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ASSESSMENT OF UNDERPOWERED PROPULSION MACHINERY
IN ELECTRICALLY DRIVEN SMALL INLAND WATERWAY
PASSENGER SHIPS FROM CLASSIFICATION SOCIETY POINT OF
VIEW
&]HVáDZ'\PDUVNL
*GDĔVN8QLYHUVLW\RI7HFKQRORJ\
1DUXWRZLF]DVWU
80-*GDĔVN
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80-*GDĔVN
H-PDLOPQDUHZVNL#SUVSO
$EVWUDFW
3DSHU SUHVHQWV VKRUW RSHUDWLRQDO DQG HQJLQHHULQJ DQDO\VLV RI XQGHUSRZHUHG SURSXOVLRQ LQ VPDOO HOHFWULFDOO\
SURSHOOHGVPDOOLQODQGSDVVHQJHUVKLSV7KHUHLVHYLGHQFHWKDWLQFHUWDLQZHDWKHUFRQGLWLRQVWKHSKHQRPHQDRI
DGGHG DHURG\QDPLF UHVLVWDQFH RI VPDOO ZDWHU FUDIWV PD\ KDYH VHULRXV LQIOXHQFH RQ WKHLU VSHHG DQG
PDQRHXYUDELOLW\ ([LVWLQJ UHJXODWLRQV OLNH FODVV VRFLHWLHV UXOHV IRU VKLS FODVVLILFDWLRQ DQG FRQVWUXFWLRQ RU (8
'LUHFWLYH (& GR QRW SURYLGH DQ\ UHTXLUHPHQWV RU JXLGHOLQHV RQ SUHGLFWLRQ RI DLU RU K\GURG\QDPLF
UHVLVWDQFHRUSURSXOVLRQSRZHUFRPSXWDWLRQVWREHDVVHVVHGE\WKLUGSDUW\LQGHVLJQSURFHVV,QWKHRSLQLRQRI
DXWKRUV,WKHFDVHLVSDUWLFXODUO\LPSRUWDQWZKHQHOHFWULFDORUK\EULGSURSXOVLRQLVFRQVLGHUHGDVSULPHPRYHU
([LVWLQJNQRZOHGJHDOORZVIRUHQJLQHHULQJDQDO\VLVWREHFRQGXFWHGWRSURYLGHEHWWHUNQRZOHGJHRQWKHVHOHFWLRQ
DQG FRQVWUXFWLRQ RI LQQRYDWLYH SURSXOVLRQ PDFKLQHU\ IRU VKLSV ZKHUH SDVVHQJHUV VDIHW\ LV PDMRU IDFWRU RI
FRQFHUQE\ZDWHUZD\VDGPLQLVWUDWLRQFODVVVRFLHWLHVDQGLQVXUDQFHLQVWLWXWLRQV
.H\ZRUGVLQODQGZDWHUZD\VSDVVHQJHUVKLSHOHFWULFDOK\EULG,SURSXOVLRQSRZHUDHURG\QDPLFUHVLVWDQFH

Introduction
Design of inland waterways crafts is considered easy even for students and freshly
graduated engineers. The use of existing knowledge and relatively simple computation leads
to fast design and selection of certain equipment quite easily as it is often available from the
shelf. The use of more advanced analytical tools in case of novel ship hull and propulsion
designs is often neglected. Operational experience shows that in some cases the fact of
underpowered designs will happen. In worse cases, there is no possibility for design
improvement without investment in more powerful propulsion system. Alternatively,
calculations similar that are performed for bigger ships should be performed using knowledge
accumulated by naval architects. In this case, the main obstacle is budget limit.
Decisions to use propulsion machinery selected on principle of lowest computed power
installed may lead to operational problems in reality like inability to sail forward in windy
conditions or poor maneuverability. Consequently, small or light crafts scheduled for

7

operation in restricted waters or rivers could experience navigation problems in case of
combined wind action and waves. A practical example in PRS experience could be fact of
crafts repowering and change of initially installed electrical propulsion to diesel drives. The
paper is an attempt to collect some recent class society and engineering experience on
operational consequences of underpowered waterborne crafts. More engineering effort and
use some more advanced design tools could lead to partial solution to this problem. Authors
suggest possible solution to predict and take right measures to improve ship design either by
aerodynamic drag reduction or by increase of power and/or propulsion efficiency.
Short outline of class society requirements and other legal regulations
Classification rules do not impose requirement on ship hydrodynamic performance. The
speed of small recreational or commercial boats with electric propulsion is within range of 6-8
km/h [3]. In case of commercial ships built to comply with class rules general requirement is
that minimal speed of inland waterway ship or watercraft is not to be less than 13 km/h. [5].
Such requirement is also present in EU Directive laying down minimal technical
requirements for inland waterway vessels [1].
The current state of the class requirements is that the applicable class rules (LR, BV,
GL, PRS or RRR) do not contain any formula that allow to define ship power requirements.
On the other hand there is given requirement for of 70% of nominal thrust to be available
during minimum of 30 min in case of astern movement maneuvering. In general all new ships
are to be subjected to maneuverability testing where ship speed is to be measured. Dedicated
requirements are pending for all ships that are navigating on EU inland waterways according
to the requirements of the 2006/87/EU Directive [1].
Small ship design and engineering in practice
In Poland, during last 12 years number of design projects of small passenger crafts with
electrical propulsion has been conducted and some resulted in construction of prototype
vessels. It is common in some circles to claim that design and construction of small ship,
particularly for use on restricted waters is easy and unproblematic. That is not true and there is
real evidence that numerous problems may appear. Some originates from improper design
input data or wrong assumptions and omitting of engineering computations. Lack of design
experience is also a potential risk for design process quality. Selected vessels are listed in the
table underneath. As demand for such crafts is limited there are only few example of ships for
more detailed analysis. For this study only polish designs were taken into account.
Class requirements for operational area and wind loading
A summary of environmental requirements present in class rules for ships navigating in
different operational areas is presented in Table 1. Compliance with that regulations is a part
of ship class notation.
Table 1
Area Notation
Wind [ºB]
Wind speed [m/s] - max
Wave height [m]
Minimal ship speed [kn(m/s)]
Distance from shore [miles]

1

2

3

4

5-6
10
2
6 (3)
Up to 6

Up to 6
10 - 12
1.2

3-4
7
0.6
7
3ºB/6
4ºB/1.5

-

PRS Rules
Part I [5]
3.6.3.4
3.6.3.4
3.6.3.2
3.6.3.5

Wave height (h 1/10 ) is measured from through to the crest representing value of 10 % of
highest waves during the particular – not to long measuring period. Tis corresponds 5%
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probability of exceeding that height.
Ship resistance and propulsion system design
In majority cases, designers conduct in practice very simple calculations, not taking all
engineering parameters into account. During ship design process for assessment of ship
performance, it is typical to assess water resistance. Usually omitted, determination of
resistance resultant from aerodynamic forces is to be done to be able to select prime mover
power to comply with area. The importance of wind knowledge about resistance is in often
critical and could result in serious financial penalties for shipyard and costs for ship owner.
Recently done combined shipping industry project resulted in elaboration of new guidelines
for bigger ships. With the assistance of the Sea Trial Analysis-Joint Industry Project (STAJIP) and ITTC, the new IMO EEDI rules to reduce CO2 emissions. As a result, there is
validated and approved method to consider the effects of wind on the resistance given in the
ISO Standard 15016 (2002) and the ITTC Procedure 7.5-04-01-1.2.
For preliminary design of small ships, majority of calculations done are based on simple
formulas. Performing full resistance assessment with model testing for hull and propeller
require substantial budget and this is performed very rarely in case of small inland crafts. The
analyzed ships discussed here possess relatively small electrical motor power in comparison
to similar size crafts powered by diesel engines.
Assessment of ship aerodynamic resistance
The computations of the ship aerodynamic resistance is usually performed when
necessary – for mooring analysis or on big fast ferries – HSC (High Speed Crafts), container
ships or on naval vessels. There is no any information that aerodynamic resistance
calculations were performed in the discussed inland waterways passenger ship examples.
In case of windless weather conditions, the wind resistance acting on a ship sailing forward
can be determined using the formula:
ܨௗ ൌ

ͳ
ή ߩ ή ܸ௦ଶ ή  ܣή ܥௗ
ʹ

where: - F d - the drag force,
-  - the density of the air,
- V V  - the speed of the ship relative to the air,
- A - the cross-sectional area of the ship,
- & d -  the dimensionless coefficient of resistance, dependent basically on
physical parameters, ship hull and superstructure shape and spatial
dimensions and on ship speed relative to the air.
Majority of the wind resistance is due to eddie-making type , and therefore it varies
roughly with V 5  9 5 is the relative velocity of air to a ship) what is presented in Fig. 1.
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)LJ:LQGIRUFHDFWLQJRQDVKLSDQGVKLSDUHDXVHGIRUDVVHVVPHQWRIZLQGUHVLVWDQFH

A L – longitudinal projected area,
A 7 – transverse projected area,
V Z - wind speed,
V V – ship speed,
V R – wind velocity relative to ship,
u – angle of wind direction relative to the longitudinal centre line of a ship measure from
the bow,
a – direction of the resultant force relative to the centre line
According to Hughes formula
ܨௗ ൌ ݇ ή ߩ ή ܸோଶ ή

ܣ ή ݊݅ݏଶ ߠ   ்ܣή ܿ ݏଶ ߠ
ሺ ןെߠሻ

Where: - N – an empirical constant N (0,5 – 0,65)
The additional propulsion power required to overcome the aerodynamic drag is given by:
ܲௗ ൌ ܨௗ ή ܸோ ൌ ݇ ή ߩ ή ܸோଷ ή

ܣ ή ݊݅ݏଶ ߠ   ்ܣή ܿ ݏଶ ߠ
ሺ ןെߠሻ

Design and construction problems in small ships design
Requirements and procedure for testing of the new build inland waterway ships is
described in Rules [7] and is based on EU Directive requirements. As a result of analysis of
published information about projects and existing inland ships and ferries [6], specifics of
electrically propelled vessels could be summarized as:
1. Relatively small size - 6 to 24m,
2. Lightweight design with hull made of steel, GRP composites or aluminum alloys,
3. Number of passengers - 6 to 100 (150 max),
4. Mono-hull or quite often twin hull design,
5. Energy storage (battery) weight is substantial comparing to hull weight
As an example of design issues that are to be analyzed, enclosed are diagrams with analysis
of power requirements and weight estimations:
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)LJ2SHUDWLRQDOWLPHDQGUDQJHDVIXQFWLRQRIVRODUFUDIWVSHHG–GHVLJQDQDO\VLVH[DPSOH[3]








)LJ:HLJKWGLVWULEXWLRQLQUHODWLRQWR
FRQVWUXFWLRQ
PDWHULDOOLQVPDOOZDWHU
FUDIWGHVLJQ[3] 




