M.C.K., & Lee, J.S.: Object identiﬁcation from
multiple images based on point matching under a general
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•

Optimization of measurement transformation of ship
blocks is very important for the assessment if blocks were
manufactured within assumed tolerances and if they can
be assembled in a dry dock or on a slipway. The presented
method was implemented to the computer program for
visualisation and assessment of measurements of ship
blocks. Transformation of measurements is done while
reading results of measurements in 3-dimensional model
of a ship hull. Since the iterative optimization method
converges quickly, in about 5 iterations usually, the results
are immediate.
The method has the following advantages:
- easy for implementing (derivatives of only trigonometric
functions and polynomials)
- quick convergence, immediate results – it requires only
a few (about 5) iterations to ﬁnd a minimum,
- it eliminates analysis of how to align measurement
results with a CAD model,
- it eliminates human errors when transforming
measurements results into a CAD model.

•

The only disadvantage of the method is that it requires exact
correspondence between measurement points and CAD
model points.
This method is also assumed to be applied to a possible
future research. The transformation of measurements is
necessary and not dependent on a way the measured points
are selected. From the user point of view, the application of
the method which automatically transforms measurements
to get the best ﬁt with CAD model, saves time and makes
results clear to be assessed.

•
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ABSTRACT
In industrial practice the welding of Al- alloys is usually performed under pure argon shielding by means
of MIG or TIG methods. In recent years new joining techniques such as friction stir welding (FSW) have
appeared. Joints of EN AW-7020 T6 alloy elements welded by using FSW method have been tested. Results
of static tensile tests, transverse bending tests as well as tests on stress corrosion susceptibility are presented.
Parameters of friction welding (FSW) applied to joints of plates made of AlZn5Mg1[7020] alloy are given.
Stress corrosion tests have been performed by using slow-strain-rate testing method (SSRT) in compliance
with PN-EN ISO 7539-7 standard. The tests were conducted in air and 3.5% NaCl water solution. The
following parameters have been measured during the tests: time to failure – T [h], maximum failure load
– F [N], fracture energy (area under stress-elongation curve) – E [MJ/m3], relative elongation of specimen
– A10 [%], maximum tensile stress – R [MPa], as well as percentage reduction of area – Z [%]. On the
basis of the obtained test results it was concluded that the joints welded by means of FSW method show
good resistance to stress corrosion at satsifactory strength properties, which indicates that application of
friction welding by using FSW method in shipbuilding industry is purposeful.
Keywords: aluminium alloys, friction stir welding, stress corrosion cracking

INTRODUCTION
Aluminium alloys are materials which ﬁnd worldwide
industrial applications, inluding shipbuilding. Their application
to ship hull structures is increasing as the alloys make it possible
to lower signiﬁcantly mass of structures as compared with that
of steel structures. By using Al-alloys lowering the mass by
about 50 % can be obtained, which makes it possible to increase
ship buoyancy, or at maintained buoyancy to increase its load
carrying capacity or speed, as well as to improve its stability.
For the reasons Al-alloys are used a.o. for construction of ship
hull and superstructures. Among weldable Al-alloys suitable
to plastic working the group of Al-Mg alloys (of 5xxx- series)
of good weldability and relatively good service conditions are
still the most popular. Their relative insuspectibility to layer
and stress corrosion is advantageous, and their disadvantage
is low strength of welded joints of elements made of them, not
exceeding 300 MPa. In the1990s Al-Zn-Mg alloys (of 7xxx
series) attracted high interest. They are characteristic of higher
strength properties as compared with those of Al-Mg alloys.
Susceptibility to layer and stress corrosion is a disadvantage of
Al-Zn-Mg alloys. Multi-year research has revealed that thermal
working, chemical composition and welding technology
(welding method, kind of added materials and type of joint)
are a.o. responsible for stress corrosion susceptibility of the
alloys [1÷7]. Practically all welded joints made of alloys of this

group by means of traditional MIG or TIG methods do not show
sufﬁcient resistance to stress or layer corrosion, hence only
Al-Mg alloys of 5xxx- series are the only materials applicable
to hull structures of light-weight ships.
The Friction Stir Welding (FSW) method may appear an
alternative to traditional welding methods such as MIG or TIG
methods. In the method a tool ﬁtted with rotary mandrel located
in the place of welding the pressed-down plates is used to heat
and plastify the material. After putting the mandrel-ﬁtted tool
into rotation, friction heating and plastifying the plate material
in its direct vicinity occurs, and slow sliding the entire system
follows along contact line (Fig. 1). As it is a solidstate welding
method, i.e. that below melting point of material, strength
properties of joints obtained by the method can be better than
those obtained from arc welding techniques (MIG, TIG).
Main advantage of the method is easiness of producing joints
of repeatable high properties [9, 12, 13]. As in FSW method
welding is performed in solid state a far smaller amount of
heat is delivered to welded materials than that in the case of
traditional welding. This greatly limits range of heat-affected
zone. Tests on Al-Zn-Mg alloys joined by using MIG and TIG
methods, under action of agressive sea environment, revealed
their low resistance to stress and layer corrosion which occurred
just in heat-affected zone [8].
Possible application, in shibuilding industry, of the alloy
of 7xxx-series of greater strength than the commonly used
POLISH MARITIME RESEARCH, No 4/2009
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alloys of 5xxx-series, depends on ﬁnding a welding method
which could ensure its corrosion resistance in sea water. This
work has been aimed at determination of possible application,
in shipbuilding industry, of a new welding technology for
joining elements of 7020 alloy with the use of FSW method.
The analysis has been conducted on the basis of results
obtained from research on susceptibility to stress corrosion in
artiﬁcial sea water of strength characteristics of joints made
of AlZn5Mg1 (AW-7020) alloy, welded with the use of FSW
method, as well as results of bending tests.

force Fmax [kN], the maximum stress Rmax [MPa], the relative
fracture energy E [MJ/m3] (area under stress-elongation curve),
the reduction of area in the instant of specimen fracture Z [%],
duration time till the specimen failure T [h ], were recorded
with the aid of computer during the tests or just after its
termination.
The tests were performed on smooth cylindrical specimens
free of notch. They were conducted in artiﬁcial sea water (acc.
PN-66/C-06502 standard) of +20°C temperature, as well as in
a neutral environment – dry air, at the low strain rate έ = 1.6 x
10-6 s-1, up to complete failure of specimen. Prior to exposition
the specimens were polished and degreased.

TEST RESULTS
The results obtained from the static tensile test of AW7020 alloy and its FSW method -welded joints, conducted on
ﬂat specimens (acc. EN 895:1995 standard), are presented in
Tab. 3.
Tab. 3. Mechanical properties of the AW-7020 alloy native material and its
FSW method - welded joints (average value from two or four specimens)

Material
7020/ native material
7020/FSW
7020/MIG
Fig. 1. Schematic diagram of FSW method [9]: D – tool diameter,
d – pin diameter, h – pin length, α – angle of tool deﬂection,
Vn – Mandrel’s rotary speed, Vz – Welding speed

TESTING METHOD
To the tests the plates of the thickness g = 10 mm, made
of EN AW-7020 Al- alloy saturated and aged (i.e.in T6 state),
were used. Chemical composition of the 7020 Al- alloy is
presented in Tab. 1.

UTS
[MPa]
373
367
315

YS
[MPa]
317
314
283

EL
[%]
14.2
13.8
8.2

UTS - Ultimate Tensile Strength, YS - Yield Stress, EL - Elongation

Joints of 7020 Al-alloy welded by using FSW method
were subjected to the bending test in compliance with PN-EN
910:1999 standard. Flat specimens were used to the test in
which bending mandrel of the diameter D = 60 mm (sixfold
specimen thickness) was applied. During the test no cracks were
recorded up to 180° bending angle, which fulﬁls requirements
of classiﬁcation institutions. A view of specimens after bending
tests is given in Fig. 2.

Tab. 1. Chemical composition of 7020 Al-alloy

Si

Chemical composition [ %]
Cu Mn Mg Cr Zn Ti

Fe

Zr

Al
the
0.30 0.35 0.10 0.24 1.30 0.14 4.70 0.08 0.07
rest
Joints were butt ones two-sided welded by using FSW
method. The applied parameters of friction stir welding (FSW),
i.e. that associated with weld material stirring (see Fig. 1), are
given in Tab. 2.
Tab. 2. FSW parameters applied to welding of 7020 Al- alloy plates

D
d
h
[mm] [mm] [mm]
25

10

5.8

α [°]
88.5

Mandrel’s
Welding
rotary speed
speed
Vn
Vz
[rpm]
[mm/min]
450

180

The stress corrosion tests were conducted with the use of
SSRT (Slow Strain Rate Testing) method in compliance with
PN-EN ISO 7539-7 standard [12]. The tests were carried out
on a special measurement stand which made it possible to
stretch specimens at strain rate in the range from 10-3 to 10-7
s-1 in corrosive environment.
The following parameters : the relative elongation of
specimen in the instant of its failure A10 [%], the maximum
38
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Fig. 2. A view of FSWmethod-welded specimens after bending tests

Results of the SSR tests conducted on smooth specimens in
air (marked „ pow.”) as well as in artiﬁcial sea water (marked
„NaCl”), are presented for particular measured parameters
(average values from 4÷5 measurements) in Tab. 4.
Fractographic examinations of welded joints made of AlZn-Mg alloy were conducted on fractures achieved during
the SSRT tests. Analysis of fracture surface of examined
specimens was performed with the use of an XL30 Philips
scanning electronic microscope (SEM). During the SSR tests
the specimens formed of joints welded by using FSW method
were tested till the fracture which appeared due to shear in

Tab. 4. Slow strain rate test results

Material

Environment

Elongation
A10 [%]

7020
7020
7020/FSW
7020/FSW

air
NaCl
air
NaCl

8.77
8.77
7.32
7.12

their native material. The examinations demonstrated that
material decohesion was running through cristals and had
plastic character (Fig. 3).

Reduction-ofarea
Z [%]
48.3
45.8
48.65
48.8

Fracture
energy
E [MJ/m3]
26.87
27.1
19.32
19.17

Time-tofailure
T [h]
12.45
12.04
9.86
9.53

method- welded 7020 alloy specimens stretched in artiﬁcial sea
water, was lower on average by only 2.7 % as compared with
that of such specimens tested in air. Even lower percentage
decrease was obtained from the measurements of the relative
reduction of area and relative fracture energy (0.77%).
High strength of FSW method - welded joints is conﬁrmed
by location of fracture in tested specimens. During the SSR
tests cracks appeared beyond weld in their native material. It
concerns both the specimens exposed in air and artiﬁcial sea
water. Specimens subjected to the static tensile test cracked
in a similar way. In this case cracks were also located beyond
weld in native material.
Summing up, it can be stated that application of the FSW
method to welding Al- alloys in shipbuilding industry, seems
purposeful. The most important merits of the FSW method are
the following :
• the possible welding of butt and overlap joints
• good mechanical properties of welds
• minor welding deformations of elements
• lack of gas pores and cracks in welds
• lack of a shielding gas
• the possible single-run welding of material of up to 15 mm
in thickness
• the possible obtaining of repeatable high quality of welds
in all positions.
Friction welding by using FSW method has been presently
applied in many high-developed industrial countries. It is
used in shipbuilding, railway engineering, motor and aircraft
industries [1, 14].

