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ABSTRACT
In this paper two new approaches are developed to calculate the astronomical vessel position (AVP). Basically,
determining the AVP is originated from the spherical equal altitude circles (EACs) concept; therefore, based on the
Sumner line’s idea, which implies the trial-and-error procedure in assumption, the AVP is determined by using the
two proposed approaches. One consists in taking the great circle of spherical geometry to replace the EAC to fix the
AVP and the other implements the straight line of the plane geometry to replace the EAC to yield the AVP. To ensure
the real AVP, both approaches choose the iteration scheme running in the assumed latitude interval to determine the
final AVP. Several benchmark examples are demonstrated to show that the proposed approaches are more accurate and
universal as compared with those conventional approaches used in the maritime education or practical operations.

Keywords: celestial navigation; astronomical vessel position; Sumner line; iteration scheme

INTRODUCTION
Daily determination of the astronomical vessel position
(AVP) has become a main task for the navigator in every
voyage. Although the global positioning system (GPS) has
been widely used to determine the vessel position owing to
the electronic technology emerging in the modern society,
military restriction might arise and lead to its limited
commercial application. Therefore, a classical approach to
determine the AVP is still necessary because of its reliability
or necessity to check results taken from the GPS [3, 4, 25, 28].
To determine the AVP by using the sight reduction
method, let’s go back to the “initial point” and consider the
basic concept of obtaining the AVP, which is originated from
the spherical equal altitude circles (EACs). Basically, two
celestial bodies produce two EACs whose projections on the
chart are called the circles of position (COPs). Some methods
developed by using the COP concept to determine the AVP are
nearly constructed from the spherical trigonometry. Complex
mathematical formulations and tedious calculations arising
in these methods make them hard to be used in practical

navigation [1, 2, 5, 7, 10, 14-21, 23, 24, 26, 29-31]. However, when
the radius (co-altitude) of the EAC is larger than 3 degrees,
which means the curvature of the COP becomes smaller
to be neglected, the line of position (LOP) can replace the
COP. To date, currently used methods in maritime education
or practical operations to determine the AVP included the
high-altitude observation (HAO), which is based on the COP
concept, and the intercept method (IM), which is based on the
LOP concept. The HAO is suitable for the observed altitude
greater than 87 degrees and belongs to a kind of graphic
method; while the IM is suitable for the observed altitude
smaller than 87 degrees and is used to determine the AVP
by the graphic method with computations [3-5, 13]. Since the
sight reduction methods need to judge the observed altitude
for a proper choice, is it possible to develop an approach to
determine the AVP without using the graphic method and
more accurate and versatile as compared with those methods
mentioned above? This is one of our motivations to develop
new approaches for yielding the AVP.
The well-known IM or the altitude difference proposed
by Marcq de St.-Hilaire (1832-1889) had produced several
POLISH MARITIME RESEARCH, No 4/2014
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types of calculation methods in celestial navigation to obtain
the Hilaire line (otherwise called tangent LOP). Then, two
tangent LOPs can yield the AVP. Currently used approaches
with various short tables or inspection tables for determining
the AVP are developed by many researchers [3-6, 11, 13, 20,
21]. However, it should be noted that the original principle
of the LOP is the Sumner line (otherwise called the secant
LOP), which was rightly called“the commencement of
a new era in practical navigation”[3, 4, 22]. Thus, it makes the
follow-up approaches be available. The difference between the
Sumner line and the Hilaire line consists in their different
assumptions. The former is based on two assumed parallels
of latitudes to yield two points, which form a Sumner line;
while the latter takes an assumed position (AP) to calculate
the computed altitude. Then by using the altitude difference
between the computed altitude and the observed one, the
Hilaire line which moves perpendicularly along the assumed
line of azimuth can be obtained. Nevertheless, both schemes
of the Sumner LOP and the Hilaire LOP have the same trialand-error procedure in their assumptions.

the great circle of spherical geometry to replace the EAC or
by adopting the straight line of the plane geometry to replace
the EAC to determine the AVP. The two our approaches are
thus developed to yield the real AVP with avoiding application
of graphic construction and tedious calculation. In addition,
the iteration scheme and the limit concept make the two
approaches simpler and more easily understandable. The
principles used in the proposed approaches are illustrated
in the following sections.
Section 2 of this paper presents mathematical background
and related formulae of the proposed approaches. Calculation
procedures of the two approaches are illustrated in Section 3.
Section 4 demonstrates validation examples. Finally, concrete
conclusions are presented in Section 5.

Fig. 2. Illustration of iteration scheme

Fig. 1. Illustration of solving the AVP based on the Sumner line’s idea

An iteration scheme is then necessary to ensure the real
AVP. Since the Sumner line has complicated calculation
and limited usage [22], only Valier’s method can avoid
these shortcomings [31], however its drawbacks still lead to
uncertainty of the real AVP.
To overcome drawbacks of the methods developed by using
the Sumner line’s idea, the iteration scheme in conjunction
with the limit concept is assumed to develop our approaches
for accuracy and versatility. As known, determining the AVP
comes from the EACs concept. In this regard, based on the
Sumner line’s idea, the AVP can be obtained either by taking
4
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Fig. 3. Transformation of the spherical coordinates system into the
Cartesian coordinates system

THEORETICAL BACKGROUND
As shown in Fig. 1, the idea of the Sumner line consists in
selecting two parallels of latitudes around the dead reckoning
(DR) to have two intersections with the EAC of celestial body.
Captain Thomas Hubbard Sumner (1807-1876) implemented
the line (called LOP) formed by the two points and projected
it on the Mercator chart. Since the mathematical procedure
constructed by Captain Sumner was rather tedious and
cumbersome to use, Valier’s method was proposed to project
the LOP on the Cartesian coordinates system for simplifying
the determination of the AVP [22, 31]. However, this method
is too rough to obtain the AVP accurately. Because the Sumner
line has a trial-and-error characteristic, the iteration scheme
is used to resolve the shortcoming of this characteristic. Since
the limit concept is available, two points on the EAC can
be replaced either by a great circle of spherical geometry or
a straight line of the plane geometry as shown in Fig. 2. It
should be noticed that the four intersections are moving along
the EACs. Derivations of the formulae used in the spherical
and plane geometry are illustrated below. All symbols used
in this paper are listed in Nomenclature.
Derivation of the formulae used
in the spherical geometry

Fig. 4. An astronomical triangle in celestial navigation

We first treat the Earth as a unitary sphere. From the
viewpoint of the navigator, the Earth coordinate system can
replace the spherical coordinates system. In this regard, the
vector for any point K on the Earth’s surface shown in Fig.
3 can be represented with the latitude „L” and longitude „λ”
in a Cartesian coordinates system as follows :
(1)

imilarly, we also treat the celestial sphere as a unitary
sphere. An astronomical triangle is constructed by the
Earth, celestial equator and celestial horizon systems of
coordinates. To increase the solving efficiency and simplify
the used formulae, the fixed coordinate system and relative
celestial meridian concept in conjunction with vector algebra
are applied to derive the related formulae. As shown in Fig.
4, every point of the spherical EAC, the elevated pole (P)
and the celestial body (“S” ) form an astronomical triangle
FPS” . Position vectors and their dot product are illustrated
in the following.
(2a)
Fig. 5. Three vectors of the great circle equation in spherical geometry
(2b)
(3a)

(2c)

Equation (2c) is the well-known side cosine law in spherical
trigonometry. Once the declination (d) and the observed
altitude (H) of the celestial body as well as the latitude (LF)
of the AVP are given, the longitude (λF) of the AVP on the
spherical EAC can be easily yielded.

(3b)

Because the real AVP is unknown, the two parallels, L1
and L2, are assumed to have two intersections with the EAC
of celestial body A, that is, A1 and A 2, as shown in Fig. 4.
POLISH MARITIME RESEARCH, No 4/2014
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(10a)

The related formulae are illustrated as follows.
(4a)

(10a)
(10a)

(4b)

and
(4c)

Similarly, the two parallels, L1 and L2, are assumed to have
two intersections with the EAC of celestial body B, that is
B1 and B2, the related formulae are shown in the following.
(5a)

(5b)

(5c)

It should be noticed that 10’ term of the equations (4a)
and (5a) is suggested by [12]. As shown in Fig. 5, three points,
AVP, A1 and A2, are located in the small circle, that is, EAC of
the celestial body A. Since the small circle equation varies with
the different observed altitude, one takes the great circle to
replace the small circle for simplifying the calculation. Then,
A1, A2 and Fg can form a great circle taken from the centre of
the Earth. Because the three vectors are coplanar, the scalar
triple product is equal to zero [27]. Their vector formulation in
the Cartesian coordinates system can be expressed as follows:
(6)

Components of the parameter vector
celestial body A can be expressed as follows:

(11)

Derivation of the formulae used in the plane geometry
When the Sumner LOP is projected on the Mercator chart,
the calculation is too complicated to use by the navigator. Due
to the conformal transformation existing in the rectangular
coordinate system and the Mercator chart, one can replace
the Mercator chart by the rectangular coordinate system
for simplicity. Therefore, position variables of the Earth
coordinate system, latitude and longitude, can be put in the
Cartesian coordinates system for calculation, that is, the
longitude and latitude can replace the values of the x-axis
and y-axis.
• Geometrical analysis method (Valier’s method)
It is easy to prove that both the latitude increment and
longitude increment can be derived by using the property
of similar triangles and proportion by addition. Let’s first
consider the celestial body A as a viewpoint to derive the
related formulae as follows.
1. Latitude increment (dLFs or
) as shown in Fig. 6
Since ΔA1B1Fs ~ ΔA2B2Fs, their corresponding altitudes
have the same ratio as a pair of corresponding sides, that is:

for the
(7a)

(12)

By considering the property of proportion by addition,
one achieves:

(7b)
(7c)

(13)

Rearranging the equation (13) yields

and the great circle equation (GCE) [5, 8, 9] :
(14)
(8)

Once the longitude increment (dλ A1Fg) is given, the latitude
(LFg) can be easily obtained. Hence, rearranging the equation
(8), one can yield:
(9)

Similarly, components of the parameter vector for the celestial
body B and the GCE are illustrated, respectively, as follows.
6
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Longitude increment (dλ A1Fs or
) as shown in Fig. 6.
Since ΔA1HFs ~ ΔA1QA2, their corresponding altitudes
have the same ratio as a pair of corresponding sides, that is:

(15)

By considering the property of proportion by addition and
equation (13), one obtains:

(16)

Similarly, by considering the celestial body B as a viewpoint,
the related formulae are yielded as follows :

Rearranging the equation (16) yields:

(21a)

(17)

By observing the equations (14) and (17) as well as
replacing the rectangular coordinate system with the Earth
coordinate system, one can find the following equation:

(21b)

Rearranging the equations (21a) and (21b) yields the
intersection of two Sumner LOPs as follows:
(22a)

(18)
(22b)

in which r is the positive increment ratio. Then, the
equations (14) and (17) can be rewritten respectively as follows:

•

Algebraic equations method (simultaneous linear
equations)

(19a)
(19b)

Based on the algebra, the linear equations for Sumner LOPs
of the celestial bodies A and B can be formulated as follows:

Rearranging the equations (19a) and (19b) yields the
intersection of two Sumner LOPs as follows:

(23a)

(20a)

and
(23b)

(20b)

By using the Cramer’s rule the solutions of the above
equations are :
(24a)
and
(24b)

In fact, the equation (24b) is a combination of the equations
(20b) and (22b). It is found that the AVP result obtained from
geometrical analysis method is the same as that from algebraic
equations method.
It should be noticed that the longitude increments for the
celestial body A (dλ A1Fg) and body B (dλB1Fg) of the great circle
are hard to be obtained; therefore, the longitude increments
of the great circle needs to be replaced by those of the straight
line, that is, dλ A1Fs and dλB1Fs. Consequently, the equations (9)
and (11) can be rewritten as follows:

Fig. 6. Similar triangles in plane geometry

POLISH MARITIME RESEARCH, No 4/2014
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CONSTRUCTING THE SOLVING
PROCEDURES

Tab. 2. Detailed solving procedures used in the Sumner-GC approach for
example 1

In this section, determining the AVP by taking the great
circle of spherical geometry to replace the EAC is called the
Sumner-GC approach, while using the straight line of the
plane geometry to replace the EAC is called the Sumner-SL
approach.
Sumner-GC approach
Step 1. The four intersections can be obtained by using
equations (4a), (4b) and (4c) for A1 and A2, while using the
equations (5a), (5b) and (5c) for B1 and B2.
Step 2. The longitude of the possible AVP from the celestial
body A is determined by using the equations (18) and (20b) or
that from the celestial body B is yielded by using the equations
(18) and (22b).

Tab. 3. Detailed solving procedures used in the Sumner-SL approach for
example 1

Step 3. The latitude of the possible AVP from the celestial
body A is determined by using the equations (19b) and (25)
or that from the celestial body B can be yielded by using the
equations (21b) and (26).
Step 4. The iteration scheme is introduced to reach the
real AVP if the AVPs calculated from the celestial bodies A
and B are different and the real AVP is not ensured, then the
iterating step 1 to step 3 is necessary.
Sumner-SL approach
Step 1. The four intersections can be obtained by using the
equations (4a), (4b) and (4c) for A1 and A2, while by using the
equations (5a), (5b) and (5c) for B1 and B2.
Step 2. The latitude of the possible AVP is determined by
using the equations (18) and (24a).
Step 3. The longitudes of the possible AVP from the
celestial body A or celestial body B are determined by using
the equations (18) and (24b), respectively.
Step 4. The real AVP is not ensured until the iterating step
1 to step 3 is performed.

VALIDATION EXAMPLES AND
DISCUSSIONS
Validation examples
Example 1. The 2011 DR position of a vessel is” L 39°00.0’
N,λ 157°10.0’ W” . At 20-11-26, the star Spica is observed with
a sextant. At 20-07-43, shortly before the above observation,
another star, the Kochab is spotted. The navigator records the
needed information and further reduces it from the nautical
almanac for sight reduction as shown in Tab. 1 (Bowditch,
2002. pp.301-303).
8
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Available methods: The AVP can be determined by the
proposed Sumner-GC approach and Sumner-SL approach.
Solution:
1. By using the Sumner-GC approach with the iteration
scheme, the AVP, L 39°00.0’ N, λ 156°21.7’ W, can be
determined without plotting. Results and detailed
solving procedures are listed in Tab. 2.
2. By using the Sumner-SL approach with the iteration
scheme, the AVP, L 39°00.0’ N, λ 156°21.7’ W, can be
determined without plotting. Results and detailed
solving procedures are listed in Tab. 3.
Remark: The true AVP is pointed at L 39°00.0 N, λ 156°21.7’
W and has been validated in [7]. In general, the distortion
of the EAC at low observed altitude will be larger than that
at high observed altitude; however solutions of our two
approaches with the iteration scheme for this example are
both the same as the true AVP. It means that the proposed
approaches are accurate and verified through this example.
Example 2. The 1224 DR position of a vessel is L 20°17.4’
N, λ 50°07.4’ W. The ship in on course 127° at speed of 18

knots. The navigator observes the lower limb of the Sun
twice. The first observation is made at 12-15-15. The second
observation is made at 12-24-13. The navigator records the
needed information and further reduces it from the nautical
almanac for sight reduction as shown in Tab. 4 [3].

Tab. 5. Detailed solving procedures used in the Sumner-GC approach for
example 2

Available methods: The AVP can be determined by the
proposed Sumner-GC approach (approach 1) and Sumner-SL
approach (approach 2), further plotting the graphic AVP
on the universe plotting sheet (UPS) to illustrate iteration
scheme.
Tab. 4. Needed information for solving the AVP in example 2

Tab. 6. Detailed solving procedures used in the Sumner-SL approach for
example 2

Solution:
1. By using the Sumner-GC approach with the
iteration scheme, the AVP, L 20°08.0’ N, λ 50°05.7’
W, can be determined without plotting. Results
and detailed solving procedures are listed in Tab. 5
and the graphic AVP on the UPS is shown in Fig. 7.
2. By using the Sumner-SL approach with the iteration
scheme the AVP, L 20°08.0’ N, λ 50°05.7’ W, can be
determined without plotting. Results and detailed
solving procedures are listed in Tab. 6 and the
graphic AVP on the UPS is shown in Fig. 7.

Fig. 7. Illustrations of the AVP with iteration scheme on the UPS in example 2

POLISH MARITIME RESEARCH, No 4/2014
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Tab. 7. Iteration results by using the approach 1 and approach 2 for

CONCLUSIONS

example 2

In this paper, based on the Sumner line’s idea, two
approaches have been developed to determine the AVP.
By way of assumed latitude interval, intersections of two
straight lines and two great circles formulate the schemes of
the two approaches, respectively. Due to the trial-and-error
characteristic of the Sumner line’s idea, the iteration scheme
and the limit concept are implemented to reach the real AVP.
The calculation procedures of the two approaches are also
adjusted to practical usage. Several validation examples have
verified the proposed approaches successfully. It is shown that
the new approaches can determine the real AVP more versatile
and accurate than those obtained from conventional methods,
the HAO and the IM, used in the maritime education or
practical operation.
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Methods of calculating ship resistance
on limited waterways
Emilia Skupień, M. Sc.
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ABSTRACT
Nowadays predicting transportation costs is more and more important. Most significant part of inland navigation’s
costs are the costs of fuel. Fuel consumption is related to operating conditions of ship’s propulsion system and its
resistance. On inland waterways the ship resistance is strictly related to the depth of the waterway.
There is a tendency to build a formula that allows its user to calculate the resistance of any inland waterway vessel,
but researches claim that most of them are accurate only for particular types of ships and/or operating conditions.
The paper presents selected methods of calculating ship resistance on inland waterways. These methods are examined
for different types of ships and different conditions using results of model tests.
The performed comparison enabled selecting the best option for pushboats and pushed barge trains, but also showed
that any of the tested methods is good enough to be used for calculating the resistance of motor cargo vessels. For this
reason, based on known equations and using the regression method, the authors have formulated a new method to
calculate the resistance of motor cargo vessels on limited waterway. The method makes use of ship’s geometry and
depth of waterway in relation to ship’s speed. Correlating the ship’s speed with its resistance and going further with
fuel consumption, enables to calculate the costs of voyage depending on the delivery time.
The comparison of the methods shows that the new equation provides good accuracy in all examined speed ranges
and all examined waterway depths.

Keywords: ship resistance, inland waterways, regression analysis

Introduction
In terms of inland waterways, ships sail in shallow water.
Attention shall be paid to this fact because, unlike sea waters
of unlimited depth, here the sailing conditions depend on the
depth of the waterway and on the width of the hull of the ship.
The flow of water between the bottom of the river and the
ship can be compared to the flow between parallel planes – the
moving one (ship) and the steady one (bottom of the river).
This approach assumes a fully developed turbulent flow.
However, it does not take into account the surface roughness
of the river bed, nor changes in the pressure gradient.
Reduction of the depth of the waterway provokes different
phenomena to take place, and changes the character of
interactions between the ship and the waterway.
For example, the velocity of the water around the hull is
significantly greater than the ship speed. This is due to the
reduction of the waterway cross section by the hull. Another
12
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result of this phenomenon is a reverse flow, the speed of which
is the average speed increase of the water flow relative to the
hull. The value of this speed depends on the necking and
shape of the hull, and may be greater than the ship speed.
This phenomenon is negligible when sailing on unlimited
waterway (at sea).
The research has been made to increase the accuracy of
fuel consumption estimation of an inland vessel in real-time.
The final goal is to build and implement on-board a device
helping the crews to minimize fuel consumption during
sailing in waterways characterized by remarkably different
hydrological conditions (for example Odra river).
The most important assumption is to calculate the
resistance of ship’s hull in real-time, for the crew to be able
to correct immediately the propulsion system parameters
and minimize this way the fuel consumption. For this reason
CFD methods and complicated mathematical formulas were
rejected.

Calculation of ship resistance on limited
waterway

The multiple regression analysis and the stepwise multiple
regression analysis yielded the formula:

The equations of motion of a vehicle assume that the
driving force must overcome the resistance force. Exact
determination of the total motion resistance of the ship is
very important for proper selection of the propeller and the
entire propulsion system. Very important factors are the
economic aspects.
The total resistance RT of the ship is usually calculated
using the following equation:
(1)

The resistance of the hull can be determined by
approximate methods, or computations making use of CFD
(Computational Fluid Dynamics), or based on the results of
model tests.
The essence of the model tests is observation of physical
phenomena occurring in the model flow and converting
them to a real object. In such tests the hull resistance force
is measured, depending on the towing speed of the model
ship in the model basin.
Model tests are not carried out for each type of ship, and for
years attempts have been made to create approximate formulas
which will make it possible to calculate the resistance of real
ships of any geometry.
In order to validate these methods, performance parameters
of individual ships tested in model basins are calculated and
compared with the results obtained using the approximate
formulas.
One of possible applications of the approximate formulas
is presented in [1]. The authors assumed that at a fixed speed
and geometry of the vessel, the total resistance is a function
of main particulars of the ship and waterway parameters.

(4)

where the coefficients A0 to A6 depend on the type of
vessel, the arrangement of barges in a train, the geometry
of the underwater part of the hull, and the Froude number
defined by equation (3).
The results calculated using Equation (4) are compared
with the results of the model tests in Figs. 1, 2 and 3. Total
resistance of the ship was determined from Equation (1) with
regard to the conversion of the standard length to the actual
length of the ship.
The results of calculations for the BM-500 were compared
to the results of model tests. Due to the small range of Froude
number for which the coefficients A0 to A6 are given, Equation
(4) can only be applied for a narrow range of speeds.
The resistance coefficient for the model ship calculated
using Equations (4) and (3) (Froude model law) was converted
to real dimensions of motor cargo vessel. The calculated
results in the non-dimensional form are presented in Figs.
1, 2 and 3.

(2)

In the analyzes the authors assumed that the total resistance
coefficient CT refers to a fixed standard length of the ship,
which is 61.0 m. The Froude number based conversion of
standard dimensions to actual dimensions is expressed in
the form:

Fig. 1. R/D vs. Froude number. Results of model tests (scale 1:10) for
Motor barge with a draught of 1.6 m and formula 1 [15]

(3)

The calculations were performed for motor cargo vessels
and four different arrangements of barge trains. For each
type of vessel the results of model tests were taken into
account. The following vessels were considered: trains of
the pushed barges EUROPA II and DU (tested in Duisburg)
[2] and [3], the pushed barge train BIZON [4], the motor
cargo vessel BM-500 [5], the motor cargo vessel Odrzańska
Barka Motorowa (OBM) [6], and the motor cargo vessel
DUISBURG [7].

Fig. 2. R/D vs. Froude number. Results of model tests (scale 1:10) for
Motor barge with a draught of 1.3 m and formula 1 [15]
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The results obtained using this method are compared with
the results of the model tests in Figs. 4, 5 and 6.

Fig. 3 R/D vs. Froude number. Results of model tests (scale 1:16) for Odra
motor barge with a draught of 2.36 m and formula 1 [15]

The presented method gives a fairly good prediction of
the resistance of a real object. Unfortunately, it cannot be
directly applied in practice due to the very narrow range of
Froude number (too narrow speed range).
Another method of calculation is presented in [8]. The
analysis of the model tests was carried out for motor cargo
vessels and pushed barge trains. To develop the formula, the
regression analysis was used. The output was the equation:

Fig. 4 R/D vs. Froude number. Results of model tests (scale 1:10) for
pushed convoy with a draught of 1.6 m and formula 7 [15]

(5)
Fig. 5 R/D vs. Froude number. Results of model tests (scale 1:10) for
motor barge with a draught of 1.6 m and formula 6 [15]

where:
aji – regression equation coefficients,
Xj – independent variables (Fn, h/T, … ),
i – exponent.
For motor barges the following relation was obtained:

(6)

The scope of application of this method is not limited by
its dependence on certain values of Froude number. However,
discrepancies at high Froude numbers are relatively large,
so it was reasonable to conduct further research for better
methods to calculate the resistance of ships.
Estimation of resistance values of the pushed barge
train is dependent on various geometrical and operational
parameters, such as: speed and draught of the ship, depth
and width of the waterway, length and width of the barge
train, and other indirect parameters related to the barge train.
Good approximation of the barge train resistance is given
by the Marchal’s equation [9]:

For pushed barge trains the following relation was obtained:

(7)

(8)

where: Bc –width of the waterway.
In cases of motor cargo vessels, the accuracy of the
estimated resistance values is not sufficient (Fig. 10). To obtain
the equation defining the resistance of the motor cargo vessels,
the regression analysis of the independent variable R was
performed based on the experimental results.
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Formula for motor cargo vessel resistance
The experimental data was collected from the model tests
[2], [3], [5] and [6], which included in total 194 measuring
points, for different models of ships, their draughts and
waterway depths.

(10)

The values of variables zm1, ... zm5 were determined using
the relations shown in Table 1.
Table 1. New dimensionless variables used in the multiple regression in
Statistica v. 10.

New
variable

Fig. 7 Correlation matrix for motor barges (changing signs for the
program Statistica v=V, l_B = L, C = ).

Figure 7 shows the correlation values for all 194 cases.
The values marked red indicate high (significant) correlation
between the variables. Some independent variables are
strongly correlated, particularly variables T with B, L, V
and l with B and V.

Formula

Name of
variable used in
Statistica

zm1

zm1=V/√gL

Fnl

zm2

zm2=V/√gh

Frh

zm3

zm3= B/((h-T) )

Bht

zm4

zm4= L/

L3V

zm5

zm5=T/h

Th

Fig. 8 Correlation matrix for motor barges taking into account the
condition of Frh <0.7 (changing signs for the program Statistica
v=V, l_B = L, C = ).

Figure 8 shows the correlation for cases that satisfy the
condition Frh <0.7 (134 cases). Similarly, as shown in figure 7,
the values marked red show significant correlation between
the variables. Strong correlation of variables can be observed,
like for the data without considering the condition of Frh <0.7.
The level of correlation is slightly different.
Using the principal component analysis, new variables,
uncorrelated with each other, were introduced. The
independent variables used in the analysis were: , h, T, B, L, V.
Due to the nonlinear nature of the phenomena it was
decided to take advantage of adopting multiple regression of
user as a function of the exponential function approximation.

(9)

where β – coefficient, zm1, ... zm5 are new independent
variables in a dimensionless form, i, j, ... n - the sought values
of the exponent. The Reg function itself is a dimensionless
ratio of the resistance of movement of a motor cargo vessel
and has the form:

Fig. 9 Correlation matrix for motor barges taking into account the
condition of Frh <0.7 for new dimensionless variables (Table 1).

The correlation values for the new variables are shown in
Fig.9. They reveal high correlation between variables Th and
Bht, but further regression analysis showed that both variables
are important to achieve correct results. Other correlations
are relatively low, therefore all variables were adopted for
further analysis.
The multiple regression analysis was performed with
Statistica v. 10 on the basis of the module - Nonlinear
Estimation - User regression and least squares. The method of
Levenberg-Marquardt estimation [13] was adopted, assuming
five independent variables zm1, ... zm5 presented in Table 1.
Due to the rapid increase in resistance of a ship approaching
a critical speed, the data was limited to satisfy the condition
F_rh<0.7. After taking into account the above condition, the
number of valid measurement points was reduced to 134.
The formula used for multiple regression analysis was
based on the equation proposed by Marchal (8) and the Howe
formula [14]:
POLISH MARITIME RESEARCH, No 4/2014
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(11)

The user regression equation is shown as the product of the
above suggested independent variables raised to the power
of i, j, k, m, n, respectively:

Figure 11. Estimations obtained using formulas proposed by Marchal
and Howe, and the regression analysis (reg) equation (12) in relation to
experimental studies (exp) for motor barge BM500: B=7,5 m, l=56,19 m,
T=1,6 m, h=2,5 m. [15]
(12)

where: D= ∙ρ∙g. For fresh water it was assumed ρ=1000
kg/m3.
As a result of the regression analysis, it was found that the
parameters of Equation (12) are significant (p = 0), and the
values are given in Table 2.
Table. 2. Result of regression analysis for motor cargo vessels.

The results obtained using the Marchal formula (8), the
Howe formula (11), and the developed regression equation
(12), were compared with the results of the model tests. The
comparison is presented in Figs. 10,11 and 12 for motor cargo
vessels: OBM, BM500 and DUISBURG, respectively.

Figure 10. Estimations obtained using formulas proposed by Marchal
and Howe, and the regression analysis (reg) equation (12) in relation to
H[SHULPHQWDOVWXGLHV H[S IRU2GU]DĔVND%DUND0RWRURZD% P
l=67,83 m, T=1,6 m, h=16 m. [15]
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Figure 12. Estimations obtained using formulas proposed by Marchal
and Howe, and the regression analysis (reg) equation (12) in relation to
experimental studies (exp) for Duisburg1 (exp): B=9,46 m, L=85 m, T=2,5
m, h=5 m. [15]

Conclusions
The results shown in Figs. 10, 11 and 12 reveal that the
Marchal method, that gives a good approximation for pushed
barge trains, can be used for motor cargo vessels at small
water depths, of an order of 2 to 2.5 m. For larger depth,
this method is insufficient. A model proposed by Howe (11)
gives a fairly good approximation for water depth above 2
m, while it is not sufficient for smaller depths.
The best approximation of the results of model tests for
motor cargo vessels is provided by Equation (12). It should be
emphasized that this equation enables to obtain results similar
to those expected from experiments for motor cargo vessels
of different shapes and in different navigation conditions. In
addition, the calculation is not time consuming.
Figure 13 shows the observed values of (R (reg)) in relation
to the expected values, for F_rh<0,7.
The OX axis represents the values observed during the
model tests, while the OY axis represents those obtained using
different methods of calculation for the same parameters.

für Binnenschiffbau e.V. Duisburg. Bericht Nr. 788.
Duisburg 1976

Fig.13 Distribution of observed versus predicted values for the regression
equations of: Marchal, Howe and equation (12). [15]

Figure 13 illustrates that the resistance values predicted
by the regression equation (12) for motor cargo vessels are
close to the expected values for all cases Frh<0.7.
The above conclusion was used to estimate the fuel
consumption during voyage on waterways with differential
operating conditions. Based on the presented equations,
a computer program has been written, and is still being
developed with a future goal to make it available for on-board
implementation.
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ABSTRACT
The rising cost of fuel, the more and more severe international standards and a growing awareness of the environmental
impact of pollutant emissions have led energy efficiency to become a theme of great interest in the marine sector. The
strategy for increasing energy efficiency may refer both to the consumption reduction and to the increase of energy
recovery systems. This need turns out in monitoring and control strategies for energy processes on board. Monitoring
information is recorded and stocked in a database, that needs to be analyzed to find out patterns in large data sets.
A huge amount of data, from a RO-PAX ship, has been analyzed in order to gain a further insight into ship performances.
Improvements in ship energy performances could be reached with an intense study of the historical data of the vessel
attitude.
Keywords: energy; efficiency; monitoring; trim; consumption

INTRODUCTION
Given the contest of ship energy efficiency management,
the goal of this work is an attempt to study how propulsion
and energy efficiency it is influenced by various parameters,
i.e. trim, speed and displacement.
The data used in this study were collected by CETENA
S.p.A. as part of ship consumption monitoring and control
carried on a Ro-Ro Passenger ship [1,2].
Fig 1. Scheme of the propulsive plant.

SHIP DESCRIPTION AND DATA
MANAGEMENT
Main data of the ship are shown in table 1.
The ship sails in the Mediterranean sea and is able to
carry 215 cars, 3000 lane meters of vehicles on road and can
accommodate 2,300 passengers.
Propulsion is provided by four 4-stroke diesel engine
(Wartsila 12V46D) capable of delivering a maximum power
of 13,860 kW each one.
The propulsive scheme adopted consists in connecting
each pair of engines, through a gear-box, to the axis, which
ends with a variable pitch propeller with four blades. There
is also a power take off (PTO), to produce electrical power
during navigation.
In fig. 1 a simplified scheme of the propulsive plant installed
on board is shown.
18
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Tab 1. Main data of the ship.

The examined ship operates along three different routes:
the first one covers a distance of 440 miles in nearly 19 hours
of navigation along the whole year and the others cover each
a distance of 168 miles and 293 miles, in respectively about 7
and 11 hours during only summer season (in practice a stop
amid the whole-year route is placed in).
The ship is provided with a monitoring system designed,
implemented and installed by CETENA that records
a significant amount of variables; in table 2 there is a summary
of the main parameters available from the automation system
on board.
For each quantity the automation system provides a value
every 20 seconds and then the monitoring system makes the
average on 5 minutes and records it in a proper file.
Further, based on speed and GPS system, the system
recognizes the arrival in a harbour and subdivides files
according to ship trips. Data files are automatically send
to Shipowner via e-mail or ftp connection, thus the
energy manager onshore is continuously updated on ship’s
performance and management. The main panel of the
software managing the acquisition, analysis and recording
of ship data is shown in fig.2:

Tab 2. Main variables and tools adopted for the acquisition of travel data.

Fig 2. Main panel of the Performance Monitoring System by CETENA

In addition, inclinometers were installed (together proper
acquisition hardware) and calibrated by CETENA to sign
a positive trim when the ship is down by bow, negative when
down by stern.
The full block diagram of the monitoring system is shown
in fig. 3.
As easy guessed by the amount of items listed in the table,
each trip is associated with a large number of data which
represents an important source of information on the attitude
and performance of the ship. On the other hand, however,
there is a collection of large amount of data relating to different
aspects of the ship (such as the analysis of consumption, the
performance of the main engines and generators, the planning
of their maintenance, the management of ballast, etc. ... ).
The challenge is to make the proper synthesis and use of this
large amount of data.

The followed procedure consists of the assumed
methodology to make the average of these values on the
navigation time.
Within each trip it is useful to divide the time frame of
the monitored parameters in successive stages:
•
Load Pre-Departure – propulsive quantities have
little significance, while draughts and trims have large
fluctuations related to the loading / unloading and weight
transfer typical of the loading and unloading phases.
•
Departure Manoeuvre - there is a transient phase
for all quantities, with gradually increasing speed and power
•
Navigation – quantities are around their cruising
values, monitoring data recorded at this stage represent the
starting point for all sequent analysis.
•
Arrival Manoeuvre - this phase is characterized by
a transient, decreasing with speed and power.
POLISH MARITIME RESEARCH, No 4/2014
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have to be excluded since they may be associated with abrupt
variations due to transient motions, as shown in figures 4
and 5. Loading phase data, on the other hand, are partially
used for the definition of some static quantities, as the static
trims or draught, from which it is possible to gather arrival
and departure displacements.

Fig 4. Temporal distributions of the propulsive power and average speed
for a voyage.

Fig 3. Full block diagram of the monitoring system

As easy guessed by the amount of items listed in the table,
each trip is associated with a large number of data which
represents an important source of information on the attitude
and performance of the ship. On the other hand, however,
there is a collection of large amount of data relating to different
aspects of the ship (such as the analysis of consumption, the
performance of the main engines and generators, the planning
of their maintenance, the management of ballast, etc. ... ).
The challenge is to make the proper synthesis and use of this
large amount of data.
The followed procedure consists of the assumed
methodology to make the average of these values on the
navigation time.
Within each trip it is useful to divide the time frame of
the monitored parameters in successive stages:
•
Load Pre-Departure – propulsive quantities have
little significance, while draughts and trims have large
fluctuations related to the loading / unloading and weight
transfer typical of the loading and unloading phases.
•
Departure Manoeuvre - there is a transient phase
for all quantities, with gradually increasing speed and power
•
Navigation – quantities are around their cruising
values, monitoring data recorded at this stage represent the
starting point for all sequent analysis.
•
Arrival Manoeuvre - this phase is characterized by
a transient, decreasing with speed and power.
In Fig 4 and Fig 5 time distributions of some variables
recorded are shown for a selected trip. To highlight the
adopted subdivision, a bar is shown representing the different
stages of the journey.
For the study carried out in this paper, navigation data
are mainly used. Values measured during the manoeuvre
20
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Fig 5. Temporal distributions of the average trim and route for the same
voyage of

TIME DISTRIBUTIONS VS AVERAGE
VALUES
ADOPTED QUANTITIES
Describing the performance of a ship and trying to find
the correlation between the great amount of available timevarying quantities could be complex as the voyages are
characterized by variable periods of navigation (also on the
same route) and the duration of the loading phase varies (in an
almost random way) from trip to trip, regardless of the route.
It could be useful describing the voyages, or rather, periods
of navigation of each journey (from now on voyage will strictly
refer to the corresponding phase of navigation) through
averaged quantities. There is, indeed, the necessity of referring
to a single value for each quantity, so as to be able to compare
among them voyages pertaining to the same sample through
scatterplots and not only as a function of time.
In the perspective of investigating the influence of trim on
the propulsive quantities, not all available data are necessary.

Then it is possible to make a selection, choosing only quantities
that reasonably could affect ship performance.
Below there is a list of selected variables, with a brief
description of their meanings and, where necessary, the
formulation adopted to achieve them.
•
Average propulsive power [kW]: it is the power
supplied by 4 main engines, as a time weighted average over
the period of navigation
•
Average Navigation speed [Kn]: it is the weighted
average of the speed values recorded during navigation
•
Fuel consumption per hour (FCH) : it is used
to achieve a measure of consumption independent of the
navigation duration, which expresses the time weighted
average of fuel flow rate (measured by the flow meter),
delivered to the engine propulsion
•
Average Navigation consumption m3: it represents
the FCH multiplied by the hours of navigation
•
Specific Fuel Oil Consumption (SFOC)
: obtained
from the (1), with
, as:

•
Dynamic residual trim [m]: the ‚’real’’ dynamic trim,
according to the (5):
(6)

•
Displacement at the departure [t]: from the
hydrostatics tables, entering with average draught at the
departure.
•
Displacement at the arrival [t]: it is the displacement
corresponding to the last pair of draughts TFORE and TAFT
recorded during the arrival manoeuvring and with ship
already in port
•
Average displacement [t]: the arithmetic mean of
the first two items, given by:
(7)

•
Difference of displacement [t]: the difference of
displacement between arrival and departure, given by:
(8)

(1)

•
Route [°]: the route in terms of average value
(weighted average) calculated on the navigation period
•
Static trim at the departure [m]: the very last static
trim value immediately before the beginning of navigation.
It is defined by:

•
Wind direction [°]: the absolute wind direction is
expressed as a weighted average of the values monitored
during the navigation

(2)

•
Wind intensity [knots]: it is the weighted average of
the data recorded during the navigation period
•
Static trim at the arrival [m]: the very first static trim
value immediately after the end of navigation. It is defined
by: :
(3)

•
Average static trim [m]: the arithmetic mean of static
trim at departure and at arrival

(4)

•
Difference of static trim [m]: the difference of static
trim between arrival and departure

(5)

•
Average Dynamic trim [m], after called
,
represents the weighted average of trim measured by inclinometers,
carried out over the period of navigation. It refers, therefore, to
the dynamic attitude of the ship in wave field.

•
Hours of navigation [h]: this quantity represents the
duration of the navigation.
It is interesting to note the importance of introducing and
analysing different definitions of displacement and trim. The
ship displacement is continuously changing along the trip
because of for example consumable reduction. Therefore
it have been introduced the average displacement and the
difference of displacement between arrival and departure.
Referring to trim, indeed, it is possible to define three
quantities, linked to each other, but with different meanings:
•
Static trim: it is a variable that, within a certain
range, can be controlled by the crew, depending on the
weight of the ship and its distribution; it can be changed with
appropriate transfers or loading / unloading of weight (for
example, ballasting) and represents the quantity adjustable
by the crew during the loading, before the vessel leaves the
port.
•
Dynamic trim: neglecting the transients associated
with the phases of manoeuvre, this quantity is the longitudinal
inclination that the ship assumes dynamically during
navigation. Despite descending from static trim, the dynamic
one is not a controllable variable, since it depends on vessel
speed and geometry. Moreover there is also a variation due
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to the ship motion in relation with the sea state. In principle
a steady dynamic trim and an unsteady dynamic trim it should
be defined. It is possible to measure dynamic trim through
specific acquisition systems (such as three inclinometers one
at bow, one at middle-ship, and one at stern, installed onboard
the considered ship in order to obtain reliable values).
•
Residual dynamic trim: This quantity, according
to the (5), has been derived by subtracting to the measured
dynamic trim the variation of the static one, which, during
the navigation, is due to the decrease of the consumables and
to the consequent variation of the weight distribution.

(27500 kW, 38500 kW and 43000 kW) around which values are
distributed with a certain dispersion. The histogram obtained,
however, is not in contrast with the physical meaning of the
data, as these contain information about all-year voyages
relevant to three different routes and therefore represent
a heterogeneous sample.

Trying to make clear the differences between the adopted
definitions, the trends of dynamic trim and residual dynamic
trim for a voyage of the ship are shown in Fig 6 (the same
voyage adopted for the previous trends examples).

Fig. 7. Average Propulsive power distribution.

Fig 6. Temporal trends of dynamic trim and residual dynamic trim for
a voyage.