)LJ$QH[DPSOHRIZHLJKWUHODWLRQRIFDWDPDUDQFUDIWVLQDIXQFWLRQRIFRQVWUXFWLRQPDWHULDOVDQGVKLS
OHQJWK[8]
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The above graphs point out that the hull and equipment weight of the small craft shall
be kept at lowest possible value due to important influence on energy required for
propulsion. Additionally, prediction of operational characteristics in case of battery powered
should be conducted to analyze energy usage for planned usage timeframe. Excessive use of
energy may lead to lack of propulsion power in case of change of weather conditions when
additional aerodynamic drag require more energy to be used to keep speed or operation of the
vessel systems. The safety measures are present in class society rules – usually spread in
various parts of rules. Synergy of safety requirements is not always properly understand by
designers, fresh ship owners and water administration.
Maneuverability testing is described in EU Directive Amendments [1] and the all
requirements are included into PRS Rules [7]. The requirement for minimal speed at least 13
km/h is enclosed in Part III p. 2.2.1 of PRS Rules [5]. The requirement for astern thrust 70%
of forward thrust by 30 min. is in part VI p.1.10.2. In certain cases, there could be request to
increase the astern thrust due to safety or maneuverability reasons. Full maneuverability
requirements are enclosed in PRS publication no 27/P-2010 [7]. The maneuverability
requirements are not easily implemented by ship-owners due to budget reasons and
sometimes due to lack of test area. Having in mind that, ship operational parameters should
be constant during all day navigational scheme, it is very risky not to install additional energy
power in case of battery powered ships. A solution requested by class society rules is to have
additional source of energy i.e. diesel generating set.
Selected ship examples
Ship A.
Mono-hull ship – The first bigger passenger ship in Poland equipped with electrical
propulsion. The ship was used for short trips on lakes and river estuaries. According to the
available information the design appeared to create some technical and operational problems
– windy weather prevented to be used for tourist trips. Very soon operational use has been
suspended. Ship owner decided to make major modification of the propulsion system and
removed electrical drive into diesel drive. The vessel was prototype with limited founds and
probably without detailed design that should include detailed calculations for battery powered
ship propulsion system. We can assume that in case of this passenger ship having steel
design with construction same as for typical inland waterway ship with diesel propulsion was
to heavy. Battery powered vessel appeared to be uneconomical, slow speed, difficult to make
maneuvers at slow speed so ship owner decided to conduct propulsion machinery conversion
to diesel drive.
Ship B.
Twin hull small passenger ship used as river ferry or water tram used in restricted water
areas like rivers and channels. Advanced design with solar cells appeared economical
solution maximal speed during testing within range defined by Rules. Ship power system
consists of two battery banks and diesel and solar generator. Electrical motors place in
machinery compartment above waterline and power transmission to the propeller is made
using “L” drive. The ship is in operation starting from Sept 2008.
Ship C.
Small solar powered boat of 6m length. Experimental design constructed by a team from
University of Technology. Boat performed several trips on polish rivers and channels as well
DV VRPH WULSV DW VHD LQ *GDĔVN %D\ The electrical motors propulsion power is very low (2
kW) and in windy conditions some problems of not sufficient power has been observed.
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Ship D
Mono-hull small passenger ship – river ferry. Solar powered ferry boat operated in restricted
waters and channels. Ship power system consists of two battery banks and diesel and solar
generator. Propulsion by two electrical underwater motors.
Ship E
Hybrid , electrically and solar energy powered passenger ship for inland waterways.
Completed research project and selected engineering analysis. Model built and testing has
been done. The craft designed to be operated in estuary of Vistula river inland waterway
channels.
Assessment of wind resistance for selected ships with electrical propulsion
Evaluation of wind generated aerodynamic resistance has been done for sample ships
using technical data available in literature and PRS Register of Inland Waterways Ships.
Areas of wind action has been assessed using ship general plans and officially available
dimensional data. Formulas used are those presented above. Results of computations are
presented in Fig. 5.

7DE%DVLFGDWDRIDQDO\]HGSDVVHQJHUVKLSV
Design year
Hull material/shape
Passengers/crew
Length [m]
Beam max [m]
Height
over
waterline [m]
Hull height [m]
Depth [m]
Displacement [dm3]
Weight/Hull height
Cross-section area
over-water [m2]
Cross-section area
longitudinal [m2]
Prop power [kW]
Speed [km/h]
Battery
Autonomy min.
Curve no

SARA

Ship A

Ship B

Ship C

Ship D

Ship E

1998
Cat/Steel
122
18.0
4,5
-

2004
Monohull/Steel
78+2
20.63
4.02
3.94

2008
Cat /GRP
28+2
13.46/11.40
3.02/3.22
2.97

2008
Cat /GRP
10+2
6
2.5
2,7-2,8

2009
Monohull/GRP
28+2
13.9/12,71
3.25
2,7

2013
Monohull/Al
55 + 3
20/19.5
5.7
4.4

33,3
32.4

1,41
0.64

1,32
0.36

0.4
7500

15.84

9.5

2500
5.6

8.78

0,47
28000
?
25.08

36.35

26.4

9.1

31.65

56.63

2x8
10
Yes
8-10

2x8
12
Yes
8h

2x1
8-10
220 kWh
8h

2 x 9.8
12
20, 48V/1000Ah
8h

2 x 12 kW
12-15
Yes

Serie 2

Serie 3

Serie 4

Serie 5

11
9.9
Yes
8-9
Project [3]
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Project
Serie 5



Fig. 5 a


FLJ5 &RPSXWDWLRQUHVXOWVRIDHURG\QDPLFIRUFHVDFWLQJRQWKHDQDO\]HGSDVVHQJHUVKLSVIRUZLQG5÷Û% 
·PV -1RWDWLRQ$UHD–VSDWLDOZLQGVSHHGKDVQRWEHHQDVVXPHG)LJD7RWDODHURG\QDPLFIRUFHDFWLQJRQ
VKLSVDLOLQJLQZLQGEORZLQJIURPYDULRXVGLUHFWLRQV)LJE:LQGUHVLVWDQFHIRUZLQGEORZLQJIURPERZ
0DUNLQJ6HULHV6KLS$6HULHV6KLS%6HULHV6KLS&6HULHV6KLS'6HULHV6KLS(

Risk of under-estimation of ship power requirements
Design calculations should be done bearing in mind all aspects related to the propulsion
power requirements. In practice there are only draft calculations performed and analysis of
hydrodynamic resistance assuming certain – roughly estimated efficiency or not taking into
account all factors that have influence on resistance and propulsion system efficiency.
An example of 6RODU%RDWGHVLJQHGRQ*GDĔVN8QLYHUVLW\RI7HFKQRORJ\ is rare example of
complex design analysis that included also testing in model tank.
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Solution to the problem of under-powered propulsion of small inland waterway crafts.
Class society acceptable solution to the problem of under estimation of power
requirements could be proposed based on:
- Introduction of requirement to provide classification society with computation results
for propulsion system to verify correctness of selection of prime mover. Data needed
for verification could be minimal power for still water, minimal power for maximal
environmental loads that are used by class as figures places in all ship safety
documents – Class certificate. Class society can verify if input data used for selection
of propulsion power are satisfactory from rules point of view.
- Introduction of certain formulas into the rules for ship classification and construction.
In this case the formulas should be based on naval architecture and experimental
experience i.e. using agreed ITTC guidelines and formulas.
Additionally. we can summarize practical aspects of underpowered vessel to the following
conclusions:
1. The ship smaller speed than value set by ship owner could have negative effect (i.e
financial) on project compliance with figures set as design data,
2. Achieved speed lower than 13 km/h could cause a problem with obtaining of EU
inland waterways class certificate. Minimal speed required by Council Directive
82/714/EEC is forward speed. It is obvious that astern speed and in fact effective
thrust will be smaller as well.
3. Worse manoeuvring characteristics measured during trials (normally to be done on
still water) in fact will be worse when combined action of wind and waves will occur.
As the minimum speed for inland ships is a part of class requirements the non-compliance
with that regulation is usually a reason for derogations. Real consequence of underpowered
vessel may result in the necessity of replacement of specific machinery of components
Propulsion upgrade may include:
-

installation of stronger motor as well as modification of propeller,
installation of more efficient batteries.

In case of small craft with limited space and buoyancy, some of such activities may be a
tough task. Change of whole drive may be very expensive and could pose number of
additional modifications and will cost extra money, time and also loss of reputation.
Summary
1. Innovative ship design with electrical propulsion and new energy sources require more
knowledge to perform design due to the fact that detailed computations or simulations
ought to be conducted. There is no such requirements in the existing ship classification
rules for inland waterway crafts. EU Directive 82/714/EEC do not have requirements
for propulsion calculations and only minimal vessel speed is required to be checked
by class or inspection bodies to allow Navigation Documents to be issued. It is
recommended, to provide such data to the ship classification society for verification
purposes on voluntary basis for all ships. Using the results of our study, such approach
ought to be mandatory for passengers ships and ferries, especially of innovative
design.
2. Taking into account the trend towards propulsion efficiency, the available knowledge
and engineering tools approach should be formally included into Rules. Action to
implement new requirements for checking vessels propulsion efficiency and energy
conservation measures to obtain efficient propulsion shall be promoted. Having
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requirements for manoeuvrability prediction or testing included into the requirements
of EU Directive, the extra effort and related cost to perform such calculations for new
ships can be neglected as minor. Now-days it is not complicated to conduct such quite
complex calculations due to availability of software design tools and quite large
amount of data for design analysis.
3. The proposed new requirements should be mandatory for all ferries or passenger ships
with hybrid or pure electric electrical propulsion where batteries are used for storing
energy for propulsion. Propulsion calculations (power, thrust requirements, energy
consumption or conservation …..) with additional aerodynamic resistance calculations
should be required for estimation of the ships manoeuvrability performance in extreme
and possibly all operational conditions. Maximal values should be calculated and
included into booklet for the use of ship master.
4. Elaboration of digital model of electrically propelled ship aerodynamic resistance
during navigation could be further used for development of complex vessel energy
conservation and management system for electrical battery powered surface craft or
ship. The energy management system will be an essential part of ship propulsion
control system allowing to compute and process data necessary for optimal
navigation, operational planning and final decision taking either by ship crew or by
automatic energy management system.
5. The presented findings of short study of underpowered propulsion system in small
electric powered crafts is an example of identification of potential problems that may
occur in case of omitting some environmental phenomena in design phase in case of
innovative ship design. The problem is worth of further exploration using better
selected resistance coefficients as well as real information describing ship structure
and resistance/power data used for computations. The elaborated solution should be
implemented into engineering guidelines.
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THERMODYNAMIC ANALYSIS OF A GENERATION IV SCWR
NUCLEAR POWER PLANT CYCLE
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Abstract
7KLV DUWLFOH SUHVHQWV D IORZ DQG WKHUPRG\QDPLF DQDO\VLV RI D *HQHUDWLRQ ,9 QXFOHDU F\FOH $Q 6&:5
6XSHUFULWLFDO ZDWHU UHDFWRU  LV D KLJK WHPSHUDWXUH DQG KLJK SUHVVXUH UHDFWRU WKDW XVHV ZDWHU DW D WHPSHUDWXUH
DERYH LWV WKHUPRG\QDPLF FULWLFDO SRLQW DV WKH ZRUNLQJ IOXLG 7KH F\FOH XVHG IRU WKH FDOFXODWLRQV FRQVLVWV RI RQH
LQWHUVWDJHVXSHUKHDWHUDQGUHJHQHUDWLYHKHDWH[FKDQJHUV'LYLVLRQSUHVVXUH ZDVRSWLPL]HGLQYLHZRIWKHF\FOH
HIILFLHQF\DQGWKHSRVVLELOLW\RIXVLQJDQRWKHUSUHVVXUHYDOXHWKDWZRXOGEHPRUHEHQHILFLDOGXHWRWKHVWUXFWXUHRI
WKHJULGRIEODGHVZDVPHQWLRQHG

Keywords: QXFOHDUUHDFWRUVVWHDPWXUELQHVWKHUPRG\QDPLFF\FOHV6&:5UHDFWRUV



1. Introduction
Nuclear power engineering is currently on the rise; there are 66 nuclear power units under
construction[1]. Because of the increasing interest in energy generation through nuclear fission,
research is being conducted on the development of a new generation of nuclear reactors (Figure
1). Generation III reactors are currently being constructed, while works are pending on
Generation IV that is to be characterised with:
x increased safety of reactors operation;
x increased proliferative immunity;
x minimization of radioactive waste generation;
x reduction of reactors construction and operation costs.
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)LJ1XFOHDUUHDFWRUVHYROXWLRQ>@


Generation IV reactors are expected to be put into operation following 2030. In this article a
supercritical water reactor (SCWR) is the subject of a thermodynamic analysis. An SCWR
reactor operation is based on two proven technologies: pressure reactors and conventional
supercritical power units. The aim of SCWR reactors is to generate relatively inexpensive
electric energy. A pictorial diagram of an SCWR reactor is given in Figure 2.

)LJ3LFWRULDOGLDJUDPRIDQ6&:5UHDFWRU>@
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2. Thermodynamic cycle used for calculations
A thermodynamic cycle consists of a reactor in which water steam with the following
parameters: t 1 = 570qC and p 1 = 260 MPa is generated. Temperature at the reactor inlet is 250qC.
Steam enters a high pressure (HP) turbine where it expands to p 3 pressure that has been
optimized in view of maximum efficiency of the cycle. Following expansion in the HP section
steam enters the superheater. The cycle consists of 7 regenerative heat exchangers, 3 of which
are supplied from the intermediate pressure (IP) section, while the next 4 are supplied from the
low pressure (LP) section. A schematic diagram is given in Figure 3. The operation of a
circulating pump was assumed for the calculations.