CONCLUSIONS

Fig. 3. Fracture of AW-7020 alloy joint welded by FSW,
achieved during SSR test

RECAPITULATION
Investigations of mechanical properties demonstrated that
strength properties of 7020 alloy welded by using FSW method
are better as compared with those of MIG - welded joints of
7020 alloy and AlMg4.5Mn0.7 (5083) alloy presently most
used in shipbuilding industry [7]. Such weld is free of typical
defects characteristic for arc welding, e.g. gas pores or lack of
weld penetration. It was conﬁrmed by bending tests where no
fractures were found after bending by 180° angle.
On the basis of the obtained test results it can be stated
that the friction-stir-welded AlZn5Mg1 alloy (by using FSW
method) is resistant to stress corrosion in sea water. Values of
particular measured parameters of friction-stir-welded joints,
obtained in air and artiﬁcial sea water, do not differ much to
each other, respectively (Tab. 4). Relative elongation of FSW

From the performed investigations the following conclusions
can be drawn:
• Joints of EN AW-7020 T6 alloy welded by means of the new,
FSW method, show higher strength properties as compared
with those of joints welded with the use of the traditional
method MIG.
• Joints of EN AW-7020 T6 alloy welded by means of the
FSW method, show low susceptibility to stress corrosion,
determined during the slow-strain-rate test (SSRT).
• AW-7020 alloy can be applied to ship structures welded
with the use of FSW method.
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Water-lubricated bearings of ship propeller
shafts - problems, experimental tests
and theoretical investigations
Wojciech Litwin, Ph. D.
Gdansk University of Technology

ABSTRACT
In recent years can be met ships whose propeller shaft polymer bearings are lubricated
with water. It results from simplicity and associated low cost of such solution which is
also environmentally friendly as no risk of pollution is involved. However the solution is
not free of disadvantages. The main problem is intensive wear of bush material, occurring
in certain cases. It very often results from errors of improper design and machining and
mounting operations. Another problem is a limited value of its hydrodynamic load-carrying
capacity, resulting from low viscosity of water used as a lubricating medium.
As results from the performed research investigations, bearing of the kind is a highly sensitive unit. Problems
of choosing a suitable bearing clearance, designing an optimum bush geometry, selecting a proper bush
material are crucial for liﬁtime of the bearing.
Keywords: bearing; water-lubricated bearings; propeller shaft bearing

INTRODUCTION
Increasing ecological awareness, more and more stringent
requirements for environmental protection, ﬁnes for emission
of noxious substances to sea, and economical calculations
have resulted in that shipowners are searching for inexpensive,
simple and reliable design solutions for building new ships and
modernizing existing ones. These are main reasons for which
slide bearings ﬁtted with polymer water-lubricated bush are
more and more willingly applied to propeller shaft bearing.
Similar reasons are decisive of that water-lubricated bearings
are more and more often applied also in water power plants
and pumps in which a pumped liquid, usually water, serves
as a lubricating medium. They ﬁnd application also in mining
industry, water conditioning stations or land melioration
systems.
Worldwide increasing demands concerning durability and
reliability make that more and more stringent requirements
for bearings are introduced. As results from experience of
classiﬁcation institutions and shipyards, well designed and
assembled water-lubricated bearings are able to operate
correctly for more than ten years. Unfortunately from the
collected data it also results that many failures occur each year
on ships, especially in high-loaded propeller shaft bearings.
Such failures greatly endanger sea navigation as they may lead
to ship disablement. In situation of the kind, when oil serves

as a lubricating medium, its leakage results in pollution of sea
water. If ship’s crew and owner do not immediately decide
on docking and repairing the ship its serious failure will be
possible to happen (Fig. 1).
Water-lubricated bearing of ship propeller shaft, like
most materials and components for building and outﬁtting
the ships, should be approved by a classiﬁcation institution.
Many kinds of polymer materials for bearings, applicable in
shipbuilding, are present on the market today. For instance
the list issued by Lloyd’s Register of Shipping contains over
a hundred kinds of such materials produced in many countries
worldwide [1].
Producers of bearing materials, in their catalogues and
internet pages, very often present a recommended way
of selecting a deﬁnite material, bearing clearance as well
as possible location of lubricating grooves. Therefore the
designing of a slide bearing seems very simple. However as
results from experience the methods are not always effective.
In certain cases an excessive wear of bushes can happen within
a short period. Sometimes fast progressing wear results from
its operation in mixed friction conditions. It is very hard to
obtain ﬂuid friction in a bearing as water ﬁlm load-carrying
capacity is limited due to low viscosity of water. In spite of
that water-lubricated bearings are often used in practice. Their
lower price as compared with that of oil-lubricated bearings is
not without any importance.
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Fig. 2. Cantilever open bearing of yacht’s propeller shaft

Fig. 1. Completely damaged oil-lubricated slide bearing
and sealing of ship propeller shaft

TYPES OF BEARINGS
Range of the materials available today on the market is very
wide. The materials approved for shipbuilding applications
can be divided into the three groups: homogenous polymers,
composites and rubber which is often substituted by nitrilebutadiene rubber.
Each of them is characteristic of different properties
and, resulting from them, advantages and disadvantages.
Rubber effectively damps vibrations and is not sensitive
to contamination, which is the reason for using it in e.g.
cantilever open bearing systems (Fig. 2). It is important that
contaminations which fell into rubber bearing accelerate
its wear process only moderately. This concerns also hard
contaminations, e.g. high-silica sand grains.
Homogenous polymers are reletively elastic. Their modulus
of rigidity is usually contained within the range from 800 to
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Fig. 3. Damage of a composite bush, resulting from edge thrust resulting
from skew position of shaft axis (up); during repair the damaged
edge was grinded to avoid cracks and delamination of the composite (down)

2500 MPa. Owing to that such bush is capable of damping
shaft vibrations. Polymers, like rubber, relatively well tolerate
errors in alignment of shaft axis against bush axis. The thing
is in distribution of shaft - to - bush pressure over an extended
area as a result of elastic deformation of bush.

Composites, out of all the above mentioned materials,
are characteristic of the largest value of rigidity modulus
amounting to about 4500 MPa. Therefore they are sensitive to
edge thrust in the case of shaft skewing. (Fig. 3), but they also
have important merits. They are durable and highly resistant to
form distortion which is a disadvantage of some homogenous
polymer materials.
The scientiﬁc investigations have been so far conducted
worldwide justify that ceramics is a good material for bearings
operating in water [2]. Slide bearing ﬁtted with ceramic bush
can operate in ﬂuid friction conditions at a very small thickness
of lubricating ﬁlm. On the other hand such bearings are
especially sensitive to errors in relative position of shaft against
bush, particularly to non-parallelism of their axses.

MANUFACTURING AND MOUNTING
OF BUSHES
Bushes are usually manufactured by machine cutting
a prefabricate - as a rule - a thin-walled pipe. It is only an
outwardly simple operation. In practice it turns out that
obtaining a demanded form and accuracy is difﬁcult or
completely impossible. Elastic bush material undergoes
deformations during machine cutting. In consequence, an
inaccuracy of form appears. Therefore it is recommended

Fig. 4. Circles of gaps measured on both sides of a rubber bearing after its
mounting in steel sleeve. Its form errors, especially lack of circularity, can
be observed

to machine sliding surface of bearing after ﬁxing its bush in
a metallic or stiff composite sleeve. Usually a ﬁnished bush
is ordered from producer who is usually better equipped with
technological means to ensure an appropriate machining
accuracy. Then the problem of proper mounting is only left for
solving. As a rule the forcing method is not recommended as it
may lead to bush defromation. Usually the contraction method
is applied. The bush is cooled-down to a low temperature
by using liquid nitrogen and next mounted into the sleeve.
Unfortunately such method does not guarantee the highest
accuracy hence bearing clearance may often differ from
a design value. Additionally, if longitudinal lubricating grooves
are made in the bush a danger of sliding surface deformation
arises as the largest deformations appear usually in areas of
the smallest thickness of the bush, i.e. in the vicinity of the
lubricatineg grooves. Errors in manufacturing and mounting
very often cummulate, which results in that bearing geometry
differs signiﬁcantly from the initially designed (Fig. 4). As can
be observed from the below given diagrams of measured gap
circle, signiﬁcant deformations have appeared after mounting
the rubber bearing of 100 mm diameter into the steel sleeve.
Cylindricity and cirularity errors are found signiﬁcant. Hence
it may be expected that in such bearing an intensive wearingin process would happen and possible hydrodynamic loadcarrying capacity would be very limited.
As results from experience, bearings which practically
should be regenerated or replaced are often allowed to be put
into operation: for instance a rubber propeller shaft bearing of
385 mm diameter, in which radial gap was in the range from
4 mm to almost 10 mm. In the bearing also shaft journal was
subjected to wear, that is typical for rubber bearings.

Fig. 5. Diagrams of friction coefﬁcient values in function of shaft
rotational speed; up side - the diagram recorded just after mounting
the bearing, down side – the diagram obtained after several hours
of running-in the bearing
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Another technological problem is the achieving of
possible high smoothness of co-operating slide surfaces. It
is crucial because minimum thickness of lubricating ﬁlm and
hydrodynamic load-carrying capacity of bearing depends
on surface roughness height. In the subject-matter literature
publications dealing with inﬂuence of height and distribution
of roughness on operation of hydrodynamic bearing, can be
found. However as results from the author’s experimental
tests, this is bush roughness height which crucially inﬂuences
hydrodynamical features of bearing [3,4]. The performed tests
showed that running-in process of such bearing was very fast
and a signiﬁcant smoothness of slide surfaces was already
reached after a few hours of operation. As a result, ﬂuid friction
state of operation was achieved faster (Fig. 5).

OPERATIONAL PROBLEMS
Ship water-lubricated bearings can have different forms
recommended by their manufacturers. Such differences
concern both values of recommended clearance in bearings
and magnitude and number of longitudinal lubricating grooves
and their suggested location as well. For fear of clamping the
bush material exposed to water some producers recommend
to increase clearance values. Most of recognized producers of
ship slide bearings recommends to make certain number of
lubricating grooves led along the bush. They play a signiﬁcant
role. Due to them, cooling water ﬂow rate increasing is
possible. It has a great importance as polymer bush practically
makes heat transfer from friction zone to housing impossible.
Additionally, the grooves, especially in the systems of open
cantilever sea-water-cooled bearings, make it possible to more
effecitvely remove wear products and contaminations from the
bearings (Fig. 6).

possible. It results generally from fast process of bush material
smoothing and its operation in ﬂuid friction regime at minimum
thickness value of lubricating ﬁlm. Wrong geometry of slide
bearing has deﬁnitely detrimental inﬂuence on its hydrodynamic
features. To excessively increase bearing clearance is not
recommended. To locate lubricating grooves in lower part of
bush is also not recommended, as they make hydrodynamic
pressure developing impossible, and, in consequence, they
limit load-carrying capacity of the bearing.
As results from a damage analysis of various bearings of
the kind, they sufferred failures despite they were correctly
designed and manufactured with the use of high-quality
materials coming from recognized producers. Reasons of
that have been found different. Fast excessive wear resulted
sometimes from lack of water ﬂow through bearing due to
clogging-up lubricating grooves or faults of crew members who
did not put lubricating system circulation pump into operation.
In most cases it was changeable heavy operation conditions
of ship shaftline, which led to fast progressing wear or even
failure of the bearings.
Changeable operational conditions are caused by a few
factors. To the most important belong ship’s hull elastic structural
deformations resulting from ship’s motion in waves. During
ship motion in heavy waves mass forces applied to shaftline
transverse bearings can be risen by dynamic components
resulting from ship roll and heave motions. Sometimes loads
exerted to bush may be enlarged by dynamic loads due to
unbalanced motion of propeller or vibrations generated by its
blades passsing through non-homogenous pressure ﬁeld.
Appropriate alignment of shaftline and bushes is the next
important factor which directly inﬂuences lifetime of bearings;
therefore mounting accuracy is of a special importance. In the
case when mounting errors happen the skewing of shaft axis
versus bush axis may occur. As a result load-carrying capacity
of the bearing will be limited. In the extreme case the so-called
edging phenomenon and associated fast progressing wear
can appear because values of allowable contact pressure are
locally exceeded. Bearings ﬁtted with rigid ceramic, metallic or
composite bushes are especially sensitive to the phenomenon
(Fig.7).