DATA SELECTION AND ANALYSIS
The database of navigation data is composed of data
transmitted to the technical office by the monitoring system,
relative to a year of navigation (286 voyages).
Since it may happen that for some voyages there are
missing data and some variables show values out of range,
probably due to an incorrect calibration (or malfunction)
of some measuring instruments, after a preliminary check,
anomalous quantities are excluded from the sample.
The available data (228 voyages) do not represent
a homogeneous sample, as they are related to all the routes,
they do not distinguish on the basis of navigation speed and
they consider all the wind states that the ship has encountered
during the year.
A visual representation of the heterogeneity of the samples
can be achieved by using normalized histograms, of subtended
unitary area.
The following figures (Fig. 7 to Fig. 10) show histograms
of the propulsive power, navigation speed, dynamic residual
trim and average displacement for the entire sample.
The propulsive power has values between 25000 kW and
45000 kW, corresponding respectively to 45% and 81% of
the maximum output power from the main engines (equal
to 55440 kW). Data do not show a distribution around
a single average value, but there are three main power levels
22
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Fig. 8. Average speed distribution.

Also the speed (FIG 8) is not distributed symmetrically
around a single average value, but it has two groups of data
that may be associated with two „bell” shapes with tails
overlapping. From the histogram it can be deduced that there
are two prevailing speeds (respectively 23.5 and 26.5 knots)
around which are distributed all the data of the year.
In contrast to power and speed, the dynamic residual trim
(Fig. 9) has an average value (about 60 cm by-stern trim),
around which all data of the year are distributed, even if in
a non-symmetrical way and with the presence of some nonhomogeneous data, varying between a minimum value of
about 2 meters by-stern trim and a maximum of about 50
cm by-bow trim.

Fig. 9. Dynamic residual trim distribution.

• Long routes - all data of the long voyages, regardless
of the navigation direction. The sample consists of 65 trips.
• Short routes - all data of the short voyages, regardless
of the navigation direction. The sample consists of 91 travel.
A further selection has allowed to exclude the weather
conditions and the navigation direction from the variables
considered for the analysis of the relationship between trim
and propulsive variables (speed, power and fuel consumption).
The following analysis is aimed, therefore, to investigate the
relationships between the different definitions of trim and
propulsive quantities for the selected sample. The process
of selection and analysis carried out showed that the data
can be divided into three distinct classes, according to the
percentage of maximum power at which they are associated,
as shown in the following table 3.
All the data referring to the long route voyages belong
to the first class, regardless of the navigation direction and
seasonality, while data referring to the short route voyages
are divided on the other two classes: Class 3 contains voyages
carried out in July, while the remaining voyages belong to
Class 2.
Tab. 3. Subdivision adopted for the analysis

In Fig. 11 data of the selected sample (156 trips) are shown,
divided according to class.
Fig. 10. Average displacement Distribution.

Similar to the residual dynamic trim, the displacement
(Fig. 10) presents a histogram with a regular distribution
(between a minimum value of about 22500 t and a maximum
of about 27000 t), almost symmetric respect to the average
value, equal to 25000 t.
The trends observed in the histograms shown in Fig. 7 and
Fig. 8 suggest that, in an attempt to achieve homogeneous
subsets of variables, it can be useful to further subdivide the
sample in terms of average speed and propulsive power, in
order to analyse data separately for different groups.
It is worth to remind that the short routes cover distances
that are significantly shorter than the long (respectively 168
and 293 miles against 440) and also navigation times are
considerably lower (7 and 11 hours versus 19).
The analogy in terms of speed and propulsive power and
the relationship that links them to the „long route”, allow
to consider the data of the short routes as a single statistical
sample.
This assumption makes it easier to separate the data that,
at this point, are classified into the following two categories:

Fig. 11. Subdivision by classes

In order to analyse data, in this paper it has been decided
to consider a static definition of trim (intuitively given by
the static departure trim, which represents the variable
tuneable by the crew), two dynamic definitions (given by
the average dynamic trim, which represents the variable
directly measured during the navigation and the residual
dynamic trim), the speed, the propulsive power and the
consumption (expressed in terms of SFOC and calculated
from the measured power).
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In this paper we are going to present only results referring
to Class 2, ie those referring to the short routes, excluding
July data as already said. Class 1 data are referred to long
routes, during which performance percentages can vary
a lot during each trip: mean trip data are thus less significant
and not presented in this paper.
4.1 Class 2 – Short routes
The first scatter diagram shows the dynamic residual trim
as a function of static trim at the departure.
As shown in Fig. 12, they are characterized by a strong
positive correlation (ρ = 0.92) and, albeit with some exceptions,
the data sample is collected around the line of the Ordinary
Least Squares.

all points are on „the same side” of the bisector (drawn in
gray) and have, therefore, an average dynamic trim lower than
the corresponding static trim. This trend could be identified
as a ship attitude to present a trim by stern when at cruise
speed, as confirmed by the previous fig. 12.
Data of the sample may also be reported by linking the
static trim at the departure and the average propulsive power
(Fig. 14).

Fig. 14. Average propulsive power as a function of the static trim at the
departure for Class 2

Fig. 12. Trends of the dynamic residual trim as a function of the static
trim at the departure for Class 2

Fig. 13. Distribution of the average dynamic trim as a function of the
static trim at the departure for Class 2

Reporting the data also in terms of average dynamic trim
(Fig. 13), it is observed that the sample, although characterized
by a dispersion greater than the previous display, still presents
a good correlation (ρ = 0.53). it is also interesting to note that
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For static trims varying between 90 cm of trim-by-stern
and 15 cm of trim-by-bow there are output powers ranging
between 37000 kW and 41000 kW, with a range of 10% of
the reference power (average power of the sample), equal to
38900 kW.
At first glance, it seems that the two variables are linked
by a, albeit weak, negative correlation; Pearson’s coefficient
relative to the sample, in fact, is ρ = -0.33.
However, it is expected that the downward trend observed
in the distribution of power is, at least partially, due to the
trend of the average speed rather than to changes in the static
trim.
So it is possible to conclude that for this sample it is difficult
to observe a strong dependence of power from the static trim
and the variations of the propulsive power are mainly to be
attributed to the corresponding speed fluctuations. The same
process is carried out for average dynamic trim (Fig. 15) and
then, it is possible to conclude, also for the average dynamic
trim, that a statistical relationship between this quantity and
the propulsive power exists but is very weak and can’t lead
to set definitive conclusions.
In Fig. 16 is shown the trend of the specific fuel consumption
as a function of the static trim at the departure.
As can be seen from the figure, the definition of SFOC
presents a high dispersion and the consumption data vary
between a minimum of about 195 g / kWh and a maximum of
221 g / kWh, with an excursion equal to 12% of the reference
value (average of the consumption data of the class) of 208
g / kWh. The sample appears to have a moderate positive
trend, identified by a correlation coefficient equal to ρ = 0.28.

It is assumed, however, that the increasing trend observed
for the distribution of specific consumption is due to the
decreasing trend of the corresponding power data (Fig. 16).
The value of the Pearson coefficient and the high dispersion
of the sample do not allow to definitively conclude that
a statistical relationship exists between the consumption data
and the static trim.
The conclusion is reached as a result of the analysis of the
performance of SFOC and is not surprising nor unexpected.
It is evident, in fact, that consumption, albeit referred to units
of energy, are strongly linked to the power values used to
define them. It is, therefore, plausible that the low correlation
between power and the trim is reflected in a similar behaviour
in consumption.
Now we study the trend of the specific consumption as
a function of the average dynamic trim.
In Fig 17 the trend of the SFOC (calculated from measured
power) as a function of the trim dynamic is shown.

Fig. 17. Average dynamic trim as a function of SFOC for Class 2

It can be observed that the values of specific consumption
are very dispersed. The moderate positive trend, expressed
by a correlation coefficient equal to ρ = 0.36, it would seem
more attributable to the presence of some not homogeneous
value than to an actual strong relationship between the two
variables.
Due to the high dispersion of the sample and the moderate
correlation between the specific consumption and the
dynamic trim, it can be concluded that at the ship speeds
measured in Class 2 routes the statistical relationship between
the SFOC and the trim angle of the vessel during navigation
is not so evident.

CONCLUSIONS
Fig. 15. Propulsive power as a function of the average dynamic trim for
Class 2

)LJ6SHFL¿FIXHOFRQVXPSWLRQDVDIXQFWLRQRIWKHVWDWLFWULPDWWKH
departure for Class 2.

The recording of data for energy management is becoming
increasingly widespread and then it is important to observe
and have a defined control of the data, in order to have a clear
view of those useful for an energetic analysis and to avoid
collecting and elaborating unessential information .
In this paper, after some general analysis, we focused on
the influence of trim. It was realised how is important to
define different types of trim and, in particular, to observe
on which kind of trim it is theoretically possible to intervene
(static trim at the departure) and which is instead dependent
on other quantities (dynamic trim during navigation).
Quantitative data were shown to highlight the variability
of certain parameters such as draught and displacement,
considering that often it is assumed that they are constant and
instead they are variable during the navigation, for example
due to the reduction of consumables.
Moreover, it has been find out that is difficult to extract
a clear influence on trim and ship performance from data
available at this state of the art Nevertheless it can be observed
that SFOC has an increasing trend behaviour as a function
of static trim at the departure and average dynamic trim for
data referring to the Class 2.
POLISH MARITIME RESEARCH, No 4/2014
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The effect of hull biofouling on parameters
characterising ship propulsion system efficiency
Wiesła Tarełko, Prof.
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ABSTRACT
One of most important issues concerning technical objects is the increase of their operating performance. For a ship
this performance mainly depends on the efficiency of its main pro-pulsion system and the resistance generated during
its motion on water. The overall ship re-sistance, in turn, mainly depends on the hull friction resistance, closely
related with the pres-ence of different types of roughness on the hull surface, including underwater part biofouling.
The article analyses the effect of hull biofouling on selected parameters characterising the efficiency of the ship propulsion
system with adjustable propeller. For this purpose a two-year research experiment was performed on a sailing vessel
during its motor navigation phases. Based on the obtained results, three groups of characteristics were worked out
for different combinations of engine rotational speed and adjustable propeller pitch settings. The obtained results
have revealed that the phenomenon of underwater hull biofouling affects remarkably the parameters characterising
propulsion system efficiency. In particular, the development of the biofouling layer leads to significant reduction of
the speed of navigation.

Keywords: Ship, hull, biofouling, propulsion system, efficiency

INTRODUCTION
One of most important issues concerning any technical
object is the increase of its operating performance. In most
common formulation, performance is the result of the
undertaken ac-tions which are described by the relation of
the obtained results to the incurred expenditures. It depends
on many factors, one of which is efficiency. This issue also
concerns mobile float-ing objects, for which the incurred
expenses mainly depend on the consumption of resources
needed for undertaking a given action. The consumption of
those resources, in turn, depends on factors affecting the
efficiency of the propulsion system, among other agents.
For a ship as the watercraft unit, consumption of resources
mainly depends on:
• operating efficiency of the main propulsion system,
• motion resistance.
A major part of ship motion resistance is generated by hull
friction, which depends on many factors connected with the
presence of different types of unevenness on the ship hull
surface. One of more important factors acting towards the
increase of the resistance during ship operation is biofouling

of its underwater part. This phenomenon consists in the
formation of a bio-film as a result of action of microorganisms
which produce extracellular polymeric substances, with
further colonisation of this biofilm by marine flora and fauna.
A general origin lays in biological and physical processes
taking place in seawater, which depend on the climate zone
and the type of applied coatings, among other factors. The
above process is becoming more intensive with the increasing
age of the ship and the time elapse from hull cleaning and
paint-ing during the last ship docking. As a result of the
process of the biofouling layer develop-ment, an uneven
structure is formed on the ship hull surface. This structure
increases the weight and friction resistance of the ship, thus
affecting its hydrodynamic characteristics, op-erating speed
and manoeuvrability.
The article discusses the effect of ship’s hull biofouling
on selected parameters characterising the efficiency of the
ship propulsion system. For this purpose an experiment was
planned to perform a relatively long-term examination of
biofouling of the underwater hull part between successive
ship dockings. An applicative goal of this research was to
create a basis for decision making by a ship owner about
POLISH MARITIME RESEARCH, No 4/2014
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economic justification of ship operation with relatively long
time intervals between successive dockings.
Evaluating the effect of hull biofouling on parameters
characterising ship propulsion efficiency requires excluding
the ship, for some time, from normal operation in order to
collect data for different meteorological conditions, (the force
and direction of wind, for instance), nautical conditions, (the
speed and direction of sea current, for instance), and operating
conditions, (such as the loading level, for instance), and
their correlation with different positions of main propulsion
engine settings. That is why a decision was made to carry
out these investigations on the sailing ship STS Pogoria.
This prototype ship, launched in 1980, is equipped with a
barquentine rig. Its gross tonnage is 290 GT, overall length
47.29 m, width 8 m, and draught 3.5 m (data from [5] and
ship documentation required by the marine administration).
The following characteristic features concerning its navigation
can be named:
• low main engine power in relation to the size of the
ship,
• certain proportion of motoring (about 50% of
navigation during a one-week voyage),
• voyages over very different water regions (Baltic Sea,
North Sea, Mediterranean Sea, and Atlantic Ocean
with different characteristics of:
- meteorological, nautical, and operating conditions,
- biological and physical processes taking place in
seawater,
• short voyages (1 to 3 weeks) with short passages
between harbours (1 to 4 days),
• relatively long times between successive dockings.
The ship has three navigation modes:
• pure sailing,
• pure motoring,
• hybrid navigation (engine assisted by sails).
As a rule, in all these modes the phenomenon of underwater
hull part biofouling affects the hull resistance to the same
extent. The reported research was performed only for the
second mode of navigation: pure motoring.

SHIP HULL BIOFOULING AND FACTORS
AFFECTING THIS PHENOMENON
The “father” of the method to evaluate the ship resistance
is believed to be William Froude, a British engineer, who
was the first to formulate the laws governing the resistance
experienced by ships sailing on water. In 1868, he performed
a detailed examination of ship resistance, the results of
which were published in [4]. Froude proposed to divide
the overall ship resistance into two components: the skin
friction resistance and the residuary resistance. In fact, the
re-sistance with which water counteracts to the motion of
the ship immersed in it is a composi-tion of a number of
partial resistances. A detailed description of particular partial
resistances can be found in [3], among other sources.
In a general case, the friction resistance is affected by
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a number of factors resulting from the unevenness of the ship
hull surface. These factors can be analysed both in micro- and
macro scale. (Fig. 1).

)LJ&ODVVL¿FDWLRQRIIDFWRUVDIIHFWLQJWKHKXOOIULFWLRQUHVLVWDQFH

An essential factor affecting the ship’s hull resistance is the
phenomenon of biological bio-fouling of its underwater part.
Extremely severe hull biofouling can increase hull resistance
by as much as 40%, at the same time reducing its speed by
2 knots. The corresponding increase of fuel consumption
amounts to 20% [14].
In the literature, hull resistance changes are presented with
respect to the last docking (last cleaning of the submersed
hull part) used as the reference, or as the process of biofilm
for-mation observed in laboratory conditions.
The report [7] of the United States Naval Institute includes
diagrams which illustrate, among other issues, the effect of
hull biofouling on the increase of its resistance. In particular,
the following relations are presented:
•
shaft power vs. sailing speed for successive months
from last docking,
•
shaft power (in percents) vs. months from last
docking for different sailing speeds,
•
sailing speeds vs. months from last docking fro
constant shaft power.
Ref. [9] presents diagrams of the increase of the residuary
hull resistance vs. times after dif-ferent types of preservation
methods applied to the submerged hull part (skin, screw
propel-ler). The data for the diagrams was obtained via
measuring power and revolutions of the main engine and
making use of the created mathematical model of ship
propulsion efficiency. The measurements were performed
in similar meteorological conditions and for similar ship
loads. Similar diagrams were also presented in [8,10], among
other sources.
On the other hand, Ref. [12] reports the research of
biological biofouling performed in labora-tory conditions.
Sheets of steel used for shipbuilding were covered with

anti-biofouling coat-ing materials and immersed in seawater
for 12 months. After each month one sheet was lifted from
water, cleaned, and covered with anti-biofouling coating
again. The research aimed at evaluating the resistance of the
examined surface to biofouling. One of the measured parameters was the surface related weight increase of dry biofilm vs.
time of sheet staying in sea wa-ter. It was concluded that this
relation is not proportional.
Being an undesirable phenomenon, biofouling of
submerged surfaces of oceanic objects con-sists in building-up
of colonies of microorganisms, plants, algae, and mammals
on wet and humid structures. The formation of the biofouling
layer is a multi-stage process and consists of four basic phases
[2]:
•
initiation, i.e. creating favourable conditions for the
formation of the biofouling layer,
•
attachment of microorganisms,
•
colonisation of microorganisms,
•
growth of organisms.
This process was visually presented in numerous
publications, [2, 6] among other sources, while the mechanism
of this process was described in [1]. The process of underwater
ship hull part biofouling is exposed to a combined action of
various factors of physical, chemical, and biological nature
(Fig. 2).

physical & chemical
properties of water

climatic and
geographical
conditions

factors affecting
biobiofouling
formation

physical & chemical
characteristics of hull
surface layer
Fig. 2. Combined action of factors affecting the process of formation of
a biological layer on the ship hull.

Basic factors affecting the process of formation of the
biological layer on the underwater part of the ship hull include:
•
temperature of the water in which the ship hull is
immersed,
•
sunlight illumination of the outer layer of the
submerged part of the hull,
•
quality of water,
•
relative motion of water,
•
‘susceptibility’ of the outer layer of the ship hull to
biofouling, which depends on the roughness of the surface, the
applied anti-biofouling coating, and hydrophobicity (ability
of chemical particles to repel water particles).

EXAMINING THE EFFECT OF
HULL BIOFOULING ON SELECTED
PARAMETERS CHARACTERISING SHIP
PROPULSION EFFICIENCY
As already mentioned, the most representative watercraft
unit for assessing the effect of hull biofouling on selected
parameters characterising ship propulsion efficiency seems to
be a sail-ing ship which navigates on different water regions
with changing meteorological, nautical, and operating
conditions. These criteria are met by the sailing ship “Pogoria”,
equipped with an auxiliary propulsion engine VOLVOPENTA of nominal power of 228 kW to drive a two-blade
adjustable propeller via the reduction gear with gearbox ratio
equal to 1:4,5. The nomi-nal rotational speed of the propeller
is 356 rpm. During the tests performed for 4 different ship
courses, the average speed of the ship was 8,9 knots at the
engine rotational speed setting equal to 1600 rpm, and the
adjustable propeller pitch setting equal to 17 marks on the
steering lever scale. According to the technical data of the
propulsion engine [13], the standardised fuel consumption
is 212 g/kWh for the rotational speed of 1800 rpm.
Obviously, parameters which characterise the propulsion
system efficiency of a ship, including sailing ships, are subject
to changes provoked by changes of meteorological, nautical,
and operating conditions. In the performed examination,
the nautical and meteorological condi-tions, such as the
ship course, the force and direction of wind, the speed and
direction of sea current, the sea state (height and direction
of waves), were considered temporarily constant during the
time of measurements, which never exceeded 15 min.
Consequently, the following assumptions were adopted
before examination:
•
examination is to be performed in still water
conditions (the sea state up to 20 in Douglas scale) and at the
absence of wind or at very light wind (the wind force up to 20
in Beaufort scale), to provide opportunities for determining
the pure effect of engine rotational speed and adjustable
propeller pitch settings on the measured parameters,
•
the ship speed in successive months from docking
will be measured for the same engine rotational speed and
adjustable propeller pitch settings.
Moreover, the list of the assumed temporarily constant
parameters also included such operat-ing conditions as:
•
draught depending of ship loading and seawater
salinity,
•
shape of the underwater part of the hull (no
deformation resulting from bumping into oth-er objects),
•
quality of sail rolling and the deck arrangement of
additional objects which can affect air whirling over the deck,
etc.
The adopted assumptions and the past experience gained
during voyages on sailing ships have enabled to make a
preliminary selection of parameters which will be used for
evaluating the effect of hull biofouling of STS POGORIA
on the selected parameters characterising the pro-pulsion
system efficiency (Table 1).
POLISH MARITIME RESEARCH, No 4/2014

29

Table 1. Measuring parameters

Values of the parameter ‘ship speed over the ground’ were
read from the GPS receiver.
Values of the parameter ‘fuel consumption’ were measured
using a specially constructed measuring instrument, the
operating idea of which consisted in connecting a scaled
tank to the main engine fuel installation. A scheme of this
installation is shown in Fig. 3.

Fig. 3. Scheme of installation for fuel consumption measurements

The three-way L-type valves, marked z1 and z2, enable
cutting off the measuring tank once the measurements are
completed and return to the normal situation in which the
main engine is supplied from the day fuel tank.
Values of the parameter ‘propeller shaft torque’ were
measured using a wireless tensometric torque meter specially
installed on the propeller shaft. The torque meter transmits
the signal making use of the phenomenon of magnetic
induction. The principle of operation of this torque meter
is schematically shown in Fig. 4. The torque was read using
a deflection gauge (micro ammeter) as percent of the calculated
nominal torque.

Fig. 4. Principle of operation of torque meter
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Settings for the rotational speed of the engine, (and,
consequently, of the adjustable propeller) and for the
adjustable propeller pitch were selected using two steering
levers situated on the navigating bridge.
Values of the propulsion system setting ‘engine rotational
speed’ were read as indications of the speed indicator (with
50 rpm accuracy) being part of standard equipment of the
propulsion engine system. The minimal rotational idling
speed of the propulsion engine is approximately equal to
530 rpm, while the maximal rotational speed is 2000 rpm.
However, there is no direct relation between the position of
the steering lever and the engine rotational speed, as setting
of the same required rotational speed may correspond to
different positions of the common rail (steering lever on the
navigating bridge) depending on the current load.
Values of the propulsion system setting ‘adjustable
propeller pitch’ were read as successive positions of the
steering mechanism remote control lever. In the given case
the propeller pitch was read as the lever position with respect
to the disc scaled from -25 to +25 marks (negative values
mean sailing backward).
In practice, the available ranges of settings for engine
rotational speed and adjustable propeller pitch are limited
by meteorological, nautical, and operating conditions,
and range between 1100 and 19000 rpm for the engine
rotational speed and up to 18 marks in case of the adjustable propeller pitch. Exceeding these limits provokes
unacceptably high temperatures of the propulsion system
gearbox.
To collect all data needed for evaluation of selected
parameters characterising the ship propul-sion system
efficiency, 195 observations were performed during 20
months, starting from the time when the ship was docked
and the underwater part of the ship’s hull was covered with
new anti-biofouling coating, which was the controlled
depletion polymer CDP INTERSPEED 340. The results of
the above observations have been collected and published
as the engineer-ing diploma thesis [11].
It was assumed that only those quantities will be used
which can be easily determined during the ship voyage by
an operator (captain or navigating officer) based on standard
navigating and measuring instruments installed on sailing
ships. The examination was performed:
•
in the assumed weather conditions,
•
in different water regions in which the effect of the
sea current was negligibly small (at sufficiently large distances
from coasts, mainly on the Mediterranean Sea and the Baltic
Sea),
•
for different combinations of settings for engine
rotational speed and adjustable pro-peller pitch.
In total, 10 quantities were recorded, and the results were
entered to a special measurement sheet.
The effect of hull biofouling on the parameters
characterising ship propulsion system effi-ciency was assessed
based on relations between ship speed, propeller shaft torque,
and instan-taneous fuel consumption on the one hand, and
the hull biofouling related friction resistance component on
the other hand.

Other components of the ship resistance were assumed
constant, taking into account the fol-lowing circumstances:
•
the residuary resistance and the air resistance can
be considered negligibly small, as ac-cording to the adopted
assumptions – test were carried out during comparable
meteorolog-ical and nautical conditions,
•
friction resistance components (excluding the
component resulting from hull biofouling) have not changed
much during the time interval of ship operation examination.
In mechanics, friction resistance is expressed in units of
force. Obviously, the friction re-sistance force, including
the component resulting from hull biofouling, cannot be
measured directly in marine conditions during watercraft
unit operation, and indirect methods are to be used. In the
reported case an assumption was adopted that the friction
resistance component resulting from ship hull biofouling
is in relation to the time of biofouling layer formation, i.e.
to the time of hull staying in water. Consequently, the time
elapse from hull cleaning and painting during the last ship
docking was assumed as the parameter characterising the
increase of the friction resistance generated by the biofouling
phenomenon.
The obtained results of examination have made the basis
for preparing three groups of charac-teristics for different

combinations of engine rotational speed and adjustable
propeller pitch settings, which presented:
•
ship speed vs. time elapse from last docking,
•
fuel consumption vs. time elapse from last docking,
•
propeller shaft torque vs. time elapse from last
docking.
Since in month 4, 8, 13 and 17 meteorological conditions
made performing tests in the as-sumed conditions impossible,
results referring to these months are missed in the diagrams.
The measurements of particular parameters in a given
month have revealed that their values differ between each
other, although within a small range. Possible reasons for
these differ-ences included:
•
unavoidable slight differences of meteorological,
nautical and operating conditions be-tween consecutive
measurements,
•
unavoidable errors in measurements of particular
parameters: ship speed over the ground, engine revolutions,
fuel consumption, and propeller setting with respect to the
position of the steering lever which controls its pitch, (the
propeller setting lever on the control panel is connected
with the steering mechanism of the adjustable propeller via
mechanical ten-sion members).

Fig. 5. Ship speed vs. time elapse from last docking

Figure 5 shows the relation between the ship speed
and the number of months from the last docking for
a combination of the engine rotational speed setting and
the adjustable propeller pitch setting equal to, respectively,
1400 [rpm] and 14 [marks], along with the trend curve
calculated with the aid of the sixth-order polynomial
trend function embedded in Excel.
The performed examination reveals that the ship speed
decreases with time, i.e. with the bio-film development on
the ship hull. In the examined time interval, i.e. during
20 months of ship operation from last docking, the

smallest rate of speed decrease was observed for settings
corresponding to low ship speeds, and the highest – for
high speeds. This tendency is con-nected with the fact that
ship hull biofouling results in the increase of hull friction
resistance, and in the resultant speed decrease when the
same propulsion system settings are maintained. This
decrease is higher for higher propulsion system settings
which increase the ship speed. In particular, the speed
decrease for the settings shown in Fig. 5 approximately
amounted to 25%.
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The analysis of the obtained results has proved that
particular relations are not linear and reveal characteristic
time intervals. Clear increase of the rate of speed decrease can
be ob-served between, approximately, month 3 and month
14 from the last docking. A likely reason for this effect is the
favourable climate for the development of the biofouling layer
(sailing on the Mediterranean Sea), along with short sailing
time intervals and frequent calls at harbours. In the time
interval starting approximately from month 14 from the last
docking, the ship speed decrease is stopped, which is most
likely caused by less intensive development of the biofilm layer,
or more precisely the final stage of this development. Within
one month after the next docking, detailed observations of
the underwater hull part were performed at the height of
changing draught line of the ship. The dominating structure
in the upper part of this line was a green layer shown in Fig.
6. The left-hand side of the picture presents a fragment of the
fixed green layer which has been removed using a putty knife.

To analyse the nature of this layer, its fragment was torn
off and its photo was taken on the squared background, with
the dimensions of squares equal to 5x5 mm (Fig. 8).

Fig. 8. Torn off fragment of the layer of crustaceans

Organoleptic analysis of the fragment of this layer has
revealed that it has the form of com-pact and relatively hard
layer of different crustaceans, firmly interconnected with each
other. The thickness of the biofilm layer in the vicinity of the
changing draught line was approxi-mately equal to 3-4 cm.
Figure 9 shows the propeller shaft torque vs. number of
months from the last docking for a combination of the engine
rotational speed setting and the adjustable propeller pitch
setting equal to, respectively, 1200 [rpm] and 12 [marks],
along with the trend curve calculated with the aid of the
linear trend function embedded in Excel.

Fig. 6. Green layer which dominates in the upper part of the changing
draught line, and frag-ment of the removed green layer.

The dominating element in the lower part of the changing
draught line was a relatively firm and rough layer of crustaceans
which composed a uniform and compact structure (Fig. 7).

Fig. 9. Propeller shaft torque vs. time elapse from last docking.

Fig. 7. Layer of crustaceans composing a uniform and compact structure
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The performed examination has revealed that the value
of the measured torque increases with the increasing time
from the last docking. The increase of the propeller shaft
torque in the examined time interval was caused by growing
hull biofouling, which decreased the ship speed at the same
assumed setting of the adjustable propeller pitch. This, in
turn, changed the velocity and structure of the water flow

approaching the propeller, thus affecting the propeller
characteristics and shifting the point of operation of the
entire propulsion system.
Figure 10 shows the fuel consumption vs. time from the
last docking for a combination of the engine rotational speed
setting and the adjustable propeller pitch setting equal to,
respective-ly, 1400 [rpm] and 14 [marks], along with the
trend curve calculated with the aid of the loga-rithmic trend
function embedded in Excel.
The fuel consumption measurements were started in
month 6 after the last docking, which was caused by the fact
that at the initial time interval this measurement had been
performed using flow meters installed on the fuel inlet to the
engine and the return pipe from injector overflows. The fuel
consumptions were calculated for successive observations
as differences in indications of these flow meters. After
some time, it turned out that the results of measure-ments
performed using this method were burdened with relatively
big errors, due to remarka-ble disturbances having place in
the combined return flow from the main engine and two
en-gines which drive the electric power generators.

remarkable decrease of the sailing speed (by about 25%),
•
the performed examination can make a basis for
a ship owner to make decision about eco-nomic reasonability
of operation of a ship with long time intervals between
successive dockings.
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ABSTRACT
To predict underwater noise spectra associated to regular occurrence of propeller cavitation we have extended an
existing method [1] (used for the prediction of fluctuating hull pressures) to become applicable for effects that are
linked to a finite speed of sound. In [2] an intermediate approach was realized where (besides the hull) far field
boundaries were introduced but the incompressible flow assumption was kept. However compressibility effects
become noticeable in the far field, which may be judged to start at some 2-3 propeller-diameters distance from the
centre of the cavitation events, if we confine to emissions at 1st- 4th blade frequency. It was a logical continuation of
our former efforts to realize a compressible flow model and integrate the propeller as a noise source. Having increased
the functionality of our approach by referencing the speed of sound, the precision of the method was also somehow
reduced. In our former approach, like in comparable approaches (see for instance [3] and [4]), the singularity system
generating the near field propeller induced pressures involved various sources and vortices distributed on the propeller
blades. With our current compressible approach this complexity was dropped, as a single point source substitutes
the cavitating propeller. Such a simplification correlates with the assumption, that the monopole character of a noise
source is decisive for the far field noise levels. In this contribution we outline the steps characterizing the procedure
for predicting tonal underwater noise from cavitating propellers. In the first step a Vortex Lattice Method (VLM) is
used to access the cavitation pattern on the propeller with special focus on the cavity volume attached to one blade.
The second step accumulates the distributed cavities to establish a fluctuating point source of equivalent far field
noise characteristic. As relevant limits the hull, the free surface, the sea bottom and an ice cover are introduced.
Using finally a Boundary Element Method (BEM) approach the relevant noise characteristics are derived, accounting
for external boundaries and for the finite speed of sound. The results provided here are focused on a comparative
treatment of different scenarios, mainly addressing ice cover effects at finite the water depth.

Keywords: Cavitation, underwater noise, ice-covered areas

Modelling

emission the numerical load is on the cavitation model of
QCM. Below we summarize the characteristics of this model:

Cavitation modelling
The method which is invoked later to track the emitted
noise can be considered a ‘real’ boundary element method
i.e. the elements which make up the hull surface and other
limiting areas are exactly at the boundaries, covering them
without gaps. For the propeller with its relatively thin sections
one may reference as well a simpler approach, namely a Vortex
Lattice Method (VLM). Such a method is available and in
permanent usage at the Hamburg Ship Model Basin (HSVA),
called ‘QCM’. For an application in the field of propeller noise

QCM Cavitation model features
•
Two-phase flow modeling: a) introducing (in the
cavitation effected areas) added sources to simulate cavity
displacement and added vortices to deriveoverall changes in
camber, b) starting cavities at the blade leading edge and c)
allowing for ‘blunt’ termination at the cavity end (no closure,
i.e. no balance of added sources and sinks requested).
•
Coupling with unsteady flow analysis: ‘Fully wetted’
blade surface pressure provided unsteady to feed steady
cavitation model in each time step (quasi-steady approach).
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•
Numerical scheme: 2D cavitation model solving for
cavitation extent strip-wise on 3D blade surface, singularities
kept fixed on mean surface.
•
Cavitation types addressed: sheet cavitation on
blade suction side and blade pressure side, supercavitation
on suction side.

this discrete singularity to be as representative as any detailed
resolution of the cavitation pattern.
The single point source replacing the cavitating propeller
in the noise tracking method is located in the propeller plane
at the 12°° position with an 80% R distance to the shaft centre
(see also Figure 3). While a general length scale is given by
the propeller radius R, a useful time scale is related to 1/ν,
respectively to 1/Ω = 1/(2πν) with Ω the related angular
frequency. From the volume function V(t), a source strength
Q(t) may be derived by time derivative. Non-imaginary source
strength amplitudes Qon are then obtained to represent Q(t)
as follows:
. Similar
to the role of αn, which keeps the volume amplitude Von real,
the role of -π/2 in the above is to keep the source amplitude
Qon real. As Qon = ωn Von and Ω = 2πν, the normalized cavity
volume amplitudes Von/R3 give normalized source amplitudes
Qon/ ΩR 3 = nZVon/R 3

(2)

To represent a generic propeller, which could be an average
bulker- or VLCC- propeller one can use typical normalized
source strength amplitudes Q_o^n depending on the
considered blade raten as given below:
(Qon)/(ΩR 3) = 0.00085/n (n = 1,2,3,...)
Fig. 1. Typical cavity pattern from numerical analysis (here VLM method
QCM was used)

The fundamental information required from the propeller
method to feed the ‘noise tracking’ procedure is given by
the time function of the cavity volume. This information is
linked to the added sources, which simulate the displacement
effect of the cavity.
Provided a wake field is available (from measurements or
calculations) and the propeller geometry was converted into
a VLM-geometry the process to calculate the cavity volume
can be started. The cavitation extent in Figure 1 represents a
typical result of the VLM approach. As mentioned above, the
vapor filled areas on the blade surface are linked to additional
sources within the Vortex Lattice.
From the section wise cavity thickness, available via the
VLM approach, one can derive the time function of the cavity
volume attached to one blade. Finally a summation over all
blades gives the volume history valid for all blades. Examples
for both time functions can be taken from Figure 2, were the
volumes are normalized by R3 with R as propeller radius. From
a harmonic analysis one may define cavity volume amplitudes
Von via (αn is introduced to keep the amplitudes real):

(3)

On the hull this will lead to roughly 1 kPa in full scale
at blade frequency (in case of typical full scale propeller
dimensions and in case of a typical full scale shaft frequency).
We used D = 7.9 m and ν = 1,66 Hz in the present case. The
Sound Pressure Level = SPL = 20*log_10(pon/pref ), with pref=
=10-6 Pa, introduces a logarithmic scale, which is usually
invoked for tracking the pressure amplitudes. pon
is
the pressure amplitude related to the n-th blade frequency
registered at
in the mono-frequent signals caused by the
fluctuating source Qon. The location
may be taken at any
point in the flow, e.g. at the hull and in the far field. Note, that
for pon we insert the full pressure amplitude i.e. we do not
base the sound pressure level on the root mean square of the
harmonic time signal. In one of the figures below, we will as well
apply the SPL definition for an instantaneous pressure pattern.
Addressing the repeatability of the cavitation process
we assume, that any model experiment or any calculation
approach may not provide reliable data to run our point source
model for full scale predictions (neither for hull pressure
amplitudes nor for noise emission) at frequencies higher than
the 3 times the propeller blade rate.

(1)

In the above ωn=2πnZν, with Z for the numer of blades,
ν for the propeller shaft frequency and n an integer mutiple
(n = 1 for the blade frequency, giving a frequency Z times
higher than the shaft frequency ν; n=2,3,… for higher orders).
For the pressure field at points of typically one radius R
(or larger) distance from the cavitation activities, we consider
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Fig. 2. Time function of normalized cavity volume valid for one blade
(‘1’) and, by superposition, for the whole 4-bladed propeller (‘1+2+3+4’)
using the angular position (PHI) of a reference blade instead of time on
the horizontal axis

(7)

The time dependency is shifted to the frequency domain,
so that a n-th blade frequency tonal emission from the point
source at related ωn=2πνnZ (with strength Qo and location
) would cause an undisturbed potential
(8)
Fig. 3. The actual simulation is driven by a point source at 0.8R
representing a 4-bladed propeller of D = 7.9 m operating at 1.66 Hz.
Using the proposed formula (3) for the source strength, these settings
comply with a max 1st blade frequency hull surface pressure amplitude of
1.0 [kPa] corresponding to a max sound pressure level SPL of 180.0 (view
from Port/below).

The wavenumber k n=ωn/c represents a key-parameter and
should be suitably normalized. k n is made non-dimensional
here as k n* = (ωn/c) R, so that k n* quite directly expresses the
ratio of propeller radius R to the sound wave length at ωn.

Sound propagation modelling

Retardation

The single point sourcerepresenting the cavitating propeller
is a rigorous modelling measure. A similar characteristic
(rough but efficient) may be stated for the free surface model,
which enters the calculation. It is assumed that negative
mirror images of all singularities and boundaries acting
under water are to be installed above the free surface. This
shall ensure the free surface boundary condition, expressing
that a free surface cannot withstand any other pressure than
the surrounding air pressure. The link between the mirror
system and the demand on the pressure at z = 0 (free surface
location) will become obvious when we discuss in more
detailthe sound propagation model. In general this acoustic
model is based on a velocity potential ϕ( ,t) representing
the point source, all contributions from boundaries as well
as all mirror images and linked to the velocity field via
( ,t)=grad ϕ( ,t).
In the compressible case a reasonable approximation for
the continuity equation can be expressed as follows:

An acoustic problem involving a periodically acting
singularity and surrounding boundaries shows delays for
the mutual interaction processes (the disturbance at will
need time to reach ). For harmonic problems one may include
delay effects via a phase offset which enters any interaction
process. A specific delay time reads | - |/c and leads to a
specific phase offset Δα = (ωn/c)| - |. This procedure allows
to rely basically on a former developed (and also potential
based) ‘near field approximation’ addressing the pressure
field caused by the propeller on the hull. It adds a mutual
interaction factor

(4)

ϙ’ stands for small changes of the density around the mean
value ϙo. It relates to the disturbed pressure via the speed of
sound c as given below:

(9)

to any incompressible influence function holding between
a boundary element at and any point .
In the incompressible case we used dipole densities for
the involved surfaces and boundaries to introduce a system
of distributed singularities. The additional interaction factor
from equation (9) gives a linear equation system in a similar
manner as before. The unknown dipoles however now show
a real and an imaginary part, doubling the number of
equations and the size of the solution vector.

(5)

According to the unsteady Bernoulli equation the pressure
perturbations p’ from equilibrium may be linked to the
velocity potential according to:
(6)

Here ϕ represents the first time derivative. Thus the
continuity equation (4) can be summarized to a linear wave
equation (below for the second time derivative of ϕ and
for div grad ):

Fig. 4. This picture shows the hull, sea bottom, symmetry plane and
vertical lines for probe locations. The probe coordinatesenterthe
diagrams presenting the sound pressure levels (SPL) as function of sensor
submergence (view from Port/behind). The vertical lines locate at the
axial position of the propeller and in lateral distances of 6R, 14R, 22R and
40R from the mid ship plane.
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Scenarios and results
Scenarios
We were interested in a simulation that would give results
similar to the outcome of a hypothetic experiment whereby
a hydrophone is positioned at various depths and distances
from the passing ship. We considered a normalized water
depth of 10R, which results to 39.5 m using D = 7.9 m. We
were introducing a typical containership hull and a typical
propeller tip clearance of 35% D. The propeller was assumed
4-bladed and n was set to 1.66 [1/s] giving a normalized wave
number k1* = (ωn/c) R = 0.113 for n = 1 (1st bade frequency).
Besides k1* we also did calculations with k0* = 0 and k2* =
0.226. k0* = 0 simulates a sound source with extreme low
frequency and enforces an amplitude pattern, which would
hold in an incompressible medium at arbitrary frequency.
k2*=0.226 would correspond to the 2nd blade frequency of
the above mentioned 4-bladed propeller.
The three settings for the conditions at the upper liquid
water limit were:
•‘free surface’;
•‘ice channel’ (ice starting on both sides at 10R
from midship);
•‘rigid cover all-over’.
The normalized source strength was basically set as given
in equation (3), however we introduced slight deviations
from equation (3) to enforce the near field sound pressure
levels to be the same for all conditions and frequencies. As
a representative near field value we referenced the hull
pressure amplitude directly above the propeller. This was
enforced to read 1 kPa, independent of frequency and
condition.
As already suggested the free surface condition was
introduced by negative mirror images of the submerged
source and boundaries. The ice channel condition includes
a free surface part (the channel) and a rigid part (ice
everywhere else). This ice scenario was modelled using
negative mirror images again, however combining them
with slightly submerged rigid panels representing the lower
ice surface. The distributed singularities (dipole densities) on
the ice panels became part of the solution. The model for the
rigid cover (which may represent a situation similar to a ship
model attached to the upper tunnel wall) involved positive
mirror images of the submerged source and boundaries.
Results
The distribution of the pressure amplitudes may be traced
in vertical direction from z = 0 down to the sea bottom as
indicated by the vertical lines shown in Figure 4. We were
selecting lines located at the axial position of the propeller
in lateral distances of 6R, 14R, 22R and 40R from the mid
ship plane. For the scenarios ‘free surface’, ‘ice channel’ and
‘rigid cover all-over’ the sound pressure levels may such be
presented via xy-diagrams, whereby our vertical axis denotes
the submergence and the horizontal axis stands for the SPL.
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The plane covering the vertical lines at 6R, 14R, 22R and
40R was also referenced to provide contour plots of the
sound pressure level.
To compare with results which would hold for the
previous approach [1] we first considerd a point source
at zero frequency, i.e. we started with a normalized wave
number kn*=(ωn/c)R= 0.0. As already noted, this would
produce an amplitude pattern valid in an incompressible
medium at any frequency. Figure 5 gives the contour plots of
the sound pressure levels at kn*=0. The ice channel scenario
(Figure 5, mid) includes an indication of the ice-cover extent
by a plate fixed on top.