)LJ'LDJUDPXVHGIRUWKH6&:5UHDFWRUFDOFXODWLRQV


Table 1 shows the values used for the calculations. The calculations were based on the
generator shaft power, number of regenerative heat exchangers, efficiency of individual
elements of the cycle.
Table 1.9DOXHVXVHGIRUWKHFDOFXODWLRQV
No. Parameters

Designation

Unit

Value

Ne

MW

182

p1

bar

260

t1

qC

570

4.

Power
Pressure downstream of the
reactor
Temperature downstream of the
reactor
Temperature downstream of the
superheater

t4

qC

570

5.

Pipelines efficiency

KR
K HP
K IP
K LP
KP

-

0,95

-

0,92

-

0,94

-

0,9

1.
2.
3.

6.

HP section efficiency

7.

IP section efficiency

8.

LP section efficiency

9.

Pump efficiency

-

0,8

10. Pressure in the condenser

pk

bar

0,05

11. Rotational speed
Number of regenerative heat
12. exchangers

n

RPM

3000

z

-

7
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3. Optimization of division pressure downstream of the HP turbine
First of all, p 3 pressure was optimized in view of the cycle maximum efficiency. Maximum
efficiency was obtained for p 3 = 130,91 bar, i.e. 0,53 of p 2 pressure. In references it may be
found that the optimum value of p 3 pressure is within 0,2 and 0,25 of p 2 for conventional
systems [5]. The efficiency for such a pressure value amounts to 48,2%. The curve of steam
cycle division pressure in the function of efficiency is given in Figure 4. Further calculations
were performed for various ratios of p 2 /p 3 (Table 2) because of a minor difference in efficiency.
Another value of p 3 pressure may be recommended due to structural reasons. Figure 5 shows
enthalpy reduction at individual sections of the turbine. With the increase of p 3 pressure the HP
section share drops, and the IP section share increases.
No.
1.

Table 2.3UHVVXUHDQGF\FOHHIILFLHQF\
p 3 pressure
p 3 /p 2
[bar]
0,3
Ͷǡͳ

Cycle efficiency
ͲǡͶʹʹͶ

2.

0,4

ͻͺǡͺ

ͲǡͶͻͻͲ

3.

0,53

ͳ͵Ͳǡͻͳ

ͲǡͶͺͳͷ

4.

0,6

ͳͶͺǡʹ

ͲǡͶͺͳ͵ʹ

)LJS  SUHVVXUHRSWLPL]DWLRQFXUYH
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)LJ'LDJUDPRIHQWKDOS\UHGXFWLRQIRUYDULRXVYDOXHVRIS  SUHVVXUH

Figures 6, 7, 8, 9 show a percentage share of enthalpy reduction at individual cylinders of the
turbine. Similarly to Figure 5, a decreased share of enthalpy reduction of the high pressure
section and an increase in the case of the intermediate pressure section may be observed, while
the share of enthalpy reduction of the low pressure section remains practically unchanged for all
the analysed division pressures.

)LJ3HUFHQWDJHGLVWULEXWLRQRIHQWKDOS\UHGXFWLRQDW
LQGLYLGXDOSDUWVRIF\OLQGHUVIRUaGLYLVLRQSUHVVXUH
UDWLRRI

)LJ3HUFHQWDJHGLVWULEXWLRQRIHQWKDOS\UHGXFWLRQDW
LQGLYLGXDOSDUWVRIF\OLQGHUVIRUaGLYLVLRQSUHVVXUH
UDWLRRI

)LJ3HUFHQWDJHGLVWULEXWLRQRIHQWKDOS\UHGXFWLRQDW
LQGLYLGXDOSDUWVRIF\OLQGHUVIRUaGLYLVLRQSUHVVXUH
UDWLRRI

)LJ3HUFHQWDJHGLVWULEXWLRQRIHQWKDOS\UHGXFWLRQDW
LQGLYLGXDOSDUWVRIF\OLQGHUVIRUaGLYLVLRQSUHVVXUH
UDWLRRI
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4. Flow channel design
The flow channel was designed for four division pressure variants. Because of the division
pressure changes, the number of stages in the high pressure and intermediate pressure cylinders
changed. The changes did not affect the low pressure cylinder.
Diagrams 10, 11, 12 and 13 show the shape of the high pressure channel for varying values
of p 3 pressure; the number of stages drops with the increase of the division pressure. With the
lowest division pressure there are eight stages. With the optimum division pressure value there
are only four stages.

)LJ+3IORZFKDQQHOVKDSHIRUaGLYLVLRQSUHVVXUH
UDWLRRI5IRRW–GLDPHWHUIRRWO–OHQJWKEODGHV

)LJ+3IORZFKDQQHOVKDSHIRUaGLYLVLRQSUHVVXUH
UDWLRRI

)LJ+3IORZFKDQQHOVKDSHIRUaGLYLVLRQSUHVVXUH
UDWLRRI

)LJ+3IORZFKDQQHOVKDSHIRUaGLYLVLRQSUHVVXUH
UDWLRRI

The number of stages in the IP channel rises from 12 to 16. Total number of stages of the HP
and IP section for efficiency optimum pressure is 19, one less than in the case of division
pressure lower than optimum.

)LJ,3IORZFKDQQHOVKDSHIRUaGLYLVLRQ
SUHVVXUHUDWLRRI

)LJ,3IORZFKDQQHOVKDSHIRUaGLYLVLRQSUHVVXUHUDWLR
RI
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)LJ,3IORZFKDQQHOVKDSHIRUaGLYLVLRQ
SUHVVXUHUDWLRRI

)LJ,3IORZFKDQQHOVKDSHIRUaGLYLVLRQSUHVVXUHUDWLR
RI

The number of cylinders was calculated for the low pressure section in accordance with the
algorithm presented below. The steam mass stream flowing through the last stage of the LP
turbine:
݉ሶ ൌ ͳͳǡͳͻͺ 

݇݃
൨
ݏ

(1)

Specific volume of steam downstream of the turbine:

Q ൌ ʹ͵ǡ͵ ቈ

݉ଷ

݇݃

(2)

Turbine outlet velocity:
݉
ܿଶ ൌ ʹͷͲ ቂ ቃ
ݏ

(3)

Maximum permissible bending stress affecting the blade:

V ൌ ͵ͷͲሾܽܲܯሿ

(4)

݇ ൌ Ͳǡ͵ͺ͵ሾെሿ

(5)

݇݃
൨
݉ଷ

(6)

Z ൌ ͵ͳͶሾܴܲܯሿ

(7)

Assumed ratio:

Blade material density:

U ൌ ͺͲͲͲ 
Rotational speed:

Boundary surface:

23

: ൌ

V  ͳͲ  ʹS
ൌ ǡʹͻሾ݉ଶ ሿ
݇  U  Zଶ

(8)

Effective area:

:ൌ

݉ሶ  Q
ൌ ͳͲǡͻͷͳሾ݉ଶ ሿ
ܿଶ

(9)

:
ൌ ͳǡͷ ൎ ʹ
:

(10)

Number of cylinders:
ܽൌ

The low pressure turbine was divided into two cylinders. The steam mass stream flowing
through the turbine and bleeders mass streams were divided into two parts.

)LJ/3IORZFKDQQHOVKDSH



5. Summary
Analysing the obtained results we may conclude that the idea of SCWR reactors may
constitute an inexpensive and effective source of electric energy generation. The calculations
also prove that cycles with the above-mentioned reactors have a high efficiency. It should also
be highlighted that the optimum division pressure is higher than in the case of conventional
cycles. The analysis of flow channels shows that in some cases the adoption of a pressure value
other than the optimum one may be more beneficial, due to the structure of the grid of blades.
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OPERATING PROBLEMS OF TURBOCHARGING SYSTEMS IN
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Abstract
Supercharging of diesel engines is one of the most popular methods of improvement of their operating indexes by
influencing their general efficiency, volumetric and mass power coefficient (downsizing), unit exhaust emissions etc.
Turbocharging systems are commonly used in compression-ignition engines and spark ignition engines. The most
common type of supercharging is turbocharging based on a turbocharger as the main element.
It is a flow machine, in which a turbine rotor and compressor rotor are found on the common shaft. The turbine
rotor is propelled with the exhaust gas from the engine while the intake air flows through the compressor rotor. The
use of a turbocharger allows utilization of waste energy of the exhaust gas for improvement of parameters of the air
supplied to the cylinders from the point of view of fuel combustion (increase of density and turbulence degree).
Due to unfavorable operating conditions such as high temperature of the exhaust gas (for compression-ignition
engines – up to approx. 800 ºC and for spark ignition engines – up to approx. 1100 ºC), very high rotational speed (up
to approx. 250 000 rpm), precise structure and complex encapsulation, a turbocharger is particularly exposed to
damage or failures.
The operating problems of contemporary diesel engine turbocharging systems as discussed in this paper, relating
to turbochargers and deriving from research and expert practice of the authors, constitute conclusions of the activities
to some extent, which may contribute to further works on the improvement of diesel engine charging systems. This
paper presents four types of damage occurring in turbochargers as divided into their causes. According to the division
assumed in this paper, the damage is caused by:
- inappropriate lubrication,
- presence of foreign objects,
- exceeding the admissible rotational speed of the turbocharger shaft or excessive pressure and exhaust gas
temperature,
- corrosion.
This paper addresses each of the above-mentioned cases and describes causes and effects of the same.
Keywords: compression-ignition engines, damage, turbocharger, turbocharging