Fig. 6. An unsealed sea-water-lubricated bearing
which was exposed to pollution and fouling

Lifetime of ship main shaft bearing depends on many
factors. Tribological features of bush material are of a great
importance. However to extend lifetime of a bearing
signiﬁcantly it should be so designed as to make it operating
in ﬂuid friction regime. As results from the performed tests it
is possible to achieve despite water has much lower viscosity
than that of lubricating oils [5]. Unfortunately, in consequence,
lubricating ﬁlm thickness is often close to its minimum value.
Bearings usually have minimum margin of hydrodynamic
load - carrying capacity, and in situations of increased load
due to e.g. ship motion in waves, they may operate in mixed
friction regime.
Experimental tests showed that even if a high load is
imposed on a bearing its operation in ﬂuid friction regime is
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Fig. 7. A white metal bush of oil-lubricated bearing, damaged due to edging

AIM OF THE RESEARCH
The research conducted for several years has been aimed
at gathering knowledge on the phenomena which occur in ship
main shaft water-lubricated bearings.
Owing to the investigations have been conducted so far it
was managed to determine inﬂuence of many factors on features

of hydrodynamic bearing ﬁtted with elastic bush lubricated
with a low - viscous liquid.
Inﬂuence of the following factors on bearing features was
investigated:
• diameter clearance
• bush material and sliding surface state
• mounting errors, especially axis skewing
• permanent deformation of lubricating gap, resulting
from progressing wear, with taking into account possible
mounting errors.
Presently is conducted a research aimed at determination
of inﬂuence of bush material on bearing lifetime, and
estimation of progressing wear rate so as to make it possible
to elaborate a computational algorithm to identify bearing
lifetime and facilitate setting deadline for necessary friction
node regeneration.

all in function of set changeable working conditions such as
shaft rotational speed and load.
Apart from the experimental tests the teoretical research is
also conducted. In this paper are presented calculation results
obtained by using the author’s original software based on
hydrodynamic lubrication theory applicable to elastic bush
material (EHL). The software is composed of two modules:
the program based on hydrodynamic lubrication theory, written
in FORTRAN language, and the module based on the ﬁnite
element method (FEM) in the form of macro to a commercial
software. Schematic diagram of the calculation method is
presented below (Fig. 8). The calculations are performed
in an iterative mode. Generally, a satisfactory result can be
obtained after twenty iterations at the most (Fig. 9). Problems
with achieving correct results appear in the case of extreme
conditions of operation with very thin lubricating ﬁlms.

EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS
The research on ship shaftline bearings has been conducted
by Faculty of Ocean Engineering and Ship Technology,
Gdańsk University of Technology, for almost ten years. Today
three different test stands are applied to the experimental
investigations [6]. They provide wide research possibilities,
and furthermore, their dimensions make the full-scale testing
of bearings possible.
It is possible to record values of resistance to motion, shaft
axis trajectory, lubricating ﬁlm pressure, and such parameters
of lubricating medium as temperature, ﬂow rate and pressure,

Fig. 9. Diagrams of calculated values of load-carrying capacity of
a bearing in function of number of successive iteration steps:
1st series – stable solution was achieved;
2nd series – a convergent result was not achieved

The calculations were performed for the isothermal model.
As results from the temperature distribution calculations
(Fig.10) and test-stand measurements the rise of lubricating ﬁlm
temperature is very low and amounts to less than 5ºC usually.
Therefore in the calculations the minimum change of viscosity
of lubricating medium as well as of bush material properties,
resulting from local rise of temperature, may be neglected.

Fig. 10. Temperature distribution in lubricating ﬁlm of a water-lubricated
bearing, calculated by using a commercial software

Fig. 8. Schematic diagram of the calculation method

Results of the calculations were veriﬁed experimentally.
They conﬁrmed that the applied calculation method is correct.
It is rather hard to estimate calculation error as to accurately
measure lubrication gap height is deemed questionable.
In the author’s opinion the calculation error does not exceed 20%.
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Results of calculated and measured hydrodynamic pressure
distributions in a water-lubricated bearing, are presented below
(Fig. 11.)

Fig. 11. Comparison of results of pressure ﬁeld measurements and
calculations

INFLUENCE OF CLEARANCE VALUE
AND BUSH MATERIAL ON BEARING
QUALITIES
Diameter clearance is of crucial impact on slide bearing
qualities. The tested bearing achieves usually its largest
hydrodynamic load-carrying capacity at the relative clearance
value in the range from 0,001 to 0,002 (Fig. 12). However
such value would be hardly applicable in practice. It should
be remembered that in the typical case a completely ﬁnished
polymer slide bush is seated by using shrinkage method.
Therfore it is usually hard to achieve a precise value of bush
inner diameter hence also a precise value of diameter clearance
after seating the bearing. An additional problem is water
absorption, typical for most polymers. Bush material swells
as a result of the process. Because the bush is seated in a steel
housing all the swelling of bush material makes bearing inner
diameter smaller, which leads to signiﬁcant risk of clenching
the bush onto shaft and bearing blocking. It creates serious
danger and therefore bearing manufacturers recommend as
a rule to increase bearing gap.
An event of the kind has happened in the past during
the tests conducted on one of the test stands. In effect,
dismounting the bearing has taken a few days. If such
situation happens on a real ship its consequences will be
rather unpredictable.

Fig. 13. Diagram of the calculated pressure ﬁeld in the bearing ﬁtted with
perfectly rigid bush

Fig. 14. Diagram of the calculated pressure ﬁeld in the bearing ﬁtted with
elastic bush of 800 MPa material rigidity modulus

Fig. 15. Diagram of the calculated deformation ﬁeld in the elastic bush of
800 MPa material rigidity modulus

Fig. 12. Inﬂuence of bearing diameter clearance (bearing gap) and rigidity
modulus of bush material on maximum load - carrying capacity of the
bearing; shaft diameter of 100 mm, bush length of 400mm

From the performed calculations it results that rigidity
modulus greatly impacts load-carrying capacity of highloaded slide bearings (Fig. 12). It is associated with elastic
deformation of bush material under hydrodynamic pressure
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of lubricating ﬁlm. In effect the largest deformation takes
place in the middle part of the bearing, and only slight ones
- near its edges. For this reason in the central part of the
bearing the lubricating gap height becomes larger and, in
consequence, load-carrying capacity of the bearing - lower.
(Figs. 13, 14, 15).
In the diagrams the calculated pressure ﬁeld of a highloaded bearing with 5µm lubricating gap height, is presented.

Attention should be paid to the fact that only the central part
of the bush has been deformed. Therefore the smallest value
of lubricating ﬁlm thickness has occurred at the bearing’s
edges. In the case of increasing load speciﬁc situation happens in
bearing of the kind: its central part operates in ﬂuid lubrication
regime but in its near-edge zones mixed friction appears and,
in consequence, progressing wear process develops. Occurence
of the phenomenon has been conﬁrmed by the performed
experimental tests.

INFLUENCE OF BUSH SURFACE STATE
ON BEARING QUALITIES
In the trybology-matter literature many papers dealing with
inﬂuence of roughness height and distribution on hydrodynamic
qualities of bearing, can be found. Slide surface roughness is
of a special importance for water-lubricated bearings working
under ﬂuid friction regime since values of lubricating ﬁlm
thickness are usually small in them. Shaft journal surface is
usually grinded hence its smoothness is high. Then to machine
elastic bush is more difﬁcult. Diameter turning operation
usually results in a value of roughness height amounting even
to a few micrometers.
The experimental tests in question were performed for a few
kinds of bush material as well as various clearance values.
The bush was turned to achieve roughness direction paralell
to sliding direction. A problem was to obtain the roughness
having direction perpendicular to rotation direction. Therefore
a machining method was elaborated similar to pull-broaching.
Through a preliminarily machined opening in the bush were
introduced purpose-designed cutting discs of successively
larger diameters to perform bush pull-broaching. (Fig.16).

Fig. 17. A bearing ﬁtted with PET polymer bush of 0.0027 relative
clearance value; up – the bearing with turned bush; down – the bearing
with pull-broached bush

Fig. 16. Internal pull-broaching of polymer bearing bush. 1 – steel sleeve,
2 – polymer bearing bush, 3 – form tool, 4 – pulling rod, 5 – cutting disc

Due to longitudinal motion of the tool roughness
arrangement perpendicular to sliding direction was achieved.
However in practice it turned out that certain materials, e.g.
composites appeared hardly machinable as they deformed
elastically. Such polymers, like polyethylene or polyamide,
were less troublesome during pull-broaching operation. Despite
setting the minimum thickness of cutting layer surface quality
after pull-broaching operation was distinctly lower than that
after turning.
The performed tests showed that roughness topography,
i. e. its arrangement has not any signiﬁcant impact on
bearing qualities [7]. Below, an example comparison of the
experimentally recorded shaft axis trajectories, is shown.
The observed very small differences in the journal’s position
demonstrate that the state of surface has negligible effect on
hydrodynamic bearing qualities. Worth adding that the tests
were performed just after mounting the bearing and before
bush material running-in.

Fig. 18. Bearing ﬁtted with composite bush of 0,0017 relative clearance
value; up – the bearing with turned bush; down – the bearing with pullbroached bush
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INFLUENCE OF MOUNTING ERRORS,
ESPECIALLY SHAFT AXIS SKEWING, ON
BEARING LOAD - CARRYING CAPACITY

INFLUENCE OF BUSH FORM ERRORS
AND PROGRESSING WEAR ON BEARING
LOAD - CARRYING CAPACITY

The skewing of shaft axis against bush axis produces serious
danger to bearing. It may appear as a result of the improper
machining and mounting of stern tube components. Such
phenomenon occurs from time to time also in the case when
ship hull deforms elastically during ship loading or sailing
in heavy seas. Ships with long shaftlines, e.g. two-propeller
double-ended ferries with amidship-located machinery room,
are especially exposed to such phenomenon.
The shaft axis skewing leads to decreasing load-carrying
capacity of bearing, and in extreme cases, when rigid bush
materials are used, the so-called edging occurs as a rule
(Fig.7). It results in an intensive local wear of bush material
and sometimes also in shaft failure.
Bearings ﬁtted with bushes made of an elastic material well
tolerate non-coaxial work as they undergo large deformations
and in consequence their load is distributed over an area greater
than that in bearings with, for instance, a rigid composite
bush.
In the below attached diagrams is presented a change of form
of calculated pressure ﬁeld, which results from the skewing
of shaft axis. In the analyzed case the theoretically maximum
value of hydrodynamic load-carrying capacity of the bearing
decreased by 25% as a result of the shaft axis skewing.

Bearing operation performed not always in optimum
conditions as well as designing and mounting errors usually
lead to fast progressing wear of bush material. Consequently, it
is hard to predict which form of bush would be ﬁnally obtained.
From an analysis of experimental tests with many bushes as
well as experience from their long-lasting operation on ships
it results that bush loses its initial cylindrical form usually due
to progressing wear. It step by step obtains a form of truncated
cone and undergoes ovalization. In the below given ﬁgure it
can be observed that the bush ovalization resulted from its
long-lasting work. In the lower part of the bush a signiﬁcant
material wastage occurred and the bush axis was displaced by
Ow value.

Fig. 21. Sliding bush of a water-lubricated bearing subjected to long-lasting
operation which resulted in a signiﬁcant wastage and associated ovalization
of the bush

Fig. 19. Calculated pressure ﬁeld in a bearing ﬁtted with elastic bush
of the material rigidity modulus E=800 MPa

In practice, during ship’s repair very often takes place
a conﬂict between the shipowner who tends to limit extent
of repair work and the classiﬁcation society which surveys
the work. For example, repair of 385 mm diameter stern tube
bearing was given up despite 5 mm cylindricity errors of the
journal and almost 10 mm change of bush diameter found in
this case. Diameter clearance value for a bearing as large as
that should be smaller than 1 mm, but the really measured was
greater than 10 mm.

SUMMARY

Fig. 20. Calculated pressure ﬁeld in a bearing ﬁtted with elastic bush
of thematerial rigidity modulus E=800 MPa,
and shaft axis skewed against bush
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The contemporary computational tools make it possible
to relatively exactly calculate slide bearing parameters. The
available software based on hydrodynamic lubrication theory
or other computational methods of ﬂuid mechanics (CFD)
taking into account elastic bush deformations calculated by
using the ﬁnite element method (FEM), makes it possible to
conduct experiments and bearing optimization in virtual space.
Ship shaft water-lubricated bearings ﬁtted with polymer
bush are sensitive units. Because of small thickness values of
lubrication ﬁlm their work in mixed friction regime takes often
place. In the case of an erroneous position of shaft axis wear
process is often fast developing in such bearings. Nonetheless
they are commonly applied to smaller ships owing to their
low price, simple design as well as lack of hazard to potential
pollution to the environment.