Fig. 5. Total SPL pattern in the x = 0 - plane (axial propeller position)
for k n*=0 case. Top: free surface scenario, middle: ice channel scenario,
bottom: rigid surface scenario.

Next we treated a normalized wave number k_n^*=(ω_n/c)
R= 0.113 which represents a typical 1st blade frequency (n=1)
value for large ships. Figure 6 gives the contour plot of the
sound pressure level in this case. Again the contour plot
plane includes the vertical lines.
Finally we introduced k_n^*=(ω_n/c)R= 0.226, i.e. we
doubled the frequency of the point source to simulate the
transmission of cavitation noise related to a 2nd blade
frequency (n=2) typical for large ships. The results for this
case can be taken from Figure 7.
For an instant pressure picture we refer to Figure 8. Here
we applied the sound pressure level definition to display
the pressure pattern at a fixed time t_o. This instantaneous
pressure field relates to the scenario ‘rigid cover all-over,
k_n^*=0.226’.

)LJ,QVWDQWSUHVVXUH¿HOGUHVXOW DJDLQSUHVHQWHGDVVRXQGSUHVVXUH
level) related to the amplitude pattern given in Figure 7, bottom (rigid
cover all-over, k n* = 0.22)

Fig. 6. Total SPL pattern in the x = 0 - plane (axial propeller position)
k1* = 0.113 case. Top: free surface scenario, middle: ice channel scenario,
bottom: rigid surface scenario.

Fig. 9. The sound pressure level (SPL) runs along the horizontal axis
while the submergence of sensors (positioned according to Figure 4 at
6R, 14R, 22R and 40R from the mid ship plane) runs vertically. The
normalized wave numbers read k n*= 0, 0.113, 0.226. The conditions ‘RIG’
(ridged cover), ‘ICE’ (ice channel) and ‘FS’ (free surface) refer the above
mentioned scenarios.

Fig. 7. k_2^*=0.226 (n=2). Top: free surface, middle: ice channel, bottom:
rigid cover all-over.

Figure 9 shows the sound pressure level (SPL) obtained
along the 4 vertical lines, when everything remains the same
except for the scenario at z = 0 (upper limit for liquid water).
Simulating with k n* = 0 an incompressible approach (the latter
characterized by an amplitude result independent of the
emission frequency) we arrive at the most extreme pattern
as can be taken from the upper graph of Figure 9. It shows
the strongest SPL-decay in lateral direction if the free surface
scenario is invoked and exhibits the weakest lateral SPLdecrease if the rigid cover scenario is activated.
In Figure 9 the strong reduction of the SPL at the free
surface is obvious for all emission frequencies k n* = 0, 0.113
and 0.226. Precisely at the free surface the SPL reads formally
-∞ corresponding to zero pressure amplitude. The SPL for
the ice channel behaves very similar to the free surface case,
as long as the ice edge is not reached. Away from this edge,
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i.e. under ice, the character of the curves (but not the levels)
switches over to the ridged cover case. In any case we can
hardly observe a decrease of the sound pressure level in the
negative vertical direction, an effect surely related to our very
limited water depth. If we step from k n* = 0 to finite emission
frequencies, it appears to be just the other way round. At the
highest frequency we register a marked increase of the SPL
with rising distance from z = 0.

Conclusion
Using our approach to predict the low frequency noise
signature of a propeller we concentrated on the influence of
the far field boundaries. This exercise is including the scenario
of a limited open water channel surrounded by ice. The way
in which low frequency noise propagates under ice is of some
interest when the risks of transportation and exploitation in
the Arctic areas are studied. People are concerned about the
effect of underwater noise on marine mammals.
Besides the settings at the upper liquid water limit we also
varied the frequency of noise emission.
The water depth represents a parameter, which was not
yet varied but fixed to a typical shallow water level in the
current study.
We demonstrated that an incompressible approach
delivers the most extreme results, meaning that it supplies
the strongest decay of the sound pressure levels when the free
surface scenario is invoked and the weakest decay when the
rigid cover scenario is activated. The ice channel scenario
turns out to be sensitive to the actual frequency of the sound
source. Under the ice, in combination with shallow water, we
could not observe a decline of the sound pressure level with
increased submergence.
In view of the noise pollution under ice, we may emphasize
to keep ice channels as broad and open as possible, especially
in a shallow water situation. It may also be an option to equip
blunt ships with special devices, like unconventional preducts. It has been demonstrated in [5], that such devices may
lower the hull pressure amplitudes for the 2nd and higher
blade frequencies. Accordingly the noise emitted at these
frequencies would also be reduced.
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Capabilities to assess health/maintenance status of
gas turbine blades with non-destructive methods
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ABSTRACT
The paper has been intended to discuss non-destructive testing methods and to present capabilities of applying them
to diagnose objectively changes in the microstructure of a turbine blade with computer software engaged to assist
with the analyses. The following techniques are discussed: a visual method, based on the processing of images of the
material surface in visible light, active thermography, based on the detection of infrared radiation, and the
X-ray computed tomography. All these are new non-destructive methods of assessing technical condition of structural
components of machines. They have been intensively developed at research centers worldwide, and in Poland. The
computer-aided visual method of analyzing images enables diagnosis of the condition of turbine blades, without
the necessity of dismantling of the turbine. On the other hand, the active thermography and the X-ray computed
tomography, although more sensitive and more reliable, can both be used with the blades dismounted from the
turbine. If applied in a complex way, the non-destructive methods presented in this paper, are expected to increase
significantly probability of detecting changes in the blade’s condition, which in turn would be advantageous to
reliability and safety of gas turbine service.

Keywords: gas turbine, blade, diagnosing, technical condition

Introduction
A turbine is a rotary flow machine, converting enthalpy
of the working medium, also called the working fluid
(exhaust stream, gaseous decomposition products or
compressed gas) into the mechanical work, causing rotation
of the rotor. Because of numerous advantages, such as the
ability to develop high power in a compact and low curb
weight, relatively high efficiency of energy conversion of the
process (30-45%), simple structure, ease of use in different
climatic conditions (particularly at low temperatures of
the surrounding medium), and a fairly large reliability, the
turbines found many applications, among others in power
industry, traction motors, marine and aviation engines as
well as in aerospace technology. Unfortunately, gas turbines
also have drawbacks, which mainly include high operating
temperature of some of their parts such as blades and large
rotor speeds. Currently, depending on the materials of
which the blades are made and treatments such as cooling
or blade coating using special heat resistance coating [20],
the temperature of the gas turbine working medium ranges

from 1100 to 1600 K, and in some designs it is even higher
[18]. Moreover, the rotational speed of, for instance, aerial
turbine engines, depending on their design and purpose can
reach as much as 100k. rpm or even more.
In the process of operation, different types of damage to the
gas turbine components may occur [2, 5, 13, 22]. The parts of
the turbine that are the most vulnerable to damage are blades,
whose technical condition is crucial for the reliability and
service life of the entire turbine and the assembly, in which
it is embedded. The main causes of a gas turbine’s damages
are its overheating and thermal fatigue (Fig. 1).
a)

b)

Fig. 1. a) – a vane with overheated area, b) – an image of the blade clipped
due to overheating [2, 5]
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This is mainly due to adverse operating conditions or
manufacturing defects, such as use of insufficiently durable
types of protective coating or applying them on the blade
material in a wrong way [4, 7, 15]. The reaction of the blade
material to mechanical loads depends mainly on its operating
temperature. The choice of material for manufacturing blades
with a projected durability must include their mechanical
properties in the area of the maximum temperature on
a given blade. A typical temperature distribution along
the blade feather is very uneven (Fig. 2). Damages to the
first (central) stages of a turbine are usually caused by the
impact of high temperature of exhaust, whereas damages
to the last, (peripheral) stages ( turbines with the longest
blades) originate mainly from the effects of mechanical strain
(vibration, centrifugal force) [5, 13, 22, 16]. Overheating of
the blades is the result of the exceeding of the permissible
average exhaust gas temperature value as well as non-uniform
temperature distribution at the periphery. One of the reasons
for the irregularity of the temperature behind the turbine
is not appropriate fuel spray caused by varnish deposits
accumulating on the injectors [4].

An important task of the aircraft engines use is to adopt
maximally available diagnostic methods and knowledge in
order to detect early enough and interpret the symptoms of
the possible risks, to perform repairs in the most favourable
moment in respect of minimizing losses, as well as to prevent
failures [21, 26]. Furthermore, the high cost of repair of aircraft
engines has become one of the reasons for developing new
non-destructive assessing methods performed in the process
of supported operating as well as during the verifications,
when repairing turbine components is being conducted.

Visual method based on processing images of
the surface of the turbine blades in visible light
Visual method is commonly used in a non-destructive
examination of technical objects
[2, 13]. In the case of the use of optical instruments,
and in particular a videoscope, it is possible to inspect the
object without necessity of disassembling it. The acquisition
and development of information that could be useful for
the diagnosis of machine parts, is a complex process that
requires multiple treatments. In general this process can be
summarized as follows [3, 6]:
•
illumination of the diagnosed object located in the
background with white light,
•
acquisition of the test object image,
•
digital analysis of the image,
•
presentation of information on the image.
Illuminated surface of the blade can be recognized by
a light-sensitive detector (CCD matrix with an optical system
– optoelectronic system) through a secondary source of
light from its surface. CCD matrix counts incident photons,
energy of the light rays incident on each pixel. In the case
of a computer vision system the image is obtained from
ambient by means of an optoelectronic device – videoscope
(Fig. 3). This enables indirect method of diagnosis of the
object through the processing and analysis of data collected
in the form of digital images.

Fig. 2. A diagram of the typical temperature distribution along the gas
turbine blade feather[5]

An occurrence of the failure of the gas turbine leads to
its destruction. This situation forced the constructors and
researchers of the turbine engines to develop non-destructive
methods of evaluating the turbine’s condition [15]. So far, the
most common method is a visual one [2, 13].
It allows for testing of overheating structures even of those
hard-to-reach engine components in a non-invasive way,
however, with relatively small reliability [19]. The assessment
of the state of overheated blade is performed visually by
a diagnostician using videoscope, and comparing the resulting
image with the reference one. This type of diagnosis, however,
is fraught with subjective error, therefore, the diagnostician’s
decision is verified by performing a destructive metallographic
examination.
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Fig. 3. Optoelectronic device – videoscope [11]

For one-dimensional model and homogeneous material,
the expression of the temperature change during the cooling
of the surface heated by short thermal pulse, is as follows [17]:

5,5

(3)

5,4

Thermal response of blade surface to heat pulse

where:
Q - is the heat pulse energy per unit of area,
t - surface cooling time,
T(0) - is the temperature at a selected point or area of the
heated surface, just after extinguishing the pulse,
T(t) - the temperature in the cooling process at any time.

ln(T-To)

5,3
5,2
5,1
5
4,9
4,8
7,58

8,59
ln(t)

new blade

blade from service

damaged blade

Fig. 7. Blades thermograph and changes of dependence of the parameter
ln(T-To) of the thermographic signal at selected points of the blade
surfaces [14]

Fig. 6. Diagram to explain the application of pulse thermography [23]

The occurrence of defects in the material reduces the
diffusion rate which means that temperature of the surface
area above the defect will be different from the temperature of
the region under which there are no defects – and therefore,
the aspect of the above relationship changes. This method
(as well as others), has limitations, due to rapidly fading with
depth the temperature contrast it only allows for the detection
of subsurface flaws.
Thermographic examinations covered the turbine blades
made of alloy EL-867WD, classified into various categories:
new, used - fit and damaged during turbine engine operation.
The obtained results confirmed changes of parameter
dependence of thermal response of the examined blade
materials to stimulating heat pulse (Fig. 7).

Subsequently, by means of active pulsed thermography
examinations of operated gas turbine blades were performed.
The research was carried on the rim steering blades of gas
turbine aircraft jet engine made of an alloy ŻS–6K. Based
on visual criteria of assessment, the blades were classified
into various groups according to their degree of overheating
(category I to V). The result of research affirmed that the
thermal response of the blades material considered as “able”
(category I) is uniform over the entire surface (Fig. 8).
While on the basis of the analysis of the response to the
heat pulse of the blade material classified as “unfit” it was
possible to determine clearly deviating from the average value
of the zone. These areas coincide with areas visually assessed
as overheated which, together with the results of the tests
conducted on samples (Fig. 7) gives rise to the inference of
superheated material structure.

Fig. 8. View of exploited blades I and V categories and chart of their
material response for the heat pulse [14]
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Features of digital images allow to determine their
histogram, i.e. the frequency chart of successive values of
pixels in the image. The histogram shows how numerous are
points in the image with different brightness values lk [1, 6].
It is assumed that the first element of the histogram has the
number 0, and the last is equal to the number of levels of
image brightness. If the image contains mxn points and is
saved using P levels of gray (for monochrome image): pm =
={0,1,21, ,lk, , 254,255} and for the RGB color image: pR =
={0,1,21, ,lk, , 254,255}, pG = {0,1,21, ,lk, , 254,255}, pB =
{0,1,21, ,lk, , 254,255}, then the usual result is mxn/p that
have a certain level of gray or shades of colour component in
the case of colour images. The histogram is represented as a
vector of length corresponding to the number of brightness
levels, it can be written as follows [24, 25]:
(1)

where:
h(lk) - the sum of points, that level of gray equals lk and

Fig. 4. Exemplary spectral analysis of the image of blade surface [3]

(2)

Disruptions that occur in all stages of the process of
acquiring and analyzing information impinge on the
reduction of the efficiency of data acquisition in the form of
digital images. The following assumptions for research are
being assumed:
acquisition of images in the same conditions and
the same resolution,
•
illumination – diffuse white light,
•
no light interference – reflected from other surfaces,
•
acquisition of images using a videoscope of the same
resolution at the same magnification.
Representative areas (averaged ROI areas – regions
of interest) are selected to describe the tested surfaces
unequivocally. By means of the Matlab software (Image
Processing Toolbox) image of the blade surface is transformed
into the RGB colour image or grayscale image. Typically, the
test of image histogram is carried out in order to determine
whether the “black-white” information is sufficient to
describe the change of the colour caused by the action of
high temperature (superheat).
Parametric description of histograms is to determine the
position of the maximum value of the amplitude, i.e. the
number of pixels (ordinate axis) for the values of saturation
of grayscale or RGB (abscissa axis) – Fig. 4. In order to extract
diagnostic information the examined waveforms of the
changes of the maximum amplitude values in the function
of temperature are approximated by polynomials.
Acquisition by videoscope and computer analysis of images
of the surface samples of the blades made of superalloy
EI-867WD were performed before and after heating in
a furnace in realistic conditions. Studies of the first order
statistics (parametric description of histograms) of images
of blades surfaces showed a monotonic decrease of values of
the amplitude of grayscale saturation (Fig. 5).
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Fig. 5. The values of the position of the maximum amplitude of greyscale
saturation of blade surfaces annealed in conditions similar to realistic [3]

Active thermography
Active thermography is based on the detection of
infrared radiation. The essence of the study is to analyze
the thermal response of the material to external impulse
heat stimulation. If a certain amount of energy is delivered
to the surface of the material, for example in the form of a
heat pulse, after its expiry the surface temperature will start
changing rapidly. Due to thermal diffusion, thermal front will
move into the material. The presence of areas with different
thermal properties (including defects) compared with areas
without defects causes a change in the diffusion rate. Thus,
by monitoring the temperature field on the surface of the
cooling sample, it is possible to reveal position of the defects.
Depending on the stimulation method, there are a few types
of active thermography, namely, pulsed thermography, lock-in
thermography with modulated heating and pulsed phase
thermography [12, 17]. Pulsed thermography is considered
to be a relatively simple kind of active thermography. It
depends on the determination and analysis of the temperature
distribution in the study area during its cooling down after
prior uniform heating with the use of thermal pulse (Fig. 6).

X-ray computer tomography
Tomography is the collective name for the diagnostic
methods aimed at obtaining a spatial image of the machine
element. In the technical diagnosis, a method of computed
tomography (called CT) has been widely applied [10]. It is
a kind of X-ray tomography allowing for obtaining spatial
images (3D) from the radiograph scanning of the object
performed from different directions (Fig. 9).

Fig. 9. The example of a tomography investigation with use of a linear
detector [10]

By using the tomograph and a computer implemented
program, an object tomogram is obtained. CT is now widely
used in industrial production quality control process as a
non-destructive method. In the computer tomography
radiation source is X-ray tube. The X-ray detectors used in
computer tomography are mainly ionization chambers and
scintillators. In the scintillation detector, ionizing radiation
creates excitation of atoms or scintillator molecules which in
turn, by releasing the energy obtained this way, emit quanta
of the radiation in the visible range.
The light signal must then be converted into the electric
signal by a photomultipliers or photodiodes. By using the
X-ray source there are performed a series of radiographies
with a beam of X-rays. The data stream from the detectors
contains information about the absorption (scattering) of
radiation through the various components of the test object.
These data are stored in computer memory and digitally
analyzed in order to obtain monochrome images.
Each cross section of X-rays through object of study is
divided into small parts – voxels. For each voxel there is
assigned a numerical value proportional to the degree to
which it absorbs radiation. To determine this value for n
voxels there is a need of at least n of equations describing the
absorption in a given layer. N different cross-layer projections
are needed. The more projections, the better image accuracy
is achieved. The most commonly used image reproducing
methods are analytical methods. They are able to yield the best
results, but require large computing power. Two-dimensional
Fourier analysis method uses fast Fourier transform to
describe obtained absorption profiles. Transformation is
subjected to each of the projection, and thus the absorption
coefficient in each of the voxels is obtained. The absorption
coefficients are converted to CT numbers, also called HU
Hounsfield units [8]:
(4)

where:
K - constant image enhancement (individual for each
tomography)
μp – pixel absorption coefficient
μw – the coefficient of water absorption (reference value).
In order to obtain high accuracy of projection the internal
structure of machine element, the radiation beam is limited
by the diaphragm to a flat beam and a digital linear detector
is used (one series of sensors). After rotating the element
by 360° a flat X-ray image of slice is obtained. In order to
obtain a spatial image of the entire element, the element is
shifted in a vertical plane, and at each step a full turn is made.
A 3D image is obtained after processing of all collected data.
Computer radiography applied to turbine blades allows
the observation of actual thickness of the inner, invisible
walls [8]. An image of the object can be represented in the
colours and the shape of the inner wall can be determined
in the appropriate scale, e.g., the size and location of the
defect. Also, the geometry of the internal components can
be accurately measured and the tolerance of their actual
dimensions be assessed. Thus, CT scan allows to verify the
correctness of realization of the component with a very
high degree of accuracy and diagnose internal damages, for
example, cracks, blade canals blockage, etc. (Fig. 9).

Summary
Various types of damage to the components of gas turbines
occur in the process of their operation. Of all parts of the
turbine, the most vulnerable to damage are blades, whose
condition has a significant impact on the reliability and
durability of the entire engine and assembly, in which it is
embedded. The main causes of damage to the blades of the
gas turbine are their overheating and thermal fatigue. The
destruction of the gas turbine blades usually starts with the
destruction of the protective coating and, as a result, the blade
base material is exposed to direct aggressive impact of exhaust
gases. This situation leads directly to overheating of the
material, seen as unfavorable changes in the microstructure.
As a result, the surface roughness changes, and in particular
the colour of the blade surface. The color of the surface is
therefore a diagnostic signal, which is used in the visual
method. Using computer analysis of image recognition, one
can objectively evaluate change in the blade state, such as
overheating based on the analysis of the colour changes in its
surface. Visual method thus enables diagnosis of the status
of the blades without necessity to disassemble the turbine.
Results of the study on gas turbine blades, the new and
the used ones, after using an active thermography showed
the existence of dependencies and relationships between
operational heat load and signals changes of the material
thermal response. These dependencies and relationships are
used to assess the state of overheating of the gas turbine blade
material. Although this method is more sensitive and reliable,
however, it can be used after disassembling the blades from
the turbine.
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Computer tomography allows achieving spatial images
of the test objects state in a relatively short period of time.
It is characterized by high credibility and reliability. Like
the previous method it can be used after disassembling the
blades from the turbine. In addition, costly X-ray CT scanner
is required for the research.

The use of presented non-invasive methods, especially in
a complex manner, significantly increase the probability of
detecting condition changes of the blades, which will increase
the reliability and safety of operation of gas turbines.

Fig. 9. Tomogram of a turbine blade with a visible crack at the leading edge[9]
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ABSTRACT
The article discusses the issue of balancing energy processes in turbine engines in operation in aeronautic and
PDULQHSURSXOVLRQV\VWHPVZLWKWKHDLPWRDQDO\VHDQGHYDOXDWHEDVLFRSHUDWLQJSDUDPHWHUV7KH¿UVWSDUWSUHVHQWV
the problem of enormous amounts of energy needed for driving fans and compressors of the largest contemporary
turbofan engines commonly used in long-distance aviation. The amounts of the transmitted power and the effect
RIÀRZSDUDPHWHUVDQGFRQVWUXFWLRQDOSURSHUWLHVRIWKHHQJLQHVRQWKHLUSHUIRUPDQFHDQGUHDOHI¿FLHQF\DUH
evaluated. The second part of the article, devoted to marine applications of turbine engines, presents the energy
balance of the kinetic system of torque transmission from main engine turbines to screw propellers in the combined
system of COGAG type. The physical model of energy conversion processes executed in this system is presented,
along with the physical model of gasodynamic processes taking place in a separate driving turbine of a reversing
engine. These models have made the basis for formulating balance equations, which then were used for analysing
static and dynamic properties of the analysed type of propulsion, in particular in the aspect of mechanical loss
evaluation in its kinematic system.
Keywords: turbine engines, aeronautic and marine propulsion systems, energy balance, mechanical loss

AERONAUTIC PROPULSION SYSTEMS
The need for use of very large thrusts of jet engines in
passenger and transport aircraft of increasing take-off weight
is a strong motivation for searching for modernisation of
turbofan engines, which have been for years used as drives
in this aviation branch. The abovementioned modifications
aim at further reduction of: fuel consumption, the contents
of carbon dioxide and toxins in exhaust gases, and the level
of noise emitted during engine operation. These goals are
achieved without interfering into the structure of air and
exhaust gas flow passages of the engines. Instead, they are
oriented on modifying fans, compressors, and turbines, to
obtain higher operating efficiency of these components and
the engine as a whole. At present, an evolutionary development
is being observed in the form of “small steps” consisting in the
reduction of flow losses in fans, compressors, and turbines,
accompanied by modifications of processes of combustible
mixture preparation, reduction of thermal loss in combustion
chambers, and, most of all, the increase of the bypass ratio.
Development of fans, which in large engines contribute to
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over 80% of the generated thrust, is a reason why attempts
are made to find constructions of fan rotor units and driving
turbines which would enable their cooperation within ranges
optimal for both elements.
A tendency is observed to increase engine thrusts. While
the initial air-breathing jet engines produced during the
Second World War as single-flow turbo jet engines generated
thrusts of about 900 daN at air flow rates not exceeding
20 kg/s, the thrusts of turbofan engines presently introduced
to operation exceed 33 000 daN, and the air flow rates reach
1300 kg/s. There is no published data on the increase of power
needed for driving compressors and, in particular, fans for
these types of engines, therefore it seems valuable to assess
the power needed for the operation of fans and compressors,
and to develop methods to calculate disposable powers of
driving turbines.
Figure 1 shows rotor units in arrangements characteristic
for “classical” engines with low bypass ratio, and fan
constructions of high bypass ratio. In engines used as drives
in contemporary combat aircraft units, systems shown in
Fig 1a are commonly used. The principle of minimal engine

cross section area was applied in those constructions. The low
bypass ratio m <1 enables to obtain satisfying moderate fuel
consumption, which favourably affects the range of combat
missions – at simultaneous reduction of the exhaust gas flow
temperature, which makes hitting by enemy’s missiles steered
towards the heat emission source more difficult.

Fig. 1. Comparable sketches of rotor units of air-breathing jet engines: a –
low bypass ratio m , b – moderate bypass ratio: W – fan; 1,1’ – low- and

The constructions whose rotor systems are presented above
have been designed and introduced to operation by world
leading companies: General Electric in the USA, and RollsRoyce in Europe. The GE engines have two rotors, while
those produced by RR have the three-rotor structure. Their
performance parameters are comparable with respect to both
the obtained thrust and specific fuel consumption at similar
air flow rate and bypass ratio.
In order to obtain possibly highest efficiency of the rotor
unit, optimal rotational speeds of the compressor and fans
should be made as close as possible to the optimal rotational
speeds of the driving turbines, hence the need for using multirotor units: the high-pressure turbine drives the high-pressure
compressor (which usually rotates with higher speed), while
the low-pressure turbine is an independent drive for the rotor
of the fan, or of the fan and a number of stages of the lowpressure compressor (compare Fig.2 and Fig.3). Favourable
results can also be obtained by recovering energy from the
exhaust gas and passing it to the fan. The thrust obtained in
this way is larger than in the solution with the low bypass
ratio engine, in which the energy of the exhaust gas leaving
the exhaust nozzle is larger. That is why turbines which drive
large diameter fans consist of several stages:
– 4 stages in engine CFM-56 of compression ratio
– 5 stages in engine Trent of compression ratio
– 6 stages in engine GE90 of compression ratio

high-pressure compressor; 2,2’ – low- and high-pressure turbine

For nearly thirty years, turbofan engines have been
successfully used in long-distance passenger and transport
aviation, first of all due to their low specific fuel consumption.
They have replaced the earlier used turbojet engines.
Figure 2 shows sketches of rotor systems of the newest
generation of turbofan engines, with very high bypass ratio,
which are intended to drive long-distance airplanes with
largest take-off weights.

Fig.3. Schemes of torque transmission from turbine (MT) to fan and
compressor: W – fan, S – compressor, T – turbine.

Fig. 2. Sketches of rotor units of turbofan engines with high bypass ratio

m : a – two-rotor engine, b – three-rotor engine. W – fan, 1;1’; - low/
high-pressure compressor, 2;2’ – low/high-pressure turbine, 1”, 2” –
medium-pressure compressor and turbine.

The power needed to drive the fan and compressors, and
the disposable power of their turbines can be assessed based
on the analysis of relations used for estimating power of these
machines. These relations can be found in many specialised
manuals (for instance in Polish [1, 2, 3, 5, 7]).
After neglecting friction forces and the power needed for
driving electric power generator units (the contributions
of which are negligibly small), the balance of the required
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power Pn and the disposable power PT in the rotor, can be
presented, depending on the adopted structural arrangement
of the rotors (Fig. 3), as:

Pn

Pw or Pn

Ps or Pn

Pw  Ps

(3a)

(1)

(4a)

but Pn = PT
hence finally:

(5a)

PT = PW

(2)

or PT = PS or PT = PW + PS
where particular indices represent: T- turbine, W – fan,
S – compressor.
The power required for fan driving can be expressed as:
(3)

while the power required for compressor diving is:

The air and exhaust gas temperatures in the above formulas
refer to inlets to a given rotating machine. The temperature
at the fan inlet depends on climatic conditions (ambient
temperature TH ) and the speed V and height H of the
airplane flight. The same agents affect the air mass flow rate
 w and through the entire engine, which
through the fan m
results from changes of air density U . Like any rotating
machine, the fan generates the volumetric flow, hence for
constant V the mass flow rate depends on the density ρ.
The following relation is in force:

(4)
(6)

The disposable power of the driving turbine for fan,
compressor, or both machines working on a common shaft
can be expressed as:
(5)

In two-flow turbofan jet engines with high bypass ratio, it
is the fan which is the largest receiver of the turbine power.
The power required for driving the fan of a large engine (Fig.4)
can amount to as much as 70 MW1 for the take-off range
under normal ambient conditions.

After neglecting the fuel flow rate to the combustion
chamber, which is approximately equal to 2% of the mass
flow rate of the air flowing through the compressor, the mass
flow rates of the air and the exhaust gas in the inner flow duct
I and the outer flow duct II of the engine are:

For preliminary quantitative estimations, powers Pw , Ps
and PT can be calculated using approximate formulas and
assuming average values of parameters and coefficients:
– isentropic exponent for air;
– isentropic exponent for exhaust gas;
[J/kg*K] – individual gas constants for
air (Rs and Rw) and exhaust gas (RT);
– average combustion ratio of the fan (assumed
by the designer);
=20 ... 50– total combustion ratio of the
compressor unit, selected by the designer and divided into
low- and high-pressure compressor parts;
– pressure ratio in the driving turbine - (so
called expansion ratio);
– average efficiency of fans and compressors
(for the take-off range on Earth);
– average efficiency of turbines (for the take-off
range on Earth);

Fig. 4. Power required for fan driving vs. fan compression ratio
DLUPDVVÀRZUDWH DWWHPSHUDWXUHRI.
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and

Figure 5 shows the relation between the turbine power PT
and the pressure ratio S T on its stages, for different mass flow
 T and constant (average) temperature of the exhaust
rates m
gas at inlet to the analysed rotor unit.
The diagrams are presented to make a quantitative
assessment of the effect of main agents on the required power
and the disposable power which balance each other in each
rotor unit. Their detailed analysis performed for individual
engines provides opportunities for selecting thermal and
1

After taking into account the above assumptions, formulas
(3), (4) and (5) are reduced to the following forms:

Sw

For comparison : the power of turbogenerators in operation in
the Pruszkow power plant is equal to 9MW, in Siedlce: 14,6 MW,
and in Zeran: 350 MW

flow parameters which can be reached in the adopted concept
of structural arrangement of engine rotors, including the
number of turbine stages (and the resultant pressure ratio),
and the exhaust gas temperature at the inlet of the turbine
which drives the fan.
Flow rates through inner passages of the fan engines are
almost twice as large as those in combat aircraft units, at
comparable rotational speeds of their rotors.

This engine, labelled as PW 1519/21/24G and generating
the thrust of (85kN ÷ 107kN), is intended to drive airplanes
Bombardier C100 and C300 which are expected to come
into operation in 2015.
It is likely, however, that large values of torques transmitted
in engines with thrusts exceeding 300 kN, which are in use
in large passenger and transport airplanes, will force the use
of large and heavy transmission gears, all this postponing the
time of appearance of driving systems of this type.

MARINE PROPULSION SYSTEMS
A totally different situation has place in marine applications
of turbine engines, where transmission systems which are
sometimes very extended2 and transmit torques of an order of
MNm’s make the basis for marine propulsion systems. Sample
structural solutions of this type of systems are shown in Fig. 7.
a)

Fig. 5. Disposable power PT of the turbine for fan driving vs.
pressure ratio S T DQGH[KDXVWJDVPDVVÀRZUDWH

As a result, the required torques in contemporary
turbofans are almost twice as large as comparable
quantities for combat aircraft units. What is more,
due to large values of the required driving power
and almost three times as small rotational speed as
that of the high-pressure rotors, the torques in the
shafts linking the fans with the turbines are larger
by as much as thirty times (!). In engines Trent or
GE-90 they are of an order of 7000 daNm.
Such large values of the transmitted torque are a serious
obstacle in implementation of a concept of engines in which
both the fan and its driving turbine would operate at optimal
rotational speeds.
A concept of this engine with a reduction gear is shown
in Fig.6. Both the fan and the driving turbine operate at
rotational speeds which are optimal for them. An engine
with this structure, so called GTF (Geared Turbo Fan), and
the reduction gear of the transmission ratio of about 3:1 was
certified in 2013.

Fig. 6. Scheme of rotor units of P&W 1124G engine of GTF type with
fan driven via reduction gear: W- fan, P – reduction gear; 1,1’ – low- and
high-pressure compressors, 2 – turbine for driving fan and low-pressure
compressor, 2’ – turbine for driving high-pressure compressor.

b)

Fig. 7. Schematic diagrams of propulsion systems with turbine engines
uniform system with two engines LM2500 made by General Electric,
b) combined system COGAG (Combined Gas turbine and Gas Turbine)
with ZORYA engines: continuous power engine TM of UGT3000 type,
and peak power engine TMS of UGT6000 type. TN, TWC – respectively:
separate driving turbine and high-pressure turbine, S – compressor, PM,
PMS – respectively: continuous and peak operation reduction gear, SR –
disengaging coupling, LB, PB – respectively: port side and starboard side.
2
Driving systems for hovercrafts with turbine engines can have
even nine reduction gears [http://www.zorya.com.ua].
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While in aircraft drives the problem of application of
reduction gears mainly refers to remarkable increase of the
net weight of the aircraft, in marine propulsion systems,
especially in combined options, attention is focused on
increasing total mechanical losses which decrease basic
parameters of the dynamics of navigation.
The energy balance of the turbine engine should be
analysed only in combination with the power receiver. In
marine application this receiver is the mechanical system of
torque transmission and conversion from the main engine
to the propeller screw (or simultaneously to a number of
screws) cooperating with the ship hull, or the so-called
locomotive system. The structure of flow of energy fluxes
in the entire locomotive system makes its own individual
property resulting from the use of the structural form and
algorithms executed in the automatic control system of
propulsion engine load. In unsteady operating conditions
each subsystem of the locomotive system of the ship reveals
specific abilities to accumulate (and dissipate) different forms
of energy and substances, which are decisive for the dynamics
of the executed energy conversion processes. This issue is
of utmost importance for locomotive systems of warships,
which are characteristic for changing power demand and can
spend even as much as 90% of the total time for navigating
at cruising or minimal speeds. On the other hand, at any
time they should be able to develop immediately much higher
speeds, up to the maximal speed, to perform military action
or to avoid collision.

The starting point for balancing the energy of the marine
turbine engine is developing a physical model of energy
conversion processes executed by the locomotive system.
A sample model of this type is shown in Fig. 8. Here, a number
of functional modules are named, which are to be analysed in
causal aspect. For each module, input and output parameters
being the variables of the energy state of the system were
determined.
The description of analytical processes, prepared based on
the equations of unsteady balance of energy and substance
for particular functional modules, should take into account
a number of simplifying assumptions which determine the
level of specificity of the developed mathematical model
[Korczewski, 1999]. Limiting our attention only to the
kinematic system of torque transmission from the main
engine turbines to the screw propellers, consisting of two
propulsion units, one for the port side and one for the
starboard side, connected with each other by the transverse
shaft, it was assumed that:
• the analysed ship navigates only along a straight line,
parallel to the undisturbed sea surface, at unchanged
weight of displacement,
• the water region of navigation is sufficiently wide and
deep, the motion of the ship is always obtained using
two propulsion units and the operation of the both
units is identical,
• energy conversion processes executed in particular
functional modules of the system are described using

Fig. 8. Physical model of the locomotive system of the ship with COGAG propulsion system. HQWKDOS\ÀX[ KHDWÀX[0±WRUTXH7±SURSHOOHU
thrust, v – ship navigation speed, v p – speed of advance of screw propeller with respect to the surrounding water, n – rotational speed, PDVVÀRZ
rate, N – angular position of engine control lever.
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models with concentrated parameters having the form
of first-order ordinary differential equations.
delays resulting from the dynamics of operation
•
of the automatic system for engine fuel supply and
propulsion load control are neglected, treating the
system as the inertialess element,
• bearings of the kinematic system of torque
transmission are ideally rigid – the only possible
motion is the rotational motion with respect to the
axis of the bearing.
With these simplifications, the dynamics of operation of
the mechanical system of one of two identical propulsion
systems is described by the following equations:
a) equation of rotational motion of the propulsion system
shafting:

where: MmPMLB - moment of mechanical losses of the
continuous operation reduction gear.
Forces acting in the bearings and on inter-tooth pressure
surfaces of the gear depend on the rotational speed and the
torque which loads the gear. At this assumption the antitorque generated by friction is:
(12)

After linearising Equation (12) we get:

(13)

(7)

where: Iz – polar moment of inertia of masses in the
rotational motion of one propulsion unit from the rotor
system of a separate propulsion turbine of each operating
engine to the screw propeller, reduced to the propulsion shaft
axis.
b) equation of mechanical load of the
propulsion unit:

where: MmPMSLB - moment of mechanical loss of peak
operation reduction gear, at the same assumptions as for
the continuous operation gear:
(14)

After linearising Equation (14) we get:

(8)

where: M mTN – total
moment of mechanical losses
of the coupled rotor systems of
separate propulsion turbines
of each engine working for
the unit:

(9)
Pressure in line shafting bearings of a separate propulsion
turbine depend on the transmitted torque and rotational
speed. At this assumption the anti-torque generated by
friction is:

where: MmWP - moment of mechanical loss of the transverse
shaft.
The transverse shaft friction moment depends on the
rotational speed and the transmitted load:

(10)
(16)

After linearising Equation (10), e.g. expanding it into Taylor
series and omitting higher-order terms as negligible small,
we get:

where: iPKPM, ηmPKPM – represent, respectively: transmission
ratio and mechanical efficiency of the angular transmission
stage of the transverse shaft of the continuous operation
reduction gear.

+
(11)
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After linearising Equation (16) we get:

where: MmsLB – total moment of mechanical losses of the propeller
shaft. The friction moment of the propeller shaft depends on the
torque and rotational speed:

(18)

After linearising Equation (18) we get:

Partial derivatives in the linearised initial equations describing
friction processes in the analysed unit of the kinematic torque
transmission system are calculated based on the characteristics of
the line shafting and the reduction gears, delivered by the producer.
Since the mechanical losses in: the rotor units of the separate
propulsion turbines, the line shafting, and the reduction gears
of the analysed propulsion system, do not exceed, respectively:
0.5%, 0.8% and 2% at nominal load, an acceptable assumption is
that the pressure forces acing in the bearings and on inter-tooth
pressure surfaces do not depend on torques transmitted by the line
shafting. Their values are approximately constant (possible changes
may only result from longitudinal hull deformations, caused by
waves, for instance). Consequently, in the first stage of balancing
energy conversion in the turbine propulsion system an assumption
was made that the total torque (load) in rotational motion of the
propulsion unit which is needed to overcome friction forces in: line
shafting bearings, connections of toothed elements of the reduction
gears, and other mechanisms coupled with them, is proportional
to the square of the rotational speed of the propulsion shaft:
(20)
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The exhaust gas generator of each propulsion engine
cooperates with a kinematically
independent reversible propulsion
turbine, which allows the direction
of ship motion to be reversed:
AHEAD/ASTERN – Fig. 9.
Controlling the direction of the
exhaust gas flow through the lower
or upper cascade of rotor blades is
executed by simultaneous rotation
of stator blades 1 and lifting the
exhaust gas bleed band 5. The
blades for “Motion ASTERN”,
the number of which is about twice as big as that
of the blades for “Motion AHEAD”, have inversed
profiles and are separated by the shelf 3 from the lower
“Motion AHEAD” cascade. Simultaneous partial
opening of both flow passages produces an effect
which balances gasodynamic moments in the
propulsion turbine rotor, thus ensuring smooth
ship manoeuvring. The maximal engine power at the
propulsion turbine in the “Motion
ASTERN” mode is approximately
equal to 10% of the power in the
“Motion AHEAD” mode. The
time of turbine reversing and
changing the direction of motion
from AHEAD to ASTERN (and
vice versa ) is equal to 4y7 seconds.
The physical model of energy
conversion processes executed in
a separate propulsion turbine with
the exhaust gas outlet passage is
given in Fig. 10.

Fig. 9. Scheme of reversal propulsion turbine. 1- adjustable stator,
2 – two-storey rotor blade cascade, 3 – shelf, 4 – mechanism which
rotates adjustable stator, 5 – bleed band.