1.Introduction
Engine charging involves feeding fresh charge of increased density into the engine cylinders,
ZKLFKHQDEOHVIHHGLQJJUHDWHUIXHOPDVV ZLWKRXWFKDQJLQJWKHȜDLUH[FHVVFRHIILFLHQW &KDUJLQJ
aims at increasing of the unit power, efficiency and decreasing WKHXQLWH[KDXVWHPLVVLRQV>@7KH
LQFUHDVH RI WKH FKDUJH GHQVLW\ LV REWDLQHG ZLWK DQ H[WHUQDO PDFKLQH FRPSUHVVRU  RU WKH XVH RI
G\QDPLF SURSHUWLHV RI WKH HQJLQH LWVHOI 7KH LPSURYHPHQW RI FKDUJLQJ ZKLFK FRQVLGHUDEO\
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LPSURYHVWKHHQJLQHHIILFLHQF\ FRnsistent with the improvement of the power energy balance, is
based on the increase of the turbocharger output in a wide range of revolutions and taking into
DFFRXQWRIWKHHQJLQHSURSHUWLHVDQGDUHGXFWLRQRIWKHWXUELQHLQHUWLD
7KXV WKH HYROXWLRQ RI FKarging systems leads to the improvement of the turbocharger
efficiency and opportunities to control the charging pressure regardless of the engine operating
FRQGLWLRQV0DNLQJDFRPSUHVVRUGULYHLQGHSHQGHQWRIWKHHQJLQHSDUDPHWHUVPDNHVLWSRVVLEOHWR
preFLVHO\FRQWUROWKHFKDUJLQJSUHVVXUH
Initially, mainly turbochargers fitted with a wastegate were used in direct injected
compression-LJQLWLRQ HQJLQHV ZKLFK ZHUH ODWHU UHSODFHG E\ YDULDEOH JHRPHWU\ WXUERFKDUJHUV
7XUERFKDUJLQJ LQ KLJK-volume vehicle prodXFWLRQ ZDV ILUVW DSSOLHG LQ WKH HDUO\ V LQ D *0
&KHYUROHW&RUYDLU8QIRUWXQDWHO\WKHYHKLFOHZDVFKDUDFWHUL]HGE\SRRURSHUDWLQJLQGH[HVGXULQJ
operation at low speed ranges– its turbocharger was highly inertial, which generated a ‘turbolag’,
which made VPRRWKGULYLQJLPSRVVLEOH
A “turbolag” was the biggest problem in early turbocharged engines and discouraged drivers
IURP XVLQJ VXFK VROXWLRQV 'HVSLWH WKH IDFW WKDW WXUERFKDUJHG HQJLQHV ZHUH XVHG VXFFHVVIXOO\
GXULQJ FDU UDFHV %0:  ) IRUPXOD  SDVVenger cars always required a more evenly
GLVWULEXWHGVXSSO\RISRZHU7XUERFKDUJHUVRIWKDWSHULRGZHUHODUJHDQGKHDY\DQGEHJDQWRURWDWH
RQO\DWWKHVKDIWUHYROXWLRQVRIUSPDQGWKHLUSRZHUIRUORZVSHHGVZDVUDWKHUORZ
,Q3RUVFKHZDVWKHILUst company to manufacture the first turbocharged vehicle operating
LQDGLIIHUHQWZD\,WZDV3RUVFKH7XUERZLWKDPHFKDQLVPDOORZLQJDWXUERFKDUJHUWRJDLQ
VSHHGEHIRUHWKHVXSHUFKDUJLQJDFWXDOO\EHJDQ7KHHVVHQFHRIWKLVPHFKDQLVPZDVDUHFLUFXOation
SLSHDQGDYDOYHWKDWVWDUWHGH[KDXVWJDVUHFLUFXODWLRQEHIRUHWKHH[KDXVWJDVJHQHUDWHGDGHTXDWH
SUHVVXUHIRUWKHRSHUDWLRQRIDWXUELQH7KHUHIRUHWKHµWXUERODJ¶ZDVPXFKVKRUWHUDQGLWVSRZHU
LQFUHPHQWZDVPRUHOLQHDU
7KUHH\HDUVODWHU3RUVFKHPDQXIDFWXUHGD7XUERZLWKOHQJLQHZKLFKIROORZHGWKH
7XUERRI7KHYHKLFOHZDVHTXLSSHGZLWKDLQWHUFRROHU
'HYHORSPHQWRIFKDUJLQJV\VWHPVDLPVDWWKHLPSURYHPHQWRIWKHHIILFLHQF\RIWXUERFKDUJHUV
and the opportunities to control the charging pressure regardless of the engine operating
FRQGLWLRQV0DNLQJDFRPSUHVVRUGULYHLQGHSHQGHQWRIWKHHQJLQHSDUDPHWHUVPDNHVLWSRVVLEOHWR
SUHFLVHO\ FRQWURO WKH FKDUJLQJ SUHVVXUH (OHFWULFDOO\ GULYHQ FRPSUHVVRUV DUH D SRVVLELOLW\ LQ WKH
IXWXUH$Sart from precise control, their additional strong point involves an opportunity to increase
WKH HIILFLHQF\ RI WKH H[KDXVW JDV DIWHUWUHDWPHQW V\VWHPV E\ HOLPLQDWLQJ RI D WXUELQH FDXVLQJ D
GHFUHDVH LQ WKH WHPSHUDWXUHRIWKHH[KDXVWJDVGLUHFWHG WR WKHDIWHUWreatment systems ( NO [  and
3PLQSDUWLFXODU $WHFKQRORJLFDODQGVWUXFWXUDOLPSURYHPHQW LQFOXGLQJWKHLPSURYHPHQWRIWKH
LQHUWLDSDUDPHWHUV FRXOGEHDFKLHYHGE\DGHFUHDVHRIWKHZHLJKWRIWKHWXUELQHDQGFRPSUHVVRU
URWRUV $Q RYHUYLHZ RI PRGHUQ FKDUJLng system solutions is widely described in the subject
OLWHUDWXUH
$ WXUERFKDUJHU LV SURSHOOHG ZLWK H[KDXVW JDV DQG LWV WDVN LV WR SXPS WKH ODUJHVW SRVVLEOH
YROXPH RI DLU LQWR WKH F\OLQGHUV ,W LV SODFHG LQ WKH H[KDXVW PDQLIROG DV FORVH DV SRVVLEOH WR WKH
H[KDXVW JDV LQOHW WR WKH PDQLIROG VR DV QRW WR ORVH WKH NLQHWLF HQHUJ\ RI WKH H[KDXVW JDV IRU WKH
SDVVDJH LQ WKH H[KDXVW V\VWHP ([KDXVW JDV SDVVLQJ ZLWK KLJK VSHHG GULYHV WKH WXUELQH URWRU
FRQQHFWHGZLWKWKHFRPSUHVVRUURWRUE\DFRPPRQVKDIW$LULVVXFNed mostly by a cone filter and
JHWV VWUDLJKW LQWR WKH LQOHW PDQLIROG DIWHU FRPSUHVVLRQ 7KH WXUELQH URWRU URWDWHV ZLWK WKH VSHHG
UHDFKLQJ USP7KHH[KDXVWJDVRIWKHWHPSHUDWXUHRIo& DQGWKHKLJKURWDWLQJVSHHG
cause the turbocharger to heat up WRYHU\KLJKWHPSHUDWXUHV6XFKH[WUHPHRSHUDWLQJFRQGLWLRQVDUH
YHU\GHPDQGLQJ
$ WXUERFKDUJHU KDV WR EH SUHFLVHO\ PDQXIDFWXUHG IURP PDWHULDOV RI WKH KLJKHVW TXDOLW\ ,W
FRQVLVWV RI DQ H[KDXVW JDV GULYHQ WXUELQH DQG D FRPSUHVVRU PRXQWHG RQ WKH RSSRVLWH Hnds of a
FRPPRQVKDIWDQGFORVHGLQDFDVWVKURXG

26

$QH[KDXVWJDVWXUELQHKDVDWXUELQHZKHHODQGDVKURXGZLWKDQLQOHWDQGRXWOHWFDVWRIKLJKcadmium alloys or heat-resistant alloys based on cobalt and cast with the use of the lost cast
ZD[LQJ WHFKQRORJ\ $Q DLU FRPSUHVVRU LV FRPSRVHG RI D FDVW FRPSUHVVRU ZKHHO DQG WKH VKURXG
Both sections are mounted on the opposite ends of a common shaft and closed in a cast central
ERG\RIWKHWXUERFKDUJHU
A shaft connecting two sections is embedded with the use of a carefully designed system of
EHDULQJVIRUREWDLQLQJKLJKURWDWLRQDOVSHHGVDQGXQOLNHWKHFUDQNVKDIWEHDULQJVIRUVPDOOORDGV
7KH\KDYHWRPDLQWDLQWKHWXUELQH DQGFRPSUHVVRUZKHHOVLQWKHVPDOOHVWSRVVLEOHGLVWDQFH IURP
WKHVKURXG7KHPDLQWRROLQNeeping their position is the space filled with oil found between the
VKURXGWKHEHDULQJVDQGWKHVKDIW7KH\KDYHDGHFLVLYHLQIOXHQFHRQWKHHIILFLHQF\DQGGXUDELOLW\
RIWKHWXUERFKDUJHU
6HDOLQJ V\VWHPV VHSDUDWH WKH VKURXG IURP WKH WXUELQH DQG FRPSUHVVRU VHFWLRQV 7KH\ SUHYHQW
oil from passing to the operating area of the turbine and compressor and from passing of the
H[KDXVWJDVWRWKHFHQWUDODUHDRIWKHWXUERFKDUJHU
7KH DSSOLHG HQJLQH RLO KDV WR EH RI WRS TXDOLW\ )ROORZLQJ WKH VWDUW RI WKH HQJLQH DQd before
GULYLQJ WKH HQJLQH VKRXOG UHDFK WKH RSHUDWLQJ WHPSHUDWXUH RI DSSUR[ o& LQ RUGHU WR HQVXUH
PLQLPXP DSSURSULDWH FRQGLWLRQV IRU OXEULFDWLRQ RI WKH WXUERFKDUJHU EHDULQJV 7KH VDPH UXOH
DSSOLHVZKHQWKHHQJLQHLVVWRSSHG0RGHUQYHKLFOHVDUHHTXLSSed with a turbo timer preventing
immediate engine stop after high-VSHHGGULYLQJDQGVKRZLQJWKHWLPHOHIWIRUWKHWXUELQHWRFRRO
One of the basic signals of a failure of the turbocharger is a decrease in the engine power and
increased noise during engine RSHUDWLRQ $QRWKHU V\QGURPH RI WXUELQH ZHDU LV WDLOSLSH VPRNH
%OXH H[KDXVW JDV PD\ LQGLFDWH WKDW HQJLQH RLO LV EXUQW ZKLFK PD\ EH FDXVHG E\ D ORVV RI
DLUWLJKWQHVVRIWKHWXUELQHZKHUHDVEODFNH[KDXVWJDVPD\LQGLFDWHWKDWVRPHIXHOUHPDLQVXQEXUQW
and WKHWXUELQHSXPSVWRROLWWOHDLU7KHUHDUHPDQ\UHDVRQVIRUVPRNHDSSHDUDQFH IDLOXUHRIWKH
LQMHFWLRQ SXPS RU LQMHFWRUV  7KHUHIRUH QRW HYHU\ VPRNH DSSHDUDQFH VLJQLILHV D IDLOXUH RI WKH
WXUERFKDUJHU$WXUERFKDUJHUIDLOXUHPD\DOVROHDGWRHQJLQHRYHUORad, which is at best indicated
E\DOLJKWRQWKHLQVWUXPHQWFOXVWHUDQGLQH[WUHPHFDVHVPD\OHDGWRHQJLQHGDPDJH>@
'HVSLWHWKHIDFWWKDWWXUERFKDUJHUVDUHSUHFLVLRQGHYLFHVWKHLUPHFKDQLVPLVUHODWLYHO\VLPSOH
VWURQJDQGHIIHFWLYH+LJKURWDWLRQDO VSHHGVRIWKHURWRUVDQGKLJKWHPSHUDWXUHRIWKHH[KDXVWJDV
UHQGHU WKH WXUERFKDUJHUV YHU\ VHQVLWLYH WR LQDSSURSULDWH RSHUDWLRQ $VVXPLQJ DSSURSULDWH
RSHUDWLRQDWXUERFKDUJHUFDQRSHUDWHZLWKRXWIDLOXUHVIRUDORQJSHULRG QROHVVWKDQ 000 km
of the YHKLFOHPLOHDJH 
7\SHVRIWXUERFKDUJHUGDPDJH
'LYLVLRQ
7\SHVRIWXUERFKDUJHUGDPDJHZHUHGLYLGHGLQWHUPVRIGDPDJHFDXVHV7KHVHDUH
- inappropriate lubrication,
- presence of foreign objects,
- H[FHHGLQJ WKH DGPLVVLEOH WXUERFKDUJHU URWDWLRQDO VSHHG RU H[FHVV SUHVVXUH DQG H[KDXVW JDV
temperature,
- FRUURVLRQ
7KH IXUWKHU SDUW RI WKLV SDSHU DGGUHVVHV HDFK RI WKH DERYH-mentioned cases and describes
causes and effects of the same
,QDSSURSULDWHOXEULFDWLRQ
7KHUHDUHVHYHUDO UHDVRQV IRULQDSSURSULDWH OXEULFDWLRQ )LUVWRI WKHP LV UHODWHG GLUHFWO\ WRoil
DQG LWV ILOWHU – D WXUERFKDUJHU LV OXEULFDWHG ZLWK RLO IURP WKH HQJLQH RLO V\VWHP %HFDXVH RI
RSHUDWLRQLQVHYHUHFRQGLWLRQVDQGIRUH[DPSOHSDUWLDOFRPEXVWLRQRIRLOWKHRLOSDUDmeters may
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EHGHWHULRUDWHGZKLFKUHVXOWVLQDFKDQJHRIWKHRLOGHQVLW\YLVFRVLW\ DQGUHVLVWDQFHWRIRDPLQJ
7KH RLO PD\ EH FRQWDPLQDWHG ZKLFK PD\ FDXVH PLFUR-machining, scratching or grooving of the
WRS OD\HUV RI WKH DVVHPEOLHV &RQWDPLQDWHG RLO FDXVHV accelerated wear of the bearings and
GHVWUXFWLRQRIWKHPLGSDUWZKHUHWKHEHDULQJVDUHILWWHG7KHRLOPD\KDYHORZRULJLQDOTXDOLW\RU
EHLQDSSURSULDWHO\VHOHFWHGIRUWKHHQJLQH,WLVDOVRsignificant to select an appropriate oil filter of
adequate parDPHWHUV$GDPDJHGRUFRQJHVWHGILOWHUPD\FRQVLGHUDEO\GHWHULRUDWHWKHWXUERFKDUJHU
OXEULFDWLRQ
7RVXPXSDGDPDJHRIWXUERFKDUJHUVPD\LQWKLVFDVHEHDUHVXOWRI
- poor engine oil quality,
- deterioration of the oil quality as a result of partial coPEXVWLRQRIRLO
- failure to ensure periodical replacement of oil and its filter,
- congested, damaged or poor quality oil filter,
- failure of the oil filter bypass valve,
- engine wear,
7KHHIIHFWVRIWKHGDPDJHDUHLQWKHILUVWVWDJHYLVLEOHLQWKHIRUm of scratches on the race of
WKHWUDQVYHUVH )LJ DQGORQJLWXGLQDOEHDULQJV )LJ 