In present, a variety of sliding materials approved for
shipbuilding applications can be found on the market. Most of
them are products of high quality, rather insensitive to designing
and mounting errors and exposure to such agressive lubricating
medium as sea water.
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Calculation of motion trajectory and geometric
parameters of the trawl during pelagic ﬁshing

Czesław Dymarski, Prof.
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ABSTRACT
This paper presents a mathematical model of the mass centre motion trajectory of the trawl, its main
geometrical parameters, way of solving the model as well as its example results. It could be useful to deﬁne
optimum parameters of safe, effective and environmentally friendly pelagic ﬁshing.
Keywords: Sea ﬁshing, trawl ﬁshing, physical and mathematical model of trawling

INTRODUCTION
Exploitation of sea life resources undergoes continuous
changes which are aimed at ﬁsh catch increase on one hand
and protection of the resources and ensurance of biological
balance to marine ecosystems on the other hand. Various forms
of reducing unfavourable consequences of the exploitation are
applied a.o. by limiting catch of particular ﬁsh kinds as well as
by prohibiting application of harmful ﬁshing techniques and
preferring environmentally friendly ones. Both worldwide
and domestic experience indicate that one of the most
important problems is to establish rational technical solutions
of exploitation of natural resources especially in the coastal
areas and economical zones. In present, greater and greater
impact is applied to carrying out selective ﬁshing methods,
such as set-nets, drift nets, long lines, drift lines, as well as
pelagic and over-seabed trawl ﬁshing. For coastal waters an
especially harmful hazard is produced by seabed trawl ﬁshing
which results in damaging resident benthonic organisms which
play an important role in sea ecosystem. Moreover in Polish
coastal zones such kind of ﬁshing produces an additional risk
of catching on many obstacles sitting on the sea bed, and in
consequence – damage or loss of trawls and caught ﬁshes.
It should be stressed that condition of Polish ﬁshing ﬂeet is
very weak today. Majority of Polish ships operating in Baltic
Sea waters is in a very bad technical state and use obsolete
ﬁshing gear which makes it impossible to carry out highly
effective pelagic ﬁshing with controlled position of trawl in
sea depth. To compete with ﬁshermen of other EU countries
Polish Baltic-Sea ﬁshermen must use modern, economical and
ecological ships. To meet the needs relevant research and design
projects dealing with modern ﬁshing ships, mainly intended
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for individual ship owners, have been carried out by teams of
Faculty of Ocean Engineering and Ship Technology, Gdańsk
University of Technology, for a dozen or so years.
One of the research tasks realized in the frame of the projects
is the below presented mathematical model and software for
calculation of mass centre motion trajectory and geometric
parameters of trawl during pelagic ﬁshing.

ASSUMPTIONS FOR PHYSICAL MODEL
OF THE TRAWL
A ﬁshing cutter together with laid down trawl is presented
in a simpliﬁed way in Fig. 1.

Fig.1. A simpliﬁed image of ﬁshing trawl gear

The trawl gear is consisted of trawl warps which are winded
around drums of two trawl hoisting winches. The lines go into
water through pulley blocks fastened to the aft frame mast.

Deep in the water they are ﬁxed to the trawl boards by which
an appropriate divergence (width) of the trawl net is obtained.
From the trawl boards four trawl legs go. Two upper ones
are mutually connected through the ﬂoatline, two lower ones
- through the bottom line. The side legs are connected in pairs
through two side lines. To the ﬂoatline the ﬂoats are connected,
due to which an appropriate ﬂoatability of the gear is obtained,
and the bottom line is loaded, additionally onto the lower trawl
legs the main weights are hung. Due to the buoyancy force and
applied weights the trawl mouth is shaped in vertical plane.
The next element of the trawl gear is its net part consisted of
a few conical segments ended with a cylindrical tail into which
caught ﬁshes fall.

-

-

-

material points placed vertically in estimated gravity centers
of the parts
the above speciﬁed material points have masses and drag
areas equivalent to those represented by relevant parts of
the gear, and they are connected each to other by means of
straight line segments
motions of the ship, trawl warp and trawl net in waves occur
in vertical plane of ship symmetry
trawl warps are assumed to be uniform, perfectly ﬂexible and
inextensible strings with taking into account their deﬂection
due gravity and buoyancy forces and hydrodynamic
interaction due to their motion in sea water
the origin of Cartesian coordinate system is located in the
point of contact of the trawl warp with ship stern in the
place of going the warp down to water.

Schematic diagram of the trawl gear’s physical model
which satisﬁes the above speciﬁed simplifying assumptions,
is shown in Fig. 2 and 3.

MATHEMATICAL DESCRIPTION
OF THE ASSUMED MODEL
To calculate motion trajectory of the trawl gear the
equations of component forces applied to its gravity centre can
be described as follows:
Fig. 2. Simpliﬁed model of trawl gear whose particular numbered parts are
substituted by their masses concentrated in their gravity centres, namely:
1 – trawl net part; 2 – ﬂoats; 3 – weights: 4 – trawl boards; 5 – point
of line run-out from the ship; G, R, F – gravity, buoyancy,
drag and line stretching forces, respectively.

One of the more important problems which occur during
pelagic ﬁshing is to appropriately select operational parameters
of ship and trawl winches so as to ensure keeping the trawl in
operation in a given water depth. So far not many ﬁshing ships
have been equipped with instruments to control trawl position
hence choice of the above mentioned parameters is mainly
based on crew experience. However not always that will do.
Many ﬁshermen resign from carrying out such kind of ﬁshing
for fear of catching the trawl on various obstacles placed on
the sea bottom and loss of the trawl net together with caught
ﬁshes. The situation justiﬁes purposefulness of elaboration
of a mathematical model and calculation software based on
it, which could make it possible to determine trajectory of
trawl motion in water during ﬁshing, depending on main
operational parameters. Exact calculation of motion trajectories
of particular elements of trawl gear immersed in water is a very
difﬁcult task not only with a view of possibility of solving the
complex and mutually confounded equations but also due to
difﬁculties in deﬁning and describing randomly changeable sea
conditions. For this reason such calculations are to be performed
under certain, often very far going, simplifying assumptions
depending on a given aim and expected accuracy of results
to be obtained, resulting from the aim. Below is presented
a relatively simple model which makes it possible to determine
motion trajectory of trawl gear gravity centre during ﬁshing
in waves and at changeable operational parameters of ﬁshing
ship or trawl hoisting winch.
To the model the following simplifying assumptions were
introduced to describe the above presented trawl gear:
- the trawl gear is symmetrical with respect to ship plane of
symmetry, that means that both trawl warps and the part of
the gear, connected with them, are of identical geometric,
kinematic and dynamic parameters
- the following parts of the gear, namely: trawl net, ﬂoats,
weights, trawl boards and warps are assumed to be ﬁnite

- total horizontal drag force

(1)

- total gravity force in sea water

(2)

where:
(3)
ρ
– sea water density
Cix, Ciz – drag coefﬁcients of i-th element of the trawl gear in
x - and z– axis direction, respectively
Aix, Aiz – projected areas of i-th element in x - and z - axis
direction, respectively
Gi
– weight (buoyancy) of i-th element in sea water
υix, υiz – velocity of i-th element in x - and z - axis direction,
respectively:

υix = υ5x + υ1 · cosαl1
υiz = υ5z + υ1 · sinαl1
υ1

(4)
(5)

– velocity of running out “+” (or hauling “-“) the line
by the trawl winch

α11 = arctan(Gw/Rw)

(6)

(the angle between the line and
x - axis at its connection with the trawl net)
υ5x
υ5z

– speed of the ship (and the point 5) in x – axis direction,
assumed constant
– speed of the ship stern (and the point 5) in z – axis
direction, under the assumption that motion of the
point 5 due to heave and pitch motions of ship in
waves is close to sinusoidal, hence it can described
by the equations:

z5(t) = a5z · sin(ω · t)
x5 ≈ υ5x · t
a5z

(7)
(8)

– displacement amplitude of the point 5 in z - axis
direction
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ω = 2 · π/T

(17)

(9)

where:
T – ship pitch period
t – time.

(18)
(resultant drag force of the calculated segment of the line)

Calculation of shape of the trawl warp in vertical plane was
performed by using the numerical method in accordance with
the model presented in Fig. 3.

(19)
(drag force of the calculated segment of the line
in the direction perpendicular to it)
(20)
(drag force of the calculated segment of the line
in the direction parallel to it)
where:
Cn – drag coefﬁcient of the line in the direction
perpendicular to it
Cτ
– drag coefﬁcient of the line in the direction parallel
to it
d
– diameter of the line
∆S – length of the elementary (calculated) segment of the
line.
Coordinates of an arbitrary point i of the trawl warp
relative to the point of its connection with the trawl body were
determined from the following relations:
(21)
(22)
and the slope angle of the line – from the interpolation
formula:
(23)
Any motion of the point 5 in z – axis direction will produce
deﬁnite changes in loads in the line and displacements of the
gravity centre of the trawl gear. The equation of forces acting on
the trawl gear in z – axis direction takes the following form:

Fig. 3. Simpliﬁed model of shape of the trawl warp (line), taken to
numerical calculations

The force in the end of the trawl warp at the point of its
connection with the trawl body is equal to:
(10)

(24)
where:

(25)

and, in an arbitrary point of the line it can be calculated from
the relation:
(11)

(total mass of the trawl gear elements in sea water)
(26)

where:
(12)

(vertical coordinate of the trawl gear gravity centre,
relative to the point 5)

(13)

l = l0 + υ1 · t

(27)

(current length of the run-out trawl warp)
Gs

αsi

– weight of the calculated segment of the line in sea
water

RsXi = Rsi · sin2(αsi + βi)

(14)

RsZi = Rsi · cos2(αsi + βi)

(15)

– average slope angle of the calculated segment of the
line, calculated from the following interpolation:

Fz = R · tgαl1

(28)

(vertical force component in the line,
acting on the trawl gear)
To solve the differential equations Runge-Kutta method was
used. At ﬁrst the following substitution was introduced:
(29)

(16)
αi-1, αi-2 – slope angles of the line in the points i – 1 and i – 2,
respectively
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On substitution of Eq. (29) to Eq. (24) and appropriate
transformations the following was obtained:

(30)

In the case when a calculated value of the moment is greater
than an assumed accuracy, for the next calculation step a little
greater or smaller value of the angle α is taken, depending
on sign of the moment. When a sufﬁciently accurate result is
achieved the coordinates of the points 1 through 4 and then
the moment relative to the point 5 are calculated for the new
geometry of the trawl gear.

The calculation process was realized by applying a constant
time step and assuming the results of the preceding step to be
initial value for the successive calculation step.
To calculate geometric parameters of the trawl gear in
steady operational conditions the above given mathematical
description was supplemented by the following additional
relations to which the notations complying with Fig. 4 were
introduced:

(43)

Like before, the angle αl1 will be corrected depending on
value and sign of the moment until its values in successive
iteration steps are sufﬁciently accurate.
The computer software in question was written in Fortran
programming language to make it possible to carry out
calculations in various working conditions.

RESULTS OF NUMERICAL SIMULATIONS

Fig. 4. Simpliﬁed model of the trawl gear, with indicated load vectors
and main geometric parameters

Below are presented example results of the calculations
of the trawl gravity centre motion trajectory, performed for
the following operational conditions: υx = 1.5 m/s; l = 300 m;
a0 = 0.5 m; T = 7 s; Cn = 1.2; Cτ = 0.02; d = 0,01 m and three
values of rope velocity: υl = 0; 0.06; and -0.06 m/s.

(31)
In the ﬁrst calculation step:
α = αl
(32)
If the above mentioned angles and the line length is known
it is possible to determine coordinates of gravity centers of
particular parts of the trawl gear, namely:
(33)
(34)

x3 = x4 – l2 · cos(α + ψ)
z3 = z4 – l2 · sin(α + ψ)
x2 = x4 – l2 · cos(α – ψ)
z2 = z4 – l2 · sin(α – ψ)
x1 = x4 – l1 · cosθ – l2 · cosψ
z1 = z4 – l1 · sinθ – l2 · sinψ

Diag. 1. Diagram of trawl displacement velocity for the parameters:
υs = 1.5 m/s; l = 300 m; a0 = 0.5 m and T = 7 s.

(35)
(36)
(37)
(38)
(39)
(40)

Then, for the so determined geometry of the gear the
moment in the point 4, which tends to rotate the gear with
respect to the point, is calculated.

l14 = l1 · cosθ + l2 · cosψ

(41)

Diag. 2. Diagram of trawl displacement for the parameters:
υs = 1.5 m/s; l = 300 m; a0 = 0.5 m and T = 7 s.