(23)

(24)

where:

Fig. 10. Physical model of energy conversion processes executed in
reversible propulsion turbine with the exhaust gas outlet passage PWTN –
space between exhaust gas generator and propulsion turbine, M – torque,
ࢦ±DQJXODUVSHHGS 7 ±WRWDOSUHVVXUHDQGWHPSHUDWXUHUHVSHFWLYHO\
 PDVVÀRZUDWH$7±PDVVFRQWULEXWLRQRIDLUIRUFRROLQJWKH
UHYHUVLQJPHFKDQLVPRIWKHWXUELQHįWLSFOHDUDQFHȕVHWWLQJDQJOHRI
engine reverse mechanism.

m

Mutual gasodynamic connection exists between the
propulsion turbine and the engine exhaust gas generator.
The dynamics of the mutual interaction is controlled by
accumulative properties of the kinematic system of the
propulsion unit, and the potential for energy and substance
accumulation in the broad gas spaces of the exhaust gas outlet
passage and the passage linking the exhaust gas generator with
the propulsion turbine. As a consequence of the gasodynamic
interaction of the gas spaces, which depends on the nature
of the executed unsteady process, the kinetic energy of the
heavy ship propeller line can be either diffused or cumulated.
In the physical model of the propulsion turbine the
following dynamic elements were named:
– gas space between exhaust gas generator and propulsion
turbine - 1,
– propulsion turbine for “Motion AHEAD” - 2,
– propulsion turbine for “Motion ASTERN” - 3,
– exhaust gas outlet passage - 4.
The internal (gasodynamic) moment of the propulsion
turbine is given by the equation:
– for motion “AHEAD”:
(21)

– for motion “ ASTERN”:
(22)

After expanding Equations (21) and (22), the internal
moment of the propulsion turbine can be expressed,
depending on gasodynamic parameters, as:

KeTNN , KeTNW - efficiencies of the process of
working medium expansion in the propulsion
turbine for, respectively, the motion AHEAD
and the motion ASTERN,
c pspTNN , c pspTNW - average specific heats
at constant pressure of the real exhaust gas
within the range of the process of isentropic
expansion of the working medium in the propulsion turbine
for, respectively, the motion AHEAD and the motion
ASTERN,
H TNN , H TNW - pressure ratio in the propulsion turbine for,
respectively, the motion AHEAD and the motion ASTERN,
mTNN , mTNW - default exponent, equal to F  1 F for
temperature ranges of isentropic processes in the propulsion
turbine for, respectively, the motion AHEAD and the motion
ASTERN.
FINAL REMARKS AND CONCLUSIONS
Heavy loads transmitted by shafts which connect jet engine
fans with the driving turbines can be a source of their damage
leading to the failure of the entire engine and, frequently, to
the plane crash. A list of examples of such events includes:
• crash of the plane IŁ-62 “Kopernik” PLL-LOT on
March 14, 1980, the reason for which was twisting
apart of the shaft connecting the low-pressure turbine
with the fan of the engine NK-8, due to material fatigue
in the area where a notch resulting from incorrect
machining was situated [6];
• crash of the plane IŁ-62 “Kościuszko” PLL-LOT on
May 9, 1987, the reason of which was also twisting
apart of the shaft connecting the low-pressure turbine
with the fan of the engine D-30 KU. This crash was
an effect of the following chain of events: firstly, an
excessive clearance appeared as a result of wear of
rollers in the seized bearing situated between the
low-pressure and high-pressure rotor shafts, then the
labyrinth seal on one shaft started rubbing against
the second shaft, and the resultant heat emitted in
this friction process was so large that it increased the
temperature of the material in this cross section to the
level which drastically reduced its strength;
• failure of the engine R-R Trent 900 on the plane Airbus
380 owned by Quantas on November 4, 2010. Here,
twisting apart of the shaft connecting the turbine with
the compressor has led to the explosion of the medium
stage turbine; earlier the shaft had been overheated
POLISH MARITIME RESEARCH, No 4/2014
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because of local fire caused by oil leak from a broken
pipe situated close to the combustion chamber.
For a long time, control system designers have been
familiar with the problem of reduction of the maximal torque
transmitted by turbine jet rotors. In propeller engines and
helicopter engines, special elements are installed, most often
in reduction gears, which enable direct measurement of this
torque. Control systems of these engines are equipped with
limiters which reduce the flow of fuel to the combustion
chamber when permissible torque values are exceeded. In jet
engines, in which the measurement of the torque which twists
the shaft is not possible, an intermediate solution is most often
used which consists in limiting the maximal flow of fuel to
the combustion chamber, i.e. limiting the maximal power of
the engine turbine. The introduction of this limit is useful
when the air pressure at engine inlet reaches maximal values
(for instance, plane flight with maximal speed at low altitude
in winter conditions). In some engines systems are also used
which cut off rapidly the fuel flow to the combustion chamber
when the “link” between the turbine and compressor, or
fan, is “lost”.
Improving numerical models describing the above analysed
issue is well justified by the fact that natural-scale testing of
contemporary constructions of turbines and fans of large
engines is troublesome, due to demand for extremely high
powers. As a consequence, tests are performed on smallerscale models of these units, or alternatively, at the design
examination stage the fan of an existing engine is replaced
by a new, prototype version, with simultaneous making use
of the known characteristics of the already used compressor,
combustion chamber, and turbine.
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ABSTRACT
Contemporary engine tests are performed based on the theory of experiment. The available versions of programmes
used for analysing experimental data make frequent use of the multiple regression model, which enables examining
effects and interactions between input model parameters and a single output variable. The use of multi-equation
models provides more freedom in analysing the measured results, as those models enable simultaneous analysis of
effects and interactions between many output variables. They can also be used as a tool in preparing experimental
material for other advanced diagnostic tools, such as the models making use of neural networks which, when properly
prepared, enable also analysing measurement results recorded during dynamic processes.
The article presents advantages of the use of the abovementioned analytical tools and a sample application of the
neural model developed based on the results of examination carried out on the engine research rig.
Keywords: technical diagnostics, Diesel engine, dynamic processes, neural network

Introduction
Unsteady states are specific states of internal combustion
engine operation. They appear as a result of the loss of
thermodynamic equilibrium in engine cylinders, which
is generally preserved during constant-load operation.
These states disturb the combustion process by introducing
instantaneous changes of, first of all, the rate of fresh charge
delivered to the cylinder, but also of the amount of the
delivered fuel. As a consequence, the fuel/air ratio is subject
to temporary changes, which lead to changes of the excess
air number and to the increased emission of combustion
products generated at local oxygen deficiency. A further
consequence of the appearance of larger amounts of carbon
monoxide CO and non-combusted hydrocarbons HC is the
decrease of the combustion temperature, which decides about
the scale of the emission of nitrogen oxides NOx.
A factor which decides about the amount of toxic
compounds emitted in unsteady states is, most of all, the
intensity of excitations which provoke these states. However,
there is an additional factor which is to be taken into account,

namely, the technical condition of the engine. When the
engine executes the technical process, parameters of its
structure change, which affects its performance defined by
the set of output parameters. Mutual relation between the
parameters of the structure and the output parameters of the
engine allows, in certain conditions, the output parameters
to be considered as symptoms of technical condition of the
engine. These symptoms can be obtained without engine
disassembling, as the physicochemical processes taking place
during the working process and the relevant parameters can
be, in general, observed and measured from outside. The
volumes of the emitted exhaust gas components belong to
the group of these parameters.
This simple association remains within the area of authors’
interest and is oriented on analysing the applicability of
exhaust gas emission indices and characteristics for evaluating
parameters of engine’s structure. However, a comment is
needed here that in classical approach any output parameter
can only be considered a diagnostic parameter when it
simultaneously reveals certain properties, which are:
unambiguousness, sufficient width of the field of changes,
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57

and availability. Therefore a question can be raised whether
the emission indices and characteristics can be considered
diagnostic parameters.
Authors have made an attempt to give a positive proof of
this statement by analysing sample unsteady states of engine
operation. Although short-lasting, these processes are so
dynamical that the initial concentrations of toxic compounds
(ZT) exceed by many times the levels characteristic for steady
states. In this context we can expect that the engine with
the structure parameters changed due to wear will be more
sensitive to the action of unsteady states, thus providing
opportunities for easier evaluation of technical condition
of the engine. [7, 12].

the rotational speed of 850 rpm, to avoid excessive engine
load it was decided to resign from the loads of 50 and 70
Nm. The same decision was made for the rotational speed of
950 rpm and the load of 70 Nm. The fuel injection advance
angle was changed by ±5ºOWK, thus obtaining three values,
i.e. the nominal angle – N, the advanced angle – W, and the
delayed angle – P. This way 36 repeatable unsteady states
were obtained. Graphical interpretation of the examination
programme is shown in Fig. 1.

EXAMINATION OF DYNAMIC
PROCESSES OF ENGINE FUEL SUPPLY
SYSTEM
A correct course of combustion in the engine cylinder
depends most of all on correct operation of the supply system,
the main task of which is to ensure repeatability of fuel
injection. Because of this repeatability, of high importance
is not only the beginning and end of the injection, but also its
entire course. In classical supply systems, the correctness of
these two criteria (beginning and end of injection) is to a large
extent ensured by the high-pressure fuel pump with certain
controlled parameters, such as the fuel dose and the injection
advance angle. This latter parameter can be considered a
basic parameter which decides about the correctness of the
combustion course in Diesel engines, as even its small shift
results in remarkable changes of the main parameters of
engine operation, including exhaust gas emission indices.
The reported examination has been performed on the
research rig for one-cylinder test engine [15]. The experimental
material was collected according to the developed complete
trivalent plan [8]. High repeatability of the dynamic processes
for particular measuring systems (measuring points) of
the above plan of experiment was obtained by the use of
a programmable controller, installed in the control system
for the eddy current brake being a part of the research rig
equipment. The time of the dynamic process was the time
elapse between the beginning of the reverse of the injection
system elements and the renewed stabilisation of the output
parameters. The above time, lasting about 106 seconds, was
selected based on past experience gained by the authors.
In order to identify the effect of technical condition of
the fuel supply system on engine power parameters during
dynamic processes, sets of input quantities (set parameters)
and sets of output quantities (observed parameters) were
defined. For the purpose of the present work, the set of input
quantities X was limited to three elements, which were:
x1 - engine rotational speed n [rpm]; x2 – engine torque Mo
[Num],and x3 – fuel injection advance angle αww [ºOWK].
The examination was performed in accordance with the
adopted complete plan for three rotational speed values, which
were: 850, 950 and 1100 [rpm]. For each rotational speed, the
torque Ttq was increased, thus generating the unsteady state
successively for the loads of 10, 20, 30, 50 and 70 [Nm]. For
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Fig.1. Scheme of implementation of the examination programme

A similar procedure was applied to the set of output
quantities Y in which the number of elements was limited
to basic toxic compounds in the exhaust gas manifold. These
elements included: y1 – concentration of carbon monoxide in
the exhaust gas manifold CCO(k) [ppm]; y2 – concentration of
hydrocarbons in the exhaust gas manifold CHC(k) [ppm]; y3 –
concentration of nitrogen oxides in the exhaust gas manifold
CNOx(k) [ppm], y4 – exhaust gas temperature tsp [ºC], y5– CO2(k)
[%].
The collected empirical material has made the basis for
creating multi-equation models which enabled to analyse
dynamic processes, adopting an assumption resulting from
earlier experience that the process of changes of exhaust
gas toxicity is time-dependent, i.e. has its dynamics [13,
14, 15, 16, 17, 18, 19]. As a consequence, the multi-equation
model was developed using a system of linear difference
equations. Since the measurement of concentration of toxic
compounds is discrete by nature, a time-discrete signal (time
series) has the form of a function in which the domain is the
set of integers. Consequently, the time-discrete signal is a
sequence of numbers in the functional notation of the x[k ]
type. This notation reflected the tendency to minimise errors
resulting from, among other sources, inevitable function
approximation in cases when a continuous function was used.
The time-discrete signal x[k ] is frequently determined by
sampling the time-continuous signal x (t ). If the sampling
is uniform, than
, where T is the sampling
period. The time-history of the dynamic process depends
not only on the value of excitation at a given time instant,
but also on the past values of those excitations. Therefore the
dynamic process (system) has memory in which the effects
of past actions are collected [6, 8].
The relations between the input signals:

,
and the output signals:
,
,
have been described using a set of linear difference equations,
the matrix form of which is:

where:

in the experiments, or obtained from the analysis of the
developed models, provides opportunities for creating
a possible pattern of the phenomenon. The concentrations of
particular toxic compounds emitted during an unsteady state
depend to a large extent on the intensity of the excitation which
has provoked the appearance of this state. Nevertheless, these
concentrations reveal certain regularities and repeatabilities,
which can be observed in the time-histories of the states.
Generally, two phases can be named in the time-history of
a typical unsteady state. The first phase is characteristic for
extremely high dynamics of changes and is accompanied
with rapid increase of concentrations of ZT’s, which, as a rule,
exceed by many times the steady-state levels. The second
phase of the unsteady state has much less dramatic course,
is monotonic in nature and asymptotically nears the steadystate concentration levels.

i.e.:
y[k]- matrix of output signal values at time k, i = 1, 2, ..., m
x[k]- matrix of input signal values at time k, j = 1, 2, ..., n
A – matrix of coefficients at output signal, ,
B - matrix of coefficients at input signal in i-th equation
at -th element, i = 1, 2, ..., m, j = 1, 2, ..., n,
- matrix of non-observable random component in i-th
equation.
Statistical identification was performed using the
code GRETL [5]. Coefficients in the equations for particular
input variables were estimated using the least squares method.
The estimation was oriented on verifying the relevance of
particular parameters and rejecting negligible values, all this
finally leading to remarkable simplification of the models.
The presented analysis of the results of examination
accentuates essential advantage of multi-equation models,
which is their capability of performing multi-criteria
analysis of the input variables in case when these variables
are intercorrelated with each other. Analysing these relations
in one model reflects more precisely the reality (as there are
obvious interactions between, for instance: concentrations of
CO and HC on the one hand, and concentration of O2 or the
excess air number λ on the other hand), thus enabling wider
interpretation of the problem. In the examined case substantial
interactions were observed between the concentrations of CO
and HC, while negative correlation was recorded between the
concentrations of these compounds and the concentration
of NOx. These results seem to be logical taking into account
processes of formation of these compounds in the cylinder.
Despite obvious advantages, the multi-equation models do
not provide direct quantitative information on the analysed
changes, here: changes in concentrations of particular toxic
compounds resulting from the change of the fuel injection
advance angle. Only a collection of time-histories recorded

Fig. 2. Concentration of hydrocarbons HC for unsteady state at n = 1100
rpm and load change from Mo = 30 Nm to Mo = 50 Nm: P – delayed
injection advance angle, W - advanced injection advance angle, CHC
(N, W, P) – HC concentration for (N) nominal, (W) advanced, and (P)
delayed injection advance angle

A method which can be used for relatively precise and
objective description of the nature of individual concentrations
of toxic compounds is the analysis of correlations of particular
unsteady states, aimed at determining the correlation
between the currently analysed state and the state assumed
as the reference pattern for the examined phenomenon.
The analysis of correlation functions enables to assess the
level of correlation and its nature. Analysing components
of the function also enables to conclude about the nature of
the unsteady state, i.e. the contribution and intensity of its
particular phases. Figure 2 shows the dispersion diagram
being graphical illustration of the analysis of correlation.
Strong correlation with simultaneous unambiguous nature
of concentration changes of the analysed toxic compounds
during unsteady states can be considered symptoms of the
technical condition of the engine. Moreover, the known values
of the output signal (concentrations of ZT’s, among others)
and their estimates can make a basis for determining the
values of residuals, which can indicate the type of damage.

POLISH MARITIME RESEARCH, No 4/2014

59

CONCEPT OF NEURAL DIAGNOSTIC
SYSTEM

THE COURSE AND RESULTS OF
SIMUALTION TESTS

Bearing in mind difficulties in analytical modelling of
complex systems, an interesting alternative can be a neural
diagnostic model which, based solely on experimental results,
can be applied to modelling arbitrary nonlinearities. The
neural models reveal high resistance to disturbances [9,
10, 11].
Basic data on the structures and possible applications of
the artificial neural networks can be found in numerous
manuals and publications, for instance in [3, 4, 10].
For the purpose of the simulation tests the results of which
are presented further in the article, a general scheme of the
neural system of damage detection was developed, adopting
the following assumptions:
• parameters of substantial importance which are the
objects of diagnostic monitoring are:
• exhaust gas temperature - Tex,
• contents of O2, CO, HC, and NOx in the exhaust gas
• for each of these parameters, a neural model will be
developed, and all models created in this way will
compose a so-called bank of neural observers [3] which
model the values of the monitored parameters in the
normal state of engine operation (without damages),
• comparing the signals at the outputs of the model
and the diagnosed engine will make the basis for
determining residuals – signals which reflect the
discrepancy between the model and the engine,
• the obtained vector of residuals will be analysed using
a neural classifier of residuals, the task of which is to
decide whether the damage has taken place and, if so,
to indicate the type of damage.

The results obtained in the experimental examination were
elaborated as the time-histories of the analysed quantities
(Fig. 4) for each rotational speed.

Fig. 3. Scheme of neural damage detection system. Mo – engine torque,
n – engine rotational speed, Tex – exhaust gas temperature, CO – content
of carbon monoxide in the exhaust gas, O2 – content of oxide in the
exhaust gas, HC – content of aromatic hydrocarbons in the exhaust gas,
NOx – content of nitrogen oxides in the exhaust gas

Fig. 4. Time-histories of changes of diagnostic parameters for engine
rotational speed n = 850 rpm (for example the contents of O2, HC, NOx)

To facilitate practical use of the neural
damage detection system shown in Fig. 3, the
quantities assumed as independent variables
(input parameters) were: the engine torque
Mo and the engine rotational speed - n.
Then, referring to the results of
experimental examination, three classes
of technical condition of the engine were
assumed:
1. Class of states S1 – normal state of operation
– the values of the fuel injection advance
angle defined by the engine producer.
2. Class of states S2 – damage manifesting
itself by the increased value of the fuel
injection advance angle (with respect to the
nominal
value) – injection too early.
3. Class of states S3 – damage manifesting itself by the
decreased value of the fuel injection advance angle (with
respect to the nominal value) – injection too late.
Banks of neural observers
Since, according to the adopted concept, five output
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parameters were selected as the objects of on-line control,
the same number of neural models were to be developed to
model the relations between the input variables: Mo and
n, and the output variables being the object of diagnostic
supervision in the engine operation condition referred to as
normal – state s1.
The first stage of examination has the form of preliminary
tests oriented on selecting the type and optimal structure of
the neural networks for particular models. For this purpose,
automatic tools included to the package STATISTICA Neural
Networks v. 7.0 which support construction and testing of
neural networks used in data analyses and predictive issues,
were applied [20].
The goal of network training was to achieve the state which
returns correct responses within a wide range of excitations,
having in this case the form of different (ranging within 0 – 70
Nm) engine loads for corresponding steady-state rotational
speeds (850, 950 and 1100 rpm). The teaching set, prepared
based on experimental results, included 1272 cases referring
to each of 5 parameters. Sample realisations of changes of the
analysed variables (CO and Tex) as functions of engine torque
and rotational speed are shown in Fig. 5.

The preliminary examination stage has made it possible
to perform basic training of the networks for each neural
observer which modelled changes of the assumed input
variables, i.e. Tex, O2, CO, HC, NOx. Training was performed
and final architecture of the network was created using the
package MATLAB 2014b and its dedicated extension “Neural
Network Toolbox” [21]
Analysing basic measures of quality of the developed neural
models, i.e. the values and distributions of the residuals, and
the percentage errors between the values expected at the
network output and its real responses, has revealed good
quality of modelling and practically negligible differences.
Sample values of these differences for models of Tex and NOx
are shown in Figs. 6 and 7.

Fig. 6. Distribution of percentage errors of neural network response –
model Tex.

Fig. 7. Distribution of residuals (NOx - NOxs) for the neural model NOx.
NOX = f(Mo, n) – experimentally measured content of NOx in the exhaust
gas, NOxs – neural network response obtained for the set values of (Mo, n)

Generation of residuals
Fig. 5. Changes of CO emission and exhaust gas temperature vs. engine
speed and torque

The performed simulations and the analysis of the obtained
results have led to selecting the neural network of multilayer
perceptron type with one hidden layer.

The task of the residual generator is to calculate the
differences between the monitored output signals of the
diagnosed engine, Vk, and the corresponding responses of
the developed models of the bank of neural observers, V ks.
Figure 8 shows relevant values for the case of NOx. In the
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analysed case:
• exhaust gas temperature Tex = V1
• content of oxygen in the exhaust gas O2 = V2,
• content of hydrocarbons in the exhaust gas HC = V3,
• content of carbon monoxide in the exhaust gas
CO = V4,
• content of nitrogen oxides in the exhaust gas NOx = V5
• neural model response Tex - Texs = V1S,
• neural model response O2 - O2s = V2S
• neural model response HC - HCs = V3S
• neural model response CO - COs = V4S
• neural model response NOx - NOxs = V5S
The vector of residuals r = [r1, r2, r3, r4, r5] obtained in the
above way can be considered a signal which contains the
information about damages [3]. In this case:

The experimentally obtained reference patterns of the
components rk for states s1, s2 and s3 as functions of engine
load and rotational speed are shown in Figs. 6, 7 and 8 for
residuum r2.

rk = Vk - VkS,
where:
k = 1, 2, … , 5,
Vk – diagnostic parameter value V k = f(Mo, n),
V kS – parameter value generated by the neural model
VkS = f(Mo, n).
Fig. 9. Residual vector component r2 as the function r2 = f(Mo, n) – state
s1

Fig. 10. Residual vector component r2 as the function r2 = f(Mo, n) – state
s2

Fig. 8. Content of NOx as the function NOx = f(Mo, n) for state classes s1,
s2, s3.

In the analysed case three classes of technical condition
of the diagnosed engine were defined. During the engine
operation referred to as normal, the components of the
obtained vector of residuals should be close to zero, while the
appearance of damage increases remarkably these differences.
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Preliminary tests oriented on selecting the type and
optimal structure of the neural network for the residual
generator enabled selecting a linear neural network which
models the relations between ten inputs (V1, V2, V3, V4, V5,
V1S, V2S, V3S, V4S, V5S ) and five outputs (r1, r2, r3, r4, r5).
Like for the bank of neural observers, the performed
tests and the applied quality measures, having the form of
values and distributions of modules of residuals between
the expected network outlet values and the real network
responses, have proved very good quality of modelling
and practically negligible differences. Figure 12 shows the
adjustment of the residual generator response to real values.

the vector of symptoms to one of the separated classes of
states.
Based on the first stage of examination, the neural network
constructed and trained to solve the presented problem had
the multilayer perceptron structure with one hidden layer.

Fig. 11. Residual vector component r2 as the function r2 = f(Mo, n) – state
s3

)LJ&ODVVL¿HU±QHXUDOQHWZRUNRIPXOWLOD\HUSHUFHSWURQW\SH
,1±LQSXWOD\HU QHXURQV 28±RXWSXWOD\HU QHXURQV UíLQSXW
excitations, si – network responses, i = 1, 2, 3.

Setting the vector r = [r1, r2, r3, r4, r5] at the input of the
classifier network activates one of the three neurons in the
output layer, thus indicating the presence of certain damage
and passing of the installation to the state si.
Training, validation and tests of the classifier, performed
with the aid of the training set, have revealed its very good
adjustment, and the infinitesimal number of incorrectly
classified cases, below 2% at the testing stage. Figure 14 shows
the obtained results in the form of confusion matrix.

Fig. 12. Adjusting the residual generator response during network
training and test stages

1HXUDOFODVVL¿HUVRILQVWDOODWLRQFRQGLWLRQ
The task of the installation condition classifier (the residual
evaluation block), being a part of the damage detection and
localisation system, is to analyse the residual vector and
recognise whether and where the damage took place. Thus, it
solves a typical classification problem consisting in adjusting

Fig. 14. Confusion matrix obtained during network training and test
stages
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RESULTS OF NEURAL MODEL TESTS

condition of the installation.
Introducing cases of deformed values of the parameters
being the objects of diagnostic monitoring to the
teaching sets. The course of neural network teaching
will take much longer in this case, but the resistance
of the trained networks to disturbances, which in
real conditions can turn out very intensive, should be
improved. However, confirmation of this statement
requires further research oriented on determining
whether this is a universal regularity and whether
it results from the presence of certain rules and
principles.
The presented results are undoubtedly good motivation for
further research and possible application of neural networks
in operating practice, most of all by developing their software
or hardware realisations in the form, for instance, of dedicated
electronic systems. An additional favourable factor here is
possible use of VLSI systems with large integration scales, as
these systems provide opportunities for practical construction
of parallel data processing systems, i.e. the type of systems
which includes neural networks [4]).
2.

Working out the structure for particular networks and
successful finalisation of their training enabled to test the
system using a set of selected simulated cases of the exhaust
gas temperature, Tex, and the contents of O2, CO, HC, NOx
in the exhaust gas.
The set of test cases, comprising 3816 sets of values (1272
cases for each state), was worked out based on the results
obtained in empirical examination, which were randomly
changed in each set using the pseudorandom number
generator. The imposed changes referred to the values of all
parameters within the range of ±5%.
The presented procedure aimed, first of all, at assessing the
sensitivity of the system to disturbances, and the resultant
scale of applicability in marine power plant reality.
The results of the performed tests are given in Table 1.
Table 1. Results of tests of the neural damage detection and localisation
system.

CONCLUSIONS
The results obtained based on the values recorded in the
active experiment reveal that the proposed system of on-line
damage detection and localisation relatively well identifies the
certain class of engine condition states. From the practical
point of view, its quality can even be evaluated as excellent.
However, it may be expected that the specific nature of
operation of such extremely responsible power systems as
the marine power plant and its functional subsystems, should
require higher percentages of correct classifications than
those presented in Table 1.
The solution to the above problem can consist, in the
simplest case, in undertaking two types of actions:
1. Increasing the number of parameters being the objects
of continuous diagnostic monitoring. In the analysed
case the number of the selected diagnostic parameters
was five (the exhaust gas temperature - Tex, and the
contents of O2, CO, HC, NOx in the exhaust gas)
due to the tendency to simplify, as much as possible,
the developed structures of the neural networks.
However in authors’ opinion, introducing only one
additional reliable parameter (for instance the charge
air pressure) would remarkably improve the results, as
the six-element vector of residuals would unarguably
contain more unmistakable information about the
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Mathematical model of piston ring
sealing in combustion engine
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ABSTRACT
This paper presents a mathematical model of piston-rings-cylinder sealing (TPC) of a combustion engine. The
developed model is an itegrated model of gas flow through gaps in TPC unit , displacements and twisting motions of
piston rings in ring grooves as well as generation of oil film between ring face surfaces and cylinder liner. Thermal
deformations and wear of TPC unit elements as well as heat exchange between flowing gas and surrounding walls
, were taken into account in the model. The paper contains descriptions of: assumptions used for developing the
model , the model itself, its numerical solution as well as its computer application for carrying out simulation tests.
Keywords: H[KDXVWJDVEORZE\GLVSODFHPHQWVRIULQJVWZLVWLQJRIULQJVRLO¿OPF\OLQGHUSLVWRQULQJ
mathematical model, lubrication

Introduction
Piston with rings in cylinder liner forms ring sealing
which constitutes the motional closing of engine combustion
chamber. Such sealing should ensure possibly highest
tightness of the combustion chamber , i.e. minimization of
exhaust gas blow-by to crankshaft casing. Simultaneously,
piston with rings in cylinder liner serves as a slide bearing
which executes to-and-fro motion and is lubricated hydrodynamically. The piston-rings-cylinder (TPC) unit should,
as a bearing, show possibly low values of friction drag.
Moreover it should ensure low consumption of lubricating
oil and show long service life [6, 14, 19, 24].
Despite the principle of functioning the ring sealing in
piston combustion engines has not been changed for several
tens of years , its operation mechanisms , including impact
of constructional details on effectiveness of fulfilling the
above described aims , are not yet fully recognized. In view
of significant importance of the unit for crucial features
of engine, such as: fuel consumption, exhaust gas toxicity
and service life , intensive research projects aimed at better
recognition of phenomena associated with the functioning
of ring sealing , as well as other projects focused on the
development of more and more perfect design solutions,
are under way.
The recognizing of working principles of TPC unit,
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including effects of its particular constructional features on
its operation is not an easy task because of dynamic character
of work of the sealing and impact of many interacting factors
which decide on its operation. Theoretical modelling has
contributed to a large extent in better recognizing various
aspects of sealing operation.
In this work is presented an advanced model of ring sealing
, this is an itegrated model of gas flow through the sealing,
piston ring dynamics and oil film forming. The model has
been developed on the basis of a model described in the
publications [10, 11]. However , by contrast, in the presented
model twisting deformations of piston rings were taken into
account and a sub-model of ring-cylinder interaction for
determining oil film parameters was included, moreover
it was possible to delete many simplifying assumptions
concerning shape of TPC unit elements. And, a new computer
software which makes it possible to conduct simulation tests
, was developed.

Review of existing models of sealing
In gas flow modeling the ring sealing is considered
a abyrinth sealing in which gas flows through many stages
connected to each other by means of throttling gaps. In the
models are described thermodynamic gas parameters in
particular stages of labyrinth as well as mass fluxes flowing

between the stages through throttling gaps. Such solution
already proposed in the work [2] has been commonly applied
till now. Successive models differ to each other with a number
of factors taken into account and phenomena influencing gas
flow , as well as a manner of their mathematical description.
Structure of a labyrinth, i.e. number of stages and a way
of their connection by means of throttling gaps depend on
a odeled engine and a degree of model advancement. In the
simplest models in which gas is assumed to flow only through
ring locks, labyrinth has a series structure and number of
throttling channels is equal to that of sealing rings [2, 4,
27, 17, 18, 9, 16]. There are also models of this kind in which
sealing action of piston oil rings is taken into account [15, 25,
1, 22]. Series structure is also attributed to the models in which
gas flow through groove around ring when it has no contact
with any of groove sides [31, 20]. However, the labyrinth
scheme assumed in the models does not allow to analyze
dynamic phenomena associated with an accumulating action
of behind- ring spaces.
Position of ring against groove decides on that with which
inter-ring space the behind-ring space is connected . Because
volumes of behind-ring spaces are often greater than those of
inter-ring ones, their accumulating action may significantly
influence pressure runs in inter-ring spaces , consequently,
also performance of the whole sealing. In order to account
for the above mentioned phenomena Namazian and Heywood
[18] integrated the model of gas flow with the model of axial
displacement of rings in grooves. In the obtained model the
behind-ring and inter-ring spaces were considered separately
by applying a series – parallel scheme of the labyrinth. Such
labyrinth scheme is commonly used in the integrated models
[13, 9, 26, 10, 28, 30].
Eweis [2] modeled flow through ring locks by assuming
perfect gas isentropic flow through orifice. Furuhama and
Tada [3] calibrated empirically the so determined mass flux
by means of a flow coefficient of constant value. This manner
of the modeling of gas flow through ring lock was used in the
models [27, 18, 9, 16, 1] where however various values of the
coefficient were assumed. In the model [26] a flow coefficient
of value depending on the ratio of pressure before and behind
the orifice, was used. This approach to determining mass flux
was also implemented in the models [10, 28, 11].
Gas flow through channel between ring side surface and
groove is also modeled as an isentropic flow through orifice
with taking into account a flow coefficient of constant value
[9, ]. In the model [10] the flow is also considered to be an
isentropic flow through orifice however the flow coefficient is
determined from an empirical formula in which gap geometry
, ratio of pressure before and behind the gap , as well as
Reynolds number , is taken into account . In the work [18], in
view of the channel shape and character of flow (low Reynolds
numbers ) , the flow is deemed to be a laminar isothermal
flow of a compressible medium progressing through narrow
channel of constant breadth. In the model [26] the flow
through such channel is also modeled as a laminar isothermal
one with taking into account a taper of gap. The similar
approach was presented in the publications [28, 22].

In [2] gas flow through stage was treated as an adiabatic
flow. Furuhama and Tada, taking into account results of
measurements conducted on a motionless piston model stand,
assumed that flow through labyrinth stages can be considered
isothermal [3]. In prevailing majority of the models , usually
referring to Furuhama , it was assumed that gas flow is
isothermal and gas temperature within stage is equal to
that of piston [18, 17, 20], or quasi-isothermal , i.e. that gas
temperature changes but is determined on the basis of
temperature of walls surrounding a given inter-ring space [9,
26, 22]. Such assumption significantly simplifies calculations
because in order to determine parameters of medium within
stage it is sufficient to use the equation of mass balance and gas
state. However actual gas flow is of an intermediate character
in between adiabatic and isothermal one. In the publications
where isothermal flow, i.e. an extensive heat exchange, was
assumed their authors simultaneously stress [18, 20, 22] that
gas flow within stages is laminar at low values of Reynolds
numbers. It seems to be an inconsequence as at laminar flow
heat exchange intensity is relatively low. Moreover, conditions
of heat exchange between gas and surrounding walls may
worsen along with time of engine operation as a result of
appearing sediments. Taking this all into account, in the
model [10, 11] this author does not assume an isothermal flow,
but determines gas temperature from energy balance. Wolff
[30] , in his model , made use of the manner of determining
gas thermodynamic parameters, proposed in [10].
In the majority of models [2, 4, 27, 17, 18, 13, 31, 20, 1, 22] it
was assumed that cross-sections of gas flow through ring lock
and spaces of labyrinth stages are constant. In actual engine,
volumes of inter-ring and behind-ring spaces , and especially
cross-sections of gaps in locks , may change within a broad
range during one cycle of engine work due to displacing
motion of the piston together with rings along cylinder
liner of a variable diameter. In the work [25] it was assumed
that in order to take into account thermal deformations of
liner , cross-sections of locks should change, in a logarithmic
manner, along with piston actual height position changing.
In case of some models , their descriptions do not allow to
unambiguously state whether constant values are assumed or
they change in working cycle of the engine. In the model [10,
11] the effect of cylinder profile on cross-section areas of gaps
in locks as well as volumes of labyrinth stages was considered.
In the integrated models of gas flow and ring dynamics it is
commonly assumed that cross-sections of channels between
ring and groove result from an instantaneous position of ring
against groove [18, 13, 9, 26, 10, 28, 11].
Motions of ring in groove (axial, radial , twisting) have
a significant effect onto sealing performance, hence many
researchers have investigated the problem by developing
the so called ring dynamics models. A way of description
of forces acting onto rings is given , a. o., in [5]. And, in the
work [23] the effect of ring twisting motions on forming oil
film was estimated. However the models were not itegrated
with gas flow models, hence they did not allow to perform
a comprehensive analysis of mutual relation between these
phenomena. In the first integrated model [18], ring dynamics
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model takes into account only axial displacements. At
determining axial ring displacements the following was taken
into account: force resulting from gas pressure under and over
the ring, inertia force as well as friction force between ring and
cylinder liner, determined from an empirical relation. Only
axial displacements were taken into account in the models
[13, 20, 10, 11]. Tian et al. [26] developed an improved version
of the model [18], considering ring twisting motion. In this
work , special attention was paid to ring – groove interaction
by modeling the oil pressing -out of the gap between ring and
groove as well as the effect of micro-unevenness of surfaces.
In addition, friction force on cylinder surface was modeled
by using an oil film model. Keribar et al. [9] developed a fully
integrated model of: gas flow , ring dynamics and oil film.
In the ring dynamics model, axial and radial displacements
as well as twisting deformations of rings in grooves are
determined. At their determining were considered forces
and moments acting onto rings , resulting from gas pressure,
inertia ( associated with axial and radial accelerations and
ring twisting ) , radial and torsional rigidity , friction against
cylinder (sum of hydrodynamic and ultimate friction forces
determined from oil film sub-model ) as well as forces
associated with ring-groove interaction (oil pressing-out as
well as effect of micro-unevenness areas modeled as a n-linear
spring ). The integrated models of gas flow and dynamics of
rings with consideration of their twisting are also presented
in the publications [28, 30].
Implementation of oil film models (especially those taking
into account mixed lubrication) to determine forces acting
upon rings makes it possible to predict more precisely,
in comparison with application of empirical relations,
displacements and twisting deformations of rings. Moreover
this also allows to analyze relations between the phenomena in
question. The modeling of ring-cylinder interaction is
a separate problem which has been investigated by many
research workers. For this reason the existing oil film models
are not discussed in this work.

0RGHORIJDVÀRZ
The model is composed of a series of stages mutually
connected by means of throttling gaps (Fig. 1). It was assumed,
that a semi-ideal gas whose internal energy u and specific
heats cv and cp are dependent on temperature only, serves as
a medium flowing through the labyrinth. It was also assumed
that flow of the medium through throttling gaps is isentropic,
while heat exchange between gas and surrounding walls
occurs within labyrinth stages. As assumed, thermodynamic
parameters of gas contained within entire volume of a given
stage are homogeneous and kinetic energy of the medium
in the stage itself is omitted by virtue of the assumption
that energy of medium flowing through the stage is entirely
converted into internal energy. And, it was also assumed that
pressure in the space over the first ring (stage 1) is equal to
pressure inside working chamber of engine, whereas pressure
behind and below the third ring (stage 6 and 7) is constant
and equal to that in crankcase.
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Fig. 1. Schematic diagram of a ring sealing and a corresponding model

As far as geometry is concerned , it was assumed that all
elements are axially symmetrical and the piston together
with rings moves coaxially in relation to cylinder. The next
assumption was that rings always adhere to cylinder surface
(no untightness occurs between ring face surface and cylinder
surface ). Temperatures and dimensions of elements were
assumed unchanged during entire cycle of engine work.
Nevertheless , rings may move within grooves and their crosssections may twist dynamically. Instantaneous positions of
rings in grooves and their twisting angles are determined
by means of the integrated sub-model of ring dynamics.
Cross-section areas of gaps between rings and groove walls
result from instantaneous positions of rings in grooves. In
addition, dimensions of elements may account for thermal
deformations and wear , including the fact that diameter of
cylinder may be different at different heights. (Fig. 2). All
the above specified assumptions imply that all volumes of
labyrinth stages and cross-section areas of channels which gas
may flow through are functions of crankshaft rotation angle.

Fig. 2. Effect of cylinder deformations upon cross-section area of ring
lock and behind-ring space

According to the made assumptions , change in internal

energy of medium within a single stage results from flow
of stagnation enthalpy contained in substance, through
control cross-sections of flow channels , heat exchange with
environment, as well as work of changing volume (Fig. 3a);
the change can be written as follows:
,

(1)

where:
i – stagnation enthalpy, m – mass flux, the index in stands
for inflowing, index out stands for outflowing, and lack of an
index means that a given quantity is related to a parameter
of medium within a given stage.

stage from which the medium flows out, namely:
where cp,i - specific heat of the medium at constant pressure
in the stage i.
The above presented formula is not applicable to the first
labyrinth stage where pressure, in compliance with the
adopted assumptions, is equal to that in working chamber
(p1 = pind) and there is no throttling at inlet to this stage
from combustion chamber. By taking into account the above
mentioned assumptions , mass rate of gas flowing out from
combustion chamber to the space over the first ring can be
determined by using the relation as follows:
,

(6)

And, the formula is formulated for the case of gas flowing
from combustion chamber to crankcase. In the presented
model all possible combinations of flow directions are
considered. Gas flow through throttling channels is modeled
as isentropic decompression of a compressible medium. The
medium always flows towards space of a lower pressure,
hence in compliance with Fig. 3b, the inequality pm-1 > pm
is satisfied. There are considered cases of sub-critical and
critical flow and mass flux determined this way is corrected
by means of the empirical flow factor ψ.
In the case of sub-critical flow taking place when the
condition given below is satisfied:
Fig. 3. Schematic diagram of a single stage of sealing (a) and a channel
connecting two stages of sealing (b)

¦ m in ,i ¦ m out , j
i

(7)

the mass flux inflowing to the stage m from the stage m-1
is calculated from the formula as follows:

By taking into account mass balance:

m

,

(2)

j

and fulfilling the assumption on omission of
kinetic energy of medium within stage ( U um  mu ), and
also the assumption that the medium is a semi-ideal gas (
u cvT ), change in temperature of medium within stage may
be described by means of the following formula:

while in the case of critical flow taking place when the
inequality (7) is not satisfied – from the following formula :

, (3)

, (9)

where: R – individual gas constant, c v – specific heat at
constant volume.
From gas state equation of a differential form the following
is yielded:
,

(8)

where κ is the ratio of the specific heats: cp and c v.
Flow factors for lock gaps are calculated from the empirical
formula taking into account the ratio of pressures behind
and before the lock [26]:

(4)
.

on substitution of the relations (2) and (3) to (4), the
formula for pressure change in medium within stage is
obtained:
, (5)

where: iin,i – stagnation enthalpy of medium inflowing
to a given stage from the stage i; According to the adopted
assumptions it is equal to enthalpy of medium within the

(10)

Because shape of the gap between ring and groove much
differs from an orifice , moreover its geometry changes within
a very broad range ( at constant length and breadth of the
gap, its height changes from zero up to the value equal to
axial clearance of ring in groove), in order to determine
flow factor for the gap, use was made of an experimental
function developed for a channel having geometry close
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to that of the considered gap; the function was determined
for the gap as in Fig. 4 , having the following proportion:
0,002 ≤ h/B ≤ 0,07, ( where the gap breadth dimension in the
direction perpendicular to the figure is very large as compared
with its length B , and the surfaces K are coaxial cylinders of
a very large radius as compared with B ) [8]. Such function
accounts for influence of gap geometry, pressure ratio before
and behind the gap, as well as Reynolds number:
,

(11)

where:

be cancelled at all (a = 0), Dp - outer diameter of shelf to
which the ring adheres in a given instance (Dpu or Dpd). In
the case when the ring does not adhere to any of the shelves
, the smaller of the two diameters Dpu and Dpd, i.e. that for
which the calculated area A is greater, should be taken into
account (Fig. 5).
Cross-section area of the channel between ring and shelf
depends on the axial clearance of ring in groove, l, axial
position of the ring in groove ,xr , as well as the twist angle
of ring , α , and is calculated from the formula:
,

Y

0,0284 X 2  0,459 X  0,1375 ,

(11a)

,

(11b)

,

(13)

where: D stands for inner or outer diameter of channel end
, determined from the formulae:
or D =
Dp, respectively, the dimension e serves to take into account
a bevel or undercut of ring inner edges (Fig. 6a), h stands
for height of gap end at its inner or outer side . In the case
of lower channel, h is determined from the formulae:

(11c)

μ – dynamic gas viscosity determined from the relation
[13]:

,

(14)

where hod stands for thickness of oil layer on lower shelf.
The height of upper channel is calculated in an analogous way.
( see Fig. 6a). Out of the two calculated cross-section areas
of the channel between ring and groove ( at inner and outer
side) the lower value of the area A is taken for calculations
of mass flux.