Fig. 2.1. Scratches of transverse bearings

Fig. 2.2. Scratches of longitudinal bearings

'DPDJHRIEHDULQJVOHDGVWRDVHL]XUHRIWKHWXUERFKDUJHUVKDIWMRXUQDO )LJ 7KHUHVXOWLQJ
gaps may cause scratching of the turbine or compressor rotor vanes against the body surface,
ZKLFKUHVXOWVLQGDPDJHRIWKHVDPH ILJV 
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Fig. 2.3. Deep scratches on the shaft caused by
contaminated oil

Fig. 2.4. Damage of the body surface on the side of
the turbine

7KHFRPSUHVVRU )LJ RUWXUELQHURWRUYDQHVDUHDOVRGDPDJHG

Fig. 2.5. Damage to the compressor vanes caused by excessive shaft play

$VFDQEHREVHUYHGDVLQJOHGDPDJHLVIROORZHGE\DQRWKHU,QRUGHUWRSUHYHQWVXFKW\SHRI
damage, oil and filters should be of good quality and need to be replaced with each repair of the
WXUERFKDUJHU $GGLWLRQDOO\ RLO DQG ILOWHUV should be replaced at regular intervals in accordance
with the vehicle manufacturer’s recommendations or even more frequently when used in arduous
GXVWLQJFRQGLWLRQV
([DPSOHV RI LUUHJXODULWLHV LQ WKH OXEULFDWLQJ SURFHVV DOVR LQFOXGH oil VWDUYDWLRQ 3UHFLVely
PDWFKHG SDUWV RI WKH WXUERFKDUJHU KDYH WR RSHUDWH LQ SHUPDQHQW RLO ILOP ,Q FDVH RI HYHQ VPDOO
lubrication disorders, rotating and stationary parts may contact, which will lead to serious damage
LPPHGLDWHO\$VLGHIURPOXEULFDWLQJRIWKHFRRSHUDWLQJSDUWVRLODOVRZRUNVDVDFRROLQJPHGLXP
5HDVRQVIRUPRPHQWDU\RLOVWDUYDWLRQ
- inappropriate turbocharger startup after reassembly or repair,
- renewal of oil and its filter,
- a long dwell time in vehicle operation,
- low pressure of oil due to poor functioning of the lubrication system,
- FRQWDPLQDWLRQRIRLOIRUH[DPSOHZLWKFRRODQWRUIXHO
- inappropriate engine start in low temperatures,
- RSHUDWLRQRIWKHHQJLQHLQRYHUORDGFRQGLWLRQV KLJKORDGIRUORZHQJLQHVSHHGV 
Because of oil starvation, especially a prolonged one, the surface of the shaft and the bearings
ZLOOJHWSROLVKHGDQGZLOOVHL]H )LJ 
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Fig. 2.6. Seized and damaged surfaces of the bearings

Lubrication problems may also be caused E\ODFNRIRLORUFRQVLGHUDEOHGHFUHDVHLQWKHRLO
SUHVVXUH 2LO SUHVVXUH GHILFLW LV WKH PRVW VHULRXV IRUP RI RLO VWDUYDWLRQ LQFLGHQWV DQG PD\ EH
DWWULEXWHGWR
- bent, broken or congested turbocharger oil duct,
- faulty oil pump,
- low pressure of oil in the engine oil pan,
- penetration of air into the lubrication system,
- ODFNRIOXEULFDWLRQGXHWRH[FHVVLYHO\ORQJRSHUDWLRQRIWKHYHKLFOHLQKLJKWHUUDLQLQFOLQDWLRQ
FRQGLWLRQV
&RQVLGHUDEOHVKRUWDJHRIRLOSUHVVXUHIRUDQH[WHQGHGSHULRG H[FHHGLQJ- VHFRQGV FDXVHV
damage to tKHWXUERFKDUJHUEHDULQJV7KLVUHVXOWVLQSROLVKLQJDQGEXUQLQJRIWKHEHDULQJVVXUIDFH
)LJ DVZHOODVGLVFRORUDWLRQVRIWKHVKDIWUHVXOWLQJIURPVLJQLILFDQWO\LQFUHDVHGWHPSHUDWXUH
)LJ 

Fig. 2.7. Overheated longitudinal bearing and seized surface of the turbocharger shaft

7KHODFNRIRLOLVPRUHGDQJHURXVWKDQLWVLQVWDQWDQHRXVVKRUWDJHDQGPRUHIUHTXHQWO\OHDGVWR
VHL]XUHV RI WKH VXUIDFH RI WKH EHDULQJV DQG WKH VKDIW LQFOXGLQJ WKRVH RI WKH ORQJLWXGLQDO VKDIW
which consequently leadVWRDGHVWUXFWLRQRIWKHWXUERFKDUJHU
Another lubrication problem is LQKLELWHGRXWIORZRIRLOIURPWKHWXUERFKDUJHUReasons
- FRQJHVWHGGUDLQGXFWRIWKHWXUERFKDUJHU )LJ 
- EORZE\LQWKHSLVWRQDQGF\OLQGHUV\VWHP HVSHFLDOO\IRUH[FHVVLYHSUHVVXUHDERYHK3D 
- congested venting system,
- H[FHVVLYHO\KLJKRLOOHYHO
'LVRUGHUVLQWKHRLORXWIORZPD\FDXVHDGHFUHDVHLQWKHRLOSUHVVXUHDQGGHWHULRUDWLRQRIWKH
lubrication, which may lead to effects similar to those connected with decreased lubrication
SUHVVXUHRURLOVWDUYDWLRQ
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7KHSUHVHQFHRIIRUHLJQREMHFWV
7KHGDPDJHLVFDXVHGEHFDXVHRISHQHWUDWLRQRIIRUHLJQREMHFWV HOHPHQWVRIWKHDLUILOWHUER[
RU WKH ILOWHU LWVHOI IUDJPHQWV RI SLVWRQ ULQJV RU VSDUN SOXJV  LQWR WKH H[KDXVW RU LQWDNH V\VWHP
)RUHLJQREMHFWVPD\DOVRLQFOXGHWLQ\IUDJPHQWVRISLVWRQVRUYDOYHVDQGFDUERQGHSRVLWVIURPWKH
FRPEXVWLRQFKDPEHU'DPDJHFDXVHGE\IRUHLJQREMHFWVLVYLVLEOHRQWKHWXUELQHDQGFRPSUHVVRU
YDQHV7KHXVHRIDFRPSUHVVRUZLWKGDPDJHGYDQHV WKHWXUELQHDQGWKHFRPSUHVVRUYDQHV OHDGV
WR IXUWKHU GDPDJH DV WKH V\VWHP LV XQEDODQFHG ([DPSOHV RI GDPDJH FDXVHG EHFDXVH RI
SHQHWUDWLRQRIDIRUHLJQ REMHFW LQWR WKH FRPSUHVVRUDQGWXUELQH DUH SUHVHQWHG LQ )LJ  DQG 
UHVSHFWLYHO\
&DXVHV
- foreign objects left after reassembly or repair,
- ineffective air treatment system,
- loss of airtightness or damage to the engine air intake system,
- GDPDJHWRWKHHQJLQH GDPDJHGYDOYHJXLGHVRUKHDWHUV 
'DPDJH UHVXOWLQJ IURP WKH SHQHWUDWLRQ RI IRUHLJQ REMHFWV LQWR WKH H[KDXVW RU LQWDNH V\VWHP
result from negligence of the staff and may cause widespread damage, which can render any
WXUERFKDUJHU LUUHSDUDEOH 7KH PHFKDQLVP RI GDPDJH LV RI HURVLYH FKDUDFWHU DQG GHSHQGV RQ WKH
VL]HRIDIRUHLJQREMHFWJHWWLQJRQWRWKHURWRUYDQHV(YHQWKHVPDOOHVWHOHPHQWFDUULHGZLWKWKHDLU
RUH[KDXVWJDVIORZKDVDVWURQJLQIOXHQFHRQWKHYDQHVDVDUHVXOWRIFRQVLGHUDEOHJDVIORZHQHUJ\

Fig. 2.8. Damage following penetration of a foreign object into the compressor

Fig. 2.9. Damage following penetration of a foreign object into the turbine

 ([FHHGLQJ WKH DGPLVVLEOH URWDWLRQDO VSHHG RI WKH WXUERFKDUJHU VKDIW RU H[FHVVLYH
SUHVVXUHDQGWHPSHUDWXUHRIWKHH[KDXVWJDV
([FHVVLYH LQFUHDVH RI WKH WXUERFKDUJHU VKDIW VSHHG LQ FRQQHFWLRQ ZLWK DQ LQFUHDVH LQ WKH
H[KDXVW JDV WHPSHUDWXUH FDQ EH REVHUYHG LQ FDVHV RI LQDSSURSULDWH FKDQJHV LQ WKH LQMHFWLRQ PDS
XQDXWKRUL]HG VRIWZDUH XSGDWH  ([FHVVLYH VSHHG RI WKH URWRU PD\ DOVR EH FDXVHG E\ XQOLPLWHG
FKDUJLQJSUHVVXUHIRUKLJKHUHQJLQHVSHHGV7KLVPD\EHFDXVHGE\EORFNLQJ FDUERQGHSRVLWV RI
WKH JHRPHWU\ LQ D VHWWLQJ IRU ORZ HQJLQH VSHHGV ,Q DGGLWLRQ WKH DEVHQFH RI FKDUJLQJ SUHVVXUH
contURO IDYRUV XQFRQWUROOHG LQFUHDVH LQ WKH URWRU VSHHGV 6XFK VLWXDWLRQ RFFXUV LQ WKH FDVH RI
damage to an electrical adjuster, the electrical system of a vehicle or loss of airtightness of the
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WXUERFKDUJHUSQHXPDWLFFRQWUROV\VWHP2QWKHRWKHUKDQGORVVRI airtightness of the intake system
of a vehicle on the compression side cause the turbocharger to operate with smaller loads, which
DOVR OHDGV WR DQ LQFUHDVH LQ WKH WXUERFKDUJHU VKDIW VSHHG ,QFUHDVHG SUHVVXUH RI WKH H[KDXVW JDV
JHQHUDWHVD[LDOIRUFHVLQIOXHQFLQJWKHWXUELQHURWRU7KLVUHVXOWVLQDQLQFUHDVHGZHDURIWKHWKUXVW
EHDULQJDQGWXUERFKDUJHUVHDOULQJVZKLFKPD\EHFDXVHGE\LQDSSURSULDWHHQJLQHRSHUDWLRQ
On the other hand, overheating of the turbocharger is caused, above all, by deterioration of its
FRROLQJFRQGLWLRQVZKLFKLVPDLQO\FDXVHGE\H[FHVVLYHO\TXLFNHQJLQHVWRSDIWHURSHUDWLRQIRUD
SURORQJHG SHULRG SDUWLFXODUO\ XQGHU KLJK ORDGV 7KLV W\SH RI RYHUKHDWLQJ FRQVWLWXWHV RQH RI WKH
most dangerous factors causing heavy damage of the coPSUHVVRUUHQGHULQJLWLUUHSDUDEOH
2YHUKHDWLQJOHDGVWRWKHDFFXPXODWLRQRIFDUERQGHSRVLWV IURPEXUQWRLO ZKLFKUHVXOWVIURP
H[FHVVLYHWHPSHUDWXUHRIWKHH[KDXVWJDVRUH[FHVVLYHO\TXLFNVWRSRIWKHHQJLQHDIWHURSHUDWLRQ
7KLVPD\EHSUHYHQWHGE\OHWWLQJWKHHQJLQHLGOHIRUDSHULRGRIDSSUR[PLQXWH WKHSHULRGRI
WLPHQHFHVVDU\WRFRROWKHWXUERFKDUJHU 7KHWUDQVIHURIKLJKWHPSHUDWXUHIURPWKHWXUELQHVKURXG
to the mid part of the turbocharger causes oil burning and corrosion of the turbocharger EHDULQJV
7KHPDLQGDPDJHLVREVHUYHGRQWKHJURRYHVDQGVHDOULQJVRIWKHWXUELQHVKDIW )LJ DVZHOO
DVRQWKHEHDULQJDQGWKHEHDULQJSLQV