(42)

The oscillations of the trawl gear gravity centre of for 300 m
length of the laid-down line and the trawling speed of 1.5 m/s,
amount to 0.226 m and along with the increasing of trawling speed
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they maintain on similar level. And, the displacement velocity of
the gravity centre amounts to υz = ±0.06 m/s on average. In the
case of decreasing the initial length of the laid-down line the
mean value of oscillation amplitude increased up to 0.289 m and
the displacement velocity was equal to almost ±0.09 m/s.
It should be also observed that for 300 m length of the
laid-down line, for the ﬁrst several seconds (one period) after
switching the winch on line hauling mode, the „ﬂattening” of the
displacement characteristics occurs at simultaneous deviation
of its mean value. The emerging of the trawl occurs relatively
fast at simultaneous insigniﬁcant increasing the amplitude of
oscillation, and an increase of its draught with accompanying
decrease of the oscillation amplitude takes place during laying
down the line.The trawl velocity vz, after starting the winch and
transient disturbances resulting from that, tends to be close to
the initial velocity except that, as expected, oscillation amplitude
value increases in the case of hauling the line and decreases
during laying down the line. The increasing of trawling speed
or decreasing of length of the laid-down line does not cause any
distinct intensiﬁcation of the above mentioned phenomena.
Below in Tab. 1. and the diagrams are presented example
results of the numerical calculations performed for two values
of the laid-down line length l = 300 m and 150 m as well as ﬁve
values of the ship speed υs = 1; 1.25; 1.5; 1.75 and 2 m/s.

Diag. 3. Calculated values of the horizontal coordinate x
of the points 1 ÷ 4 for l = 300 m and υs =1 ÷ 2 m/s.

Tab. 1. Results of the simulations

υx
[m/s]
1
1
1.25
1.25
1.5
1.5
1.75
1.75
2
2

l
[m]
300
150
300
150
300
150
300
150
300
150

αl
[°]
6.451
6.451
4.139
4.139
2.877
2.877
2.114
2.114
1.619
1.619

α
[°]
6.138
5.958
3.941
3.827
2.740
2.661
2.014
1.956
1.543
1.498

θ
[°]
7.834
7.834
5.064
5.064
3.530
3.530
3.597
3.597
1.990
1.990

ψ
[°]
3.168
3.168
2.051
2.051
1.430
1.430
1.053
1.053
0.807
0.807

Diag. 4. Calculated values of the vertical coordinate z
of the points 1 ÷ 4 for l = 300 m and υs =1 ÷ 2 m/s.

Diag. 5. Simpliﬁed shape of the trawl gear in function of its speed, for the laid-down line length l = 300 m
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FINAL COMMENTS
•

•

The elaborated, relatively simple model of the trawl gear as
well as calculation software make it possible to determine the
gravity centre motion trajectory of the trawl gear immersed
in sea water, depending on the main operational parameters
such as: ship speed, speed of hauling or laying-down the
line by trawl winches, length of the laid-down line as well
as amplitude and period of ship stern displacements.
The model makes it possible also to determine position
of the trawl gear main parts as well as divergence (width)
of the trawl mouth for deﬁnite values of the main design
and operational parameters of the gear. This is as much
important that the so obtained data can be used during
performance of ﬁshing. By appropriate selecting the
operational parameters a current position of the trawl and
its mouth width can be adjusted to a localized ﬁsh shoal,
moreover any danger of catching the trawl on underwater
obstacles can be avoided this way.
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University of Technology, Gdańsk 1991
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ABSTRACT
Polish Maritime DGPS system has been modernized to meet the requirements set out in IMO resolution
for a future GNSS, but also to preserve backward signal compatibility of user equipment. Having ﬁnalized
installation of the new technology L1, L2 reference equipment performance tests were performed. This
paper presents results of the long-term signal measuring campaign of the DGPS reference station Rozewie,
which was performed in July 2009. Final results allowed to verify repeatable and absolute accuracy of
the system after the modernization. Obtained statistics were compared to past measurements performed in
2005 when previous system infrastructure was in operation.
Keywords: radionavigation; DGPS position; DGPS transmission; accuracy evaluation; static position measurement;
absolute accuracy; sccatter plot; DGPS monitoring; ellipsoid transformation

INTRODUCTION
Maritime DGPS system was developed to provide position
and integrity information to maritime users. This service based
on reference stations and MF radio beacons can distribute
differential GPS corrections to increase position accuracy,
distribute integrity warning to satisfy navigation requirements
in coastal navigation and hydrographic survey.
The ﬁrst Polish DGPS station was established by Polish
Hydrographic Ofﬁce in 1994, ﬁnally the system was composed
of two independent maritime reference stations located in
Rozewie and Dziwnów and common control station in Gdynia.
Both RS stations equipped with local integrity monitors were
remotely controlled by PSTN network. Due to common
research projects performed by Polish Naval Academy and
Maritime Ofﬁce Gdynia, the infrastructure of the system was
gradually improved. Tests had mainly been focused on coverage,
accuracy and availability of beacons’ signals. Then hardware
and software of the system have been entirely modernized in
2007, by replacing obsolete L1 code receivers with new type
L1, L2 as well as a set of new technology antennas.

DGPS-PL NETWORK
National radio-navigation policy assessed the current and
potential use of the DGPS in navigation, therefore concluded
that there was a requirement to improve functionality while
modernized. It was evident, that any new approaches that could
meet higher requirements and provide enhanced services, had to
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preserve backward compatibility of existing users’ equipment.
According to IALA recommendation [IALA 2006], the baseline
principles for the re-capitalization of the Polish DGPS system
were as follows:
 backward compatibility with legacy signals
 solution supported by international standards
 ﬂexibility for future service requirements
 long life-time.
Polish DGPS system has been modernized during the
last two years (2007-8) to meet the requirements set out in
IMO Resolution A.915(22) to contribute to the provision
of navigational and engineering position-ﬁxing, including
navigation in harbour entrances, port approaches and other
congested waters. The hardware RSIM solution has been
adopted for the re-capitalization on grounds of market
availability and lowest cost.
A conception of communication in the system (Fig. 1) is
based on operation of reference stations (RS) and far ﬁeld
remote integrity monitors (IM) via IT network, continuously
controlled by a Control Station.
There are two reference stations: RS Dziwnów – at west
coast, and RS Rozewie at north-east, coast, has been equipped
with local integrity monitors (RSIM model). Both sites are
being under permanent control of Control Station in Gdynia,
where a dedicated server continuously gathers operational
information from all RS sites and remote integrity monitors.
Thus a living data base of system performance is available
there in real time.

Fig. 1. Block diagram of modernized Polish DGPS and RTK network [1]

SYSTEM COMPONENTS AND
PERFORMANCE
Both reference beacon stations Dziwnów and Rozewie are
equipped with local PCs remotely operated and controlled via
wide area network from Control Station located in Gdynia.
Quality of DGPS broadcast is being checked and evaluated
by local integrity monitors (IM) and one remote LF DGPS
monitor in Gdynia port. The corrected DGPS position
accuracy is limited by the quality of the position information
of the reference points. For high precision applications, the
reference antenna should have a stable center (electrical center
of the antenna) and should not be affected by reﬂected signals
(multipath mitigation) and/or radio interference (jamming
resistance). To overcome these problems a choke -ring antennas
were installed which performance is particularly effective in
reducing the effects of multipath. Daily reports and data on
availability of the signal are gathered by local PCs then can be
transferred to the data base of Control Station in Gdynia.

To ensure signal availability at required level of 99,5% for
a single site beacon station, a redundancy of major functions
is fundamental, so that station will continue uninterrupted
work in case of a single hardware failure. Therefore, main
blocks of each RS beacon station are doubled. It contains two
independent reference L1, L2 receivers, two MSK modulators
and dual MF beacon transmitters. Station integrity is under
control of single local integrity monitor (L1 DGPS receiver)
plus one broadcast station controller – a high end industrial
PC well equipped with multiport cards. Each reference station
includes a UPS and a telecommunication equipment: DSL
modem, router, network switch. It was recognised that certain
reference station and integrity monitor threshold settings are
vital to the proper performance of the RS station. A list of
parameters and recommended range of settings can be found
in IALA recommendation [IALA 2004]. The set of RTCM
messages and frequencies being broadcast from Polish DGPS
beacon stations is shown in Table 1. The local integrity
monitor tests the quality of the own beacon transmission by

Tab.1. Polish DGPS characteristics

Table of DGNSS Stations
Identiﬁcation Nos
Station
name

Country: POLAND

Date of last amendment: July 2009

Geographical
Position
Lat/ Lon

Station in
operation

Integrity
Monitoring

Transmitted
message
types

Freq
(kHz)

Bit
Rate
(bps)

481

54°01’ N
14°44’ E

yes

yes

9,3,7,16

283.5

100

482

54°49’ N
18°20’ E

yes

yes

9,3,7,16

301.0

100

Reference
Station(s)

Transmitting
Station

Dziwnów

741
742

Rozewie

743
744
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receiving and applying own corrections. The IM software
continuously monitors position accuracy, signal availability,
every single tracked satellite, GPS geometry, RTCM data
correctness and quality, as well as transmitted signal strength
(SS, SNR). When any ‘alarm condition’ is detected, an
alarm message is immediately set for local response and
switching to optional station (secondary conﬁguration) can
happen. In case of integrity alarm – a warning message will
automatically be broadcast to all users/ships in the area within
time of 10s.

(2)
where:
B, L

SYSTEM ACCURACY EVALUATION
In order to evaluate new characteristics of the modernized
DGPS system, a measurement campaign took place over
the time span between 30th of June and 26th August 2009.
Pseudorange (PRC) corrections type 9-3 broadcasted
from DGPS reference station Rozewie were received and
recorded by a single frequency (L1) receiver installed in
Gdynia, 40 km from the transmitting MF beacon. These
tests were focused on evaluation of horizontal and vertical
accuracies of the 3D position. Results were based on long
term observations (26 days) registered with 10s sampling
rate. Data ﬁles were containing position time series in the
format of NMEA 0183 standard, GGA referenced to WGS-84
datum (a = 6378137.00 m, b = 6356752314 m). The reference
point for the receiver was set in the Port of Gdynia with
coordinates: 54 31.75524 N, 18 33.57418 E, H = 68.07 m.
The previous one (in 2005) was installed almost at the same
position. Obtained results (statistics) has been compared to
ones performed in 2005 [4].
Let’s deﬁne an absolute accuracy as a the statistical
difference between position measurements and a surveyed
benchmark for any point within the service volume over
a speciﬁed time interval [SPS 2001].When there is no
information about surveyed coordinates the statistics could be
related to estimated (average) position (repeatable accuracy).
Measured ellipsoidal coordinates were transformed to
Gauss-Kruger (X,Y) conformal coordinates: based on relations;
[2,3,5]

(1)

– measured ellipsoidal DGPS coordinates
(ref. WGS-84)
R
– radius of curvature in the prime vertical
S(B)
– distance from the equator to deﬁned
coordinate B
dL
– difference in longitude between L and
prime meridian
k = 0.999923 – scale factor.

Others parameters could be calculated as:

t = tg(B)

(4)
where:
e – eccentricity of ellipsoid
η – orientation angle of distortion ellipsis.
All calculations were realized in Mathcad, software version
13.1. Drawings below present scatter plots of the position
solution for DGPS relative to past and current status. These
ﬁxes are presented with reference to average position (average
latitude and average longitude).
Figure 3 presents a comparison of the time series of position
errors measured during these two campaigns.
Cumulative statistics of accuracies are presented in tables
no. 2 and 3.
The same analysis was done for the absolute accuracy
– but relative to true (surveyed) coordinates of reference point.
(Tab. 3).
Final analysis was done regard to vertical position error
- see ﬁg. 4.
Table no. 4 presents ﬁnal statistics of the measurements
realized for both campaigns.