Fig. 4. Geometrical scheme of the gap (acc. [8])

The lock cross-section area A was approximated by
a rectangle of the dimensions a x b, with taking into account
the area A+ which may result from e.g. bevels of ring end
edges (Fig. 5a).
Fig. 6. Schematic diagrams for determining: cross-section areas of the
gaps between ring and groove (a) , and axial clearance of trapezoidal ring
(b)

Fig. 5. Schematic diagram for determining lock cross-section area

The lock cross-section area is determined from the
formula as follows:
,

(12)

where: Dc stands for a cylinder diameter measured at
the height where the ring is situated in a given instance,
Dr0 - outer diameter of the ring, at which lock gap would
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In the model it was assumed that sealing ring can be
trapezoidal. For trapezoidal ring, by contrast to rectangular
ring , the axial clearance l depends on diameter of cylinder
liner (Fig. 6b). At determining the axial position of trapezoidal
ring as well as cross-section of gaps between ring and groove,
the following dependence of the axial clearance on varying
diameter of cylinder liner was taken into account:
,

(15)

where l 0 stands for the nominal axial clearance
corresponding to the nominal cylinder diameter Dn, ΔDp

is an increase in piston diameter due to temperature rise
between a value at which the nominal clearance is set and
its operational value, γ stands for slope angle of trapezoidal
ring (Fig. 6b).
Flux of the heat exchanged between gas within a stage and
walls surrounding it , in the case of the medium in behindring space ( space 2 and 4 in Fig. 1), is equal to the sum of
the heat flux which flows between gas and piston and that
which flows between gas and ring:
,

data used for determination of areas of the surfaces are shown
in Fig. 7.

(16)

where:
S – heat exchange surface area, α – heat-transfer coefficient.
In case of the space over the first ring or the inter-ring
space (space 1, 3 and 5 in Fig. 1), it was assumed that heat
exchange takes place between gas and cylinder as well as
between gas and piston ( but exchange between gas and ring
was neglected due to its small surface area ), namely:
.

(17)

Determination of values of heat-transfer coefficients
between flowing gas and ring sealing walls constitutes
a problem because it is difficult to determine gas flow velocity
against particular surfaces as well as an amount of oil and
deposits placed on them. For this reason it was assumed
that the coefficients αp,int, αp, beh and αr are constant and their
values are taken on the basis of the subject-matter literature.
Whereas the heat-transfer coefficients between the medium
within inter-ring spaces and cylinder are calculated from
the relationship:
,

(18)

where:
L – height of inter-ring space, vp – piston speed , λ –gas
thermal conductance determined from the relation:
(19)

obtained by applying linear approximation to the
data given in [29], Pr and Prc –Prandtl numbers determined
for temperature of gas and cylinder surface, respectively,
from the formula :
.

(20)

This relation was developed on the basis of theory by
assuming laminar flow around flat plate and that gas flow
velocity against cylinder is equal to the piston speed vp, with
considering an experimental factor [29] which accounts for
an effect of temperature on fluid thermo-physical features.
Areas of heat exchange surfaces are determined for nominal
dimensions , hence they depend neither on ring displacements
against groove shelves nor on piston displacements against
cylinder liner ( the simplification is insignificant in view
of approximated estimation of heat-transfer factors ). The

Fig. 7. Schematic diagram for determining heat exchange surface areas
as well as volumes of behind- ring and inter-ring spaces; Dps - substitute
diameter of piston for a given inter-ring space , calculated as arithmetic
mean of diameters of neighbouring groove shelves: Dpd,1 and Dpu,2; Dps
value may be also set , that makes it possible to take into account, in the
PRGHOXQGHUFXWVRUJURRYHVZKLFKPD\VLJQL¿FDQWO\LQÀXHQFHYROXPHRI
inter-ring space.

In the model , were taken into account changes in labyrinth
stage volumes, which occur during one cycle of engine work
and result from displacements of piston together with rings
along cylinder of varying diameter as well as from axial and
radial displacements of rings in piston grooves. In calculations
of the volume changes it was assumed that ring face is always
in contact with cylinder ( i.e. neglecting oil film thickness ) as
well as that the ring twisting is omitted. The simplifications
were introduced on the basis of an analysis which showed
that their impact on calculation results may be deemed
insignificant. The data used for calculation of the volumes
of particular stages , V beh and Vint , are presented in Fig. 7.

Model of ring dynamics
Position of ring in groove is one of the principal input
quantities into gas flow model as it decides on cross-sections
of channels through which gas flows and affects volumes of
labyrinth stages. In the model , axial and radial displacements
and angular deformations of ring in groove are considered.
Like in the gas flow model , axial symmetry of piston , ring
and cylinder liner was assumed , that makes it possible to
consider the ring as a planar system determined by two
coordinates – axial and radial.
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.

(25)

In an analogous way are determined gas pressure forces
acting upon the remaining ring surfaces.

Fig. 8. Forces which act upon ring

Axial position of ring in groove is derived from the balance
equation of forces acting upon ring in axial direction, namely:
,

(21)

where: mr – ring mass, xr – ring displacement against piston,
Fpx – gas pressure force acting axially upon ring,
Fix –
inertia force, Ffx – friction force between ring and cylinder,
Fs – oil squeezing - out force and Fa –adhesion force (Fig. 8
and 10).
The gas pressure force Fpx is resultant of forces due to gas
pressure acting on the upper and lower surface of ring:

Fig. 9. Gas forces exerted onto ring lower surface

The inertia force is derived from the relation:
.

(22)
,

For determining the force it was assumed that if a fragment
of ring surface is in a given instance connected with only one
labyrinth stage , then the pressure exerted on this fragment is
constant and equal to pressure within a given stage. However
if a ring surface fragment is connected with two stages, then
pressure over ( across) this surface changes linearly. Hence,
pressure distribution across the surface depends on: position
of ring in groove, its twisting angle and thickness of oil layer
on shelf (Fig. 8 and 9). By taking into account the above
mentioned assumptions , in the case of the example shown
in Fig. 9c, the pressure force acting upon the lower surface
can be determined from the relation as follows:

(26)

where ap is acceleration of piston.
The friction force between ring and cylinder liner surface,
Ffx , can be calculated in this model in a twofold way. The more
exact one in based on the determination of oil film parameters
as well as the use of Eq. (49). In the case when oil film submodel is neglected in calculations (in the developed computer
software such sub-model may be switched -off ) the friction
force can be calculated from the empirical formula [18, 10]:
,

(27)

where the friction factor f is derived from the relation:
,

(23)
,

(28)

where:
μoil – oil viscosity - from Vogel equation [6]:
(24)

,

(29)

and, as assumed, the oil temperature T is equal to that of
cylinder at a height where in a given instance the considered
ring occurs, and the coefficients a, b and c depend on oil class,
vp – piston speed, pc – pressure acting upon rear side of the
ring , pe – ring pressure exerted onto cylinder liner, resulting
from flexibility of ring itself [10]:
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,

(30)

where FT is a tangential force necessary to accommodate
the ring within cylinder.
The oil squeezing-out force Fs is determined from Eq. (31)
derived from Reynolds equation under the assumption that
surfaces of which oil is squeezed out, are parallel to each other
and space between them is entirely filled with oil, namely:
,

(31)

where β – correction factor for taking into account the
fact that side surfaces of ring and groove are not parallel to
each other and that oil may cover only a part of the surfaces
(arbitrary chosen like in the models [5, 18, 13]), μoil – dynamic
oil viscosity at temperature equal to that of a given shelf ,
derived from Eq. (29), ho – thickness of oil layer covering
a given shelf, vr – speed of ring against piston.
The adhesion force Fa counteracts separation of ring from
shelf , and it results from oil wetting action. The determination
of the adhesion force Fa consists in setting a given threshold
force Fa_max, after exceedance of which separation of ring
from shelf takes place. It was assumed that value of the force
tends linearly to zero as the ring departs from the shelf in
the range of the height ho. Hence in the case when the ring
separates from the shelf , value of the adhesion force can be
determined from the relation as follows:
.

Fpy, oil film pressure force Fo and ring flexibility force Fe.
Whereas the friction force between ring and groove surface
and inertia force due to ring radial acceleration were neglected
as being small.
The gas pressure force Fpy is the resultant of the gas pressure
forces acting upon ring rear wall , Py_c , and non-wetted parts
of ring face wall, Py_a and Py_b (Fig. 10). At determining values
of the forces it was assumed that pressure is distributed as
shown in Fig.10, and lengths of the segments nu, nd results
from the coordinates of boundaries of ring face wetted
area, xa and xb, which are determined by using the oil film
sub-model.
The ring flexibility force Fe is derived from the formula:
.

(33)

The oil film pressure force Fo is in fact a reaction to the
loading due to the remaining radial forces , i.e. it is derived
from the formula:
.

(34)

In case of switching-off the oil film sub-model , for
determining radial location of ring in groove it was assumed
that hm = 0, i.e. that ring radial position results from cylinder
diameter.
The ring twisting angle α is calculated from balance of the
moments of forces exerted onto ring profile, determined in
relation to its centre of gravity CG:

(32)
, (35)

It should be stressed that both the force Fs and Fa are passive
and can at the most equilibrate sum of the active forces Fpx,
Fix and Ffx. The squeezing-out force Fs occurs only when ring
approaches to shelf and distance between the elements is
greater than ho, and the adhesion force Fa – only when ring
departs from shelf . Radial location of ring in groove results
from cylinder diameter at a height where ring occurs in
a given instance , as well as from oil film thickness between
ring and cylinder hm. The thickness is derived from oil film
sub-model and results from balance of forces acting upon
ring in radial direction (Fig. 10).

where: αo – ring profile twisting angle in rest, K – ring
twisting rigidity derived from the relation [23, 26]:
,

(36)

where: E - Young modulus of ring material.
Moment of inertia force is equal to zero as the balance
of twisting moments is related to the ring profile centre of
gravity . It was also assumed that directions of action of the
forces due to: ring flexibility , Fe, oil squeezing –out , Fs , and
adhesion Fa cross the ring profile centre of gravity , hence
their moments are equal to zero too. Because values of angular
accelerations are small , inertia of ring profile in rotational
motion was also omitted in the balance.
Moments of gas forces are determined as the moments of
particular concentrated forces (Fig. 9 and 10):
,

Fig. 10. Forces acting upon ring in radial direction

(37)

and their action arms were derived from the relation:
.

(38

In the model the following forces acting upon ring in radial
direction were taken into account: the gas pressure force
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The moment of friction forces between ring and cylinder
liner surface is expressed as follows (Fig. 8 and 9):
.

(39)

The moment of oil pressure force is determined by using
the equation (Fig. 10):
(40)

The force Fo is placed in the gravity centre of oil film
pressure field. Knowing distribution of the pressure poil(x),
determined by using the oil film sub-model (45), one is able
to determine the axial coordinate of centre of gravity of the
distribution, xFo , in the following way:
.

(41)

In case the ring is not in contact with its groove , i.e. it
displaces in- between the shelves, the shelf reaction moment
MRx equals zero. And, when the ring starts touching a groove
shelf , the shelf reaction force R x appears. It generates the
moment dependent on its value and its point of application:
.

(42)

The shelf reaction which equilibrates resultant of axial
forces which press ring against shelf , is derived from the
formula as follows (under the assumption that Fs = 0, when
ring is in contact with a shelf):
.

(43)

In the model in question it was assumed that ring touches
a shelf not in one point but this contact occurs over a surface
area of bk in breadth. Value of the breadth bk is a function of
the twisting angle α as well as an assumed height of influence
of the surface , hk:
.

(44)

As assumed , the pressure acting along this breadth
is distributed linearly. A manner of its determination ,
exemplified for the case of lower shelf , is presented in Fig.
11. The assumed height of influence , hk, is a simplified
interpretation of surface roughness and occurrence of an
oil layer on shelves.
The action arm of shelf reaction , rRx, is determined by
using Eq. (38), in an analogous way like in the case of action
arms of gas pressure forces.

)LJ5HDFWLRQRIORZHUVKHOILQYDULRXVFDVHVRIULQJSUR¿OHWZLVWLQJ

0RGHORIRLO¿OP
Friction forces between ring and cylinder and oil film
pressure forces may greatly affect position and twisting
deformation of rings - in consequence - also performance
of the entire sealing. For this reason the sealing model in
question covers also the oil film generation sub-model which
makes it possible to determine the above mentioned forces.
In the oil film model, axial symmetry was also assumed for
piston and cylinder liner. It was assumed that cylinder liner
is fully of cylindrical form and covered with an oil layer
whose thickness results from action of ring pack as well as
phenomena of oil evaporation and oil mist deposition. It was
also assumed that interacting surfaces are ideally smooth
and rigid , hence only hydrodynamic lubrication occurs
and consequently no surface micro-unevenness effects are
considered. However it was assumed that the space between
ring face and cylinder liner surface has not to be fully filled
with oil. Wetted area of ring face is variable and dependent
on such phenomena as: accumulation of oil in inter-ring
spaces , scraping – out oil by moving rings , squeezing- out
oil from under ring faces due to radial displacements , oil
mist deposition on the part of cylinder liner surface close
to crankcase , as well as oil evaporation from the part of the
surface close to combustion chamber. The model in question
does not take into account effects of ring profile dynamic
twisting onto a shape of lubricating gap.
Pressure distribution in oil wedge (Fig. 8 and 10) is derived
from the reduced Reynolds equation for one-directional flow
of viscous liquid through a gap [7]:
,
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(45)

where: poil – pressure in oil wedge, h – height of the gap
between ring and cylinder.
Boundary conditions were assumed according to that oil
pressure on wetted area is equal to that occurring in the space
neighbouring to this area (Fig. 8):

,

(46)

and, it was also assumed that pressure in the divergent
part of the gap cannot drop below the saturation pressure:
poil ≥ pcavit (the so called Reynolds cavitation conditions [21]).
As assumed, ring face surface is parabolic in shape, hence
the gap height is described by means of the following equation
(Fig. 12a):

,

(47)

where: xh_m – coordinate corresponding to the minimum
height of the gap, hm, Rr – radius of ring face arc, C – ring
face breadth ( in case of some rings it may differ from the
ring height H).
The oil pressure force Fo is determined from the balance
of forces (34), and simultaneously calculated by integrating
oil pressure within the wetted area limits, xa and xb (Fig. 10):

.

(48)

The above mentioned condition is satisfied on assumption
of an appropriate minimum gap height hm which is in fact
a searched for value. It is necessary to perform calculations
in successive iterations until a required conformity of
a calculated Fo – value and a resultant value of radial forces
is obtained.
The fluid friction force Ffx is determined in compliance
with the following equation [7]:

,

(49)

and, its sense is opposite to that of the vector of piston
speed against cylinder liner.
The wetted area limits xa and xb are determined on the basis
of analysis of oil volume contained in the ring-cylinder gap. In
the balance were taken into account both ring displacements
along cylinder covered with an oil layer of varying thickness
and its radial displacements. Change in gap height, resulting
from ring radial motions generates the squeezing out of the
oil gathered under ring face surface and a change in the limits
of its face wetted area (Fig. 12). In the model in question
the oil volume analysis was reduced to the examination of
relevant surface areas.

Fig. 12. Change in wetted area limits associated with ring radial
displacements

The ring face wetted area limit xg is calculated on the basis
of the oil control volume V k which is located in a free space
between ring face and an oil layer of hol in thickness, which
adheres to cylinder liner surface (Fig. 12b):
. (50)

The coordinates of the wetted area limits xg of both parts
of the profile are recalculated into the coordinates xa and
xb , respectively (Fig. 10) , by means of an appropriate
transformation of the coordinate frame.
The control volume Vk may change due to oil scraping or oil
supplementing in case of its lacking in under-ring space, if the
oil is not squeezed out or crapped aside ring face in advance.
(Fig. 13b). When the oil control volume Vk (Fig. 13a) is greater
than that of the space possible to be filled under ring face Vx,
some oil excess Vz may be accumulated outside the profile
(Fig. 13b). The oil excess comprised within the limits of the
assumed maximum volume Vz_max is able to flow back under
ring profile and supplement the volume Vx, provided that
such excess will happen. However if the excess Vz surpasses
the volume Vz_max, the excessive oil of the volume Vout will be
eventually squeezed out to external space. In the case when
V k < Vx, , the space may be supplemented in an analogous
way with the oil scrapped aside or squeezed out by the ring.

Fig. 13. Accumulated volume and oil squeezing out to external space

In the model, it was also taken into account that ring may
displace in radial direction within the oil layer range (hm < hol).
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In this case the volume V k is additionally enlarged by sum of
the squeezed out volumes Va and V b, provided that the ring
displacement occurs towards the cylinder liner (Fig. 14b), or
lowered – when the ring departs from the liner:
.

(51)

The component volumes Va and V b of the squeezed - out
oil are derived from the relation:
,

(52)

,

(53)

and, in Eq. (53) : hm stands for the smaller of the heights
hm_0 and hm_1, depending on a direction of ring radial
displacement. The coordinates x0 and x1 of the crossing points
of ring face and oil level line in the preceding instance 0 and
the current one 1, respectively, are derived from the equations:
.

(54)

)LJ6FKHPDWLFGLDJUDPRIRLOÀRZXQGHUULQJIDFH D DQGRLO
accumulation under the face and change in wetted area limits in case
when: h m < hol (b)

Balance of oil flowing under ring face concerns the three
fluxes: the inflow qin, the flow through the gap , q p , and the
outflow qout (Fig. 14a). The fluxes per unit of ring circumference
are derived from the following expressions:
, (55)

where: hin and hout – thicknesses of oil layers before and
behind ring face, respectively, hp – height of the gap under
ring face in the maximum oil pressure point.
In incomplete wetting conditions , ring may slide over oil
layer , owing to this the in-flowing flux qin becomes equal
to the out-flowing flux qout. If the flux qin is greater that the
flux q p, the scrapping out of oil occurs. The flux of scrappedout oil , qz, is equal to the difference of the fluxes qin and
q p. The scrapped - out oil is accumulated in the inter-ring
spaces. Change in oil volume in such a space results from the
difference of fluxes flowing through neighbouring rings, as
well as from a volume of oil squeezed-out from under ring face
into an appropriate space formed due to radial displacements
of rings. Thickness of oil layer filling the space is derived on
the basis of the so determined balance concerning a given
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space. In a similar way is derived a layer thickness of the
oil which remains after ring pack passage. And, in the dead
centre the scrapped –out oil volume Vz is considered to
be discharged away from the system either to combustion
chamber or crankcase. The oil layer which remains behind
the ring pack , becomes- after change of direction of piston
motion- a layer of oil flowing in the ring pack.
Profile of the oil layer left by ring pack along cylinder
liner may vary as a result of oil evaporation on the side of
combustion chamber , or oil mist deposition on the side of
crankcase. The phenomena were considered in the same way
by using the linear exposure time function:
,

(56)

where: Δhol – change in height due to a given phenomenon,
I – intensity of oil deposition or evaporation, te – exposure
time.

Numerical model and computer software
Numerical solution consists in transformation of the
analytical differential equations describing the mathematical
model , into difference equations calculated with a constant
step which, in the main loop of the model, corresponds to an
assumed increase of crankshaft rotation angle. Length of the
step in the main loop of the model may be selected from the
range of 0,1÷0,001° of crankshaft rotation (OWK) . In order
to increase calculation effectiveness it was made it possible
to set a divider intended for extending the calculation step
which concerns generation of oil film resulting from ring
pack -cylinder liner interaction. In each step of this part
of the model are performed several iterations consisting in
matrix solving the Reynolds equation which describes oil
pressure distribution in the gap between face of each ring
and cylinder liner, continued until equilibrium condition of
radial forces is satisfied. Determination of profile twisting
angle of each ring is also conducted by calculation looping
during consecutive approximations until the condition
of equilibrium of moments of relevant forces is satisfied.
However in view of extensive dynamics of ring angular
deformations, solution is derived in each step of the main
loop of the model.
Computer program was coded in C++ language by using
object-orientated technique. Its structure is modular owing
to this a free modification and further extension of the
numerical model is possible. Introduction of input data is
made by means of dialogue windows , after that it is possible
to save or read all quantities. Certain data, e.g. those dealing
with run of pressure in combustion chamber or profile of
cylinder liner are put in the form of text files. The calculations
are carried out in the runs simulating full cycles of a four
-stroke engine. In order to reach continuity of results in the
point in which a cycle is started and ended it is necessary
to carry out a few successive calculation runs. The software
is fitted with a diagram tool and animated graphic schemes
which serve to visualize and analyze results both during and

after completing calculation runs. Values of all calculated
quantities are saved in text files; moreover it is possible to do
a selective choice of results intended for saving, as well as to
reduce number of records by data averaging.
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The developed ring sealing model integrates the gas flow,
ring dynamics and oil film generation models. It describes
phenomena crucial for sealing process of TPC system by
using physical relations. And, empirical relations were used
only for description of phenomena of a minor importance
or insufficiently highlighted theoretically. In the presented
model , by contrast to majority of existing models , it was not
assumed that gas flow through inter-ring spaces is isothermal,
but that gas temperature is determined from energy balance.
Such method is more realistic and it makes it possible to model
isothermal and adiabatic flows as peculiar cases.
In the presented version of the model significant attention
was paid to characteristic geometrical details of TPC system.
It is expected that owing to this it may be possible to more
precisely analyze impact of constructional and operational
factors onto ring sealing performance. A comparison of
preliminary results of simulation tests and the measurement
results which was presented in [12], proves that the model in
question is useful for predicting effects of elements wear on
rate of exhaust gas blow-by. The model allows to predict rate
of exhaust gas blow-by to crankcase as well gas back- flow
to combustion chamber , owing to this the model may be
instrumental in attempts to improve performance combustion
chamber sealing and to lower emission of hydrocarbons.
Knowledge of pressure distribution within inter – and beyond
ring spaces as well as position and twisting deformations
of rings in grooves is of a crucial importance in modeling
interaction between ring and cylinder. For this reason the
integrated models of gas flow and ring dynamics may be
applied to modeling oil film , resistance of ring pack to motion
and its wear.
Despite a large number of phenomena have been already
taken into account , many other ones which could significantly
affect sealing performance , have been omitted. In the
future these authors plan to take into account occurrence
of mixed friction between ring and cylinder as well as to
model interaction between ring and groove in a more physical
manner.
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ABSTRACT
In this work - in view of still decreasing crude oil resources and increasing fuel prices - are presented issues concerning
research on development of other, alternative fuel sources including those used in water, land and air transport
means. One of them is hydrogen which,while burning, does not produce noxious carbon dioxide but only side effects
such as heat and clean water.
It is almost true that along with sudden drop of availability and rising price of crude oil many countries face
economical paralysis. Any of alternative sources is not capable of supplying even only a basic amount of such energy,
not mentioning the whole amount of energy demanded by our civilization. Hydrogen as an independent fuel for
internal combustion engines has yet to go a long way to commercialization. to be Co-burning systems (combustion
of mixtures )of today used hydrocarbon fuels combined with hydrogen seem closer to this aim. As proved in many
investigations the substitution of a part of hydrocarbon fuel by hydrogen enables to make use of beneficial features
of both the fuels.
One of possible solutions of the problem may be application of an innovative hydrogenic fuel electrolyzer which is
presented and evaluated in this paper.
Keywords: substitute fuel, hydrogen, biofuels, electrolysis, co-burning the fuels

Introduction
In strategic plans it has been assumed that till 2020
alternative fuels would replace at least 20 % of fuels used
for transport aims. Political strategy assumes that even
partial freeing from dependence on crude oil is rational and
necessary. Among alternative fuels, propane-butane gas has
found so far wide application in practice, and, natural gas
and hydrogen is lately preferred. This is hydrogen which,
despite technical difficulties associated with its use, may
become a fuel of the nearest future. If oil prices increase,
alternative energy sources will become profitable, and as
a result a smooth transition to the alternatives will be possible
[1,2,4]. Worth mentioning, that from the economic point
of view we never will face a problem of depletion of raw
materials because price impulse will ever help to find an
appropriate alternative [1,3,5,8,14,20].
Along with sudden drop of crude oil availability and rise
of its price, it is almost certain that :
• agricultural industry which is deeply dependent on the
fuel and its products, will not be capable of producing

as much food as to-day,
certain enterprises will become bankrupts;
confusion will overcome worldwide financial markets;
many people will be deprived from heating their
houses at all or forced to reduce it;
• dynamically increasing costs of transport will disturb
free flow of goods, including various materials and
food products [2,3,6,13,15,19].
Potential of hydrogen is so immense that it is often called
the fuel of 21st century and its price will sometime become
more competitive in comparison with other energy sources
than it is to day. Hydrogen resources are practically unlimited
as it is a renewable fuel and water is the only waste product
from its combustion. Hydrogen cannot be practically found in
the form of a free gas, but in the form of chemical compounds.
There is a difficulty in hydrogen gaining because it appears in
the form of compounds such as water, hydrocarbons, hydrides
etc. The gaining of hydrogen requires delivering energy e.g.
some kinds of clean energy such as water energy, wind energy
or solar one [10,12,13,14].
Therefore the future belongs to hydrogen gained from
•
•
•
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solar energy in two-stage process. According to the opinion
of experts, the first stage consists in converting solar light
into electric energy by means of an extended system of solar
cells. The second step in which the energy is consumed, would
make it possible to gain hydrogen from the electrolysis process
which results in cleavage of water bond. However a very high
temperature is needed to do it as direct decomposition of
water into hydrogen and oxygen occurs in temperature of
2730C. Hydrogen, due to its low molecular mass and high
gross calorific value, has the greatest energy – mass ratio and
its explosion force is 2,5 –fold greater than that of conventional
hydrocarbon fuels [4,7,16,17].
The greatest advantage of hydrogen is the lack of CO2
emission during its combustion. However, its susceptibility
to leaking, inflammability and ignition of hydrogen mixture,
high hydrogen flame temperature, difficulty in its storing and
transporting constitute problems.
Hydrogen in application as the only fuel for internal
combustion engines has still a very long way to
commercialization. Co-burning systems (of fuel mixtures)
which are used today for combustion of hydrocarbon
– hydrogen mixtures, are much closer to this aim. As
resulted from some tests [4,7,8,12], the replacing of a part
of hydrocarbon fuels by hydrogen itself makes it possible to
exploit favourable features of both the fuels.
Current research is focused on the co-burning of such fuel
mixtures, in spark ignition engines, as : petrol- hydrogen,
LPG – hydrogen, methane - hydrogen, natural gas - hydrogen.
Research projects are also conducted on improvement of
efficiency of self ignition engines by hydrogen adding. Effects
of hydrogen addition on operational effectiveness of gas
turbines are also investigated, usefulness of hydrogen to
driving municipal buses is tested, and an German – Russian
project ( in the frame of CRYOPLANE project ) on hydrogen
application in air civil transport and cosmic industry is under
way too. [3,5,18,21].
There are many possible hydrogen applications. They
are only limited by human ingenuity and car industry
corporations which are still not ready to reveal patents
bought by them and results of research work done by their
laboratories. Fortunately, various hydrogen-fed devices
(available today almost for „everybody” ) have been developed
and their implementation in practice has just started.

Hydrogen as a fuel of the future
Most EU countries have set very ambitious plans in the
frame of annual programs for production and implementation
of substitute fuels for engines. However a part of car
producers do not advise to use such solutions because they
may generate unfavourable effects to engines. In spite of
that, usage share of the fuels in application to road transport
has to rise systematically. In response to critical opinions
concerning this kind of fuel, EU works on development of
new solutions – Fig.1a [12,13].
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Fig.1. Participating countries (a) and hydrogen usage infrastructure (b)
[13]

Program of development of alternative energy sources is
a part of strategy of fighting against global warming –up. In
2012 in Poland this share reached about 5,79 %. (acc. Polish
Office for Energy Regulation ) and has to increase step by step.
In compliance with Polish Government’s targets for the years
of 2013÷2018, in which minimum share of bio-components
and other renewable fuels in total amount of fuels to be used
per year is determined, in transport industry such share
should reach : 7,10% in the years 2013÷2016, 7,8% in 2017,
and 8,5 % in 2018.
It is rather difficult to precisely conclude whether fuels
of this kind have a negative impact on engines in view of
a greater and greater level of complexity of such drives. Car
producers should, already in engine design stage, take into
account a mode of fuel supply, but they have once found
themselves taken by surprise that to add some percent of
a bio-fuel to conventional fuels or to use substitute fuels
becomes obligatory [4,7,11].
List of European countries participating in the EU
Framework Program „StorHy”-6 dealing with a wide scope
of issues on usage of hydrogen considered a future fuel for

world-wide motorization, is presented in Fig. 1b.
The crucial target for the nearest years has to be the finding
of many technical solutions as well as the breaking of nontechnical barriers to make this way further development of
this field possible.The obstacles which are presently considered
most important are : cost and durability of fuel cells, methods
of production, storage and distribution of hydrogen fuel.
A rather significant number of car industry concerns have
been conducted for many years their own tests and research
work on technologies using hydrogen as a main fuel - Fig.
2. [8,10,11,14].
Fig.3. Schematic diagram showing how HHO system is included into
electric network of a car

Fig.2. Schematic vision of „StorHy” program on implementation of
innovative solutions for hydrogen storing in gasous, liquid and solid state
for road transport purposes [13]

On the Earth, hydrogen in free state can be found mainly
in the upper atmosphere layer where hydrogen and helium
constitutes basic components of the atmosphere. However
access to the resources is very difficult and the only solution
for the winning -over of hydrogen in molecular form is to
produce it. In an industrial scale, hydrogen is obtained
from crude oil, natural gas and coal mainly by using steamreforming process through partial oxidation of heavy
hydrocarbons or gasification of coal.
These methods are most efficient and also most profitable
because their productivity reaches even 85%. However
a substrate for the reactions are raw materials whose
exploitation should be limited. An additional detrimental
issue is production of large amounts of carbon dioxide
which contributes in growing greenhouse effect. The using
of renewable sources for hydrogen production would have
the least harmful effect on the environment [12].
One of the emission-free method of hydrogen production
is electrolysis of water, which requires however a large amount
of electric energy (Fig. 3).
The lowest voltage ( called the reversible voltage E ) at which
water electrolysis can be conducted at room temperature,
amounts to 1,23V. The electrolytic process occurs practically
at voltage of 1,75÷2,3V as a result of occurrence of voltage
loss in electrolyzer, associated with activation of electrode
processes and internal resistance of the cell. Theoretical
consumption of energy for production of 1m3 of hydrogen
amounts to 2,96 kWh. Practical energy demand (Fig. 4)
reaches 4,3÷5,7 kWh per 1m3 of hydrogen at applied voltage
of 1,75÷2,3V.

Progress in technology of electrolytic production of
hydrogen and improvement of energy efficiency of the process
may be reached by developing more effective electrodes and
membranes, elevating the temperature and lowering the
pressure necessary for conducting the electrolytic process as
well as increasing density of current ( in 1000°C temperature
electric energy consumption drops to 2,83 kWh per 1 m3 of
hydrogen). Development of hydrogen production to a greater
scale by applying electrolytic method is not possible at present
because of its high costs, as electric energy consumption equals
now about 4,5 kWh per 1m3 of hydrogen. As a result, cost of
„electrolytic” hydrogen is threefold higher in comparison
with that of hydrogen produced with the use of natural gas
conversion, and twofold higher than that produced by coal
gasification method. The world-wide hydrogen production
stations based on water electrolysis operate on cheap electric
energy delivered from water –power plants [4,7,12].
It is a common opinion that in the future water electrolysis
may be used at a greater extent for hydrogen production in
the periods when demand for electric energy is low, as well as
on the basis of nuclear energy and renewable energy sources,
including solar energy. Recapitulation of particular hydrogen
production methods is presented in Tab. 1.
A crucial factor which limits effective use of hydrogen as
a fuel is its low density which results in that the main issue
in implementing hydrogen technologies are techniques of
its storage and transport.
In present hydrogen is used in :
• motorization ( for driving car engines );
• heating of buildings;
• water heating;
• kitchen cooker torches;
• robotics (e.g. as a source of driving prostheses).
It is still a long way to reach the instance when hydrogen
fuels substitute the currently used mining fuels. It is however
deemed that this direction in developing motorization is
correct and united efforts of car producers could make this
aim nearer. A breakthrough should be done to achieve the
state in which hydrogen will be widely accessible and cheaper
than other fuels. According to conservative data it may be
assumed that about 2020 hydrogen fuel would be in use,
but as a luxury product, and 20 years later it would be in
common use.
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Tab. 1. Basic methods of hydrogen production
Background of hydrogen
production method

Process

Substrates

Energy

Steam reforming

Natural gas

High temperature of steam

Thermal decomposition
Thermal
(heat)

Electro-chemical

Biological

of water

Water

Gasification

Coal, biomass

Gasification

Biomass

Electrolysis

Water

Electrolysis

Water

Photo-electrolysis

Very high temperature obtained from gas
cooling nuclear reactions.
Steam and oxygen under high pressure and
temperature
Moderately high temperature of steam

Contaminations
CO2
Additional waste material
Lack
CO2
Additional waste material
CO2
Additional waste material

Electric energy achieved from wind, sun or

Lack
nuclear power stations
Electric energy achieved from burning coal CO2 resulting from electric energy
and natural gas

production

Water

Direct solar energy

Lack

Phytobiological

Water and algae

Solar energy

Lack

Oxygen-free digestion

Biomass

High temperature

Waste material

Biomass

High temperature

Waste material

Fermentation process
due to microorganisms

Co-burning of hydrogen and hydrocarbon
fuels
Co-burning of hydrogen in petrol engines
Hydrogen has many features which are attractive for
application in internal combustion, spark ignition engines.
In this area, research is carried out in the aspect of using
hydrogen either as the only fuel or an addition to conventional
fuels such as petrol, natural gas, methane or LPG.
Because of its unique features hydrogen may be added to
hydrocarbon fuels and thus improve some of their properties.
Hydrogen is an excellent addition to petrol and gas; it may be
burned at an extremely low concentration (ø=0,1), and while
inserted in small amount to cylinder with a lean hydrocarbon
mixture it extends range of combustibility of such mixtures
(Fig. 4).
Hydrogen net ( mass) calorific value amounts to 119,8
MJ/kg and is almost threefold greater than that of gas and
petrol. However it should be remembered that fuel mixtures
are measured in units of volume, i.e. by taking into account
differences in density of hydrogen (0,0824 kg/m3) and
hydrocarbon fuels. It can be observed that net volumetric
calorific value of hydrogen is 10,2 MJ/m3, and that of gas
and petrol - 33,9 MJ/m3 and 216,4 MJ/kg, respectively. Even
though the stoichiometric ratio of air and fuel is greater,
hydrogen occupies greater volume in relation to air than
methane or petrol. It results from low calorific value of airhydrogen mixture because it contains a little lower amount of
energy (2913 kJ/m3) than stoichiometric mixture of methane
and air (3088 kJ/m3) and that of petrol and air (3446 kJ/m3).
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Fig. 4. A concept of the co-burning of produced hydrogen and hydrogenfed engine design

Hydrogen combustion rate is seven times greater than that
of methane and petrol, hence hydrogen combustion period
is short. It means that less heat is transferred by flame in
comparison with flame from burning hydrocarbon fuels. Only
17 to 25% of thermal energy released during combustion of
hydrogen goes to environment by heat emission, but in case
of methane this is 22-33%, and petrol - 30-42%.
In comparison with hydrocarbons hydrogen is
characteristic of a high diffusivity which results in its good
miscibility, turbulence and homogeneity of mixture. Very
low value of its ignition energy facilitates immediate ignition
and easy cold start-up.
Combustion temperature of hydrogen in air (2045°C)
is higher than that of methane (1917°C), but lower than
that of petrol (2197°C). Damping gap through which flame
develops is threefold smaller than the analogue parameter
for hydrocarbons fuels, that means that flame will go closer to
cylinder wall and combustion process will be more effective.
Tests on a single-cylinder engine showed that
hydrogen addition to mixture of hydrocarbon fuels
results in widening combustibility range of lean
mixtures, and simultaneously lowers content of CO
and HC in exhaust gas, but elevates NOX content.
Because of a lower calorific value of hydrogen ( per one mol)
in comparison with hydrocarbon fuels, thermal efficiency
drops as a share of hydrogen in mixture increases.
Tests on serial engines showed that hydrogen addition
results in lowering emission of CO and HC and increasing
thermal efficiency while operating on lean mixture. In case of
petrol, lowering emission of carbon- containing components
was observed.

Co-burning of hydrogen and LPG or petrol
The following conclusions were derived from the tests
on the effect of hydrogen addition to liquefied gas (LPG)
on emission of noxious components, thermal efficiency and
performance of a single-cylinder engine [3,7,11,14]:
• average effective pressure and thermal efficiency
decreases as amount of added hydrogen increases;
enriching LPG with hydrogen has no influence on
rising thermal efficiency and average effective pressure;
• increasing amount of added hydrogen results in
lowering amount of lost heat, accummulated heat
and pressure;
• no difference in CO2 emission was found when an
additional charge of hydrogen has been introduced,
but a lower amount of oxygen was observed in the
atmosphere of rich and lean stoichiometric mixtures
because the additional hydrogen results in a higher
emission of CO2;
• emission of hydrocarbons becomes lower when the
relative air/fuel ratio is increased from 0,76 to 1,3 and
hydrogen is added; emissions of HC are similar, as for
their values, to those of CO, when the air/fuel ratio
increases from 0,76 to 1,3;
• emission of NOX becomes high when 10% V/V H2 is
added at the value of λ = 0,9÷1,15 ( as compared with
pure LPG); maximum emission of NOX occurs at λ =
=1,2 ( relative air/fuel ratio); 20% addition of H2 results
in about 20% rise of NOX emission (as compared with
pure LPG).
Hydrogen combustion in self- ignition engines

Co-burning of hydrogen and natural gas (methane)
Engines fed with natural gas LNG (Liquefied Natural Gas)
or CNG (Compressed Natural Gas) are an alternative for
petrol engines due to their favourable features among which
the following are numbered :
• high calorific value,
• good ignition properties,
• high octane number, that enables to reach high
compression ratio and large output,
• resistance to knocking combustion,
• low density, good diffusivity and homogeneity of
mixture,
• broad range of ignition limits, that enables combustion
of lean mixtures,
• natural gas can be co-burned with hydrogen.
An unfavourable feature of natural gas is its low energy
density in comparison with petrol, which makes its
compression or liquefaction necessary. Just in this state, i.e.
in the form of LNG or CNG, natural gas is stored, transported
and used. Interest paid to fuels of this kind is systematically
growing, especially with a view of possibility of its co-burning
with hydrogen.

The crucial target of the research which has been conducted
so far on the co-burning of diesel oils and hydrogen in selfignition engines is to find conditions for better usage of
energy of hydrocarbon fuels at a lower emission of noxious
components and a lower smokiness of exhaust gas. First, air
is compressed in cylinder up to the pressure of 1,4÷2,5 MPa.
During compression air temperature rises up to 500÷600°C,
and close to its end a fuel charge is injected into cylinder.
After a few miliseconds ( ignition lag time) self ignition of
fuel occurs. For successive split seconds, fuel is delivered
to cylinder in which it evaporates and burns. During the
combustion temperature of gas in cylinder may reach
1600÷2000°C, and its pressure - 6÷10 MPa. Combustion
process in diesel engine occurs at the fuel/air ratio equal to
0,70÷0,85.
Thermal efficiency of diesel engines may reach 43%,
whereas efficiency of petrol engines is equal to about 25%.
Among diesel engines are remarkable the two-stroke lowspeed engines of output per cylinder up to 4300 kW whose
thermal efficiency exceeds 50%. Performance and thermal
efficiency of diesel engines depend to a large extent on a kind
and properties of used fuel. Ignition lag, combustion mode,
power output, exhaust gas content and operational reliability
of such engine depend on proper selection of fuel components
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and improvers.
Diesel oils (ON) are mixtures of C11-C25hydrogens which
have boiling temperature in the range from 150 to 380°C. Their
hydrogen composition depends first of all on characteristics
of a crude oil from which they were obtained and type of
processes to which they were subjected. Commercial fuels
introduced to market are desulfurizied but they still contain
small amounts of sulfur as well as a WWA requiring more
drastic combustion conditions.
Diesel engines may be fed, apart from diesel oils
produced from crude oil, with vegetable oils or products of
re-estrification of these oils. As results from the performed
research, hydrogen addition amounting to 5-7% m/m does
not impose any large impact on effects of combustion of
hydrocarbon fuels in self-ignition engines.

exists but is still not available for various reasons. A fuel
product obtained from electrolysis is hydrogen as well as
oxygen produced ( under patent restrictions ) in a compact
device called “Hydrogenic electrolyzer of fuels”, where the
produced hydrogen is subjected to co-burning process with
a traditional fuel for engines.
Phenomenon of electrolysis is often used in engineering
solutions called : hydrogen generator, hydrogen reactor,
hydrogen producer. From the available descriptions of the
generators facilitating water electrolysis and gas emission it
results that they are built firmly, have jar-like struture (Fig.5)
and are fitted with diode electricity supply, electrolyte control
and charging devices.