Fig. 2.10. Damage of the groove, the seal ring and the longitudinal bearing pins

'DPDJHREVHUYHGLQWKHDUHDVRIWKHWXUERFKDUJHUVHDOVOHDGWRRLOORVVHV$GGLWLRQDOO\LWOHDGV
WRXQLQWHQGHGRXWIORZVRIDLUDQGH[KDXVWJDV )LJ 

Fig. 2.11. Sources of oil leakage and blowby of air and exhaust gas in the turbocharger [2]

%XUQW RLO DOVR FDXVHV FRQJHVWLRQ RI WKH RLO RXWIORZ LQ WKH PLGSDUW RI WKH VKURXG )LJ  
7KLVXVXDOO\UHVXOWVLQDGHVWUXFWLRQRIWKHVKDIWDQGWKHPLGSDUWRIWKHVKURXGLQSODFHVZKHUHLW
FRRSHUDWHVZLWKWKHVHDOULQJDQGWKHEHDULQJV
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Fig. 2.12. The result of overheating – congested (by oil originating carbon deposits) turbocharger drain duct

&DXVHV
- congested or worn air filter element,
- H[FHVVLYHO\TXLFNHQJLQHVWRSDIWHURSHUDWLRQ
- inefficient engine power system as connected with inappropriate operation of injectors,
- H[FHVVLYHO\ORQJSHULRGRIRSHUDWLRQZLWKRXWRLOFKDQJH
- EORZE\RIDLUDQGH[KDXVWJDV
- inefficient injectors,
- inappropriate assembly of the turbine,
- inefficient turbocharger lubrication system,
- inefficient RLOUHWXUQV\VWHP GHIHFWVLQHQJLQHFUDQNVKDIWYHQWLQJ 
- H[FHVVLYHWHPSHUDWXUHRIWKHH[KDXVWJDV )LJ 

Fig. 2.13. Chipped and melted turbine rotor vanes because of high exhaust gas temperature

&RUURVLRQ
&RUURVLRQRIDSUHVVXUHDGMXVWHU LVDUHODWLYHO\UDUHGDPDJHLQWKHDUHDRIWKHWXUERFKDUJHU )LJ
 6XFKDIDLOXUHUHVXOWVLQWKHDEVHQFHRIUHDFWLRQRIWKHWXUERFKDUJHUWRWKHVLJQDOIURPWKH
DFFHOHUDWLRQSHGDO6XFKVLWXDWLRQVDUHRIWHQWKHFDVHLQ9RONVZDJHQ*URXSYHKLFOHV
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Fig. 2.14. Corroded pressure adjuster of the turbocharger in Skoda Octavia

&RQFOXVLRQV
7KHGHYHORSPHQWRIGLHVHOHQJLQHVDOZD\VDLPVDWGHFUHDVLQJWKHIXHOFRQVXPSWLRQLQFUHDVLQJ
the power to capacity ratio, reducing the engine weight, ensuring reliability of operation under
YDULRXV RSHUDWLQJ FRQGLWLRQV DQG LQFUHDVLQJ LWV GXUDELOLW\ 2QH RI WKH ORQJ NQRZQ PHWKRGV RI
HQJLQH LPSURYHPHQW LV HQJLQH VXSHUFKDUJLQJ 6WUXFWXUDO VROXWLRQV DSSOLHG LQ WKH VXSHUFKDUJLQJ
HTXLSPHQWKDYHJUHDWO\HYROYHG'HVSLWHWKe fact that a turbocharger is a high precision device, its
PHFKDQLVP LV UHODWLYHO\ VLPSOH VWURQJ DQG HIIHFWLYH ,I SURSHUO\ RSHUDWHG D WXUERFKDUJHU FDQ
RSHUDWH UHOLDEO\ IRU \HDUV GHVSLWH WKH IDFW WKDW LWV RSHUDWLQJ FRQGLWLRQV DUH YHU\ DUGXRXV
7XUERFKDUJers GRQRWUHTXLUHDQ\VSHFLDOPDLQWHQDQFH$SHULRGLFDOLQVSHFWLRQRIWKHWXUERFKDUJHU
ILWWLQJLQWKHHQJLQHLVXVXDOO\VXIILFLHQWZKLFKHQVXUHVDSSURSULDWHRSHUDWLRQRIWKHWXUERFKDUJHU
7KH GLVFXVVHG RSHUDWLQJ SUREOHPV RI PRGHUQ GLHVHO HQJLQH VXSHUFKDUging systems widely
LQYHVWLJDWHGGXULQJWKHDXWKRU¶VUHVHDUFKDQGH[SHUWSUDFWLFHDUHWRVRPHH[WHQWWKHFRQVROLGDWLRQ
of the author’s activity, which may contribute to further works on the improvement of diesel
engine supercharging systems
5HIHUHQFHV
>@ ,G]LRU 0 1RZH PHWRG\ UR]ZLą]\ZDQLD SUREOHPyZ ZVSyáF]HVQ\FK VLOQLNyZ R ]DSáRQLH
samoczynnym =HV]\W\ 1DXNRZH ,QVW\WXWX 3RMD]GyZ 3ROLWHFKQLNL :DUV]DZVNLHM QU   

>@ Piston and engine testing0$+/(*PE+6WXWWJDUW
>@ :LVáRFNL . 6\VWHP\ GRáDGRZDQLD V]\ENRREURWRZ\FK VLOQLNyZ VSDOLQRZ\FK :DUV]DZD
:.Là
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ENERGY STORAGE IN COMPRESSED AIR – SOLUTION
SUPPORTING RENEWABLE ENERGY SOURCES
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1. Introduction
The provision of a sufficient amount of energy is one of the fundamental challenges that
mostly highly developed countries are currently facing. The conducted analyses show that the
increase in power demand is close to 1% per year, while in recent years in Poland it amounted to
2% [1]. That is why the continuous development of power generating capacity, modernization of
the existing high power units, support of distributed power generation and renewable energy
sources are of crucial importance.
Some alternative energy sources, though inexhaustible and commonly available, occur
periodically and are usually not correlated with the period in which they are in demand [2]. Energy
storage is closely linked to renewable energy sources, as it is essential in order to guarantee the
stable operation of a power system.
Energy storage is a well known problem. Its history reaches as far as the beginning of
generation, transmission, distribution and usage of electric energy. Many prototype systems are
currently being launched that enable a large-scale transfer of energy generated by renewable
sources to peak demand periods.
The demand for energy supplied to the NPS 1 varies in time. It is related to short-term
fluctuations of energy consumption each day and seasonal changes. When highly unpredictable
sources are introduced into the system, electric energy consumption is even more variable. Wind
and solar power plants are both examples of such sources [3]. The rate of increase in wind power
1

National Power System
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plants installed capacity made it necessary for many countries to search for new technical solutions
providing for the stabilization of the NPS. Energy storage in compressed air is one of such
solutions.
2. Impact of wind turbines on the power system
The conversion of mechanical energy into electric energy is the last stage of energy conversion
in most power plants. Electric energy generated in a power plant is transferred to the power
system, where it is consumed by consumers. The system load varies in time. Certain peak and offpeak periods of power demand may be differentiated during the day, which is reflected in Figures
1 and 2.
For comparison purposes, characteristics of the Polish and Irish power systems were prepared,
and the power generated by wind power plants was marked.
In January 2013 the installed capacity of wind power plants in Poland amounted to 2700 MW,
while in December 2014 it is expected to reach 4040 MW. It clearly shows that the share of wind
power plants in the national power system is increasing significantly (and will soon reach 20%).
Unfortunately, as can be observed in Figures 1 and 4, the average power reached by wind turbines
(installed capacity in Q3 2014 – 3680 MW) constitutes only 30% of installed capacity.
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–3RODQG FRPSLOHGRQWKHEDVLVRI36(2SHUDWRUGDWD 

The daily load is similar in both countries. Conventional baseload power plants are the main
source covering the energy demand.
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IRELAND 25.03.2014
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)LJXUH'DLO\ORDGRIWKH1DWLRQDO3RZHU6\VWHPDVRI0DUFKZLWKHQHUJ\JHQHUDWHGE\ZLQGSRZHUSODQWV
FRPSLOHGRQWKHEDVLVRIHLUJULGFRPGDWD 

Generation of energy from wind sources is very unstable, variable and unreliable. The
percentage likelihood that the load of wind energy sources in Poland will amount to between 0 and
20% (installed capacity) is 58.8%, between 0 and 30% (installed capacity) – 73.01%, and between
0 and 40% – 84.02%. Therefore, the wind power sources load is less than 40% for approximately
7360 h per year[4]. Wind power plants, as compared to non-renewable electric energy sources,
have certain specificities.
These are, among all [4]:
x frequent lack of correlation between the amount of generated power, dependant upon the
current wind speed, and the end users demand for power (as may be observed in Figure 4,
where maximum wind sources generation correlates with a non-peak period in the power
system),
x sudden (often unpredictable) changes in power introduced into the power system, related
with instantaneous changes of the wind speed (sudden maximum blasts and average wind
speeds shown in Figure 3),
x poor predictability of wind power sources operation in the long term, as part of planning
their collaboration with the power system.
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Wind speed 01.02.2014-22.03.2014
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Generally speaking, the greater the wind power sources installed capacity share, the greater the
consequences for the power system [1].

)LJXUH4:HHNO\ORDGRIWKH1DWLRQDO3RZHU6\VWHP FRPSLOHGRQWKHEDVLVRI36(2SHUDWRUGDWD 
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IRELAND 19.03.2014 - 26.03.2014
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)LJXUH5:HHNO\ORDGRIWKH,ULVK1DWLRQDO3RZHU6\VWHP FRPSLOHGRQWKHEDVLVRIHLUJULGFRPGDWD 

In order to mitigate the negative consequences of wind power plants operation for the NPS,
systems operators apply remedies that can be divided into three basic groups [5]:
x regulatory activities involving the generation sources that are already present in the power
system,
x application of an energy storage technology,
x introduction of demand control systems.
3. Energy storage
The electric energy storage technology that is currently used may be divided into indirect (with
the conversion of electric energy into a different kind of energy, such as kinetic or chemical) and
direct energy storage (in an electric or magnetic field).
Activities related with the utilization of energy storage technology enable:
x mitigation of the variability of wind power sources generation introduced into the power
system in shorter periods of time,
x restriction of the use of conventional peak load sources when changes in wind power
sources generation take place,
x transfer of electric energy generation from non-peak to peak hours.
A proper energy storage system should be characterised with [6]:
x high energy density,
x simple charging and discharging, and a large number of cycles,
x high energy efficiency of the cycles,
x possibility of a simple conversion of energy into a different form of energy,
x should reach the required economic efficiency and not pose a threat to the environment,
x required storage time and time of distribution to the user.
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The basic parameters for the methods of energy storage, recommended by the American Electric
Power Research Institute, for the support of wind power engineering integration into the power
system are shown in Table 1.
7DEOH%DVLFRSHUDWLRQDOSDUDPHWHUVRIVHOHFWHGW\SHVRIHQHUJ\VWRUDJHWHFKQRORJ\>@
No. Technology
1.

Pumped-storage Hydroelectricity

2.

Compressed Air Energy Storage

3.

Flywheel Energy Storage

Cycle efficiency % Nominal power [MW]

Discharge time [h]

80

100-1000

> 1 hour

60-75

0.1- 1000

few hours

90

0.1- 10

0.1
0,1 … > 1

4

Conventional Batteries

60-80

0.1- 10

5.