Fig. 2. Scatter plots relative to average position (left - previous, 2005, right - current, 2009)

58

POLISH MARITIME RESEARCH, No 4/2009

(3)

Tab. 2. Statistic of position repeatable accuracy - results of the Rozewie DGPS station before May 2005 and after modernization (September 2009)

Rozewie DGPS before modernization
Repeatable
Accuracy
3D position
error
2D position
error
1D- Longitude
error
1D- latitude
error

rms (p = 0.68) 2rms (p = 0.95)
[m]
[m]

Rozewie DGPS after modernization

95 %
population
[m]*

rms
(p = 0.68)
[m]

2rms
(p = 0.95)
[m]

95 %
population
[m]*

1.757

3.515

3.055

0.402

0.804

0.737

1.0202

2.040

1.769

0,210

0.420

0.385

0.6204

1.240

1.244

0.127

0.254

0.247

0.809

1.619

1.540

0.167

0.334

0.341

Columns rms and 2rms in table 2 assume Gaussian error distribution, while column “95% population”
represents measured error value calculated by sorting a population of error values from minimum to maximum.
Tab. 3. Statistic of position absolute accuracy - results of the Rozewie DGPS station before (May 2005) and after modernization (September 2009)

Rozewie DGPS before modernization
Absolute
Accuracy

Rozewie DGPS after modernization

rms (p = 0.68)
[m]

2drms (p =
0.95)
[m]

95 %
population
[m]*

rms (p = 0.68)
[m]

2rms
(p = 0.95)
[m]

95 %
population
[m]*

1.757

3.515

3.039

0.402

0.804

1.204

1.020

2.040

1.787

0.210

0.420

0.398

0.620

1.240

1.245

0.167

0.334

0.344

0.809

1.619

1.549

0.127

0.254

0.270

3D position
error
2D position
error
1D- Longitude
error
1D- latitude
error

Columns rms and 2rms in table 2 assume Gaussian error distribution, while column “95% population”
represents measured error value calculated by sorting a population of error values from minimum to maximum.

Fig. 3. DGPS position error (2D) as a function of time

Fig. 4. Histograms of the DGPS vertical position errors measured in 2005
(red) and 2009 (blue) calculated for 2.15.000 position ﬁxes

Tab. 4. Statistics of vertical accuracy results

DGPS before (May 2005)

DGPS after (September 2009)

Type of the
accuracy

rms (p = 0.68)
[m]

2rms (p = 0.95) 95 % of population rms (p = 0.68)
[m]
[m]
[m]

2rms (p = 0.95) 95 % of population
[m]
[m]

Repeatable

1.431

2.862

2.834

0.343

0.686

0.674

Absolute

1.433

2.866

2.800

0.341

0.682

1.200
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Absolute error of DGPS corrected position estimated by
long term static observations allows to calculate error vector
between estimated (average) and surveyed position. For 2005
year campaign the differences in 3D cartesian frame were as:
dX = 0.0445 m, dY = -0.162 m and dZ = 0.034 m. The same
values for present (2009) status are: dX = 0.013 m, dY = -0.046
m, dZ = 0.574 m.

CONCLUSIONS
-

-

Evaluation of the DGPS system was performed to gain
a statistical comparison of signal quality before 2005 and
current operation. Static test of repeatable and absolute
position accuracy was done for the Rozewie reference
station.
It should be noted that 95% current 2D positions calculated
was closer to the reference point then 0.42 m.
Repeatable and absolute accuracies are nearly the same.
In comparison to former system operation the position error
is about 5 times less.
An absolute error of 2D position was estimated to be
0.047 m.
Vertical error distribution is shown in ﬁg.4. In comparison
to former results (2005), it is also more than 4 times closer
to the reference point. However, there is a signiﬁcant error
in absolute vertical error component Z (height): 0.57 m.
It is very likely, it happened due to a survey error of the
reference point position, which should be checked.

In conclusion, it should be noted that DGPS corrections’
quality of the modernized DGPS system was analytically
proved to be better then the former one.
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On the adaptation of CAN BUS network for use
in the ship electronic systems
Andrzej Piętak, Assoc. Prof.
Maciej Mikulski, M. Sc.
University of Warmia and Mazuria in Olsztyn

ABSTRACT
This paper presents an analysis of application of the CAN - based marine electronics standard NMEA
2000, recently developed one, on board sea-going vessels, especially in the context of small, recreational,
sailing and motor craft. The idea and development of the system has been brieﬂy presented. The properties
of the CAN network has been described and the use of its functions by the NMEA system, discussed. The
discussion has been performed for all layers of the communication protocol, according to the Open Systems
Interconnection Reference Model worked out by ISO. All the features have been summarized and analyzed
in the context of their possible use in various shipboard systems.
Keywords: controlled area network; CAN; CAN BUS; linear network communication;
NMEA2000 standard; NMEA 2000 network

INTRODUCTION
In the beginning phase of ship electronics development,
each device was an entirely independent unit. Devices such
as electronic log, echo sounder or gyrocompass were carrying
out their own tasks, being not connected to other instruments.
With the development of new technologies it soon became clear
that it is crucial for the separate devices to communicate with
each other. Introduction of autopilot required to get a signal
from gyrocompass and so on. Some producers have introduced
their own devices to connect the systems [1,2]. With the
development of digital techniques the need of standardization
of the communication protocol used by the navigational devices
became obvious. The breakthrough came in the year 1980
when the NMEA (National Marine Electronics Association)
introduced the NMEA0180 standard. For the following years
the standard was being improved. The NMEA0183 standard
introduced in 1983 incorporated radical changes in the system
which enabled the mutual communication between virtually
each device of a vessel’s electronics, and also easy exchange
of data with PC computer. The NMEA0183 standard, with
the passage of years, has undergone signiﬁcant evolution,
and operation of new devices has been added. Towards the
end of the 20th century the contemporary standard turned out
to be insufﬁcient. The NMEA0183, in principle, provides
the linear data transfer only from the transmitter to several
receiving devices (the so-called ‘listeners’). The progressing
strong integration of the on-board systems results in that the
modern maritime electronic equipment requires data coming
from many sources. Without a network standard which would
enable such integration of data, the equipment producers have
to provide several inputs or introduce such solutions which

cumulate data from several transmitting devices into one
channel. The ﬁrst solution is connected with a higher cost and
additional complication in wiring system. On the other hand the
NMEA0186 protocol operating with the speed of 4800 bit/s, is
able to provide approximately 10 sentences per second, which
is absolutely sufﬁcient when one device transmits, but it fails
when the system starts to join the data.
The new standard of the linear network communication
- NMEA2000 worked out in 2001 by the National Marine
Electronics Association, in which the integrated circuits of
the CAN network (Controlled Area Network) is used, was
the answer to the growing expectations dealing with joining
and exchange of data among the electronic ship devices. The
CAN has been originally worked out for the car industry but
due to its easy access and low price of the components, is now
currently applied in many industrial branches. The standard is
becoming more and more popular. The reputable producers of
navigational equipment have started to introduce products ready
to cooperate with the NMEA2000 network, onto the market. The
ﬁrst applications of the standard have appeared not only in the
elaborate on-board systems of big vessels but also in the projects
of navigational and propulsion systems of small recreational
crafts. Despite the growing interest of the marine equipment
producers, the knowledge concerning the new system seems
to be not wide- spread especially as far as its use in the yacht
industry has been concerned. Also the literature on the standard
in question as well as on the possibilities of using the well-known
CAN main technology in the electronic systems of small vessels
is very scarce. Thus, it seems reasonable to provide a wider
commentary on both the systems (i.e. the NMEA2000 and CAN
BUS) and to research the legitimacy of using them, especially in
the aspect of recreational motor and sailing vessels.
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THE NMEA2000 STANDARD
The NMEA 2000 is a cheap linear communication network
which operates with the speed of 250 kbit/s using the integrated
circuits of the CAN network. The main difference between
the NMEA 2000, and the earlier standard, NMEA 0183, apart
from the transmission speed (of 4.7 kbit/s for NMEA 0183), is
that the ﬁrst constitutes the whole network of data exchange,
and the second one is only the communication protocol.
The NMEA 2000 network, unlike preceding standards,
enables connecting many electronic devices through one
communication channel in which several devices may transmit
the data simultaneously. Like the NMEA 0183, the NMEA 2000
introduces standard deﬁnitions and formats of a message, but
in addition, it provides broader terms of managing the network,
device identiﬁcation, sending the commands and receiving the
data. Just as in the case of any network communication, joint
between the central units takes place through the solitary lead,
which considerably simpliﬁes the installation and lowers its
cost in the case of more elaborated systems. In the system, data
are transferred in the form of data frames with reserved bits in
order to identify and detect errors and conﬁrm the receiving
of a message. Each frame consists of 8-byte data space and
29-byte identiﬁcation ﬁeld which determines the priority of
a message and identiﬁes the broadcasting and receiving element
in the network. As only a small part of the frame is allotted to
the data, the standard is mainly intended for the transmission
of short messages but, owing to the advanced error control,
with a high level of reliability. Messages may be transmitted
periodically, sent only in given circumstances or at the request
of given receivers.
In accordance with the Open Systems Interconnection
Reference Model (OSI model) worked out by ISO, [3], the
NMEA 2000 standard deﬁnes all the layers (the OSI model is
based on the seven-layer organization of the communication
protocol) essential for proper operation of a network standard,
in accordance with the taken-up assumptions. The most
important components of the NMEA 2000 network are
presented below.
Tab. 1. Elements of the NMEA 2000 standard, with the differentiation into
layers in accordance with the ISO/OSI model, based on [3],[4].

Physical Layer

Fully deﬁned in the standard,
it normalizes the sort of
cables and connectors, the
characteristics of signals etc.

Data Layer

Deﬁned by the ISO 11783-3
standard with the additional
requirements contained in the
NMEA 2000 standard.

Network Layer

Currently non-deﬁned in the
NMEA 2000, it will be deﬁned
in future versions of the
standard.

Network management
(includes the transport,
session and presentation
layers in accordance
with the OSI model)

Deﬁned in the ISO 11783-5
standard with the additional
requirements contained in the
NMEA 2000 standard.

Application Layer

Fully deﬁned in the NMEA
2000 standard
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The main characteristics of the NMEA 2000 network,
which result from the accepted standards and deﬁnition, are
contained in Tab. 2.
Tab. 2. Characteristics of the network in accordance with [5]

Characteristics of the network
•
Architecture •

•

Functioning

•
•
•

•
Size

•
•

Wiring of a main by using the twistedpair cable, intended for the supply, data
transfer and functioning of interface.
Linear network with a single backbone
cable, separate central units joined to
the main through the short cables of
the AUI interface.
Access to the network: carrier sense
/ multi-access / access arbitration
determined by the CAN network
controller.
Network of a multi-master type (lack
of a central control unit).
Self-conﬁguring.
Special network tools necessary for the
diagnostic purposes, but not essential
for the functioning of a network.
Physical central units: 50 connections
at max.
Functional central units: 252 IP
addresses at max.
Length of a network: up to 200 m (at
the 250 kbit /s speed of transfer).

THE CAN BUS – THE BASIS FOR THE
PHYSICAL LAYER OF THE NMEA 2000
The physical layer deﬁnes mechanical and electrical aspects
of connection between the elements of network. The mechanical
part of physical layer (kind of cables and the mean joining them)
of a network is fully described by the NMEA 2000 standard
and is not a subject of this work. Characteristics of the electric
physical layer can be covered by the following points:
• Access to media is controlled by the CAN standard deﬁned
as in the ISO 11898 standard.
• The CAN uses dominative/recessive bit transmission.
• Time delay and capacity of a network limits the frequency
of bit transfer and the length of a backbone cable.
• LVDS method signiﬁcantly improves the resistance to
interferences of transmission.
• The network single-point common signal reference controls
ground voltage levels and reduces the RFI.
The CAN network has been worked out in the second
half of the 1980s by the Bosch Company. After a number of
changes the CAN network speciﬁcation present in the ISO 1898
standard, has become the international standard to be used in the
vehicles. The controllers of the network, owing to its extensive
use in the automotive industry, are available at a price lower
than most of the ASIC networks used to control the mains of
measurement-control systems (such as e.g. Proﬁbus). Thus,
the CAN is widely used also in industrial automation systems
as a main for the communication with sensors and actuators.
Many advantages of the standard have led to its use also in the
vessel networks.

The CAN network is a linear, bit-orientated main, to which
the CSMA/CA method of the access to the main avoiding the
collisions and errors of transmission, is applied. It requires
the time of reaction of all drivers to be no longer than the time
of transfer of one bit. It imposes signiﬁcant limitations on the
length of a main which has to fulﬁll the following condition:
(1)
where:
L – ength of a main [m]
Cl – proportionality constant (of the value varying
between 40 and 50, acc. different sources)
K – transmission speed [Mbit/s].
The length of the main has to be the smaller the bigger the
speed of transmission, as all the CSMA/CA devices on the main
have to work with the same speed, and as in the transmission
line - in case of long lines - the differences of a signal, resulting
from delays in the transmitter/receiver or ampliﬁer, may appear.
The relation described in Eq. (3.1) is an empirical formula. In
the NMEA 2000 standard the CAN network transmission speed
has been set to 250 kbit/s which is equivalent to 200 – meter
long main cable.
The quick transmission method through copper cables
which have low amplitude, power and small interferences
(LVDS), is based on the fact that the CAN main has to be closed
at both ends with conditioning resistors (so called terminators)
of a value depending on cable impedance. The transmitter
transmits small electric current which depends on the logical
value (usually of 3,5 mA ) which is to be transmitted through
one cable. After going through the ﬁnal resistor, the signal
comes back in the opposite direction. The receiver measures
the difference of voltages in both cables in relation to the joint
reference signal in order to determine the logic state. The
arrangement of the typical network based on the CAN main
is presented in Fig. 1. The small signal amplitude and strong
coupling of the electric and magnetic ﬁeld between the pair of
cables results in that the emission of electrical noise (and the
loss of energy) is very low.