Co-burning of hydrogen in gas turbines
An increased attention to hydrogen is presently paid by
electricity producers basing on gas turbines. Their use, in
comparison with classical technologies, is simpler and more
functional. Introduction of such facilities results from the
fact that they are compact, light, fast starting-up, reliable and
simple in operating. Low-power gas turbines are installed
in industry, public institutions and places distant from
aglomerations. They may operate in simple or combined cycles
or co-geneneration mode and cost of their installation is low.
Two basic types of gas turbines may be distinguished :
• 1st type – based on aircraft turbines modified for
purposes of electric power generation; they may
develop power up to 40 kW and produce electricity
just in 3 min after starting,
• 2nd type – industrial gas turbines of output up to 300
MW, which require 10-40 min to start up.
A disadvantage of both the types of turbines is their
emission level of NOX, CO and C02 as well; it depends on a kind
of used fuel and its combustion conditions (temperature,
pressure). For example, thermal synthesis of NOX starts in
temperature of 1500°C and its content grows exponentially
as temperature rises. In turbines with diffusive type of flame,
both of stationary and jet engine type, flame temperature
exceeds 2000°C, which results in that exhaust gas contains
a few hundred of NOX ppm.
Use of hydrogen as the only turbine fuel or co-burning it
with a hydrocarbon fuel is able to reduce amount of emitted
HC, CO and C02 components. Hydrogen is a promising
fuel because of its high energy density (120 MJ/kg) which
is twofold greater in comparison with conventional fuels.
A drawback in using hydrogen for aircraft engines is its
very low density (0,082 kg/m3). Research on application of
hydrogen as a fuel for gas turbines is recently still in the phase
of preliminary tests [11,14].

Hydrogen generators
A problem of contemporary industrial economy consists
in that there is no firm link connecting running-low
resources of fossil fuels with an alternative energy which
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Fig. 5. Commercial version of older and today available hydrogen
generators (HHO)

A HHO generator consisted of dry cells (Dry-cell DC3000)
of total working surface area equal to about 1600 cm2 is
a device similar to the above mentioned, patented one as to
the elements used in core of water electrolysis chambers, as
well as to the production process of contaminated hydrogen.
Hydrogen in a volatile contaminated form is delivered directly
to engine combustion chamber where it mixes with air and
conventional fuel. Such solution is troublesome because
of a dispersed necessary equipment (liquid tank, piping,
circulation pump, electrolyte cooler, dryer, bubbler with net
filter and throttling valve).
As a result, a compact hydrogen generator is obtained of
a maximum capacity from the point of view of possible energy

supply from an average car alternator – Fig.6.
FUEL HYDROGENIC
ELECTROLYZER (HEP)

v

Fig. 6. Modular structure and simplicity of HEP device compared with
the other solution – HHO

The presented solution has been patented ( Patent
application No. P.405757 on 24.10.2013 under Polish name:
„Hydrogeniczny elektrolizer paliwowy (HEP)”). Its purpose is
effective production of hydrogen and oxygen of a high purity
while fed with direct current voltage of 12V or 24V. The
achieved mixture of hydrogen and oxygen is an additional,
very useful component in producing stoichiometric mixture
used for co-burning in combustion engines.
The main task requested from the invention is to reduce
consumption of fossil crude oil fuels by about 25-40%
without any need of introducing changes in construction
of engines, to improve combustion efficiency of engine with
special attention paid to fulfilling criteria of its durability and
reliability. The object developed on the basis of the invention
is a portable, compact, modular device of internal action in
a closed cycle, intended for the application in car industry
as a fuel electrolyzer.
The device is fed from a DC electricity source of 12V or 24V
voltage and 25A current. Demand for electric energy has been
assumed on such safe level as not to exceed amount of losses
resulting from vehicle operation, and which is optimized with
regard to 60% loading effectiveness of reactor plates and
the assumed service life of 10 years or 200 000 km mileage.
Hydrogen and oxygen is achieved from the invented device
as a result of the transformation ( water electrolysis ). In the
process of electrolysis twice more hydrogen than oxygen is
obtained. Oxygen is crucial for combustion of air-fuel mixture
from the point of view of improving flame stabilization which
consequently improves combustion process, especially during
idle running where content of oxygen is limited and which
leads to increasing fuel consumption.
The invented device „HEP”, due to a novel solution of
its casing and application of modern materials, is a safe
and unattended facility except of necessity of periodical
complementing it with electrolytic fluid and destillated water.
The device is of a simple structure and easy for maintenance,
very effective; it does not generate any gas pressure (hence
no loss of tightness is possible), as well as it has not any
flow transmitting pipes whose damage or a leakage from
it is undesirable because of a high oxidation suceptibility
of aluminium. Fuel winning in the form of hydrogen and
oxygen flows through channels inside walls of reactor casing.
Gas injection consists in its vacuous suction - off from car air
intake, which transports gas directly to combustion chamber

mixing it with air and fuel, after its prior purification,
dehydration and drying. Injection point is located
behind the air filter area and behind MAF sensor which
measures air flow from intake collector to combustion
chamber of engine.
In the proposed solution was applied a cell working
control which ensures the following :
• control over work of λ- sonde by using EFIE controller
( i.e. control of oxygen amount in mixture as the
controller modulates signal sent from λ-sonde and
transmits to computer its modulated value as to
oxygen amount in exhaust gas, lowering this way
a fuel dose inserted to combustion chamber); EFIE
controller interacts with λ- sondes operating under
voltage ranging from 0 to 1V;
• control of amount of fuel dose ( hydrogen + oxygen )
delivered to combustion chamber (precise regulation
of current strength by using a signal from MAP or
MAF sensor in a car);
• control of current strength by using PWM;
• control of a ignition switch relay (40A) which switches
on and off the cell when car engine starts-up and
stops, with the use of alternator excitation current.
The proposed „HEP” solution uses electric energy available
from car alternator. It has a compact, modular casing of a high
chemical and mechanical resistance, in which three reactor
cells are accommodated.
The invented device „HEP”, a fuel electrolyzer generating
chemical energy ( in volatile state ) produced from a safe
portion of car electric energy losses, is an innovative fuelling
solution for contemporary car driving units. In consequence,
its use leads to lowering consumption of fossil fuels and CO2
emission to atmosphere. The object was so designed and
manufactured as not to require any maintenance in service,
except of supplementing electrolytic fluid by amount of 50
ml KOH and 1 l of destilled water per 1000 km travelled
by a car of 1600 cm3 ÷ 2200 cm3 cubic capacity of engine,
periodically surveyed to keep it serviceable.
Finally, a significant rise in engine combustion effectiveness
was reached with taking into account production cost
of the invented device and its practically non-invasive
implementation, resulting in 25% conventional fuel savings
( with a future target of 40% ). Fig.7 shows a schematic top
view of the device and an overall photograph of fuel cell.
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engine.
4. The hydrogen generator was fed with 50 A current from
an external source (not from the car itself) at hydrogen
output of about 5 dm3 /min.
5. Prior to the tests it was proved that the applied independent
control over ȜVRQGHSHUIRUPDQFHGLGQRWLQÀXHQFHDW
all fuel consumption within the whole working range,
consequently the additional EFIE controller was switched
–off.
6. Each measurement was executed for two critical voltage
applied to Ȝ – sonde ( about 55 and 650 mV).
7. Use was made of “Time runs” option which covers four
PRVWVLJQL¿FDQWSDUDPHWHUVHQJLQHURWDWLRQDOVSHHG
times of injection to cylinders 1/4, times of injection to
cylinders 2/3, voltage of ȜVRQGH.
8. An exemplary window showing the test results in the
form of time-runs is attached below and the remaining
test results are given in the form of the tables taken from
subsequent windows.
Fig.7. Top view of a fuel cell and its photograph. 1, 1a, 1b - Water
HOHFWURO\VLVFKDPEHU(OHFWURO\WHFKDPEHU ZDWHU.2+ :HW
¿OWHU'U\¿OWHU

Exemplary results of the tests [14]

The first manufactured pieces of the innovative cell were
subjected to laboratory tests on stationary test beds for engines
as well as operational tests on two passenger cars ( Fig. 8). The
assumed test program on economic effectiveness of the cell
and reliability of engines is time-consuming and long-lasting.

Fig. 9. Exemplary window of the test results

1.

Without any electric current load from onboard
devices, for λ max:
Petrol
Engine rotational speed
Time of injection cyl. 1, 4
Time of injection cyl. 2, 3

)LJ0HDVXUHPHQWRIȜVRQGHSDUDPHWHUVDQGIXHOPL[WXUHFRQWHQWLQ
nominal conditions for spark-ignition engine in a stable, idle running
state [14]

Voltage of

- sonde

Preliminary tests – their methods and results
Petrol + hydrogen
1. The tests were performed to recognize effects of
application of 70A current, delivered from external
consumers, to a Xara Citroen engine of 1,9 l cubic capacity
on consumption of fuel mixture consisted of petrol and
an additional dose of hydrogen.
2. The tests were carried out on a stationary test stand in
873ODERUDWRU\ZLWKWKHXVHRID.76GLDJQRVWLF
instrument.
3. The tests were conducted at idle running speed of the
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2.

Without any electric current load from onboard

devices, for λ min:
Petrol

Petrol + hydrogen

Petrol + hydrogen
Tests of fuel consumption and mixture content for 1,9
l petrol engine when a hydrogen generator fed with electric
current from car, is used.
1. Measurement of consumption ( injection time) of fuel
without hydrogen, for λmax and λmin

3. 70 A current load from onboard devices, for λ min:
Petrol

Petrol + hydrogen
Measurement of consumption ( injection time) of fuel
with hydrogen left part of the diagram - without EFIE
control - right part – EFIE control operates

4.

70 A current load from onboard
devices, for λ max:
Petrol

a) Table of results of the tests at hydrogen addition,
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without EFIE control, for Ȝ max and Ȝ min

b) Table of results of the tests at hydrogen addition, with
EFIE control, for Ȝ max and Ȝ min

2.

Analysis of exhaust gas : without hydrogen addition
to fuel ( left ), with hydrogen addition and without
EFIE control for 10A current from car alternator ( in
the middle), and with hydrogen addition and without
EFIE control for 21A current from car alternator
(right) [14].

Recapitulation
The future demands of car producers concerning nul
emission of exhaust gas toxic components as well as EU
regulations on obligatory use of alternative fiels from
renewable sources create prospects for implementation of
hydrogen fed cars in a not distant time. A way to hydrogen
use is not straight because it requires not only to develop
an appropriate technical background for feeding systems of
conventional engines but also an appropriate infrastructure
which must consume very big material resources.
Hydrogen is a fuel of a high energy content per unit of
mass ( threefold greater than that of petrol). Despite technical
difficulties connected with its implementation, hydrogen
may become a future fuel as its use does not disturb natural
environment balance and hydrogen resources are practically
unlimited.
Among the most important merits of hydrogen the
following may be numbered : wide range of its combustibility,
low ignition energy, high diffusivity factor, high combustion
rate, high ignition temperature. Exhaust gas content is the
basic aspect which differs hydrogen from other fuels. Because
of lack of carbon in the fuel, carbon dioxide practically
is absent in engine exhaust gas that makes it the most
ecologically clean fuel. Water vapour, being the product of
hydrogen combustion, is the main component of exhaust
gas. And, only some amounts of nitrogen oxides and traces
of CO and HC, resulting from combustion of diesel oils, can
be found in exhaust gas.
There are a few solutions for hydrogen use as a fuel
for combustion engines. The most prospectous is its
implementation in co-burning process, that was implemented
in the solution presented in this paper.
More and more advanced car driving units demand to
apply higher and higher criteria for engine efficiency and
reliability, and, in consequence, to highlight how to adjust
HHO system to engines with carbouratter feeding system
and how to do it in a vehicle fitted with
an engine with multi point injection and
variable timing phase.
Potential hydrogen applications are
very wide and the searching for alternative
energy sources is a must, that has been
shortly discussed in this paper. It is worth to
continue the research on possible winning
and using new energy sources, which
often leads to innovative theoretical and
prototype solutions and - finally – their
industrial applications.
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Mathematical model defining volumetric
losses of hydraulic oil compres-sion in
a variable capacity displacement pump
Zygmunt Paszota, Prof.
Gdańsk University of Technology

ABSTRACT
The objective of the work is to develop the capability of evaluating the volumetric losses of hydraulic oil compression
in the working chambers of high pressure variable capacity displacement pump. Volumetric losses of oil compression
must be determined as functions of the same parameters, which the volumetric losses due to leakage, resulting from
the quality of design solution of the pump, are evaluated as dependent on and also as function of the oil aeration
coefficient ε. A mathematical model has been developed describing the hydraulic oil compressibility coefficient
as a relation to the ratio ΔpPi/pn of indicated increase ΔpPi of pressure in the working chambers and
the nominal pressure pn, to the pump capacity coefficient bP, to the oil aeration coefficient ε and to the ratio ν/νn
of oil viscosity ν and reference viscosity νn. A mathematical model is presented of volumetric losses
of hydraulic oil compression in the pump working chambers in the form allowing to use it in the model of power of
losses and energy efficiency

Keywords: hydrostatic drive, variable capacity displacement pump, volumetric losses of oil compression,
mathematical model

Introduction
In references [1–4], this author attempted to evaluate the
LQÀXHQFHRIZRUNLQJOLTXLGFRPSUHVVLELOLW\RQWKHSLFWXUH

'pPi of pressure in the working chambers equals to zero ('pPi
= 0)), is proportional to torque MPi indicated in the pump
working chambers:

of volumetric and mechanical losses in a high-pressure

(1)

variable capacity displacement pump. The considerations
were based on the assumptions made by the author in the

In references [1– 4], the author introduced also the working

developed theoretical and mathematical models of torque

OLTXLGFRPSUHVVLELOLW\FRHI¿FLHQW

of mechanical losses in the pump used in the hydrostatic

degree of decrease of the active volume of working liquid

drive [5–7]. The models assume, that increase

displaced by the pump during one shaft revolution as an

of torque of mechanical losses in the pump „working

effect of increase 'pPi = pn of pressure in pump working

chambers - shaft” assembly, compared with torque of losses

chambers equal to the pump nominal pressure pn (nominal

in that assembly in a no-load pump (when indicated increase

pressure pn of the hydrostatic drive system where the pump
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. It determines the

In references [1 – 4] the author searched for value of the
operates). The pump active working volume

or

K\GUDXOLFRLOFRPSUHVVLELOLW\FRHI¿FLHQW

is smaller compared with the active volume equal to theoretical
working volume qPt or geometrical working volume qPgv
(determined at the increase 'pPi of pressure equal to zero 
'pPi = 0). It decreases then the indicated torque M Pi and
indicated power PPi in the pump working chambers, which
can be generated (and calculated) with the increase 'pPi of
pressure in the chambers, for example with 'pPi = pn. In effect,
decreases also torque MP on the pump drive shaft and power
PPc consumed by the pump on shaft that the pump driving
motor can be loaded with.
The

, which, with

increase 'pPi of pressure in the working chambers equal to
nominal pressure pn, will give the increase
of torque of mechanical losses proportional to qPgv, i.e to
indicated torque
. The author determined, in the
WHVWHGSXPS+<'520$7,.$953)>@DQ
DSSUR[LPDWHYDOXHRIRLOFRPSUHVVLELOLW\FRHI¿FLHQWGXULQJ
the pump test, equal to .

Such value of

WKHFRPSUHVVLELOLW\FRHI¿FLHQWUHVXOWHGDOVRIURPDHUDWLRQ
(H ! 0) of oil in conditions of the test stand.
In references [11, 12] the author presents the method of
GHWHUPLQLQJWKHYDOXHRIOLTXLGDHUDWLRQFRHI¿FLHQWH
during pump operation in a hydrostatic drive system or
on a test standFRQVLVWLQJLQ¿QGLQJVXFKYDOXHRIH, with

coefficient is described by the expressions:

(2)

which calculated increase
of torque of
mechanical losses is proportional to indicated torque
determined (calculated) at constant increase
('pPi = cte) of pressure in the pump working chambers. The

and
(3)

Coefficient

of the working liquid compressibility

can also be described by the formulae:
(4)

and
(5)

where
are losses of pump capacity during one shaft
revolution due to compression of non-aerated (or aerated)

constant value of 'pPi, assumed in searching for liquid
DHUDWLRQFRHI¿FLHQWH, equals to pump nominal pressure pn
('pPi = cte = pn).
During the considerations on compressibility of aerated
liquid, the values of modulus B of volume elasticity of the
hydraulic oils used in hydrostatic drive and control systems
, were taken after M. Guillon’s reference [10].
Increase
of torque of mechanical losses
in the pump „working chambers - shaft” assembly, at
a constant value of 'pPi ('pPi = cte), is (in this author’s opinion)
proportional to the pump geometrical working capacity
qPgv ; therefore:
the (calculated) relation :

liquid (volumetric losses of liquid compression), the losses
(6)

determined at indicated increase 'pPi of pressure in the
pump working chambers equal to the nominal pressure
pn of pump in the hydrostatic drive system.
Volumetric losses qPvc of liquid compression are an effect
of not only the liquid compressibility but also of the variable
capacity displacement pump operating principle. The change
of geometrical working capacity qPgv of the pump is
accompanied also with the change of the ratio of compressed
liquid volume in the pump working chambers and volume qPgv
and, in effect, with the change of ratio of losses qPvc due to
liquid compressibility and the volume qPgv. Therefore, the
FRPSUHVVLELOLW\FRHI¿FLHQW
of the same liquid increases
in the pump with decreasing capacity qPgv per one shaft
revolution.

can be obtained only with taking into account the actual
YDOXHRIDHUDWLRQFRHI¿FLHQWH of liquid displaced by the
pump,
At the same time, only with accounting for actual value
RI OLTXLG DHUDWLRQ FRHI¿FLHQW H the calculated increase
of torque of mechanical losses tends to zero
at the geometrical working capacity qPgv per one shaft
revolution tending to zero:
(7)

7KHFDOFXODWHGDHUDWLRQFRHI¿FLHQWH of hydraulic oil used
GXULQJWHVWVRI$953)+<'520$7,.SXPS
corresponding to the situation described by the expressions
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(6) and (7) had the value H = 0,0135 [8, 11, 12].
The method, proposed by the author, of determining
FDOFXODWLQJ WKHZRUNLQJOLTXLGDHUDWLRQFRHI¿FLHQWH was
IRUWKH¿UVWWLPHXVHGLQWKHUHVHDUFKZRUN FDUULHGRXWE\
-DQ.RUDOHZVNL FRQFHUQLQJWKHLQÀXHQFHRIYLVFRVLW\DQG
compressibility of aerated hydraulic oil on volumetric and
PHFKDQLFDOORVVHVRID$953)+<'520$7,.
pump [8, 9, 13, 14].
The method of determining (calculating) of the aeration
FRHI¿FLHQWH of working liquid displaced by displacement
pump of variable capacity per one shaft revolution, allows
to subdivide the volumetric losses per one shaft revolution
in pump working chambers into volumetric losses qPvc
of compression of aerated (or non-aerated) liquid and
volumetric losses qPvl due to leakage.
The method allows also to evaluate the increase
of torque of mechanical losses in the
pump „working chambers - shaft” assembly being
a function of torque
indicated in the pump
working chambers (by making more precise calculation
of indicated torque MPi , possible).
In this author’s opinion, the above mentioned possibilities
have not existed so far. They are important for evaluation
of volumetric losses due to leakage of liquid in the working
chambers and for evaluation of mechanical losses in the
pump „working chambers - shaft” assembly, hence
they are important for evaluation of a design solution of
displacement pump generating those losses, particularly
when operating in the conditions of high increase 'pPi of
pressure in the chambers.
Objective of the work is to develop a capability of evaluating
the volumetric losses resulting from hydraulic oil compression
in the pump working chambers in function of the same
parameters on which volumetric losses due leakage, resulting
from the quality of design solution of the pump, are dependent
DQGHYDOXDWHGLQIXQFWLRQRIWKHRLODHUDWLRQFRHI¿FLHQWH.
Therefore, it is necessary to develop a mathematical model
GHVFULELQJWKHK\GUDXOLFRLOFRPSUHVVLELOLW\FRHI¿FLHQW
as a relation to :
- the ratio 'pPi/pn of indicated increase 'pPi of pressure
in the working chambers to the nominal pressure pn,
WKHSXPSFDSDFLW\FRHI¿FLHQWEP,
WKHRLODHUDWLRQFRHI¿FLHQWH,
- the ratio Q/Qn of oil viscosity Q and reference viscosity Qn.
It is also necessary to present a mathematical model
of volumetric losses
of hydraulic oil
compression in the pump working chambers in the form
allowing to use it in the model of power of oil compression
in the pump and also in the model of power of losses and
SXPSHQHUJ\HI¿FLHQF\
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2. Mathematical model of hydraulic oil
FRPSUHVVLELOLW\FRHI¿FLHQW
compatible with model of energy losses in a
displacement pump
The knowledge of oil compressibility coefficient
allows to make a numerical evaluation of subdivision of the
volumetric losses in pump into losses due to oil leakage in the
working chambers and losses of oil compression in chambers.
In a pump of variable capacity per one shaft revolution,
operating with variable working capacity qPgv (at the pump
FDSDFLW\FRHI¿FLHQWEP = qPgv/qPt changing in the 0  bP d 1
range), the
liquid (hydraulic oil) compressibility coef¿FLHQWLVGHVFULEHG LQUHIHUHQFHWRWHVWFRQGLWLRQVSUHVHQWHG
in [8,9]) by the formulae:
.

(8)

or
.

(9)

and with geometrical variable working capacity qPgv equal
to the theoretical capacity qPt per one shaft revolution
(qPgv = qPt) (at bP = 1), by the formula:

(10)

Therefore, in a variable capacity displacement pump operating at the theoretical working capacity qPt per one shaft revolution, the oil compressibility coefficient
(formula (10))
results from:
– the oil volume elasticity modulus B (value B =
1500MPa [10] assumed at absolute pressure pP1ia =
0,15MPa and temperature - = 20oC),
– FRHI¿FLHQWDp = 0,005/1MPa of the increase of modulus

B along with increase of pressure p,
– FRHI¿FLHQWD- =  0,005/1oC of the decrease of modulus
B along with increase of temperature -,
– oil temperature - (temperature increase '- in relation to
the reference temperature - = 200C),
– RLODHUDWLRQFRHI¿FLHQWH determined at absolute pressure
pP1ia,
– absolute pressure pP1ia in the working chambers during
their connection with the inlet channel (during tests
presented in [8, 9], pressure in the working chambers
was p1ia | 0,15MPa),
– the system nominal pressure pn.
In the same displacement pump operating with the variable
geometrical working capacity qPgv per one shaft revolution,
smaller than qPt, the value of oil compressibility coefficient
(formulae (8) and (9)) increases in comparison with
the value
during pump operation at theoretical working
capacity qPt. This is an effect of an increase of initial oil volume
subjected to compression, i.e. volume (0,5qPt + 0,5qPgv) to the
set working capacity qPgv.
Therefore, the decreasing of the pump capacity
setting qPgv (bPFRHI¿FLHQWLQWKH bP d 1 range) causes,
in a displacement pump with variable capacity per
one shaft revolution , an increase of the working liquid
FRPSUHVVLELOLW\FRHI¿FLHQW
(formulae (8) and (9)).
The value
of liquid (oil) compressibility coefficient
must be determined in the same conditions as the coefficient
k1 of volumetric losses due to leakage in the pump working
chambers , used in the model of losses and energy efficiency
of the pump, i.e.:
– system nominal pressure pn,
– theoretical capacity qPt per one shaft revolution (bP = 1),
– oil temperature -n corresponding to the oil viscosity
FRHI¿FLHQWQ/Qn = 1, i.e. at the viscosity Qn = 35mm 2s-1
GXULQJWHVWVRIWKH$953)+<'520$7,.
pump [8, 11, 12], ( the temperature corresponding to the
oil reference viscosity Qn = 35mm 2s-1 was -n = 43oC),
 DQG DOVR ZLWK WKH DFWXDO RLO DHUDWLRQ FRHI¿FLHQW H
determined at oil temperature -n corresponding to the
RLOYLVFRVLW\FRHI¿FLHQWQ/Qn = 1.
Fig. 1 presents an example of relations of the hydraulic oil
FRPSUHVVLELOLW\FRHI¿FLHQW
(determined by formulae
 DQG  WRWKHRLODHUDWLRQFRHI¿FLHQWH at different values
RIWKHSXPSFDSDFLW\FRHI¿FLHQWEP, determined at the nominal
pressure pn = 32MPa, at temperature -n = 43oC of oil used
GXULQJWHVWVRIWKH$953)+<'520$7,.SXPS
[8, 11, 12], the temperature corresponding to oil viscosity
ratio Q/Qn = 1 (reference viscosity Qn = 35mm 2s-1).
Fig. 2 presents relations of hydraulic oil compressibility
FRHI¿FLHQW
(determined by formulae (8) and (9))
WRWKHSXPSFDSDFLW\FRHI¿FLHQWEP at different values of oil

DHUDWLRQFRHI¿FLHQWH determined at the nominal pressure pn
=32MPa, hydraulic oil temperature -n = 43oC during tests
RI$953)+<'520$7,.SXPS>@LH
WKHWHPSHUDWXUHFRUUHVSRQGLQJWRRLOYLVFRVLW\FRHI¿FLHQW
Q/Qn = 1 (at the reference viscosity Qn = 35mm2s-1).
5HODWLRQ RI K\GUDXOLF RLO FRPSUHVVLELOLW\ FRHI¿FLHQW
WRWKHSXPSFDSDFLW\FRHI¿FLHQWEP is based on the
displacement pump operation principle and described (in the
0  bP d 1 range) by the formula:
(11)

where
LVDOLTXLGFRPSUHVVLELOLW\FRHI¿FLHQWGXULQJ
pump operation at the theoretical working capacity qPt per
one shaft revolution (at bP = 1) and at liquid (oil) temperature
-n corresponding to the oil viscosity ratio Q/Qn = 1, i.e. at the
reference viscosity Qn = 35mm 2s-1.
Fig. 3 presents examples of the relations of hydraulic
RLO FRPSUHVVLELOLW\ FRHI¿FLHQW
and
(described by formulae (8), (9) and (10)) to ratio 'pPi/pn of
indicated increase 'pPi of pressure in the pump working
chambers and nominal pressure pn = 32MPa, at pump capacity
FRHI¿FLHQWEP = 0,229 and bP = 1, at different values of aeration
FRHI¿FLHQWH, at temperature -n = 43oC of hydraulic oil used
LQWKHWHVWVRI$953)+<'520$7,.SXPS>
11, 12], the temperature corresponding to oil viscosity ratio
Q/Qn = 1 (reference viscosity Qn = 35mm2s-1).
The proposed relations (in the 0  bP d 1 range):

(12)

and

(13)

allow to evaluate, with satisfying precision, the liquid
FRPSUHVVLELOLW\FRHI¿FLHQW
and
in a range
of indicated increase 'pPi of pressure in the pump working
chambers:
'pPi ! 3,2MPa.

(14)

Exponent apc in Eq. (12) and (13), describing the relation of
FRHI¿FLHQW
and
of oil compressibility
to the expression
is independent of the pump
FDSDFLW\FRHI¿FLHQWEPDQGWKHRLODHUDWLRQFRHI¿FLHQWH.
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The value of exponent apc is:
apc = 0,89.
Expressions (12) and (13) (Fig. 3) have a form allowing to
use them in equations describing energy losses due to liquid
compressibility in pump.
Fig. 4 shows examples of relations of hydraulic oil
FRPSUHVVLELOLW\FRHI¿FLHQW
and
(determined
by formulae (8), (9) and (10)) to oil temperature -, at pump
FDSDFLW\FRHI¿FLHQWEP = 0,229 and bP = 1, with different values
RIDHUDWLRQFRHI¿FLHQWH used in the tests of A7V.58.1.R.P.F.00
+<'520$7,. SXPS >  @ 7HPSHUDWXUH -n ,
corresponding to the recommended reference viscosity Qn
= 35mm 2s-1 (oil viscosity ratio Q/Qn = 1) was equal to -n =
43oC. The tests were carried out in the temperature range
20oC d - d 68oC (at bP = 1 – in the 24oC d - d 68oC range)
In the description of volumetric losses in the pump
due to oil compression in the pump working chambers, it
was decided to replace the relations of oil compressibility
FRHI¿FLHQW
and
to oil temperature - by
relation to oil viscosity ratio Q/Qn7KLVLVMXVWL¿HGRQRQH
hand by dependence of oil viscosity Q on temperature - and on
the other hand on the fact, that the energy losses: volumetric
losses due to leakage in the working chambers, pressure
losses in the pump channels, and mechanical losses in the
pump „working chambers - shaft” assembly are determined
in function of oil viscosity Q, and exactly in function of oil
viscosity ratio Q/Qn.
Fig. 5 shows examples of relations of the hydraulic oil
FRPSUHVVLELOLW\FRHI¿FLHQW
and
to oil viscosity
Q described by the expressions:
(15)

and

DHUDWLRQFRHI¿FLHQWH, i.e.:
with:

H=0

aQc= - 0,12,

H = 0,004

aQc - 0,1,

H = 0,008

aQc= - 0,086,

H = 0,012

aQc= - 0,076,

H = 0,0135

aQc= - 0,072,

H = 0,016

aQc= - 0,067.
7KHLQÀXHQFHLQWKHQ/Qn UDQJHof ratio
Q/Qn of hydraulic oil viscosity LQÀXHQFH RI FKDQJH RI
oil temperature - in the 20oC d - d 68oC range) on the
FKDQJHRIRLOFRPSUHVVLELOLW\FRHI¿FLHQW
is smallLQFRPSDULVRQZLWKWKHLQÀXHQFHRIUDWLR'pPi/pn of
indicated increase 'pPi of pressure in the working chambers
and nominal pressure pnZLWKWKHLQÀXHQFHRISXPSFDSDFLW\
FRHI¿FLHQWEPDQGZLWKWKHLQÀXHQFHRIRLODHUDWLRQFRHI¿FLHQW
H. Therefore, in order to simplify the expression describing
WKHPDWKHPDWLFDOPRGHORIRLOFRPSUHVVLELOLW\FRHI¿FLHQW
(and also model of volumetric losses qPvc of oil
compression and model of power 'PPvc of volumetric losses
of oil compression), it was decided to adopt a single value
of aQc exponent equal:
aQc = - 0,12,
corresponding to non-aerated (H = 0) oil condition.
Mathematical model of relation of the hydraulic oil
FRPSUHVVLELOLW\FRHI¿FLHQW
to the non-aerated
RLOFRPSUHVVLELOLW\FRHI¿FLHQW
(formula (10) at
H = 0) in a variable capacity displacement pump and:
– to ratio 'pPi/pn of indicated increase 'pPi of pressure in
the pump working chambers and nominal pressure pn (in
the 'pPi ! 3,2MPa range),
– WRSXPSFDSDFLW\FRHI¿FLHQWEP (in the 0  bP d 1 range),
– WRRLODHUDWLRQFRHI¿FLHQWH,
– to oil viscosity relation Q/Qn
takes, in reference to formulae (11) ÷ (16), the form:

(16)

allowing to evaluate the dependence of oil
FRPSUHVVLELOLW\FRHI¿FLHQW
and
on viscosity Q in the temperature 20oC d - d 68oC range, at
SXPSFDSDFLW\FRHI¿FLHQWEP = 0,229 and bP = 1, at different
YDOXHVRIDHUDWLRQFRHI¿FLHQWH of oil during tests of the
$953)+<'520$7,.SXPS>@
Exponent aQc in Eq. (15) and (16), describing the relations
RIFRHI¿FLHQW
` and
of oil compressibility to
oil viscosity Q by means of expression
replacing
the relation to oil temperature - by relation to oil viscosity
Q, is independent (in the 0  bP d 1 range) of pump capacity
FRHI¿FLHQWEP.
However, exponent aQc changes with the change of oil
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(17)

with exponent apc = 0,89
and with exponent aQc = - 0,12.
The form of expression (17) allows to determine the impact
of hydraulic oil compression in mathematical model of the
power of oil compression in pump operating in the conditions
produced by change of 'pPi, bP, H and Q.

n =43°C

( / n=1)

2 -1
n =35mm s

p n=32MPa
Pump capacity coefficient bP

0,229

0,361

0,491

0,618

0,745

0,871

1,000

0,15
B = 1500 MPa
ap = 0,005/1MPa
a = -0,005/1ºC

0,14

pn ; bp

k lc

0,11
0,10
0,09
0,08
0,07

Fig.1 Example of relation of the oil compressibility coefficient

0,06

oil aeration coefficient ε at different values of the pump capacity coefficient
bP, determined at nominal pressure pn = 32MPa, at temperature ϑn = 43oC of

0,05

to the

0,04

hydraulic oil used in tests of the A7V.58.1.R.P.F.00 HYDROMATIK pump
[8, 11, 12], temperature corresponding to the oil viscosity ratio ν/νn = 1

0,03

(reference viscosity νn = 35mm2s-1); the value of oil compressibility coefficient

0,02

klc

0,01
0,00
0,000

0,002

0,004

0,006

pn =0,03 4

0,008

0,010

used in the model of losses and energy efficiency is determined in

= 0,0135

Oil compressibility coefficient klc

0,12

pn and

0,13

0,012

the same conditions as coefficient k1 of volumetric losses due to leakage
in the pump working chambers, i.e. at the theoretical capacity qPt per one

0,014

0,016

the corresponding value of oil compressibility coefficient

Oil aeration coefficient
n =43°C

( / n=1)

shaft revolution (at the pump capacity coefficient bP = 1); the actual oil
aeration coefficient determined during the pump tests was ε = 0,0135 and
= 0,034

2 -1
n =35mm s

p n=32MPa
Oil aeration coef ficient

0

0,004

0,008

0,012

0,0135

0,016

0,15
B = 1500 MPa
ap = 0,005/1MPa
a = -0,005/1ºC

0,14

pn ; bp

0,11

Oil compressibility coefficient klc

pn and

0,12

k lc

0,13

0,10

klc

0,09

p n ; bp

=[(1+b p)/2bp]k lc

Fig.2 Example of relation of the oil compressibility coefficient
to pump capacity coefficient bP at different values of oil aeration

pn

0,08

coefficient ε, determined at nominal pressure pn = 32MPa, at temperature

0,07

ϑ n = 43 o C of hydraulic oil used in tests of the A7V.58.1.R.P.F.00

0,06

HYDROMATIK pump [8, 11, 12], temperature corresponding to the oil

0,05

viscosity ratio ν/νn = 1 (reference viscosity νn = 35mm 2s-1); the value of oil
compressibility coefficient

0,04
0,03
0,02

the actual oil aeration coefficient determined during the pump tests was ε =

k lc

0,01
0,00
0,000

used in the model of losses and energy

efficiency is determined in the same conditions as coefficient k1 of volumetric
losses due to leakage in the pump working chambers, i.e. at the theoretical
capacity qPt per one shaft revolution (at the pump capacity coefficient bP = 1);
0,0135 and the corresponding value of oil compressibility coefficient

pn =0,03 4

= 0,034; the value of liquid compressibility coefficient
0,200

0,400

0,600

Pump capacity coefficient bP

0,800

1,000

increases

with the decreasing value of pump capacity coefficient bP ( in the 0 < bP ≤ 1
range) in accordance with the formula
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Fig.3 Examples of relation of the hydraulic oil compressibility coefficient
and
to the ratio ΔpPi /pn of indicated increase ΔpPi of
pressure in the pump working chambers to nominal pressure pn = 32MPa at the pump capacity coefficient bP = 0,229 and bP = 1, at different values of oil
aeration coefficient ε, at temperature ϑn = 43oC of hydraulic oil used during tests of the A7V.58.1.R.P.F.00 HYDROMATIK pump [8, 11, 12], temperature
corresponding to oil viscosity ratio ν/νn = 1 (reference viscosity νn = 35mm2s-1); value of the oil compressibility coefficient
used in the model of
losses and energy efficiency is determined in the same conditions as coefficient k1 of volumetric losses due to leakage in the pump working chambers, i.e.
at the theoretical capacity qPt per one shaft revolution (at pump capacity coefficient bP = 1); the actual oil aeration coefficient determined during the pump
tests was ε = 0,0135 and the corresponding value of oil compressibility coefficient
= 0,034

Fig.4 Examples of relation of hydraulic oil compressibility coefficient
and
to oil temperature ϑ at pump capacity coefficient bP = 0,229
and bP = 1, at different values of aeration coefficient ε of oil used during tests of the A7V.58.1.R.P.F.00 HYDROMATIK pump [8, 11, 12]; value of oil
used in the model of losses and energy efficiency is determined in the same conditions as coefficient k1 of volumetric
compressibility coefficient
losses due to leakage in the pump working chambers, i.e. at the theoretical capacity qPt per one shaft revolution (at pump capacity coefficient bP = 1) and at
oil temperature ϑn corresponding to oil viscosity ratio ν/νn = 1 (reference viscosity νn = 35mm2s-1); temperature corresponding to oil viscosity ratio ν/νn =
1 was ϑn = 43oC; actual value of oil aeration coefficient was ε = 0,0135 and the corresponding value of oil compressibility coefficient
= 0,034
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Fig.5 Examples of relation of hydraulic oil compressibility coefficient
and
to oil viscosity ratio ν/νn corresponding to oil temperature
ϑ at pump capacity coefficient bP = 0,229 and bP = 1, at different values of aeration coefficient ε of oil used during tests of the A7V.58.1.R.P.F.00
HYDROMATIK pump [8, 11, 12]; value of oil compressibility coefficient
used in the model of losses and energy efficiency is determined in the
same conditions as coefficient k1 of volumetric losses due to leakage in the pump working chambers, i.e. at the theoretical capacity qPt per one shaft
revolution (at pump capacity coefficient bP = 1) and at oil temperature ϑn corresponding to oil viscosity ratio ν/νn = 1 (reference viscosity νn = 35mm2s-1);
temperature corresponding to oil viscosity ratio ν/νn = 1 was ϑn = 43oC; actual value of oil aeration coefficient was ε = 0,0135 and the corresponding value
of oil compressibility coefficient

3. Mathematical model of volumetric losses
qPvc of hydraulic oil compression in the pump
working chambers

Volumetric losses qPvc determined per one shaft
revolution of compression of liquid pressed in the
pump working chambers are not attributable to the
pump design solution. They result from the liquid
compressibility itself and from aeration of the liquid.
Main reason of working liquid aeration is air dissolved
in the liquid (not having in such form any influence on its
compressibility) and getting out of the liquid (in the form of
bubbles) in the conditions of local (in the system conduits
or in pump working chambers during their connection with
pump inlet channel) drop of pressure below the atmospheric
pressure. One of the reasons may be admitting by the
hydrostatic system designer or user too low pressure in the
pump inlet conduit, which may cause cavitation in the pump
working chambers during their connection with the inlet
channel.
Mathematical model of volumetric losses
per one shaft revolution resulting from compression of

= 0,034

non-aerated (H = 0) or aerated (H ! 0) hydraulic oil, determined
at indicated increase 'pPi of pressure in the pump working
FKDPEHUVDWSXPSFDSDFLW\FRHI¿FLHQWEP (in the 0  bP d 1
range) and at the ratio Q/Qn of oil viscosity Q and reference
viscosity Qn is described (with 'pPi ! 3,2MPa) by the formula:

(18)

with exponent apc = 0,89
and with exponent aQc = - 0,12.
&RHI¿FLHQW
of hydraulic oil compressibility
LVDFRHI¿FLHQWRIQRQDHUDWHGRLOFRPSUHVVLELOLW\. At
pressure pn  03 WKLV FRHI¿FLHQW LV RI DQ RUGHU
In reference to formulae (13), (17) and (18), a conclusion
PD\EHPDGHWKDWFRHI¿FLHQW
of aerated (H ! 0)
RLOFRPSUHVVLELOLW\PD\EHUHSODFHGZLWKVXI¿FLHQWDFFXUDF\
(in the 'pPi ! 3,2MPa range), by the expression:
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Formula (18) describing volumetric losses
of hydraulic oil compression in the working chambers should
be used in the model of power of oil compression in the pump.

4. Conclusions
1. The objective of this work was to develop the capability of evaluating the volumetric losses of hydraulic oil
compression in the working chambers of high pressure
variable capacity displacement pump. Volumetric losses
of oil compression must be determined in function of the
same parameters, on which the volumetric losses due to
leakage, resulting from the quality of design solution of
the pump, are dependent and evaluated also in function of
WKHRLODHUDWLRQFRHI¿FLHQWH.

2. A mathematical model has been developed for describing
WKHFRHI¿FLHQW
ibility in function of:

of hydraulic oil compress-

– the ratio 'pPi/pn of indicated increase 'pPi of pressure in
the working chambers and nominal pressure pn,
– WKHSXPSFDSDFLW\FRHI¿FLHQWEP,
– the RLODHUDWLRQFRHI¿FLHQW H,
– the ratio Q/Qn of oil viscosity Q and reference viscosity Qn.