Rechargeable electrochemical

70

0.1- 20

>1

6

Fuel cell

50

0.1- 1

>1

A pumped-storage power station is a common method for energy storage (Germany is
planning on building such systems in old coal mines). As the obtained capacity may affect the
entire power system, it is a large scale technology. Compressed air systems are an alternative
storage type, as they provide the same capacity but are more profitable.
Activities related with the end users demand control are an important aspect of energy storage.
The expansion of demand control involves the introduction of financial incentives by the
transmission and distribution systems operators in the form of special tariffs (hourly, dynamic
tariffs).
4. Energy storage in compressed air
Old mine deposits, salt caverns, salt mine excavations, hard rocks excavations, areas following
aquiferous layers [7] are used for energy storage in the form of compressed air, where air is
compressed to the level of approximately 70-80 bars.
In this type of power plants the generator is fuelled with liquid or gas fuel (a non-renewable
source). There is no inlet air compressor, however, that under normal conditions consumes approx.
60% of mechanical energy of a conventional generator. This enables the reduction of CO2
emissions and the increase in efficiency as compared to a conventional gas power plant [8].
In the analysed type of power stations, low-cost energy is used that is available outside of
the power system peak load hours – during the nights and on weekends. When wind conditions are
favourable, the excess energy is used for supplying the compressor that compresses air. It is shown
in Figure 6. The consumed energy is used for compressing air in large tanks [3]. The collected
energy is used during peak hours or when wind conditions are unfavourable and power generation
by power plants does not meet the planned amount (e.g. an amount commissioned by a consumer).
The control system starts a fuelled gas turbine and feeds compressed air to the turbine [8] (Figure
6).
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RI36(2SHUDWRUGDWD 

Environmental friendliness of gas turbines, relatively low investment costs and high
capacity reached by power units, simplicity and light weight of their structure, flexible movement,
independence from water sources and possible automation led to the popularity of power stations
with gas turbines, and their use is recommended in low capacity power plants, peak load power
stations and in special circumstances. The use of this sort of solutions supports distributed
generation. Listed below are possible technical solutions to the collaboration between gas turbines
and compressed air tanks.
Figure 7 shows a “simple” air compression system; the heat generated during compression
is lost.
Total efficiency of the compression and expansion process in relation to electric energy reaches
approx. 40% [9]. The use of natural gas in the combustion chamber enables the regulation of
generated power and the increase in the power plant capacity.

)LJXUH%DVLF&$(6V\VWHP>FRPSLOHGRQWKHEDVLVRI@
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Figure 8 shows a system utilizing exhaust heat due to the use of a recuperator. Such a
system reaches the energy efficiency of a power plant of more than 50%. Reliability of such
systems amounts to approximately 99%.

)LJXUH&$(6V\VWHPZLWKDUHFXSHUDWRU>FRPSLOHGRQWKHEDVLVRI@

Figure 9 shows a CAES 2 system with the storage of exhaust heat generated during air
compression, and its subsequent use for heating the air fed to the turbine. As a result,
thermodynamic changes are similar to adiabatic changes. Such systems reach the efficiency of
60% without a combustion chamber.

)LJXUH9&$(6V\VWHPZLWKH[KDXVWKHDWVWRUDJH>FRPSLOHGRQWKHEDVLVRI@
2

Compressed air energy storage
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Figure 10 shows a system of the greatest efficiency, over 70%. This is a system containing both a
combustion chamber and a recuperator. Such solutions are currently being designed and tested by
those countries in which wind power engineering progress is greatest. The main objectives of the
tests are air tanks and heat exchangers and storages that recover exhaust heat generated during
compression.

)LJXUH&$(6ZLWKH[KDXVWKHDWVWRUDJHFRPEXVWLRQFKDPEHUDQGUHFXSHUDWRU>FRPSLOHGRQWKHEDVLVRI@

A significant advantage to combined wind and CAES power plants is the increase in local
energy security, because it is possible to start up a combined system without external supply and
reach the desired capacity in a short period of time. In contrast to gas collection, its advantage is
the possible autonomous operation of a gas turbine during expansion.
The start up of a pumped-storage power station takes anywhere between 1 and 15 minutes,
while the start up of CAES system to full capacity is two or even three times shorter than an
average start up time of a unit with a gas turbine, and it takes approximately 10 minutes.
Many countries, especially the USA and Germany, being the European leader in wind power
engineering, are involved in researching compressed air energy storage.
5. Air tanks
The maintenance of a constant pressure in an underground tank, e.g. through the
hydrostatic pressure of water, would make it possible to increase the power plant efficiency to
well over 70% due to the use of an isobarically isolated thermodynamic cycle. The concept of such
a compressed air tank that could be used for offshore wind turbines is shown in Figures 11 and 12.
The volume of this tank is approximately 30 m3.
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RQWKHEDVLVRI 

)LJXUH9LVXDOL]DWLRQRIDFRQFHSWXDOFRPSUHVVHGDLUWDQNWKDWFRXOGEHXVHGIRURIIVKRUHZLQGWXUELQHV FRPSLOHG
RQWKHEDVLVRI 

Location-wise, both in Poland and in Europe there is a potential for onshore and offshore
compressed air storage power plants.
The construction of such power stations seems especially interesting in view of the current and
planned major investments in wind power engineering.
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NUMERICAL STUDIES OF NITROGEN OXIDES EMISSIONS IN
THE MAIN PROPULSION ENGINE EXHAUST UNDER VARIOUS
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Faculty of Mechanical and Electrical Engineering
XOĝPLGRZLF]D-*G\QLD3RODQG
7HO
E-Mail: WNQLD]LHZLF]#DPZJG\QLDSO
Summary
Measurements of nitrogen oxides concentrations in exhaust gases of marine engines under various cruising are
GLIILFXOW RU LPSRVVLEOH WR SHUIRUP GXH WR WKHLU FRVW DQG WHFKQLFDO GLIILFXOWLHV 6XFK PHDVXUHPHQWV DUH JHQHUDOO\
SHUIRUPHGRQHQJLQHVXQGHUVWDWLFORDGFRQGLWLRQVZKLFKDUHGHWHUPLQHGE\DSSURSULDWHWHVWVDQGWKLVLVWKHEDVLVfor
FRPSXWLQJWKHYDOXHVRILQGLFDWRUVDQGFKDUDFWHULVWLFVRI12 x HPLVVLRQV7KHYDOXHVRIWKHIROORZLQJSDUDPHWHUVDUH
GHWHUPLQHG VSHFLILF HPLVVLRQV HPLVVLRQV LQWHQVLW\ FUXLVH HPLVVLRQV DV ZHOO DV WKH SURSHOOHU UHJXODWRU\ DQG
adjustment characteristics of – most frequently – VSHFLILF HPLVVLRQV 7KHVH LQGLFDWRUV DQG FKDUDFWHULVWLFV DUH RI
OLPLWHGXVHIRUWKHGHWHUPLQLQJRIWKH12 x HPLVVLRQVOHYHOLQWKHH[KDXVWJDVRIHQJLQHVEHORQJLQJWRDVHWRIGLIIHUHQW
YHVVHOV RSHUDWLQJ LQ D JLYHQ VHD DUHD ZKLFK HJ GXH WR VWULFWHU HQYLURQPHQWDO UHTXLUHPHQWV UHTXLUHV UHOLDEOH
LQIRUPDWLRQDERXWWKHFXUUHQWOHYHORISROOXWLRQ
7KH DXWKRUV KDYH PDGH D VXFFHVVIXO DWWHPSW DW GHYHORSLQJ PDWKHPDWLFDO PRGHOV LQ RUGHU WR GHWHUPLQH WKH
resistance characteristics of the hullV RI YDULRXV VKLSV DQG WKH SRZHU RI WKHLU HQJLQHV XQGHU GLIIHUHQW FUXLVLQJ
FRQGLWLRQV DQG WR HVWLPDWH LQGLFDWRUV DQG FKDUDFWHULVWLFV RI 12 x HPLVVLRQV RQ WKH EDVLV RI QXPHULFDO VLPXODWLRQ
VWXGLHV7KHFRPSXWHUSURJUDPGHYHORSHGDOORZVIRUWKHH[DPLQDWLRQRIYDULRXVYHVVHOW\SHVDQGWKHLUYDULRXVVL]HV
FUXLVLQJVSHHGGLVWULEXWLRQVDQGFKDQJLQJH[WHUQDOFRQGLWLRQV HJZDWHUGHQVLW\DQGGHSWKVHDVWDWHHWF 
7KH SUHVHQW SDSHU ZLOO SUHVHQWHG WKH FRXUVH RI WKH PRGHO V FRQVWUXFWLRQ WKH DVVXPSWLRQV DQG Pethods for
determining the inter-UHODWLRQVKLSVDQGWKHUHVXOWVRIQXPHULFDOVWXGLHVIRUDQXPEHURIVKLSVXQGHUYDULRXVFUXLVLQJ
conditions.
Key wordsHPLVVLRQVRIWR[LFQLWURJHQR[LGHVPDULQHHQJLQHVHPLVVLRQPRGHOV

1. Introduction
The problem of air pollution in harbors and harbor approach areas is all the more important
because of the fact that harbors are typically located near or in large cities, and their limited area
causes a large concentration of vessels in a small area.
The currently effective MARPOL 73/78 convention on the protection of the marine
environment is limited to determining the allowable unit value of emissions of certain toxic
exhaust gas components (nitrogen oxides and sulfur oxides), and to conducting qualification
research as a condition of obtaining the certificate confirming the meeting of the international legal
requirements by marine engines. and vessels in which they are installed. These studies should be
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conducted in accordance with the theoretical tests contained in the ISO 8178 standard, during the
measurements taken at the manufacturing plant. The exhaust gases toxicity characteristics
determined in this manner for an engine tested is then valid for the whole series (type, and even
family) of similar engines. These studies are typically of a qualifying nature, and are not relevant
to the actual operating conditions of the engines in the marine propulsion systems.
In reality operating conditions and emissions from a marine main propulsion engine are largely
influenced by the so-called external conditions, of which, – due to their significant influence on the
resistance of the hull – the following conditions may not be overlooked: navigation in shallow
water, in channels with strong currents of water, and in storms, as well as an increase of draft (e.g.
as a result of the increased cargo load, filling empty ballast tanks and the cargo space, or a
decrease in the water density), as well as an increase in the number of appendages or the hull
roughness as a consequence of the fouling and corrosion. It can thus be assumed that the vessel's
actual operating conditions, regardless of the preset settings of the control and the propulsion
systems, are characterized by a certain degree of dynamic changes in the propulsion system
parameters, and hence emissions from propulsion engines. Engine operating conditions and
emissions are also affected by changes of the vessel motion set by the crew (moving off,
accelerating, braking). Therefore, operating conditions of ships indicate the necessity to develop a
comprehensive method for determining the exhaust gases toxicity characteristics, with static and
dynamic components, of the ship's main propulsion engine.
Research conducted currently throughout the world, concerning atmosphere pollution caused
by emission of toxic compounds from ship engines, conceived both globally [1,2], regionally [3,4],
and also locally, e.g. in the vicinity of large sea ports [5] is based on simplified input data [2, 6, 7].
The existing data bases of harmful compounds emission from exhausts of ships operating in
various regions of the world [7] cannot be used, however, for the estimation of emission in mesoand microscale, e.g. the Baltic Sea or the Gulf of Gdansk, as they lead to a considerable
underestimation of emission indexes, which is mainly due to insufficient detail of vessel
movement characteristics [8].
There is thus a need need for methods that allow a much more precise determination of the
vessel movement characteristics, as well as emission factors.
2. Propulsion characteristics of vessels with displacement hulls under static and dynamic
operating conditions
The preliminary statistical calculations, and the analysis of the data emitted primarily by AIS
shows that in the established research concept the crucial role is played by the general
identification of the actual operating conditions of typical vessels, and on its basis the development
of relative (general) characteristics of marine propulsion system, described by a set of functional
interrelationships of selected propulsion system parameters [10]. It should be stressed that this type
of functional relationships, which by their nature describe phenomena related to the operating
process of the ship's propulsion, are empirical. It was assumed that the basic parameters of the
vessel movement under consideration will concern the waters of the Baltic Sea, and that the
parameters of the routes and vessels will be determined on the basis of pilot books and information
issued by AIS. It was also assumed that a typical marine propulsion system consists of a low-speed
reciprocating internal combustion engine and a fixed pitch screw propeller.
In order to determine the parameters of the ship's propulsion system, necessary in the
calculation of toxic compounds emissions intensity, it is necessary to know the broad set of
parametric mathematical models. Because of the issue under consideration, and the availability of
the necessary data, it was concluded that changes in the intensity of toxic compounds emissions
resultant from changes in the external operating conditions of the vessel's propulsion system are in
each case the consequence of a useful demand required change, due to the changed resistance of
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the hull, which means that they can be identified in an approximate manner based on the following
set of predicted approximative equations and formulas:
x hull resistance characteristics, taking into account:
a) influence of the fairway depth on the hull resistance;
b) additional wind (air) and wave resistance during the storm;
c) draft changes;
d) hull roughness changes:
x power characteristics depending on the vessel speed;
x load characteristics;
x propeller characteristics of the main engine power;
x propulsion system parameters under nominal and transient load conditions during moving
off, accelerating and braking – time t and distance 6;
x toxic compounds emissions intensity.
In the presented method, the first to be determined is the analytical dependence approximating
the resistance and its components according to the characteristics of the hull and vessel motion
under the current external operating conditions. In particular, it is necessary to have the following
data:
x the relationship between the wave height, the speed of its motion, and the wind speed;
x the share of the wind and wave resistance components;
x relative resistance of the emersed part of the ship (superstructures);
x deep- and shallow-water wave characteristics;
x data of the parameters of hulls and propulsion systems of vessels, and the current data
concerning motion and the changes of vessel parameters;
x current weather data.
The aforementioned relationships are also the output data and the algorithm used for the
development of computerized procedures for the determination of emissions of toxic compounds
by the ship's main propulsion engines in real (steady and transient) operating conditions of the
propulsion system. They are also the basis for updating and enriching the database, and for the
development of exhaust gases toxicity tests to be increasingly accurate and adequate to the reality.
In generally applied methods of determining emissions of toxic compounds by internal
combustion engines, the basis are the toxicity tests developed on the basis of empirical studies of
the actual operating conditions. Therefore, the accuracy of the emissions estimation depends on the
accuracy with which the developed tests reflect the actual engine operating conditions, usually
described in terms of load parameters.
The analysis conducted showed that for the purposes of the considered problems of toxic
emissions into the atmosphere from marine main engines, the dynamic nature of the impact of the
propulsion system operating conditions, as well as external navigation conditions may in many
cases be omitted. This is because the duration of dynamic operating conditions is negligibly short
in comparison to the duration of operation with the load close to being steady. Operating
conditions of that kind occur e.g. during the acceleration of the vessel. Presented mathematical
description and performed calculations for transient (dynamic) operating conditions of a marine
propulsion system were used to estimate the impact of the changes in the hull motion parameters
on the load parameters of the main engine, and the characteristics of the vessel exhaust gases
toxicity under a variety of external conditions. The detailed description of an algorithm used for
modeling ecological characteristics of marine main propulsion internal combustion engines can be
found in [11].
The main characteristics describing the operating conditions of the main engine being a
component of the marine propulsion system is the vessel's resistance characteristics, and the
characteristics of the propellers. It is also known that these two types of characteristics are
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determined experimentally during modeling tests. The degree of compatibility with the reality of
the so-created characteristics is dependent on the accuracy of representation of the real object in
the model, and the conditions in which the measurements and calculations were performed.
Characteristics prepared in this manner should be included the technical and operational
documentation of the vessel. In practice, however, such characteristics tend to be very difficult to
obtain. Therefore, the most commonly used methods for computing the resistance characteristics
are those developed on the basis of the available general data of a specific vessel [10].
Following the analysis of empirical approximate methods for calculating the resistance of
vessels operating in deep (unlimited) water, methods [11] and [12] were selected for further
consideration.
In the first of these relationships, the total resistance of the hull in deep water is described with
the formula:
ܴ ൌ ͲǡͲͳ͵ʹ  ͻǡͺͳ  ߩ   ܮ  ܤ ܶ  ߜሺͶͺ  ݊ܨଶ െ ʹͻ  ݊ܨ  ͷǡͻሻ ಽ