•

Dominant state:
CAN_H = 3,5V, CAN_L = 1.5V,
Vdiff = CAN_H - CAN_L = 2.0 V

•

Recessive state:
CAN_H = 2,5V, CAN_L = 2.5V,
Vdiff = CAN_H - CAN_L = 0.0 V

The low differential voltage occurring in a system consumes
very small amount of energy in comparison to other solutions,
which is especially important in case of sailing vessels. The
standard also enables the using of typical 12V yacht batteries
for the powering of the whole network, in the case when length
of a backbone cable and number of central units is sufﬁciently
small. For bigger installations several power sources can be
used. Power can be delivered through the main cable or the
separate lead (dedicated twisted - pair cable). Such option
enables additional power consumption by the device with
minimum interface complication. In both the cases the power
supply and the reference signal for the interface circuits cannot
have direct connection to the power supply circuit or the device
grounding in the network. The isolation can be realized in
various ways. The most popular one is the using of the optic
isolation in the device between the CAN network controller
and other circuits. Such isolation which complies with the ISO
11898 standard requirements, is presented in Fig. 2.

Fig. 2. The example of the optic isolation between the circuits of the
interface and devices in the network in accordance with the ISO 11898
standard [6]

THE CAN IN THE DATA LAYER

Fig. 1. The arrangement of the typical network based on the CAN main [7]

The LVDS demands powered network interfaces and joint
reference signal to all the central units of the network. Two
signal lines transmit a differential signal measured in relation
to the reference signal. In the CAN networks two logical levels
which complement each other, are present, namely: ‘dominant’
or ‘recessive’. During the simultaneous transmission of
a ‘dominant’ and ‘recessive’ bit through two different devices
the resulting ‘dominant’ level is acquired. Contractually, the
‘dominant’ level is marked “0”, and the ‘recessive’ level
“1”. The level “0” has lower priority than the level “1”. The
ISO 11898 standard deﬁnes the level of individual states as
follows:

Like in the case of physical layer, some features of the
data connection layer are determined by choice of the CAN as
the main of network. The NMEA 2000 fully makes use of the
international standard of the ISO 11783-3 data connection layer,
which is virtually identical with the SAE J1939-21 standard
(i.e. the speciﬁcation of the CAN for the lorries, delivery trucks
and trailers). Additional requirements contained in the NMEA
2000 ensure better copying a system with special types of data
and formats transmitted through a navigational device and
support special construction of such devices.
In the data connection layer of the NMEA 2000 network,
main functions of the CAN interface are: generating the linear
stream of bits, controlling the access to the network as well as
controlling errors and automatic transmission of messages in
which the errors occurred.
The CAN is a broadcast system in which every sender
transmits his own messages. Each driver in the network
receives messages and, on the basis of a message identiﬁer,
decides whether the data will be processed or ignored. In
the current speciﬁcation of the CAN, are incorporated, a. o.,
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Fig. 3. The CAN communication format (without the separating bits)

29-bits ﬁeld of identiﬁcation, the address of a transmitter
(speciﬁc or global address), type of transmitted data and
information about priority. When collision between two
devices trying to send data through the main takes place, the
CAN compares bit by bit the sent data and this way decides
about giving the access, at the same time the arbitration is based
on the priority of a message. This method called the Carrier
Sense Multiple Access with Collision Avoidance + Arbitration
on Message Priority (CSMA/CA + AMP) has such advantage
over the standard CSMA/CA protocol that it does not generate
time losses.
For error handling and control, each frame contains the
so-called cyclic redundancy check (CRC) owing to which
the receivers synchronize their execute signal generators
with the transmitter. Transmitter, after checking the format
and data frame CRC, sends conﬁrmation of receiving the
communication by using the ACK bit (Acknowledge) and
the end of frame bits. In case of detecting an error by any of
the controllers of the network, it sends the application of the
error, which results in ignoring the incorrect communication
by all the receivers. Owing to this fact the conformity of data
in the entire network is guaranteed. The transmitter which has
received the error application, immediately and automatically
transmits the message in which an error occurred. The CAN
detects if a given central unit generates repeating errors and
automatically disconnects it from the network to protect the
rest of the elements. Results of the research [7] indicate that the
error rate of transmission in the CAN system is smaller than
10-11 ( i.e. percentage of undetectable errors).
The NMEA 2000 standard fully makes use of the described
functionality of the CAN network, and in the same time the
main tasks it imposes on it in the data connection layer, are
the following:
• ensuring the method of transmitting the data which are too
big to be contained in a single 8-bit data frame
• deﬁning the set of messages in order to issue a command
to the network devices (for example: at the data request or
the conﬁrmation request).
The CAN has been originally designed as a transmission
network between the sensors/detectors, actuators and the
steering system. Such communication does not require the
transmission of excessively elaborated messages hence the
8-bit frame was deemed fully sufﬁcient. Due to the speciﬁcity
of navigational devices, many messages in the NMEA 2000
system exceed the capacity of the standard CAN data controller.
In order to deal with this problem, the fast-packet method which
enables the transmission of 223 bytes with one identiﬁer, is
used for the transmission. This method is about transmitting the
frame sequence, the ﬁrst of which contains the data concerning
size of a packet, sequence counter which serves as means for
differentiating the messages of the same size in a package and
the frame counter. Each additional frame uses one byte of its
data space for sequence and frame counters.
The NMEA 2000 expands the capabilities provided by the
ISO 11783-3 standard, providing the new type of a messagecommand, unprecedented in the CAN mains adaptations, which
enables setting the speciﬁc value or inducing concrete actions
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in the receiving device. In addition, the message-command
deﬁned in the NMEA 2000, enables setting the time interval of
the transmission of concrete data in the transmitting device. For
example, a message containing way-points usually consists of
the position, name, number and symbol of this point. By using
such request the device can force transmitting information
concerning certain ‘way-point’ by providing its name, number
or position.

OTHER LAYERS OF THE NMEA 2000
NETWORK
The procedures used in the managing of the NMEA 2000
network result directly from the ISO 11783-5 standard ( based
on the SAE J1939-81). According to the guidelines the role of
this layer can be simply described as: assigning the addresses
and identiﬁcation of devices in the network, as well as initiation
of a system after switching-on the power. From among the
256 IP addresses available in the NMEA 2000, only those
from 0 to 251 can be assigned to the devices. The set of 255
addresses is the global address used to send messages to all the
devices and because of the character of the network (broadcast
network) it is the address mostly used while sending messages.
Other addresses are reserved to report errors or to be used in
next versions of the standard. On the contrary to current CAN
applications in accordance with the NMEA 2000, all the devices
have to be self-conﬁguring and able to automatically acquire the
address while switching-on the system ( as devices do not have
permanent addresses). The procedure of assigning addresses
makes use of the content of the messages data ﬁeld-command
of the address sent by each device during the start. The message
contains the name of a device, constituted from the numbers
identifying its type and producer and the unique number
describing its concrete copy. Assigning the address takes place
according to the priority of name. Message-command deﬁned in
the data layer of the NMEA 2000 network, can be used to detect
information concerning devices connected to the network, to
build the map of whole system available to the user. The ability
of inserting installation comments by the performer, which can
be transmitted at the request, is the additional functionality of
the network. The application layer deﬁnes composition of all
messages which are to be sent in the network. All messages
are organized in the parameter groups which are identiﬁed by
the parameter group number (PGN number), contained in the
CAN frame identiﬁcation ﬁeld.

ANALYSIS OF THE SCOPE OF
APPLICATIONS OF THE CAN TO VESSEL
NETWORKS
In the ﬁeld of vessel systems, their progressing integration
takes place. The phenomenon occurs to a different degree on
board merchant ships, ﬁshing vessels and yachts. However,
irrespective of a purpose, size and complexity level of installed
subsystems, to introduce standardization of the process of data
exchange between vessel’s separate devices, is necessary.
The general conﬁguration of a vessel system is illustrated in
Fig. 4.

Fig. 4. On-board networks and interfaces [4]

Big merchant vessels, due to their speciﬁcity, have the
elaborate system of administrative data such as a.o. cargo amount
and stowing place. Such databases often have to be accessed
not only from the terminals located in different parts of vessel,
but also via satellite systems (for example the IMMARSAT C),
coupled with the central server in the shipowner’s ofﬁce.
However, the administration system is important as far as the
effective managing of the vessel is concerned, its efﬁcient work
does not signiﬁcantly inﬂuence safety of navigation. Therefore
it is not included in the detailed regulations and, out of concern
for the users comfort, it was virtually taken over by the PC
computers working in the standard LAN network based on the
commonly available subsystems.
Decisions which directly inﬂuence safety of a vessel and
her crew as well as those concerning the ecological safety of
greater and greater importance, are taken mostly on the bridge
or other control centres being a part of a bridge integrated
system. In order to take up such decisions effectively and to
guarantee their efﬁcient implementation, captain and ofﬁcers
need the access to data coming from many vessel’s systems (of
navigation, engine room and ﬁre control etc). The sea transport
speciﬁcity and special demands concerning reliability
eliminate the use of traditional LAN network in such systems
despite the requirements concerning the type and speed of data
transmission are similar. Big amount of data which has to be
sent through the decision support system in the same time
disqualiﬁes the CAN network which is dedicated to transmit
short messages with high reliability. Requirements concerning
the scope of communication between the subsystems of
integrated bridge were regulated by the Norwegian Maritime
Information Technology Standard (MiTS) [8]. The system
based on the TCP/IP protocol (Ethernet network) is currently
in the phase of tests and implementation. The surge of interest
in Ethernet-based systems in the management layer, is
expected [5]. It is also conﬁrmed by the recent application of

the MiTS standard as a basis for the European IEC 61162-4
standard.
However, it appears that systems based on the TCP/IP
protocol, propagated by the MiTS, do not fully ﬁt all the vessel
communication levels. Separate vessel’s subsystems such as
engine control or navigational system usually perform strictly
deﬁned functions and often regulate processes with the time
constant of the order of milliseconds. Therefore they require
a real-time data exchange system. The CAN is such system
and, on the contrary to Ethernet networks, it is of deterministic
kind. Moreover, engine or navigation control, and other control
subsystems are usually more autonomic and they transfer
relatively small amounts of data (short communications) in
relation to other vessel systems. The network dedicated to
ensure communication between simple actuators and sensors,
i.e. relatively cheap elements, should be of a lower cost per
central unit than other vessel networks. All the requirements
result in that the choice of an inexpensive CAN network to the
subsystem communication, is fully justiﬁed.