3.

A

mathematical model of volumetric losses
of hydraulic oil compression has been
presented in the form allowing to use it in the model of
power of oil compression in the pump.
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An analysis of the Tvergaard parameters at low
initial stress triaxiality for S235JR steel
Paweł G. Kossakowski, Ph.D.
Kielce University of Technology

ABSTRACT
This paper discusses the influence of the Tvergaard parameters, qi, which are basic constants of the Gurson-TvergaardNeedleman (GTN) material model, on the numerically simulated load-carrying capacity of tensile elements made of
S235JR steel. The elements were considered to be under static tension at low initial stress triaxiality σm/σe = 1/3. Two
sets of the Tvergaard parameters qi were analyzed: those typical of structural steels and those dependent on material
strength properties. The results showed that the Tvergaard parameters, qi, had influence on the load-carrying capacity
of tensile elements at low initial stress triaxiality. They affected the strength curves and the changes in the void volume
fractions determined for S235JR steel elements

Keywords: Tvergaard parameters, Gurson-Tvergaard-Needleman material model, GTN, S235JR steel

Introduction
When analyzing strength of plastically deformed metal
elements, we need to consider failure processes, as they are
strongly connected with the material microstructure, and
more specifically, with the presence of microstructural defects.
Ductile fracture, for example, is mainly due to microdefects
in the form of voids at inclusions and second-phase particles
in the material matrix. Nucleation, growth and coalescence
of voids lead to material failure (Fig. 1).

Fig. 1. Micromechanism of ductile fracture and the view of S235JR steel
microstructure
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The growth and coalescence of voids resulting in the
development of localized plastic deformations have the
greatest impact on material failure.
In order to numerically simulate the ductile fracture
process, it is necessary to use advanced material models, based
on damage mechanics. These models take into consideration
the influence of microstructural defects on material strength,
which requires defining the crack pattern in particular failure
stages. An example of such a model is the modified GursonTvergaard-Needleman (GTN) material model based on the
Gurson material model developed for a porous solid by
Gurson (1977). In the original Gurson material model, the
relation between the increase in the void volume fraction
and the strength of the material was defined by transforming
the Huber-Mises-Hencky criterion. The Gurson material
model was later modified by Tvergaard (1981), who introduced
some microstructural parameters and plastic properties,
jointly termed parameters qi. The model was further modified
by Tvergaard and Needleman (1984) and Needleman and
Tvergaard (1984), who suggested analyzing the critical
void volume fraction at the moment of total failure. In the
literature, this form of the model is referred as the GursonTvergaard-Needleman (GTN) material model.
The GTN material model has been implemented in
many commercial numerical programs. In construction

engineering, it is recommended for use in the analysis of
pre-failure condition of structural elements, as can be read, for
example, in Sedlacek et al. (2008), Kossakowski (2010, 2012a,
2012b, 2012c, 2012d), Kossakowski and Trąmpczyński (2012)
and Eurocode PN-EN 1993-1-10 (2005). This solution has
numerous industrial applications, including ship building and
maintenance. It mainly concerns emergency states observed
in structural ship elements made of ship steel, and other
elements made of normal strength steel. It should be noted
that the GTN material model is being continually developed,
(see, for instance, Nahshon and Hutchinson (2008), and there
are still some problems that need to be solved, as shown in
Ruggieri (2004). In numerical simulations performed for
structural steel elements, the main drawback is the lack of
standardized GTN microstructural parameters, which makes
the GTN model difficult to use for common engineering
calculations.
In this study, the Tvergaard parameters, which are some
of basic material constants of the GTN model, were analyzed
with regard to their influence on the behaviour of elements
made of common structural steel, S235JR, which is used in
shipbuilding. The presented analysis is part of a wider research
project focused on the standardization of GTN parameters
for this steel grade. The simulations were conducted for
unnotched specimens under tension in a low stress state
defined by initial stress triaxiality σm/σe = 1/3, where σ m
and σe denote the mean and effective stress, respectively.
If we consider the usefulness of the GTN material method
for analyzing the load-carrying capacity in engineering
calculations, we can conclude that the results of the study
can be used to model and assess the load-carrying capacity
and safety of structural elements made of S235JR and other
steels with similar strength properties and metallurgical
composition.

f*

f
°
f F  fc
®
° fc  f  f f  fc
F
c
¯

for

f d fc

for

f ! fc

(2)

where: fc – critical void volume fraction at which the void
coalescence begins, f F – void volume fraction corresponding to
complete material strength loss at final failure,
– constant.
After the modifications, the yield criterion was written as
(3)

As can be seen from this GTN constitutive law (3), the
Tvergaard parameters, qi, influence the yield domain. The
relation between parameters qi and the material behaviour
was summarized by Corigliano et al. (2000). According to
the GTN yield condition (3), the first Tvergaard parameter,
q1, affects the yield domain by modifying the actual void
volume fraction f *. When q1 > 1.0, the plastic limit occurs at
reduced stress levels.

Tvergaard parameters in the GTN material
model
The modifications of the original Gurson material model
performed by Tvergaard (1981) for porous media involved
introducing parameters qi to describe plastic properties of
the material
(1)

where: σe – effective stress in accordance with the HuberMises-Hencky (HMH) criterion, σ 0 – yield stress of the
material, σkk – first invariant of the stress state, f – void
volume fraction, qi – Tvergaard parameters describing plastic
properties of the material.
In the original Gurson’s condition, q1 = q2 = q3 = 1.
Further modifications of criterion (1) by Tvergaard and
Needleman (1984) involved defining the modified void
volume fraction f *

Fig. 2. Nonlinear material response affected by the Tvergaard parameters,
DFFRUGLQJWRWKH*71FRQVWLWXWLYHODZDWİ22İ11 IRUT1
(Corigliano et al., 2000).

The higher the value of the parameter q1, the lower the
strength properties of the material modelled according to
the GTN yield condition.
The Tvergaard parameter q1 affects the stress-strain relation
σ(ε) by reducing the material stress carrying capacity. The
softening effects, which are due to void growth in the matrix
material, predominate over the hardening effects. The higher
the value of q1, the stronger the softening of the material
(Fig. 2). Tvergaard (1981) suggested that the optimal value
of q1, which is 1.5, could be used for numerical modelling of
localized plastic deformations and fracture phenomena for
many porous solids, including metals.
As can be seen from the yield condition (3), parameter
q2 corrects the first invariant of the stress state σkk, which
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is a function of the hydro-static component σ m = σkk /3.
When the values of q2 are high, the yield strength is reduced
considerably. Tvergaard (1989) assumed that, optimally, q2 =
1.0. For high values of q2, strong softening is induced due to
the growth of voids in the matrix material, with this implying
the annihilation of the strain hardening properties (Fig. 3).
As a result, according to the GTN model, there is a reduction
in overall strength properties of the porous material.

Fig. 5. q2YVVWUDLQKDUGHQLQJH[SRQHQW1DWGLIIHUHQWı0/E ratios
(Faleskog et al., 1998)

Scope of the analysis
Fig. 3. Nonlinear material response affected by the Tvergaard parameters
DFFRUGLQJWRWKH*71FRQVWLWXWLYHODZDWİ22İ11 IRUT2
(Corigliano et al., 2000)

To summarize, the typical values of the Tvergaard
parameters assumed for many metals and steels are:
q1= 1.5, q2= 1.0 and q3 = q12 = 2.25.
For many years these values were treated as constants. The
analysis performed by Falsekog et al. (1998) revealed that
the Tvergaard parameters were dependent on elastic-plastic
properties of the material, especially the strain hardening
exponent N and the relation between the yield stress, σ 0,
and the modulus of elasticity, E, as shown in Figs. 3 and 4.

This study was conducted for tensile elements in
a low stress state, at initial stress triaxiality σm/σe = 1/3.
Static tension was applied to specimens with a circular
cross-section at increased control of displacements. The
analysis was performed in two stages: experimental tests
and numerical calculations. The modified GTN material
model was developed according to criterion (3). The
material parameters determined for S235JR steel were:
the parameters based on the elastic-plastic model, the
Tvergaard parameters, and the parameters obtained by
applying the GTN material model. Special attention was
paid to the Tvergaard parameters.

Material parameters of S235JR steel
Material parameters according to
the elastic-plastic model
The elastic-plastic model for S235JR steel was developed
according to PN-EN 10002-1 (2004) using the results of
the standard static tensile strength tests performed by
Kossakowski (2012a). The specimens had a circular crosssection with the primary cross-sectional area S 0 = 78.5
mm2, the nominal diameter d = 10 mm, and the length
of the measuring base l 0 = 50 mm. The average strength
parameters obtained during the tests were: the yield stress
σ 0 = 318 MPa, the tensile strength R m = 446 MPa, and the
percentage elongation A = 33.9 %.

)LJTYVVWUDLQKDUGHQLQJH[SRQHQW1DWGLIIHUHQWı(UDWLRV
(Faleskog et al., 1998)
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The strength curves σ(ε), showing the relation between
the nominal normal stress, σ, and the longitudinal strain,
ε, were used to develop the elastic-plastic material
model for S235JR steel. The tensile strength curves were
approximated by Kossakowski (2012a) to:

Fig. 5 at σ0/E = 0.00155 and N = 0.195 were:

(6)
(4)

where: ε – strain, ε0 – yield strain, εh – initial hardening
strain, σ – stress, σ0 – yield stress, σh – initial hardening stress,
σn – initial stress at the starting point of nonlinearity in the
approximation curve, E – modulus of elasticity, N – strainhardening exponent.

Material parameters according to
the GTN material model
As can be seen from criterion (3), the modified GTN model
is an advanced model which requires many material constants
including the Tvergaard parameters.
The initial void volume fraction f0 is a fundamental GTN
parameter describing the material porosity. It was determined
on the basis of the microstructural images of S235JR steel
(Fig. 7).

Fig. 6. Approximation material model for S235JR steel
.RVVDNRZVNLD
7DEOH6WUHQJWKSDUDPHWHUVRI6-5VWHHO .RVVDNRZVNLD

ε0

εh

0,002 0,015

σ0
[MPa]
318

σn
σh
[MPa] [MPa]
198

E
[GPa]

N

205

0,195

333

Fig. 7. SEM image of S235JR steel

The Tvergaard parameters
Two sets of the Tvergaard parameters were considered
for S235JR steel. One set contained values typical of many
metal materials:

(5)

In the other set the values were determined with regard
to the strength properties of S235JR steel: the yield stress σ 0
= 318MPa, the modulus of elasticity E = 205 GPa, and the
strain-hardening exponent N = 0.195, using the relations
presented by Faleskog et al. (1998). The values of the Tvergaard
parameters established from the relation shown in Figs. 4 and

S235JR steel had a typical ferritic-perlitic matrix with
a large number of non-metallic inclusions, mainly sulphides
and brittle oxides. The initial porosity of the material was
established by determining basic stereological parameters. The
effect of initial porosity at low stress triaxiality for S235JR steel
was analyzed by Kossakowski (2012b). The values obtained for
different areas in several longitudinal and transverse sections
of the specimens were used to determine the average value
of the initial void volume fraction (f0 = 0.001).
The remaining material parameters according to the
GTN model were determined from the σ(ε) curves obtained
through experimental tests and numerical simulations. The
GTN material model parameters were changed within certain
limits at each iteration step, using the optimization criterion
based on the agreement of the numerical and experimental
data concerning the σ(ε) relation. The numerical analysis
was performed applying the Finite Element Method based
program Abaqus Explicit version 6.10 (2010). The tensile
elements were modelled as axially symmetrical using standard
finite elements.
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The critical void volume fraction at the onset of coalescence,
fc, determined from the results obtained by Richelsen and
Tvergaard (1994) as well as by Kossakowski (2010, 2012a,
2012b, 2012c, 2012d) and Kossakowski and Trąmpczyński
(2012), was equal to 0.06. In order to analyze the whole range
of failure and minimize the softening effect, it was assumed
that the critical void volume fraction at the onset of fracture,
f F, corresponding to complete material strength loss was 0.667,
which was the maximal theoretical value of f F.
An increase in the void volume fraction
in the modified
GTN model (3) was written as
(7)

where: – change due to the growth of voids present in
the material,
– change due to the nucleation of new voids,
f N – volume fraction of the nucleated voids, sN – standard
deviation of the nucleation strain,
– plastic strain rate
tensor, I – second-order unit tensor, εN – mean strain of the
void nucleation,
– equivalent plastic strain in the matrix
material,
– rate of equivalent plastic strain in the matrix
material.
The volume fraction of the nucleated voids was f N = 0.04,
the mean nucleation strain was εN = 0.30, and the standard
deviation of the nucleation strain was sN = 0.05. The GTN
parameters used in the present study for S235JR steel for the
two Tvergaard’s parameter sets are summarized in Table 2.
Table 2. Microstructural parameters of S235JR steel in the GTN model

Model
No.

f0

fc

fF

1

0.001

0.06

0.667

2

0.001

0.06

0.667

q1

q2

q3

εN

fN

sN

1.50 1.00 2.25

0.3

0.04

0.05

1.91

0.3

0.04

0.05

0.79 3.65

Analysis of the Tvergaard parameters for
S235JR steel
The Tvergaard parameters of S235JR steel were analyzed
using numerical simulations of the experiments. The
calculations were performed by means of the code Abaqus
version 6.10 Dynamic Explicit Analysis.
The elements were subjected to tension under
displacement-controlled conditions with the strain rate
being in the static range
. Axially symmetric
finite elements were applied to model the specimens with
a circular cross-section. Because of the symmetry, halfspecimens were analyzed. In order to initiate the fracture,
a sharp notch with R = 0.05 mm was modelled in the
middle of the specimen length (Fig. 8).
104

POLISH MARITIME RESEARCH, No 4/2014

Fig. 8. Specimen and process zone models

The numerical simulations were conducted applying
general material models recommended for predicting material
failure. The numerical model called GTN used the GTN
material model for modelling the whole element. In the
numerical model referred to as Cell, the GTN material model
was applied to model the areas adjacent to the crack plane,
whereas the elastic-plastic material model was employed for
modelling the rest of the element. The two numerical models
are illustrated in Fig. 8.
The microstructure-based length scale methods were
applied to build both of these numerical models. Generally,
the length scale methods are based on a fracture criterion
related to a minimum volume of material necessary to form
a macroscopic crack in the region of high stresses and plastic
strain. In two dimensions, this volume is defined by the
characteristic length measure lc. It should be noted that the
determination of the length scale is still subjective, although
various approaches have been discussed and applied. Here, the
Hancock and Mackenzie (1976) method was used. According
to this approach, fracture is due to the linking of voids formed
from the coalescing inclusion colonies. When the voids grow
beyond the clusters boundaries, macrocracks form only if
shear stress is localized between multiple clusters. The size
of the inclusion colonies defines the length scale, which is
visible in a fractograph.
The characteristic length lc for S235JR steel was defined
by the dimensions of the plateaus and valleys on the fracture
surface, using the results reported by Kossakowski (2012a). The
characteristic length lc ranged from 130 μm to 360 μm and the
average value was lc ≈ 250 μm, according to the results obtained
by Kossakowski (2012a).
In the numerical models, the region close to the fracture plane,
i.e. the process zone (Fig. 8), was meshed using the characteristic
length lc = 250 μm, determined through microstructural
examinations. The mesh in the process zone was D × D/2,where
D = lc = 250 μm.

The analysis of the Tvergaard parameters for S235JR
was performed based on the force-elongation F(Δl) curves
determined experimentally and numerically. Two sets of the
GTN material parameters were applied (Table 2), using the
values of qi according to (5) and (6) for the GTN and the Cell
numerical models. The strength curves F(Δl) obtained from
experimental tests and numerical simulations for the cases
considered are presented in Figure 9 and 10.
As can be seen, the tensile strength curves which were
determined numerically by applying both the GTN and the
Cell models were consistent with the experimental data from
the origin up to the maximum force F. The strength curves
obtained numerically using the assumed Tvergaard parameter
sets were identical. However, beyond the maximum force
until the material failure, the results differed. It was thus
essential to analyze the Tvergaard parameters in relation to
the load - carrying capacity of S235JR steel elements in the
failure range.
When the GTN model was applied, the softening
phenomenon was observed in the range beyond the maximum
force; it corresponded to the elongation Δl = 8.0 mm (Fig. 9).
Then, the F(Δl) curves decline markedly, which indicates that
the values of the force F determined numerically are lower
than those obtained during experiments.

Fig. 10. Force vs. elongation curves determined experimentally and
numerically using the Cell model

In the next part of the study, the void volume fraction,
VVF, was analyzed. Generally, the void volume fraction is
higher in the middle of an element than at the end of the area
adjacent to the fracture plane. Thus, fracture is expected to
initiate in the middle of an element. Figures 11 and 12 show
the VVF curves for a point in the centre of the fracture plane,
along the element axis.
When the GTN model was applied, the voids began to
increase at Δl = 7.0 mm, which corresponded to the maximum
force in the F(Δl) curves. However, rapid increase was
observed for Δl = 8.0 mm (Fig. 11).

Fig. 9. Force vs. elongation curves determined experimentally and
numerically using the GTN model

The values of the force obtained by using the standard
Tveergard parameters, i.e. q1 = 1.5, q2 = 1.0, q3 = 2.25, were
higher than those based on the Tveergard parameters assumed
from the material properties, i.e. q1 = 1.91, q2 = 0.79, q3 = 3.65.
This was true for the range from the maximum force up to
the material failure. The maximum difference between the
force values was 4.3 %.
The softening effects were not observed for the Cell model
(Fig. 10). For the range beyond the maximum force, the strength
curves F(Δl) were consistent with the maximum range of the
strain curves determined during experiments (Fig. 10). Like in the
GTN model, differences in the force values were also reported, yet
in the opposite direction. The values obtained by using standard
Tvergaard parameters, i.e. q1 = 1.5, q2 = 1.0, q3 = 2.25, were lower
than those based on the Tveergard parameters assumed from
the material properties, i.e. q1 = 1.91, q2 = 0.79, q3 = 3.65. The
maximum difference between the force values was 3.7 %.

Fig. 11. Void Volume Fraction VVF curves determined numerically using
the GTN model

Like in the strength curve analysis, the values of VVF
differed. When 7.5 mm < Δl < 10.2 mm, the values of VVF
were higher for the Tvergaard parameters assumed from
the material properties, i.e. q1 = 1.91, q2 = 0.79, q3 = 3.65,
than for the typical ones, i.e. q1 = 1.5, q2 = 1.0, q3 = 2.25. The
opposite tendency was observed for Δl > 10.2 mm up to the
failure. The maximum difference between the values of the
void volume fraction was 28.9 % at failure for both sets of
the Tvergaard parameters.
In the Cell model, an increase in the void volume fraction
was observed later than in the GTN model, i.e. at the
elongation, Δl, of about 8.0 mm (Fig. 12).
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which suggests a reduction in the load-carrying capacity of
the element.
The moment of failure is interesting because for the two sets
of the Tvergaard parameters, large differences were reported
when the Cell model was applied. The expected failure was
visibly earlier when the typical values of qi were used than
when the material-based parameters qi were considered.

Fig. 12. Void Volume Fraction VVF curves determined numerically using
the Cell model

Rapid increase in VVF was observed for Δl = 9.0 mm.
When Δl > 9.0 mm, the values of VVF up to the failure were
higher for the typical values of the Tvergaard parameters, i.e.:
q1 = 1.5, q2 = 1.0, q3 = 2.25, than for the Tvergaard parameters
based on the material properties: q1 = 1.91, q2 = 0.79, q3 = 3.65.
The moment of failure is interesting because of the difference
obtained for the two sets of the Tvergaard parameters. When
typical values of qi are used, the failure is expected to occur
at Δl = 12.06 mm, while for the material-based qi, failure is
observed at Δl = 13.11 mm.

Discussion and conclusions
The results obtained for the two sets of the Tvergaard
parameters can be summarized as follows.
Firstly, for both numerical assumptions applied in this
study, i.e. the GTN and the Cell models, there is a visible
influence of the Tvergaard parameters on the load-carrying
capacity of elements made of S235JR steel in the range from
the maximum force up to the material failure. For the GTN
model, the force values obtained by using the standard
Tvergaard parameters, i.e. q1 = 1.5, q2 = 1.0, q3 = 2.25, were
higher than those obtained by using the Tvergaard parameters
based on the material properties, i.e. q1 = 1.91, q2 = 0.79,
q3 = 3.65. This phenomenon is closely related with the void
growth observed when the GTN numerical model is applied.
In the range 7.5 mm < Δl < 10.2 mm, higher values of VVF
are noticed for the Tvergaard parameters assumed from the
material properties than for the typical values leading to
a reduction in the material strength, which indicates that the
force values are lower when determined from the materialdependent values of qi.
For the Cell model, differences between the values of force
also occurred, but the opposite tendency was observed. The
values of force obtained by using the standard Tvergaard
parameters, i.e. q1 = 1.5, q2 = 1.0, q3 = 2.25 were lower than
those obtained by using the Tvergaard parameters assumed
from the material properties, i.e. q1 = 1.91, q2 = 0.79, q3 = 3.65.
Like in the GTN numerical model, this was due to the void
growth. When the typical values of qi were applied, the values
of VVF were higher in the range Δl > 9.0 mm up to the failure,
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The following conclusions can be drawn from the present
study:
1.
The tensile strength curves obtained numerically
by applying the GTN and the Cell models were consistent
with the experimental results from zero to the maximum
force F. Then, from that point to the material failure, the
results differed. When the GTN model was used, softening
was observed for a range above the maximum force. For the
Cell model, the opposite was true.
2.
In the GTN and the Cell numerical models developed
for elements made of S235JR steel, the Tvergaard parameters
had visible influence on the load-carrying capacity in the
range from the maximum force to the material failure.
3.
For the GTN model, the values of the force obtained
by using the standard Tvergaard parameters, i.e. q1 = 1.5,
q2 = 1.0, q3 = 2.25, were higher than those obtained using the
Tvergaard parameters based on the material properties, i.e.
q1 = 1.91, q2 = 0.79, q3 = 3.65. For the Cell model, the opposite
phenomenon was reported.
4.
For elements made of S235JR steel, the void growth
defined by the void volume fraction (VVF), which corresponds
to their load-carrying capacity, was also affected by the two
sets of the Tvergaard parameters.
5.
In the Cell model, failure was found to occur earlier
when the typical values of qi were used.

REFERENCES
1. Abaqus 6.10. Analysis User’s Manual, 2010, Dassault
Systèmes Simulia Corporation, Providence.
2. Corigliano, A., Mariani, S. and Orsatti, B., 2000,
“Identification of Gurson-Tvergaard material model
parameters via Kalman filtering technique. I. Theory”,
International Journal of Fracture, Vol. 104, No. 4, pp. 349373.
3. Faleskog, J., Gao, X. and Shih, C.F., 1998, “Cell model
for nonlinear fracture analysis – I. Micromechanics
calibration”, International Journal of Fracture, Vol. 89, No.
4, pp. 355-373.
4. Gurson, A. L., 1977, “Continuum theory of ductile rupture
by void nucleation and growth: Part I – Yield criteria and
flow rules for porous ductile media”, Journal of Engineering
Materials and Technology, Transactions of the ASME Vol.
99, No. 1, pp. 2-15.
5. Hancock, J.W. and Mackenzie, A. C., 1976, “On the
mechanisms of ductile failure in high-strength steels

subjected to multi-axial stress-states”, Journal of Mechanics
and Physics of Solids, Vol. 24, No. 2-3, pp. 147-160.
6. Kossakowski, P.G., 2010, “An analysis of the load-carrying
capacity of elements subjected to complex stress states with
a focus on the microstructural failure”, Archives of Civil
and Mechanical Engineering, Vol. 10, No. 2, pp. 15-39.
7. Kossakowski, P.G., 2012a, “Simulation of ductile
fracture of S235JR steel using computational cells
with microstructurally-based length scales”, Journal of
Theoretical and Applied Mechanics, Vol. 50, No. 2, pp.
589-607.
8. Kossakowski, P.G., 2012b, “Prediction of ductile fracture
for S235JR steel using the Stress Modified Critical Strain
and Gurson-Tvergaard-Needleman models”, Journal of
Materials in Civil Engineering, Vol. 24, No. 12, pp. 14921500.
9. Kossakowski, P.G., Trąmpczyński, W., 2012, “Microvoids
evolution in S235JR steel subjected to multi-axial stress
state”, Engineering Transactions, Vol. 60, No. 4, pp. 287–
314.
10.Kossakowski, P.G., 2012c, “Influence of initial porosity on
strength properties of S235JR steel at low stress triaxiality”,
Archives of Civil Engineering, Vol. 58, No. 3, pp. 293-308.

18.Ruggieri, C., 2004, “Numerical investigation of constraint
effects on ductile fracture in tensile specimens”, Journal
of the Brazilian Society of Mechanical Sciences and
Engineering, Vol. 26, No. 2, pp. 190-199.
19.Sedlacek, G., Feldmann, M., Kühn, B., Tschickardt, D.,
Höhler, S., Müller, C., Hensen, W., Stranghöner, N. Dahl,
W., Langenberg, P., Münstermann, S., Brozetti, J., Raoul, J.,
Pope, R. and Bijlaard, F., 2008, “Commentary and worked
examples to EN 1993-1-10 “Material toughness and through
thickness properties“ and other toughness oriented rules in
EN 1993”, JRC Scientific and Technical Reports, European
Commission Joint Research Centre, Office for Official
Publications of the European Communities, Luxembourg.
20.Tvergaard, V., 1981, “Influence of voids on shear band
instabilities under plane strain conditions”, International
Journal of Fracture, Vol. 17, No. 4, pp. 389-407.
21.Tvergaard, V., 1989, “Material failure by void growth to
coalescence”, Advanced in Applied Mechanics, Vol. 27, pp.
83-151.
22.Tvergaard, V. and Needleman, A., 1984, “Analysis of the
cup-cone fracture in a round tensile bar”, Acta Metallurgica,
Vol. 32, No. 1, pp. 157-169.

CONTACT WITH THE AUTOR
11.Kossakowski, P.G., 2012d, “Effect of initial porosity on
material response under multi-axial stress states for
S235JR steel”, Archives of Civil Engineering, Vol. 58, No.
4, pp. 445-462.
12.Kossakowski, P.G., 2012e, “The analysis of Tvergaard’s
parameters of S235JR steel in high triaxiality”, Advances in
Material Science, Vol. 12, No. 1, pp. 27-35.
13.Nahshon, K. and Hutchinson, J.W., 2008, “Modification of
the Gurson Model for shear failure”, European Journal of
Mechanics - A/Solids, Vol. 27, No.1, pp. 1-17.
14.Needleman, A. and Tvergaard, V., 1984, “An analysis of the
ductile rupture in notched bars”, Journal of the Mechanics
and Physics of Solids, Vol. 32, No. 6, pp. 461-490.

Paweł G. Kossakowski
Department of Strength of Materials
and Concrete Structures
Faculty of Civil Engineering and Architecture
Kielce University of Technology
Al. Tysiąclecia Państwa Polskiego 7
25-314 Kielce,
Poland
E-mail: kossak@tu.kielce.pl

15.PN-EN 10002-1, 2004, Metallic materials – Tensile testing
– Part 1: Method of test at ambient temperature, Polish
Committee for Standardization, Warsaw.
16.PN-EN 1993-1-10, 2005, Eurocode 3 – Design of steel
structures – Part 1: Material toughness and throughthickness properties, Polish Committee for Standardization,
Warsaw.
17.Richelsen, A. B. and Tvergaard V., 1994, “Dilatant plasticity
or upper bound estimates for porous ductile solids”, Acta
Metallurgica et Materialia, Vol. 42, No. 8, pp. 2561-2577.
POLISH MARITIME RESEARCH, No 4/2014

107

POLISH MARITIME RESEARCH 4(84) 2014 Vol. 21; pp. 108-112
10.2478/pomr-2014-0047

Effect of microstructure on mechanical properties and
corrosion resistance of 2205 duplex stainless steel
Jerzy Łabanowski, Assoc. Prof.
Aleksandra Świerczyńska, Ms.C.
Gdańsk University of Technology, Poland
Santina Topolska, Ph.D.
Silesian University of Technology

ABSTRACT
This paper presents results of the research on impact of microstructure of austenitic-ferritic steel of duplex type on its
mechanical properties and susceptibility to stress corrosion cracking. As showed, improper processing technologies
more and more often used in shipbuilding industry for plates and other half-finished products made of duplex steel
may cause significant lowering their properties, which frequently makes their replacing necessary. Results of the
tests on stress corrosion under tension with low strain rate (SSRT) conducted in an inert and corrosion (boiling
magnesium chloride) environment , are presented. It was proved that even minor structural transformations taking
place in 500ºC ageing temperature lower corrosion resistance of the steel. Structural transformations occurring in
700ºC temperature to a smaller extent influence susceptibility to stress corrosion of the steel, however they cause
drastic drop in its plasticity.

Keywords: duplex stainless steel; stress corrosion cracking; microstructure, ageing

Introduction
Many branches of industry have recognized the benefits
of using duplex (of austenitic-ferritic structure) stainless steel.
In marine industry tanks and pipelines on chemical carriers
are made of stainless steels of various grades. The austenitic
stainless steel is that most commonly used. Such steels have
a good corrosion resistance are easy to form and weld.
However, today the trend towards the use of duplex stainless
steels instead of austenitic one is evident. An evaluation
to establish the relative benefits of the two steel types has
been carried out with taking into account cost, corrosion
resistance, and weldability. Use of duplex stainless steels for
hull structures, especially in chemical tankers, has many
advantages over conventional austenitic steels. Duplex steels
provide higher pitting corrosion resistance, and enhance
stress corrosion cracking resistance. In addition, the cargo
tanks form an integral part of the hull structure and the high
yield strength of duplex steels, over 450 MPa, enables the
plate thickness of the tanks to be considerably reduced and in
consequence to lower ship structure mass [1]. An unfavourable
feature of duplex steel is its susceptibility to high temperature
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effects causing structural transformations. Depending on
their chemical composition, austenitic – ferritic steels are less
or more susceptible to precipitation processes. Their ageing
in a temperature higher than 500ºC initiates precipitation
processes. The intermetallic phases (σ, R, χ), carbides and
nitrides appearing in microstructure cause embrittlement
of such steel and makes its corrosion resistance lower. Its
ageing in a temperature lower than 500ºC also leads to
worsening its mechanical properties, especially plasticity,
but structural transformations are less distinct. The so called
“embrittlement 475ºC” appears in the steels in question after
their ageing in the temperature range from 300 to 500 ºC, and
is associated with steel hardening due to building α’ - phase rich
of Cr, resulting from spinoidal disintegration of ferrite [2-6].
Intensification of precipitation processes in microstructure
depends on duration time of keeping the steel in an elevated
temperature. In industrial practice it may happen that an
occasional heating of the steel occurs or that it results from
the nature of technological process itself. In such case one
should be aware of hazards resulting from the lowering
of mechanical properties of steel, especially its corrosion
resistance.

In the work [7] results are presented of tests on influence of
microstructure of duplex steel on its impact toughness. The
present research has been aimed at determination of effects
of structural changes which occur during ageing the steel in
temperature of 500 and 700 ºC on its mechanical properties
determined by tensile tests, as well as its susceptibility to
stress corrosion cracking.

Testing method

Tab. 3. The s- phase content in 2205 duplex stainless steel structure after
ageing,[wt. %]

Ageing temperature, ºC

Ageing time, min.
6

60

600

500

0

0

0

700

0

3.8

9.9

a)

12 mm plate made of AVESTA 2205 (UNS-S31803) duplex
steel was used for the tests. The plate was delivered after
solution heat treatment in 1050ºC temperature. Its chemical
composition according to cast analysis is given in Tab. 1
Tab. 1. Chemical composition of 2205 duplex stainless steel, ( wt %)

C

Si Mn

0.017

0.4

1.550

P

S

0.024 0.005

Cr Ni Mo N
21.9

5.7

3.0

0.17

From the plate some sections were cut to prepare specimens
for stress corrosion resistance testing by using the Slow Strain
Rate Test (SSRT) at low velocity acc. PN-EN-ISO 7539-7 [8].
Tensile specimens of the working length l = 20 mm and the
diameter d = 5 mm were used. Their axes were parallel to
plate milling direction.
The specimens were aged in 500 and 700 ºC temperature
for 6, 60 and 600 min. The heat treatment was conducted in
a vacuum furnace with the following cooling in water.
Metallographic examinations which were aimed at
revealing microstructural changes taking place in the steel
after ageing, were carried out by using a light microscope.

b)

c)

Results of the tests
Fig. 1 shows pictures of duplex steel microstructure after
the heat treatment. Share assessment of phases was conducted
by using a computer software intended for quantitative phase
analysis. Metallographic samples were etched by means of
Berach agent which does not etch austenitic phase, dyes ferrite
in red, and makes the phase s visible as white precipitates.
Results of measurements of ferrite and s-phase content in
2205 steel microstructure subjected to ageing, are collected
in Tab. 2 and 3.

d)

Tab. 2. The ferrite content in 2205 duplex stainless steel structure after
ageing,( wt %)

Ageing time, min.
Ageing temperature, ºC

6

60

600

500

33.6

33.2

33.1

Fig.1. Microstructure of 2205 duplex steel after ageing : in 500ºC temperature
for a) 6 min., b) 60 min., c) 600 min.; in 700ºC temperature for d) 6 min.

700

34.3

25.7

19.5

Magn. 200x. dark zones – ferrite, light zones – austenite, white
precipitates - σ-phase

As received condition

33.8
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Tab.5.The results obtained in the SSR tests in an inert and corrosive
environment, respectively

e)

f)

Fig.1. Microstructure of 2205 duplex steel after ageing : in 500ºC temperature
for e) 60 min., f) 600 min.
Magn. 200x. dark zones – ferrite, light zones – austenite, white
precipitates - σ-phase

Susceptibility to stress corrosion cracking can be assessed
by comparing results obtained on identical specimens exposed
to action of a chemically active environment and inert one.
For assessing susceptibility to stress corrosion cracking the
relative factor Frel is usually applied [8].

Hardness measurements were made acc. Vickers method
under 98N load. Their results (mean values) are given in
Tab. 4.
Tab. 4. Hardness tests results

No. of
specimen

Ageing
Ageing time HV10
temperature, 0C min.
Hardness

PM

-

-

254

51

500

6

273

52

500

60

282

53

500

600

299

71

700

6

276

72

700

60

263

73

700

600

271

Results of corrosion tests are presented in Tab. 5. Tests of
susceptibility to stress corrosion cracking were carried out by
using the method of Slow Strain Rate Test (SSRT) for specimens
immersed in boiling 30% MgCl2 solution environment of
1170C temperature. Tensile specimens in inert environment
(glycerine) of 1170C temperature were comparative ones.
During the tests maximum value of the force (Fmax), fracture
energy (En) as well as elongation (E) was measured. After the
tests the reduction of area of specimens (RA) was measured
in the place of their fracture. The specimens were tensioned
with the strain rate equal to 2,2 x 10-6 1/s.
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where: Wcorr, Winert, - a selected property of material
(the fracture energy En, elongation E, reduction of area RA)
determined in an aggressive environment and inert one,
respectively.
Rise in susceptibility to stress corrosion cracking is the
greater the more the parameter Frel deviates from 100%.
Relative parameters Erel, RArel, Enrel were calculated in
order to assess decrease in the elongation (E), reduction of
area (RA) and fracture energy (En) of tested specimens in
relation to results obtained in inert environment.
On this basis the susceptibility to stress corrosion of duplex
steel in an as-received state and after various ageing duration
times in 500 and 700 0C temperature, was estimated. The
obtained results are shown in Fig. 2 ÷ 4.

Fig.2. Assessment of susceptibility to stress corrosion cracking of duplex
steel in as- received state. Ranges of mechanical and corrosive factor
effects in the destruction processes are indicated.

Fig.3. Assessment of susceptibility to stress corrosion cracking of duplex
steel after ageing at 500°C temperature

Fig. 4. Assessment of susceptibility to stress corrosion cracking of duplex
steel after ageing at 700°C temperature

Discussion
Metallographic examination of duplex steel in the
as-received state revealed its austenitic – ferritic structure.
The zones of ferrite and austenite were found extended in
compliance with milling direction. In the structure a greater
share of austenitic phase (abt. 66%) was observed. Ageing at
500°C for the time up to 600 min did not cause any noticeable
changes in steel structure (Fig.1a-c). It was in compliance
with expectations as after the ageing at low temperature it
was possible to expect occurrence of very tiny releases of
phase α’, which could not be observed by means of an optical
microscope. However, the rise in hardness of the steel along
with ageing time extending shows that some transformations
took place in its microstructure (Tab. 3) [7].
Ageing at 700°C for 6 min did not cause any noticeable
precipitation of secondary phases (Fig.1d). Only after the
ageing for 60 min a precipitates of σ phase occurring at α/α
and α/γ phase boundaries was observed ( Fig.1e). After the
ageing for 600 min σ-phase appeared in the continuous
form at the α/α grain boundaries and in the form of tiny
spots along the α/γ grain boundaries (Fig.1f). Amount of the
precipitated σ-phase was larger and larger along with steel
ageing time extending. Also, a decreasing share of ferritic
phase was observed. Quantitative assessment of share of
phases (Tab. 2 and 3) clearly shows an increase in share
of σ-phase by abt. 10% and a decrease in share of ferritic
phase. Ferrite in duplex steels in the temperature over 600°C
is not stable and easily undergoes transformations. As
a result of ageing in temperatures ranging from 600 to 850 °C
eutectoidal disintegration of ferrite takes place accompanied
with production of the σ-phase rich of molybdenum and
chromium, as well as the secondary austenite (γ2). The
reaction proceeds as follows : α → σ + γ2. Growth of σ- phase

particles causes that chromium and molybdenum is shifted
out of the surrounding ferrite making the neighbouring zones
less rich in these elementary substances. Changes in ferrite
chemical composition cause its transformation into secondary
austenite whose chemical content may significantly differ
from that of the austenite primarily rising after solution heat
treatment of the steel [3,9]. Presence of the secondary phases
in steel microstructure results in changes of its mechanical
properties.
SSR tests conducted in glycerine environment has proved
that ageing at 5000C for 600 min does not practically influence
duplex steel strength and plasticity measured by specimens
elongation and reduction of area. However the noticed rise
of its hardness suggests that its impact toughness may be
reduced. The specimens aged in 700°C for 600 min showed
drastic drop of plasticity in relation to initial state, that is
associated with structural transformations and a high share
of the brittle σ-phase in microstructure.
SSR tests conducted in boiling MgCl2 environment has
proved that ageing at 500°C results in increasing stress
corrosion susceptibility of the steel along with extending
duration time of ageing. Participation of stress corrosion
in damaging the specimens in as-received state (in SSR test
conditions) reached from 16 to 28 % - depending on an
assumed criterion of assessment (En, RA, E). The tests on
specimens aged in 500°C showed much greater participation
of stress corrosion in damaging process in relation to that
of the specimens in as-received state. When the criterion
of drop in plasticity of material, measured by the relative
elongation (Erel) and relative reduction of area (RArel), is
assumed, it can be observed (Fig.3) that the participation
of stress corrosion in damaging process of the specimens
aged for 600 min, increased from 16 to 45 % and from 28
to 63 %, respectively. The growing susceptibility to stress
corrosion can be explained by an increased amount of the
α’ precipitates, as well as a lower concentration of chromium
around the precipitates [9]. Stability of passive layer in these
zones becomes lower, hence participation of electrochemical
factor in the damaging process becomes prevailing.
SSR tests carried out in MgCl2 environment on specimens
aged in 700°C temperature showed a different behaviour of the
material. It turned out that susceptibility to stress corrosion
of the specimens decreases along with ageing time extending
(Fig. 4). Low corrosion resistance was found for the specimens
aged for 6 min. It proves that structural transformations
occurred though optical microscopic examinations has not
confirmed this. The lowering of stress corrosion resistance
should be considered as associated with occurrence of the
phase γ2. This phase which adheres to σ -phase precipitates is
characteristic of a lower amount of Cr and Mo, that, like in case
of the specimens aged in 500°C, is conductive for development
of electrochemical corrosion as it facilitates decohesion of
material in presence of tensile stresses. If such mechanism
is assumed, one can expect a growing participation of stress
corrosion in damaging process of specimens along with
extending time of ageing in 700°C. The greater amount of
the released σ-phase and the secondary austenite γ2 should
be conductive to stress corrosion developing. However, along
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with extending time of ageing in temperatures above 6500C
a greater role is played by diffusion processes [10]. High
diffusion rate of elementary substances within ferritic matrix
makes it possible to supplement chromium and molybdenum
in the depleted zones adhering to the s-phase precipitates, that
results in corrosion susceptibility lowering. The specimens
aged for 600 min in 700°C showed the lowest susceptibility
to stress corrosion. Damaging the specimens was mainly
caused due to action of mechanical factor.
However the improved resistance to stress corrosion
cracking of duplex steel aged for a longer time at temperatures
over 650°C is not of a significant importance, as the appearance
of a large amount of the s-phase in microstructure of the steel
makes its plasticity significantly lower, that eliminates it from
implementation in practice.