AN EXAMPLE OF A NMEA 2000 - BASED
SYSTEM DESIGNED FOR A MOTOR
YACHT
With the introduction of the standard in 2001, attempts to
applying it have begun. The test installation has been made on
a 25-feet Cherokee class motor boat used by the U.S. Coast
Guard. The project assumed the use of electronic throttle
and shift controls which transmitted NMEA 2000 - format
messages into twin onboard Mercruiser engines equipped with
the Teleﬂex Marine controllers [12]. This way, any mechanical
connection between the engine room and the helm station has
been eliminated. Beginning from 2008, Yamaha, as the ﬁrst
company, introduced a stock - made motorboat with CAN
-based electronic throttle control. In the same time, the largest
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Fig. 5. a)1 Lay-out of the most important elements of the Albatross Control and Management System on a 60 – feet motor yacht.
1 - navigation system section, 2 - helm station with data visualization and sections control, 3 - engine room controller,
4 - energy management section, 5 - resources management, 6 - lighting and comfort system controllers,
7 - secondary monitoring station (by means of a multi-function display and wireless network).
b) A fuel ﬁller with an electronic ﬁlling percentage indicator – an example of an active NMEA 2000 compatible element used on the yacht

maritime electronics manufacturers begun to develop new
navigation equipment meeting the requirements of the NMEA
2000 protocol [9], [10].
In the present time, boat yards have a possibility of using
full functionality of the new network solution. Examination of
yacht systems that are entirely based on CAN protocol, seems
most interesting. In Fig. 5 is presented a 60 - feet motor yacht
equipped with a complete control and data monitoring system
used for many subsystems ( sections) of the boat.
In the engine room an ALBA-Engine interface that gathers
signals from analog engine sensors, has been installed. The
interface is actually a D\A converter and it transmits gathered

data in the NMEA 2000 message format, through the web.
Apart from the engine sensors, extra devices that measure
propeller shaft vibration and exhaust gas temperature, were
added. Every section (lighting, batteries, comfort subsystems)
has been equipped with a similar transducer designed for
particular types of sensors and actuators. For example the
ALBA-Lighting module consists of 8 binary inputs, into which
light source circuits are connected, as well as the same number
of current relays switched on by the device after receiving
a proper command – message from the network. The connection
diagram of analog (passive) sensors with the network is shown
in Fig. 6.

Fig. 6. A part of connection diagram of Albatross Control and Management System: 1 - multi-function display (Raymarine - G-series) at the helm station;
2 - touch screen in the navigation cabin; 3 - ALBA-CPU computer; 4 - ALBA-USB/WIFI - NMEA2000 to USB and Wireless LAN converter (the module
enables connecting the onboard computer and a laptop to the ship’s network ); 5 - network power source; 6 - dedicated “T” junction that connects the device
drop cable to the main bus; 7 - ALBA-Engine -engine room controller; 8 - ALBA-lighting - light system controller; 9 - ALBA-battery - energy management;
10 - ALBA-Multi - control and data acquisition from the comfort devices. Notation: in order to simplify the picture not all system elements were shown. The
rest of individual sections, converter modules and active network elements are connected similarly by a drop cable and a “T” connection ( speciﬁed in the
NMEA 2000 standard) to the backbone cable
1

All photos and diagrams of this section are provided by courtesy of Emmi Network [10] – the designer of the system.
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Apart from the passive sensors and actuators which
communicate with the network by the Albatross system
transducers, many active devices (connected directly to the
network) have been installed on the ship. The devices are mainly
navigational instruments (depth sounder, log, GPS antenna, multifunction displays etc.), dedicated to the NMEA 2000 systems.
The characteristics of the standard enables a non-conﬂicting
functioning of devices made by different manufacturers. The
application of dedicated NMEA 2000 sensors for fuel, water and
wastewater level measurement was a very interesting solution
used on board. The whole resource management section has
been built by using active elements. Figure 5b presents the fuel
ﬁller used in the project. This element is prepared to function
as a separate node in the network and it is plugged directly to
the main bus with a drop cable.
The heart of the system is an ALBA-CPU water and shock
resistant industrial computer. The unit gathers information
from all nodes of the NMEA network. The management and
visualization software “Albatross On Board Client” has been
introduced to the computer. The access to the application is
made possible through 3 terminals – a touch screen at the helm
station, a similar device in the navigation cabin and through
the owner’s laptop (by means of wireless network)
The „Albatross On Board Client” software enables the user
to freely reconﬁgure the monitors to customize the way the data
gathered in any section, is displayed. Also, interactive ﬁelds
which can serve to change parameters (like temperature inside),
to choose work modes etc, can be put onto the screen. The
application terminals conﬁgured to visualize engine parameters
at the helm station, is shown in Fig. 7.
The down side of the picture shows the visualization of
the boat lighting system. The user, by using the interactive
screen, can turn the lights on or off in any part of the yacht.
Obviously the potential of the system is much greater. It is
possible to deﬁne alarms when the element status changes or
a parameter value exceeds pre-set limit. An automatic reaction
can be assigned to any event. For example, a reaction of the
system for the voltage drop in one of the battery modules could
be either switched to energy saving mode (the system will
turn-off non-critical devices) or automatic engine/generator
start-up to charge the batteries. All this can be done without
the operator’s intervention. The owner has the possibility to
remotely monitor status of tanks and other parameters as well.
Engine warm-up can be initiated in advance of getting onto the
yacht etc. Thanks to the use of CAN protocol, the presented
system makes it possible to apply the technology of the most
exclusive glass-cockpit solutions, with just a fraction of its
traditional cost.

Fig. 7. The helm station in which the monitors were conﬁgured to display
engine parameters. Down side the control screen of one of the sub-sections
(lighting) is visible

·

SUMMARY
·

The requirements concerning the on-board communication
networks are very demanding. The CAN protocol on
which the NMEA 2000 network is based are capable of
fulﬁlling them only as far as the communication between
separate sensors and actuators is concerned. The low cost
of components and easiness of conﬁguration of the network
elements surely contribute to maintaining the standard in
this area. The procedure of removing errors in the CAN
network is not adaptive hence it takes sometimes more time
than in case of other protocols. Unless the very removing
of errors is more important than their detecting, the cheap
CAN controllers will be a better solution. The CAN has
been developed for over 17 years and there is the opinion [9]
that elaboration of any other solution capable of replacing
it, would take as much time as that.

·

Speed of data transfer depending on the length of the
backbone cable, seems to be the main limitation for applying
the CAN on board the vessels. It signiﬁcantly weights in
favour of the rival solution - the standardized vessel’s LAN
(MiTS) networks whose development in the direction of
real-time systems is possible along with synchronization of
clocks in all the central units. Capacity of the NMEA 2000
network can be further expanded by means of optimizing
the electronic equipment as well as data transfer and form,
therefore further research should be carried out in this
direction.
It is worth noticing that as far as big vessels are concerned
the applying of CAN systems is limited to the actuatorsensor network. Such communication system dominates
on small sailing and motor vessels, where it has been
implemented till now in the conventional electric control
systems with the limited use of the NMEA 0183 protocol. Its
low cost and possible simpliﬁcation of electric installation,
as well as easiness of introducing redundancy into critical
systems (double main), make the new standard ideal for
use on board small crafts. Also, ﬁrst applications of the
NMEA 2000 networks have already appeared on the motor
vessels [10], however, the knowledge about the system is
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still rather not wide- spread among the designing teams.
Taking into consideration the signiﬁcant share of the
products of Polish pleasure craft industry in their market
segment, it seems advisable to promote the solution among
the producers and designers, as this innovation could
strengthen competitiveness of their companies. Also, to
conduct further research on possible application of the
NMEA 2000 standard on board the recreational vessels is
advised.
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The Ship Handling Research and Training Centre at Ilawa is owned by the Foundation for Safety of Navigation
and Environment Protection, which is a joint venture between the Gdynia Maritime University, the Gdansk University
of Technology and the City of Ilawa.
Two main ﬁelds of activity of the Foundation are:
 Training on ship handling. Since 1980 more than 2500 ship masters and pilots from 35 countries were trained at
Iława Centre. The Foundation for Safety of Navigation and Environment Protection, being non-proﬁt organisation
is reinvesting all spare funds in new facilities and each year to the existing facilities new models and new training
areas were added. Existing training models each year are also modernised, that's why at present the Centre represents
a modern facility perfectly capable to perform training on ship handling of shipmasters, pilots and tug masters.
 Research on ship's manoeuvrability. Many experimental and theoretical research programmes covering different
problems of manoeuvrability (including human effect, harbour and waterway design) are successfully realised at
the Centre.
The Foundation possesses ISO 9001 quality certiﬁcate.
Why training on ship handling?
The safe handling of ships depends on many factors - on ship's manoeuvring characteristics, human factor (operator
experience and skill, his behaviour in stressed situation, etc.), actual environmental conditions, and degree of water
area restriction.
Results of analysis of CRG (collisions, rammings and groundings) casualties show that in one third of all the
human error is involved, and the same amount of CRG casualties is attributed to the poor controllability of ships.
Training on ship handling is largely recommended by IMO as one of the most effective method for improving the
safety at sea. The goal of the above training is to gain theoretical and practical knowledge on ship handling in a wide
number of different situations met in practice at sea.
For further information please contact:
The Foundation for Safety of Navigation and Environment Protection
Head ofﬁce:
36, Chrzanowskiego Street
80-278 GDAŃSK, POLAND
tel./fax: +48 (0) 58 341 59 19

Ship Handling Centre:
14-200 IŁAWA-KAMIONKA, POLAND
tel./fax: +48 (0) 89 648 74 90
e-mail: ofﬁce@ilawashiphandling.com.pl
e-mail: ofﬁce@portilawa.com
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GDANSK UNIVERSITY OF TECHNOLOGY
is the oldest and largest scientiﬁc and technological academic institution in
the Pomeranian region. The history of Gdansk University of Technology is
marked by two basic dates, namely: October 6, 1904 and May 24, 1945.
The ﬁrst date is connected with the beginning of the technical education at
academic level in Gdansk. The second date is connected with establishing of
Gdansk University of Technology, Polish state academic university. Gdansk
University of Technology employ 2,500 staff, 1,200 whom are academics.
The number of students approximates 20,000, most of them studying
full-time. Their career choices vary from Architecture to Business and
Management, from Mathematics and Computer Science to Biotechnology
and Environmental Engineering, from Applied Chemistry to Geodesics and
Transport, from Ocean Engineering to Mechanical Engineering and Ship
Technology, from Civil Engineering to Telecommunication, Electrical and
Control Engineering. Their life goals, however, are much the same - to
meet the challenge of the changing world. The educational opportunities
offered by our faculties are much wider than those of other Polish Technical
universities, and the scientiﬁc research areas include all of 21st Century
technology. We are one of the best schools in Poland and one of the best
known schools in Europe – one that educates specialists excelling in the
programming technology and computer methods used in solving complicated
scientiﬁc, engineering, organizational and economic problems.

THE FACULTY OF OCEAN ENGINEERING
AND SHIP TECHNOLOGY
The Faculty of Ocean Engineering and Ship Technology (FOEST) as
the only faculty in Poland since the beginning of 1945 has continuously
been educating engineers and doctors in the ﬁeld of Naval Architecture
and Marine Technology.
The educational and training activities of FOEST are supported by
cooperation with Polish and foreign universities, membership in different
international organizations and associations, as well as participation in
scientiﬁc conferences and symposia. Hosting young scientists and students
from different countries is also a usual practice in FOEST.
The activities of Faculty departments are related to: mechanics and
strength of structures, hydromechanics, manufacturing, materials and system
quality, power plants, equipment and systems of automatic control, mostly
in shipbuilding, marine engineering and energetic systems.
FOEST is a member of such organizations like WEGEMT; The
Association of Polish Maritime Industries and the co-operation between
Nordic Maritime Universities and Det Norske Veritas. The intensive teaching
is complemented and supported by extensive research activities, the core
of which is performed in close collaboration between FOEST staff and
industry. We take great care to ensure that the applied research meet both
the long term and short term needs of Polish maritime industry. FOEST
collaborates with almost all Polish shipyards. Close links are maintained
with other research organizations and research institutions supporting the
Polish maritime industry, such as Ship Design and Research Centre and
Polish Register of Shipping, where several members of the Faculty are also
members of the Technical Board.
The Faculty of Ocean Engineering and Ship Technology is a unique
academic structure, which possesses numerous highly qualiﬁed and
experienced staff in all above mentioned speciﬁc research areas. Moreover,
the staff is used to effective co-operation and exchange of ideas between
specialists of different detailed areas. This enables a more integrated and
comprehensive treatment of research and practical problems encountered
in such a complicated ﬁeld of activity as naval architecture, shipbuilding
and marine engineering.
The staff of the Faculty has strong international links worldwide, being
members or cooperating with international organizations like International
Maritime Organization IMO, International Towing Tank Conference ITTC,
International Ship and Offshore Structures Congress ISSC, International
Conference on Practical Design of Ship and other ﬂoating Structures PRADS
just to name a few.

GDANSK UNIVERSITY OF TECHNOLOGY
Faculty of Ocean Engineering and Ship Technology
11/12 Narutowicza Street, 80-952 Gdansk, Poland
Tel (+48) 58 347 1548 ; Fax (+48) 58 341 4712
e-mail: sekoce@pg.gda.pl
70

POLISH MARITIME RESEARCH, No 4/2009

www.oce.pg.gda.pl