6. Ćwiek J., Prevention methods against hydrogen degradation
of steel. Achiev. Mater. Manuf. Eng., vol. 43, 1 (2010), pp.
214-221.
7. Topolska S., Łabanowski J., Effect of microstructure on
impact toughness of duplex and super-duplex stainless
steels. Journal of Achievements in Materials and
Manufacturing Engineering. - vol. 36, 2 (2009), pp. 142-149
8. PN-EN ISO 7539-7:2006. Corrosion of metals and alloys.
Stress corrosion testing. Slow strain rate testing.
9. Wilms M.E.: Gadgil V., Krougman J., Jesseling F., The
effect of σ phase precipitation at 800°C on the corrosion
resistance in sea-water of a high alloyed duplex stainless
steel. Corrosion Science. Vol. 36, 5 (1994), pp. 871-881.

Conclusions
1.
Ageing 2205 duplex steel at 500°C temperature did
not cause structural changes which could be revealed by
using optical microscopy technique.
2.
Rise of steel hardness along with ageing time
extending shows that precipitation processes, probably α’
phase forming, have occurred.
3.
Ageing in 500°C temperature even for a short time
(6 min) significantly lowers resistance to stress corrosion
cracking of the steel; and, extension of ageing time of the
steel increases its susceptibility to stress corrosion.
4.
Ageing the duplex steel at 700°C temperature resulted
in precipitation the s-phase as well as the secondary austenite
γ2 in its structure.
5.
Low resistance to stress corrosion was found in the
specimens aged for 6 min at 700°C temperature.
6.
Extending the ageing time at 700°C caused
participation of stress corrosion in damaging process of
specimens under SSR test conditions, smaller.

10.Adhe K., Kain K., Madangopal K., Gadiyar H.: Influence
of sigma-phase formation on the localized corrosion of
a duplex stainless steel. J. of Materials Eng. and Performance.
Vol. 5, 4 (1996), pp. 500-506.
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Physical fields during construction and operation of
wind farms by example of Polish maritime areas
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Gdynia Maritime University
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National Marine Fisheries Research Institute

ABSTRACT
The article discusses an important issue of technical pressure exerted on the marine environment during construction
and operation of maritime wind farms (MFW) on waters of the Polish Exclusive Economic Zone. A motivation for
analysing this issue is the need for attracting attention to the aspect of physical field modification as the factor which
links large scale technical activity at sea with the existence and functioning of the marine ecosystem, including further
consequences to its economic benefits. Based on current knowledge and authors’ analyses, the scale of modifications
(disturbances) of physical fields expected to take place during MFW construction and operation was assessed.
Keywords: marine environment, wind farms, physical field, large scale constructions, marine spatial planning

Introduction
Traditional use of maritime areas for sailing and fishing
has been extended nowadays to cover new types of technical
activity. Large scale constructions are appearing at sea,
including: oil and gas rigs, gas and oil pipeline networks,
electric energy transmission networks [2], road traffic routes
(bridges, tunnels, artificial islands), communication lines
(optical fibres) and installations for production of electric
energy. In Polish maritime areas the electric energy is planned
to be obtained via conversion of wind energy, while in other
maritime areas devices making use of energy of waves and
tides are also installed [29].
As far as the conversion of wind energy to electric energy
is concerned, the most favourable areas for building sets of
wind power plants are the shelf areas and shallow seas. More
than ten wind farms work at the Baltic Sea area, of which
most of electric power is delivered by “Rodsand II” (207 MW,
Denmark, from 2010), “Nysted” (166 MW, Denmark, from
2003) and “Lillgrund” (110 MW, Sweden, from 2008). Sets
of wind power plants (maritime wind farms - MFW) also
produce electric energy in the maritime areas of Germany
and Finland. Within the Polish Economic Zone, attention of
investors involved in maritime wind farm industry is focused
on the areas surrounding the Slupsk Bank, the Middle Bank,
and the Pomeranian Bay (Fig. 1). The Slupsk Bank itself (down
to the isobath of 20 m) and the stretch of coastal water are

not taken into account in MFW installation projects, due to
their status of protected areas [12].
Comparing the electric power produced so far by MFW’s
installed in the Baltic Sea with the power theoretically
available from Polish maritime areas – estimated as equal
to 6 to 9 GW – [35], leads to the conclusion that in the nearest
decade Poland can become a largest producer of electric
energy in the Baltic Sea region.

Fig. 1. Southern Baltic Sea areas proposed for installation of maritime
wind farms: A - Bornholm Basin, B - Slupsk Bank, C - Middle Bank,
based on the map published by the Ministry of Transport Construction
and Maritime Economy
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Like any form of technical activity, maritime wind farms
contribute to permanent or temporal modification of quantities
which characterise the maritime space. In Polish maritime
areas, both construction and operation of MFW’s can be
locally accompanied by changes in distributions of natural
physical fields and concentration of chemical compounds
important for functioning of the marine ecosystem of the
Southern Baltic Sea.
Polish maritime areas – Internal Waters (2004 km2),
Territorial Sea (8682 km2), Polish Exclusive Economic Zone
(22000 km2) – occupy the area of more than 33 thousand
km2, which is approximately equal to 10% of the land area of
the Republic of Poland (311888 km2). In these areas, regions
which are favourable for installation of wind farms amount to
about 1500 km2 [34; Żygowska, 2013]. From the oceanographic
point of view, the Polish maritime areas represent various
morphological forms, among which deep basins (Bornholm
Basin, Gdansk Basin), sandbanks (Odra Bank, Slupsk Bank,
Southern Middle Bank), bays (Pomeranian Bay, Gulf of
Gdansk) and lagoons (Szczecin Lagoon, Vistula Lagoon)
can be named. A distinctive morphological structure is the
Slupsk Furrow, through which water exchange between the
Western Baltic Sea on the one hand, and the Gotland Basin
and the Gdansk Deep on the other hand takes place (Fig. 2).

Fig. 2. Polish Maritime Areas – morphology and administrative division.

Like for the entire Baltic Sea, the topography of the seabed
is closely related to glacier activity. In the southern part of
the Baltic Sea, the post-glacial accumulation material, the
thickness of which reaches several hundred metres, has been
preserved on the rock basement of the Finnish-Scandinavian
plate. This material is mainly composed of clay, sands, gravels,
stones and boulders. Mineral-organic suspension carried by
numerous rivers to the Baltic Sea and the sediments formed
from dead organisms permanently accumulate on the seabed.
Transported by sea waves and currents, the suspension moves
towards deeper areas of the sea, where it is permanently
accumulated in deep basins. In case of the Polish maritime
areas, they include the Bornholm Basin, the Gdansk Basin
and the southern verge of the Gotland Basin.
The Baltic Sea is a turbulent sea. Depending on the water
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region, the sea state exceeding 3oB occurs in 160 to 320 days
per year (IMGW, 1987-2012). During storms, the height of
the waves can reach as much as 6 m. The action of waves
is perceived down to the depth of 12 m, while the mixing
of waters caused by this action can reach as deep as 40 m.
Surface water currents of the Baltic Sea depend on the wind
situation. The speed of the currents does not exceed 10 cm/s
in general, although it can reach 20 - 40 cm/s during and
after storms (IMGW, 1994).
Due to subtly salty nature of the water, the flora and fauna
of the Baltic Sea is poor in diversity of species, but, on the
other hand, high fertility of the water makes it rich in biomass.
At present, negative effects of excessively high fertility of
waters are recorded. In the summer, intensive plankton
blooms can be observed, which leads to remarkable decrease
of surface water transparency. Once dead, these plankton
blooms contribute to excessive consumption of oxygen in
deep waters, where so-called stagnating zones are created.
To the present, no set of wind power plants has been built in
the Polish maritime areas, therefore it is impossible to collect
results of in situ research. However, the scale of the planned
investment projects forces analysing the expected effects
of wind farm installation. For the time being (July 2013),
65 applications for authorisation for wind farm installation
were submitted by investors to the Ministry of Transport and
Maritime Economy (formally these authorisations concern
construction of artificial inlands) [PSEW, 2013]. The water
regions intended to be used for MFW’s were proposed by the
Maritime Institute of Gdansk [MTBiGM, 2013].
Like the land space, the maritime space is penetrated by
the energy of acoustic, electric, and magnetic fields. Technical
activity introduces energies to the ecosystem which in some
cases can be considered sort of impurity, like chemical and
biological impurities [GESAMP, 1991].
The time of MFW construction is characteristic for:
the increased level of noise, the release of harmful and
biogenic compounds from seabed sediments, the renewed
suspension of solid particles, and disturbances in the
transport of sediments [Otremba and Andrulewicz, 2008].
On the other hand, the operating phase brings modifications
of physical fields resulting from the transmission of the
produced electric energy to inland receivers. The scale of
these modifications is difficult to assess, due to limited
knowledge about characteristics of natural physical fields in
the seawater space. Nevertheless, there are some indications
that marine organisms make use of physical fields both in
mutual communication and directional orientation [15, 34,
36, 8, 40, 32, 22, 11, 39, 26, 30]. The physical fields create in
water bodies a special climate in which marine organisms
got used to live.
The analyses presented in the article base on current
technical assumptions concerning the designed maritime
wind farms which investors include to their submissions for
authorisation for construction. They also take into account
the knowledge about natural environmental conditions and
the information gained from construction of similar wind
farms in other maritime areas.

'LVWXUEDQFHVRIQDWXUDOSK\VLFDO¿HOGV
The maritime space, as related to the management of live
marine resources and taking into account introduction of
large scale technical constructions, should be understood as
the space penetrated by numerous physical fields, including
electric, magnetic, electromagnetic and acoustic fields. Each
of these fields is characterised by a component of natural
origin and a component of anthropogenic origin resulting
from technical activity. Along with depending on such
traditional elements as transport and fishery, the component
of technical origin is being more and more dependent on new
forms of activity connected with the economic development
of the Baltic Sea region, constituted by 8 EU countries and
Russia and linked together via the maritime space. Focusing
attention on issues concerning maritime wind farms makes
it possible to notice certain phenomena connected with the
modification of physical fields. For instance, it is the acoustic
field which is most heavily disturbed during construction (in
particular when the technology based on driving piles into
the seabed to keep up the towers of the wind power plants
is applied), while during the operation the most disturbed
fields are the magnetic, electric and electromagnetic fields
(due to the presence of networks of cables for electric energy
transmission).
0RGL¿FDWLRQRIHOHFWURPDJQHWLF¿HOG
The electromagnetic field represents energy transmission
in the form of electromagnetic waves, therefore it would be
natural to express it as a function presenting the amount of
wave energy around a given wavelength which penetrates
in space the unit area in the unit time in relation to the unit
wavelength (provided that the integral of this function over
all wavelengths gives the wave power per the penetrated unit
surface). In practice, the electromagnetic field is expressed using
the RMS values of one component of this field, i.e. either the
magnetic field, or the electric field. In the non-conductive space
the constant electric field is referred to as the electrostatic field. In
contrast, in the conductive space, such as sea water, the electric
field can exist as generated by the motion of electric charges
and rapid changes of the magnetic field. The former case refers
to the electric field which exists in the vicinity of electrodes
submerged in the sea depth. This situation has place when the
electric energy transmission system makes use of direct current
(HVDC) in a so-called electrode solution (this subject will be
discussed in Section 2.3). In the latter case, the electric field being
a consequence of magnetic field changes is generated by natural
changes of the geomagnetic field caused by processes taking
place inside the Earth and the flow of protons emitted by the Sun
surface in the terrestrial space. Information can be found in the
literature that some marine organisms also generate the electric
field and use it to mutual communication and for consumption
purposes [17]. The existence of the natural electromagnetic field
in the sea depth has been confirmed experimentally, but the
information about the strength of this field is highly incomplete.
This strength is likely to range from several tens of microvolt per
metre to several hundreds of millivolt per metre [22].

In case of wind farms, remarkable modifications of the
electromagnetic field can be expected along the transmission
lines if the AC method of electric energy transmission is
adopted. According to the three-phase method of electric energy
production, transmission and distribution which is in use in
power engineering, it should be assumed that the transmission
lines are composed of single cables with three cores inside, or
three single-core cables coupled into one bundle or aligned at a
distance from each other. In the steady state, i.e. when the strength
of the electric current does not change, the electromagnetic wave
emitted by the transmission line cables will be a superposition
of three waves of frequency 50 Hz shifted by the phase of 120o
with respect to each other. Laboratory tests performed by the
authors have not brought the evidence which would confirm the
effect of seawater on the propagation of electromagnetic waves
of frequency 50 Hz. Consequently, spatial distributions of the
electromagnetic field in the seawater should be similar to those
measured in the air. Moreover, it was noticed that the induction
calculated for a rectilinear conductor with direct current is the
same as that measured for the alternating current of 50 Hz
frequency the RMS value of which is the same as the strength
of the current in the DC conductor. Fig.3 shows the measured and
calculated distributions of the electromagnetic field, which were
estimated in laboratory conditions by measuring the magnetic
component of this field generated by an AC conductor of RMS
strength equal to 8,6 A, and by a bundle of two conductors with
equal currents of 8,6 A, phase shifted by 120o with respect to each
other. In case of a bundle of three AC conductors with currents
of equal strengths and phase shifted by 120o, the electromagnetic
field disappears (full mutual compensation of the fields generated
by particular conductors takes place). In contrast, for a threecore cable used for transmission of three-phase current (axes
of conductors situated at vertices of a triangle having an edge of
several centimetres), the distribution of the electromagnetic field
at a small distance is complicated (as superposition of the fields
generated by cores which conduct different-phase currents, and
additionally disturbed by the presence of metals in the electric
current cores and the wrapper). At a distance of an order of ten
diameters of the cable, the field does not practically exist. But
switching off the current in one or two cores increases the field
induction to the level observed when the current flows only
through one core.

)LJ(OHFWURPDJQHWLF¿HOG H[SUHVVHGE\PDJQHWLFFRPSRQHQW±
induction) around AC conductors
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The electric component of the electromagnetic field
generated by 50 Hz AC conductors also exists, which
results from the theory of electromagnetism expressed by
Maxwell equations. However, it is difficult to measure in
such a conductive medium as seawater. The report on the
electromagnetic field in the vicinity underwater electric power
cables, elaborated by the Centre for Marine and Coastal
Studies in USA (COWRIE) [6], gives the following relation
between the electric field and the magnetic field:

where:
E – strength of electric field, in V/m
f – frequency of electric current, in Hz
B – induction of magnetic field, in T (Tesla)
k – constant, in m-1
The constant k has not been defined so far for all types
of waters. The past analyses of the electric field generated
in seawater by an AC conductor assumed k = 1 m-1 [30].
Consequently, the current literature information concerning
the electric component of the electromagnetic field in seawater
is of solely qualitative nature.

current. In case of direct current, choice can be made between
the electrode version (with energy transmission via the sea
depth – like, for instance, in the Baltic Cable system used
between Sweden and Germany), and the version with a return
cable, to replace the electrodes, and the water depth (like in
the SwePol Link system used between Sweden and Poland).
Both versions – with electrode and return cable – can be
used in a monopolar or bipolar solution (two main cables on
the opposite potentials with respect to the electrodes or the
return cable). In each case the modification of the seawater
space will take a different course.
Unlike the modification of the electric component
of the electromagnetic field, the electric field is modified
when the electric energy is transmitted using direct current
(HVDC), but only in the electrode solution. Figure 4a shows
approximate curves of the relation between the electric field
strength and the distance from the electrode, calculated by
the authors based on a simplified model of the electrode –
a sphere with equivalent surface. This model gives a solution
in the form (2).

0RGL¿FDWLRQRIHOHFWULF¿HOG
The sea depth is the medium which conducts the electric
current, therefore electrostatic fields do not exist in it.
Nevertheless, electric fields having the form of small-range
fluctuations can be recorded in the sea depth. These fields are
generated by sea currents, spatial changes of temperature and
salinity, or by moving vessels [18]. They can also be generated
by marine organisms as a form of their physiological behaviour
[17]. The strength of these fields does not exceed 1 mV/m [11].
The way in which the electric energy generated in the
maritime areas its transmitted to inland transmission
networks can become an issue of high importance for
functioning of the marine ecosystem. Here, possible options of
transmission systems make use of either direct or alternating

a)

where:
E – strength of electric field, in V/m
d – distance from electrode, in m
I – strength of electric current, in A
ρ - specific resistance of water, in Ω•m
S – surface of electrode, in m2
The curves shown in Fig. 4a, have made the basis for
calculating the electric voltage drop for different fish profile
lengths in relation to their distance from the electrode. Results
of these calculations are shown in Fig. 4b. In direct vicinity
of the electrode the voltage reaches values of an order of 1 V
and can be perceived by marine organisms [22].

b)

)LJ(OHFWULF¿HOGJHQHUDWHGE\WKHHOHFWULFFXUUHQWÀRZLQJLQWKHVHDZDWHUGHSWK D DQG¿VKSUR¿OHYROWDJHLQWKLV¿HOG E LQWKHYLFLQLW\RIWKHHOHFWULF
power transmission system electrode in HVDC solution (relations calculated by authors using the model in which the electrode surface S = 450 m2 is
represented by the surface of an equivalent sphere).

116

POLISH MARITIME RESEARCH, No 3/2014

In case of the SwePol Link system used between Poland
and Sweden, the electrode solution was replaced by that with
a return cable. A real motivation for this modification was
to avoid problems connected with the release of molecular
chlorine on the positive electrode during the operation of the
HVDC system (on the Swedish side), and not to introduce
the electric field to the sea depth [39].

0RGL¿FDWLRQRIPDJQHWLF¿HOG
Like for electric field generation, the problem of modification
of the magnetic field of the Earth is related to high-power electric
energy transmission systems making use of direct current. The
disadvantage with respect to the electric field is the presence of
electrodes, while the main problem for the magnetic field is the
electric current flowing in the cables. In preset transmission
systems the strength of the electric current equals approximately
1300 A, which leads to the generation of a relatively strong
magnetic field in the vicinity of the cables. This field superimposes
onto the natural field of the Earth. Here, of high importance is
the modification of the direction of the natural Earth’s field
which is used for orientation by some marine organisms in
their consumption and procreation oriented migrations. The
intensity and direction of the magnetic field is given by a vector
quantity – strength of the magnetic field, or magnetic induction
(in water the induction is proportional to the strength of the
magnetic field, and the proportionality coefficient is the magnetic
permeability of the medium). The natural field is most often
characterised by the value of its horizontal component, and the
declination and inclination (Fig. 5). In the electrode solution,
modification of the natural Earth’s field is stronger than in the
solution with the return cable. If the cables are situated close
to each other, the modification becomes negligibly small at as
such short distance as a few metres. Sample inclination and
declination changes are shown in Fig. 5, as compared to the
referential one-day fluctuations of the natural Earth’s field
(recorded at the Geophysical Station at Hel).
Changes of the magnetic fields in the vicinity of the
transmission system can confuse organisms approaching
this zone [15, 31, 34,]. The dimension of the zone (distance, at
which the modification decreases by 10 times) does not exceed
several tens of meters. The behaviour of organisms in the rapidly
changing spatial magnetic field has not been precisely identified
yet, therefore in cases of concentration of larger numbers of
HVDC systems their remarkably unfavourable effect on
migrations of certain species of marine fauna cannot be excluded.

)LJ6DPSOHDXWKRUV¶FDOFXODWLRQVRIWKHPRGL¿HGGLUHFWLRQRIWKHQDWXUDOPDJQHWLF(DUWK¶V¿HOG GH¿QHGE\GHFOLQDWLRQDQGLQFOLQDWLRQ LQWKHYLFLQLW\
of the HVDC transmission systems (20 m over cables distributed at a distance of 20 m) in monopolar solution with return cable (like in SwePol Link
V\VWHP DVFRPSDUHGWRRQHGD\ÀXFWXDWLRQVRIWKHQDWXUDO(DUWK¶V¿HOGGDWDREWDLQHGIURPWKH*HRORJLFDO,QVWLWXWH2EVHUYDWRU\DW+HO
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When the main cable is carefully positioned with respect
to the return cable, i.e. close and parallel to it, the scale of
the measurable modification of the magnetic field is small,
of an order of a few metres, due to mutual neutralisation of
the fields.
0RGL¿FDWLRQRIDFRXVWLF¿HOG
The sea depth is naturally penetrated by sounds the origin
of which can be marine organisms, wind, surface waves,
rainfalls, lightning, migration of ice, motion of sediments
due to the action of sea currents, and volcanic and seismic
activity [7; 38; 20; McDonald et al., 2006] .
Along with the sounds of natural origin, sounds being
the result of human activity are also propagated in the
sea. Basic sources of these sounds include: ships, ferries,
hydrofoil boats, yachts, battle ships, airplanes, facilities
for underwater navigation and fish shoal search, sea depth
research and monitoring systems, installations for search and/
or exploration of gas, crude oil, and minerals, wind farms,
pipelines, etc. [23; 24].
The influence of sounds on marine organisms depends on
spectral density of the sound intensity level, or more briefly:
the sound spectrum. This function, expressed in decibels (dB),
is proportional to the strength of the acoustic wave penetrating
the unit surface (expressed by default as the square of the
effective acoustic pressure) in the water depth with respect
to the quantity proportional to the strength expressed by
the acoustic pressure equal to 1 square micropascal (μPa2)
per unit frequency expressed in hertz (Hz). Consequently,
the vertical axis of spectral diagrams is labelled by the unit
“dB re 1 μPa2 / Hz”, while the unit on the horizontal axis is
“Hz” [37]. A characteristic feature of the spectrum diagram
presented in this way is that integrating the spectrum curve
within given frequency limits gives a quantity proportional
to the strength of the flow of sounds penetrating the unit
surface in water environment within these frequency limits
(in units: “dB re 1 μPa2”). The logarithmic scale is justified
by physiological features of the organ of hearing.
The spectral range of audibility of seawater animals differs.
Some animals can produce and receive low frequency sounds
(infrasounds, vibrations), while other – high frequency sounds
(ultrasounds) [25]. Depending on propagation conditions in
the sea, the spectrum of the generated sound is subject to
transformation, which increases with the increasing distance
from the source. This effect explains the phenomenon of
dispersion (different sound speeds for different frequencies)
and absorption of the sound energy, which also depends on
frequency. In the water depth, dispersion and absorption of
sounds is affected by: (1) the distribution of temperature,
salinity, and density of water, (2) the presence of gas bubbles
and the level of sea surface undulation [19], and (3) the
presence and contents of some chemical compounds [9]. As
far as the effect of the seabed is concerned, significant factors
are: its shape, type of material composing it, and the layer
structure of the sediments [5]. Particular water regions are
characteristic for a natural acoustic field to which marine
organisms have been adapted [1].
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Technical activity in the sea introduces new sounds which
modify the “underwater acoustic climate”. The acoustic field
generated by a source has the form of spatial distribution of
the abovementioned spectrum of sound intensity level.
One of the examined cases of technical activity leading
to remarkable disturbances of the natural acoustic field is
mounting wind farm towers, so-called monopiles, on the
seabed. The noise generated during this operation has pulse
nature (it disappears within a few seconds). Figure 6 shows
the spectrogram of this sound at a place distant by almost 2
km from its source. The spectrogram illustrates the process
of decay of the sound generated during monopile driving.
It reveals that fast decay of strength of the acoustic wave is
accompanied by changes of its spectrum, which stabilises
after about one second, taking the shape of the natural
acoustic background.

)LJ6DPSOHPRGL¿FDWLRQRIWKHDFRXVWLF¿HOGE\WKHQRLVHJHQHUDWHGE\
activities during wind farm construction (at a distance of 1881 m). Vertical
axis represents the acoustic frequency, while the horizontal axis shows the
time elapse.

Fig. 7. Illustrative presentation of thresholds and intervals of sound
perception by a marine organism (collected from different sources).

The susceptibility of an organism to sounds is characterised
by the limit (threshold) of the sound intensity level, beyond
which this organism reacts in a certain way (Fig. 7). Here,
the limit of harmfulness (disorientation/”stunning”) can be
named, along with the limit of reaction (escape or avoiding)
and the limit of harmless perception (easy adaptation).
The measure of harmfulness of the acoustic field is the
size of the critical area being the fragment of the diagram
area limited by the line of the measured spectrum of sound
intensity level and the harmfulness limit (Fig. 6).

shipping lanes. Rough illustration of this space occupation
vs. navigation is shown in Fig. 8.

Discussion
Fully quantitative evaluation of the level of modification
of physical fields in the water depth in certain phases of
construction and operation of maritime wind farms would
only be possible if comprehensive information on natural
physical fields in spatial and time approach was available.
Modification of the magnetic field can be characterised
relatively well, but also in this case full characteristic is
only possible when the architecture of the electric energy
transmission network is known.
The largest modification of the magnetic field will take
place when the so-called electrode solution is adopted, while
the smallest one will be brought by solutions with a return
cable, provided that the cables will be positioned at a small
distance from each other. However, when the cables are close
to each other, their small displacements will lead to large
changes in spatial distribution of the magnetic field. Laying
cables at a larger distance will result in larger permanent
modification of the magnetic field, but their displacement
will generate smaller changes of this modification.
Modification of the electromagnetic field can be
characterised by its magnetic component, i.e. magnetic
induction adequate to the RMS value of the electric current
strength. In the steady state, i.e. without fast fluctuations
of the electric current strength, spatial distribution of the
induction can be determined using the same methods
as those used for direct current. The modification of the
electromagnetic field expressed by its electric component is
negligibly small, incomparably smaller than modification
of the (constant) electric field taking place during electric
energy transmission in the electrode solution, although even
in that case the modification reaches a measurable range only
in the vicinity of the electrodes (up to several tens of meters).
The past research of modifications of the natural acoustic
field introduced by different forms of technical activity at
the stage of wind farm construction was rather fragmentary,
which makes formulating uncompromising evaluations on
their effect on the environment impossible. Direct and large
effect on the acoustic field will undoubtedly take place in
the construction phase – here, the noise problem during
monopile driving is named (this problem is likely to be
of lethal significance in certain areas of the sea). It is not
clear to which extent the acoustic field is modified due to
sea occupation by wind farms and the resultant “shift” of
navigation to narrow channels with intensified ship traffic
increasing the intensity of the anthropogenic noise along the

Fig. 8. Sea transport lanes [28], as compared to the areas of planned
maritime wind farms.

In the case of maritime wind farm construction, the
above described interference into the natural physical fields
connected with electricity is accompanied by the interference
into other fields referring to: sea currents, light, or even
temperature and/or salinity.
As far as the sea currents are concerned, no sea currents
with remarkably high impact on the existence of the Baltic
ecosystem are localised in the area of the planned farms. Here,
coastal regions would be of relatively high importance, where
the dominance of currents in eastern direction is observed
and their effect will include erosion of cliff coastlines, on
the one hand, and supplying low beach lines with the eroded
material, on the others. The Slupsk Furrow, which is also
free of plans to situate wind farms in there, is a susceptible
region, as it forms a channel along which water masses are
relocated to supply eastern regions of the Baltic Sea with the
salt and well-oxygenated waters coming from the North Sea.
Periodical changes of the optical field which would take
place during maritime wind farm construction and be of
certain importance for functioning of the marine ecosystem
cannot be excluded. Light in the sea determines life processes
taking place both in the water depth and on shallow seabed
areas. When penetrating the water depth, the light is the
source of energy which controls the primary production,
this way providing food for marine organisms and also, to
a large extent, the photosynthetic oxygen in the atmosphere.
Introducing large scale technical constructions to maritime
areas is connected with fracturing of the seabed structure,
and the resultant transfer of suspensions, in volume and
quality depending on the type of sediments in the area of
construction activities, to the water depth. The presence of
suspensions, in turn, leads to the modification of real optical
properties of the seawater and, as a further consequence, to
volumetric and spectral modifications of transfer of radiation
energy to the water depth. So far, the scale of this phenomenon
in relation to MFW’s has not been assessed.
The diffusive light coming out from the sea carries the
information on processes taking place in the sea depth,
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therefore modification of natural optical characteristics of
the seawater can be a source of errors in the operation of
algorithms used in remote sea examinations for interpreting
images of its surface.
As far as the occupation of the maritime space by the wind
farms is concerned, this problem also refers to protected
areas (Fig. 9) and fishery (Fig. 10). There is no spatial conflict
with the protected areas, but it is not entirely clear whether
direct vicinity of the wind farms affects, or not, the object of
protection (the population of wintering birds, for instance)
or whether installing electric cables introduces, or not,
periodical disturbances in the protected area (spawning
ground, for instance). In case of fishery, on the other hand,
a conflict exists in the Pomeranian Bay region. This conflict
is of spatial nature and is measured by the mass of catch.
There are no assessments on possible losses in fishery being
a result of the interference into migration routes and the areas
of reproduction, consumption and fry growing [3].

The article discusses issues related to physical fields
understood as space penetration by different energy forms,
such as: electromagnetic waves, acoustic waves, photons of
light, motions of sea currents and, in case of the space situated
above the sea, also wind speed fields. Since the temperature,
density, and salinity are physical quantities, their spatial
distributions are also considered physical fields in some cases.
Consequently, for such understanding of physical fields their
list could be extended to all descriptions which characterise
the seawater space in a vector or scalar way.
The presented analyses of the effect of wind farms on natural
physical fields make a contribution to a wider discussion
about the effect of investment projects of this type on the
entire natural environment. The knowledge gained from
analysing modifications of natural physical fields couples
the introduction of large scale constructions into maritime
areas with the resultant environmental effects. Collecting
comprehensive information on interactions between physical
fields and organisms, and on the scale of modifications of
natural physical fields connected with the introduction of
large scale constructions into maritime areas will make the
basis for easier and more accurate evaluation of the effect
of these constructions on functioning of the environment,
including its natural and economic values. At present, full and
detailed evaluation of types an scales of threats generated for
the environment by construction and operation of maritime
wind farms is still very difficult [3].

Conclusions

Fig. 9. Predicted external technical infrastructure of maritime wind
farms, as compared to the protected areas[4].

)LJ$UHDVRILQWHQVLYH¿VKLQJ>@DVFRPSDUHGWRWKHDUHDVVHOHFWHG
for construction of maritime wind farms.
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Constructing wind farms in maritime areas is one of forms
of technical activity which interferes into natural physical
fields. Since there is much evidence that marine organisms
feel and use physical fields, the large scale of the above type
of investment projects can be a source of justified concern
about correct functioning of the marine ecosystem.
The issues of physical fields in the maritime space are
analysed in a different way than that applied in air analyses.
First of all, standards laid down for inland areas are not in
force for the marine environment. Moreover, the acoustics
of the sea differs from that of the atmosphere, mostly by the
fact that the water is almost incompressible, as compared with
the air. Issues related to electricity should also be analysed
using different methods, as the water is an electrolyte. The
issue of light in the sea requires special approach, as the
light penetrates the water depth to as little as ten to twenty
metres (several tens of meters in very transparent oceanic
waters), thus defining the so-called photic zone, i.e. the layer
of primary production being the origin of the trophic chain
of life in the entire seawater space.
The designed sets of wind farms will produce electric
energy which will then be transmitted to the Polish coastland,
or to the set of cables and devices linking wind farms in
the Polish maritime areas with those situated in the areas
of other countries. It is not clear so far whether the direct
current solution (HVDC), or the alternating current solution
(HVAC) will be adopted. The internal connecting structure
(cables, concentration nodes, transformers) will most likely

base on the three-phase solution HVAC, while the external
connecting infrastructure will be, entirely or in part, based
on the electrode solution HVDC or that with the return
cable. Therefore disturbances of natural physical fields will be
observed in different types of fields, depending on the adopted
energy transmission techniques: in the HVDC solution it
will be the electric field (only in the electrode version) and
the magnetic field, while in the solution HVAC it will be the
electromagnetic field measured by the magnetic component
of 50 Hz frequency.
Disturbance of the acoustic field in the sea during wind
farm operation will be generated by windmill blades and
the electric current generator. In the construction phase,
disturbances in the scale harmful for the environment will
take place during driving piles into the seabed for wind plant
towers.
At the present stage of research of disturbances of natural
physical fields and the effect of physical fields on marine
organisms, and in the context of high uncertainty regarding
the types of future technical solutions, current evaluations of
the effect of wind farms on the sea environment can only have
a conditional nature, i.e. refer to certain structural solutions
and seabed areas occupied by them. It is advisable to collect,
for referential purposes (further comparisons performed
during the operation of the devices), the data about the
environment in the area of the planned farms, including
the data on natural fluctuations of physical fields.

Bibliography
1. Andrew, R. K., Howe B. M., Mercer J. A., Dzieciuch M.
A.: Ocean ambient sound: Comparing the 1960’s with
the 1990’s for a receiver off the California coast, Acoustic
Research Letters Online 3 (2), pp.65-70, (2002)
2. Andrulewicz E., Napierska D., Otremba Z.: The
environmental effects of the installation and functioning
of the submarine SwePol Link HVDC transmission line:
A case study of the Polish Maritime area of the Baltic Sea,
Journal of Sea Research 49, pp.337-345, (2003)
3. Andrulewicz E., Pelczarski W.. Kuzebski E., Szymanek L.,
Grygiel W.: Fishery and new concepts of the use of sea
space – an example of the Polish Maritime areas, Proc.
Conf. ICES ASC, Bergen, 17-21.09.2012, (2012)
4. BALANCE (Baltic Sea Management – Nature Conservation
and Sustainable Development of the Ecosystem through
Spatial Planning): Towards an Assessment of Ecological
Coherence of the Marine Protected Areas Network in
the Baltic Sea Region, BALANCE Interim Report No. 25,
(2007)
5. Buckingham M. J., Wave propagation, stress relaxation,
and grain-to-grain shearing in saturated, unconsolidated
marine sediments, J. Acoust. Soc. Am. 108, pp.2796-2815
(2000)

6. CMACS (Centre for Marine and Coastal Studies): A
Baseline Assessment of Electromagnetic Fields Generated
by Offshore Windfarm Cables, COWRIE Technical Report
EMF 01-2002 66. Birkenhead, England, UK, (2003)
http://www.offshorewind.co.uk/Assets/COWRIE_EMF_
Research_Report.pdf
7. Dietz R. S. & Sheehy M. J.: Transpacific detection of myojin
volcanic explosions by underwater sound. Bulletin of the
Geological Society 2, pp.942-956 (1954).
8. Enger, P.S. Electroreception. In: Døving, K. & Reimers,
E. (eds.): Fish physiology, John Grieg Publishing, Bergen,
Norway, (1992)
9. Francois R. E. & Garrison G. R.: Sound absorption based
on ocean measurements. Part II: Boric acid contribution
and equation for total absorption, J. Acoust. Soc. Am. 72,
pp.1879-1890 (1982).
10.GESAMP (Joint Group of Experts on the Scientific Aspects
of Marine Environmental Protection): GESAMP Reports
and Studies, No.47, (1991)
11.Gill A.B.: Gloyne-Phillips I., Neal K. J., Kimber J. A.: The
potential effects of electromagnetic fields generated by
sub-sea power cables associated with offshore wind farm
developments on electricity and magnetically sensitive
marine organisms – a review, COWRIE 1.5 Electromagnetic
Field Review, (2005)
12.Ginalski A.: The network Natura 2000 on Polish Maritime
areas, (in Polish) , Konferencja Instytutu na rzecz
Ekorozwoju, Warsaw, February 15, 2011 (2011)
13.IMGW: Atlas of the Baltic Sea, (in Polish) collective work
edited by A. Majewski and Z. Lauer, Instytut Meteorologii
i Gospodarki Wodnej, Warsaw (1994)
14.IMGW: Southern Baltic Sea – annual characteristic of
selected elements of the environment, (in Polish), Instytut
Meteorologii i Gospodarki Wodnej - Oddział Morski w
Gdyni, (1987-2012)
15.Karlsson, L.: Migration of European silver eels, Anguilla
anguilla. Orientation to the earth’s magnetic field
and pulpmill effluents particularly in the Baltic, Acta
Universitatis Upsaliensis 745, pp.5-24, (1984)
16.Medwin H. & Clay C. S.: Fundamentals of Acoustical
Oceanography, Academic, Boston, 1998MTBiGW
(Ministry of Transport Construction and Maritime
Economy): Map of potential places selected for location of
wind farms in the exclusive economic zone, (in Polish)
17.
Moller, P.: Electric Fishes: History and Behavior,
Chapman & Hall, (1995)
POLISH MARITIME RESEARCH, No 3/2014

121

18.Nakamura, T., Hirose, C., Hirose, R., Hirooka, S., Sasaki,
H.: Observation of electric fields in the shallow sea using
the stainless steel electrode antenna system, Physics and
Chemistry of the Earth, Parts A/B/C Vol. 31, Issues 4-9,
2006, pp.352-355.
19.Norton G.V. Novarini J.C.: On the relative role of seasurface roughness and bubble plumes in shallow-water
propagation in the low-kilohertz region, J. Acoust. Soc.
Am. 110, pp.2946-2955, (2001)
20.Nedwell J., Langworthy J, Howell D.: Assessment of sub-sea
acoustic noise and vibration from offshore wind turbines
and its impact on marine wildlife; initial measurements
of underwater noise during construction of offshore wind
farms, and comparison with background noise, Report No.
544 R 0424, (2003)
21.Otremba, Z., Andrulewicz, E.: Environmental Concerns
Related to Existing and Planned Technical Installations in
the Baltic Sea, Polish J. of Environ. Stud. Vol.17, pp.173179, (2008)
22.Poleo, A.B.S., Johannessen, H. F., Harboe, M.:. High Voltage
Direct Current (HVDC) seacables and sea electrodes:
effects on marine life, University of Oslo, (2001)
23.Popper, A.N., Hastings, M.C.: The effects of anthropogenic
sources of sound on fishes, Journal of Fish Biology, Vol. 75,
Issue 3, pp.455-489. (2009a)
24.Popper, A.N., Hastings, M.C.: The effects of humangenerated sound of fish, Integrative Zoology, 4, pp.43-52,
(2009b)
25.Potter J.R., Delory E “Noise sources in the sea and the
impact for those who live there” Acoustics and Vibration
Asia ‚98, Singapore, (1998)

30.Slater M.,: The prediction of electromagnetic fields
generated by submarine power cables, Oregon Wave
Energy Trust, 0905-00-007, (2010)
31.Slater M., Jones R., Schultz A.. Electromagnetic Field Study,
Ed: Oregon Wave Energy Trust, (2010) www.oregonwave.
org
32.SNBF (Swedish National Board of Fisheries):.
Telemetriförsök med blankål vid HVDC polkabel
(Telemetric try of detection of silver eels at HVDC cable),
(1997)
33.South Baltic Program: South Baltic Offshore Wind Energy
Regions: Offshore wind energy in Poland, http://www.
southbaltic-offshore.eu/regions-poland.html
34.Souza, J.J., Poluhowich, J.J., Guerra, R.J.: Orientation
responses of American eels, Anguilla rostrata, to varying
magnetic field, Comp. Biochem. Physiol. 90A, pp.57-61,
(1988)
35.Stryjecki M.: Foundation for Sustainable Energy, Legal,
political and infrastructural conditions for development of
marine wind power industry in Poland, (in Polish), Konf.
Morska Energetyka, Słupsk - 21 January, 2013, (2013)
36.Tesch, F.W., Wendt, T., Influence of geomagnetism on the
activity and orientation of eel, Anguilla, as evident from
laboratory experiment. Aq. Ecol. Freshw. Fish. 1, pp.52-60,
(1992)
37.Urick, R J.: Principles of Underwater Sound, 3rd Edition.
New York. McGraw-Hill, 1983.
38.Wenz G. M.: Acoustic ambient noise in the ocean: spectra
and sources, J. Acoust. Soc. Am. 34, pp.1936-1956 (1962).

26.Rochalska, M.,. The influence of electromagnetic fields on
flora and fauna, Medycyna Pracy 60, pp.43- 50, (2009)

39.Westerberg H., Lagenfelt I., Andersson I., Wahlberg
M., Sparrevik E.: Impact of the SwePol Link on fish
and fisheries, Swedish Agency for Marine and Water
Management, (2007) (in Swedish and Polish)

27.Żygowska E.: Conditions for development of marine wind
power industry in Poland, (in Polish), PSEW (Polskie
Stowarzyszenie Energetyki Wiatrowej), I Międzynarodowy
Kongres Morski w Szczecinie, 13 June 2013, (2013)

40.Wiltschko, R., Wiltschko, W.: Magnetic orientation in
animals, Springer-Verlag, Berlin, (1995).

CONTACT WITH THE AUTOR
28.Ruskule A., Kuris M, Leiputė G,, Vetemaa M., Zableckis S.:
Ship traffic in the Baltic Sea and port development, Chapter
in: See the Baltic Sea, Ed.: Sea in Baltic Environmental
Forum – Latvia (BEF-Latvia), (2009)
29.Shields M.A., Woolf D.K., Grist E.P.M., Kerr S.A., Jackson
A.C., Harris R.E., Bel M., Beharie R., Want A., Osalusi E.,
Gibb S.W., Side J.: Marine renewable energy: The ecological
implications of altering the hydrodynamics of the marine
environment, Ocean & Coastal Management 54, pp.2-9,
(2011)
122

POLISH MARITIME RESEARCH, No 3/2014

Zbigniew Otremba
Gdynia Maritime University
Morska 81-87,
81-225 Gdynia,
Poland