ఋ

ಳ బǡమ
ቀ ቁ
ಳ 

,

(1)

where:
R [kN]
– resistance;
ߩ [kg/m3] – seawater density
– Froude number relative to the volume of underwater hull
Fn V
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ට యξ

ൌ



ǡ

ට యξஔ

V [m3]
– underwater hull volume;
/%7 [m] – hull dimensions,

ߜ
– hull’s block coefficient Ɂ ൌ  the volume ratio of the underwater hull
to the volume of the cuboid circumscribed around the underwater hull,
g [m/s2] – gravitational acceleration.
The application of the formula, however, was limited to the following ranges of the hull
parameter changes. Fn V ·ߜ ·/% ·%7 ·
Because of the above limitations in the application of the method described above,
the calculation of the vessel's total resistance may also be performed using the method described
in [12]:
 ܮହܦ
ܴ ൌ ݃ ൜Ͳǡͳ  ߗ  ߭ଵǡ଼ଶହ  ͳǡͶͷ ൬ʹͶ െ ൰ ߜ ଶ ଶ ߭ ସ ൠǡ
ܮ
ܤ

(2)

where:
߭ [m/s] – vessel speed;
%/ [m] – hull breadth and design waterline length
D [t]
– vessel draft;
ߗ [m2] – wetted area;
g [m/s2] – gravitational acceleration.
On the basis of equation (1) or (2), it is thus possible to determine the resistance characteristics
of a particular vessel when cruising in deep (unlimited) water. Resistance characteristics
determined in this manner allow to determine the effective towing capacity characteristics
of the vessel, and the useful demand required by the propulsion engine from the general forms
of equations
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ܲ ൌ ܴ  ߭
ܲ ൌ

(3)

ܴ߭
ߦ  ߟௐ  ߟ

(4)

where:
P h [kW] – effective towing capacity,
R [kN] – total resistance of the vessel in deep-water conditions,
ȟ o [-] – propulsive efficiency ȟ o = Ș S ·ȟ r ·ȟ k 
Ș S [-]
– free propulsor efficiency (free propeller) – at undisturbed
water inflow;
ȟ r [-]
— rotative efficiency, taking into account changes in speed and direction of water
inflow,
ȟ k [-]
– hull efficiency, and to be more specific, the impact factor of the hull on propeller
operation
ȟ k  – W  – Z ,
Ș LW [-] – shafting efficiency,
Ș r [-]
– reduction gear efficiency.
Assuming, based on reference literature [13, 14, 15], the average values of the coefficients for
propulsion systems equipped with low-speed reciprocating internal combustion engines (ȟ o = 0.65,
Ș LW = 0.985, ȟ k = 1), the formula to calculate the approximate useful demand required will be
simplified to the form
ܲೢ  ͳǡͷ  ܴ  ߭ǡ

(5)

On the basis of data obtained from the AIS, relative basic (general) standard characteristics of
marine propulsion system were determined, describing the static properties of marine propulsion
system components (the ship's hull and propulsion engine) under normal operating conditions,
which are shown in Fig. 1 [10].
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1,1

Fig. 2 shows the characteristics of engine power (bundles of curves) in real operating
conditions of the vessel in a limited water depth, and Fig. 3 – relative increase of the additional
wave resistance 'R F depending on wind speed and storm condition operations.
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3. Simulation model of nitrogen oxide emissions in the exhaust gas from the main engines in
real operating conditions of the vessel
Conditions of toxic compound formation in a marine main propulsion engine
are determined by load parameter values (effective towing capacity P e, vessel speed v), thermal
state parameters (exhaust temperature T VS , water temperature in the cooling system T Z , oil
temperature in the lubrication system T o ), and the parameters of the air surrounding the engine
(temperature T a , pressure S a , relative air humidity ĳ) ҧ ൌ ൫ܲ ǡ ݒǡ ܶ௦ ǡ ܶ௪ ǡ ܶ ǡ ܶ ǡ  ǡ ߮൯Ǥ Load and
thermal state parameters also depend on the external conditions described in the set ҧ [16].
The following indicators characterizing the level of toxicity of marine engines were adopted
on the basis of the existing legislation concerning the issues under consideration:
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emissions of the toxic compound e ZT [kg/(kWh)];
emissions intensity ܧ்  ܲ  ்݁ [kg/h]Ǣ
total emissions;்݉ ൌ ܧ்  ݐሾሿǢ

୩
cruise emissions ܾ௦ೋ ൌ ೋ ቂ୫୧୪ୟቃ.


In the construction and testing of a stochastic model of traffic and emissions from vessels [11,
18-20] in a specific water area, it is necessary to know the number of vessels
navigating in the analyzed area, their distribution in terms of their function, size, speed, power, and
type of main engines, etc.
The routes analyzed for the purposes of statistical processing of marine vessel traffic streams
were tKH DSSURDFK IDLUZD\V WR WKH KDUERUV RI *G\QLD DQG *GDĔVN DQG WKH IDLUZD\ VSOLWWLQJ LQWR
both these water lanes.
Based on the data obtained from the AIS, it was possible to create i.a. distributions of vessel
incidence in each category (Fig. 4), and their speed (Fig. 5) [16].
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The mathematical model of toxic compounds in exhaustgases of the main propulsion engines,
which was developed by the authors, served as a basis for the determination of the power output
characteristics in the function of velocity P e  I Y of a selected tanker (L = 60 m, B = 6 m,
T = 4.1 m, v max =12 kt), (Fig. 6).
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Because the amount of toxic compounds emitted into the atmosphere depends primarily
on the engine load, it was subsequently possible to determine, on the basis of the propeller
characteristics of specific toxic compound emissions, the value of, among others, the intensity
of nitrogen oxides emissions depending on the cruising speed of the tanker E 12[ I Y (Fig..7)
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The obtained statistical data on vessel traffic [19, 22] also served as a basis
for the development of typical characteristics of the vessel speed changes as a function of time
for line service vessels. Based on the motion characteristics of passenger-car ferries, it was
possible to determine the intensity of the emissions of toxic compounds in the exhaust of their
main engines [17].
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Fig. 8 shows the changes of the nitrogen oxides emissions intensity E 12[ as a function of time
during changes in speed (active braking) of ferries entering the port in Gdynia.
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4. Conclusions
Modeling emissions of harmful compounds is a very important, and at the same time very
complex issue. Many attempts are undertaken worldwide aimed at estimating the models
of harmful compounds emissions in vessel exhausts. Unfortunately, due to the fact that the
structure of the model depends not only on its purpose, but also, to a large extent, on the quantity
and quality of input data, and that many studies are based on the insufficient amount and quality
of data, frequently obtained from a variety of sources, and the need to use simplifications, all this
significantly translates into the credibility of the model.
The possibility of obtaining data from the AIS, such as: the name, length, breadth, and type
of ship, universal time related to the passing through a “gate”, course and velocity over the ground
(COG and VTG), and the ship’s draft, permits the creation of innovative models describing vessel
traffic in the area under consideration, and toxic compounds emissions from exhausts, both for
a single vessel, and the whole area.
The presented a mathematical model for calculating the power of the vessel's main propulsion
system is universal and can subsequently be utilized, based on data obtained from the AIS,
for the calculation of the toxic compounds emissions in the exhaust of seagoing vessels.
It should be added that apart from the problems with which automotive professionals struggle
while modeling toxic emissions, in the case of vessels the parameters interfering with the accurate
determination of the emissions levels of particular compounds may additionally include
the technical condition of the engine, particularly its fuel system, and weather conditions
(especially wind force and direction).
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Abstractt
The currrent worldwiide research on air polluttion caused by
b the emission of harmfuul compoundss from ships'
engines is bbased on a simplified
s
inp
put. The exissting databasees of harmful compound emissions in the exhaust
of vessels opperating in vaarious parts off the world caannot be used
d to estimate emissions
e
in m
meso- and miccroscale, e.g.
in the Balticc Sea or the Gulf of Gdan
nsk, because this would leead to excessive generaliza
zation of emisssion factors,
mainly due tto the lack of the
t required detail
d
concernning vessel mo
otion characteristics.
The firsst issue tackledd within the framework
fr
of tthe project, on
ne of whose efffects is to creeate a researcch tool in the
form of a coomputer progrram which sim
mulates toxic compound em
missions in thee exhaust of thhe main engin
nes of vessels
operating onn a specific water
w
body, wa
as to create a vessel trafficc database in a selected maarine region (e.g.
(
the Gulff
of Gdansk). The data wass obtained from
m the marine A
Automatic Ideentification Syystem (AIS).
In addition to the parameters off vessel trafficc in the analy
lyzed region of
o the sea, thhe database created,
c
is a
n and operatioonal data of those
t
vessels, such as their size, displaceement, power
collection off the availablee construction
rating of thhe main propuulsion enginees, etc. Thosee data, after the
t appropria
ate processingg, produced the
t so-called
generalized resistance chharacteristics of the ships which becam
me the basis for
f the determ
mination of the maximum
peller under given operating conditions. Informatiion of the motive
m
power
demand reqquired by thee screw prop
(instantaneoous) is necessaary to determiine the emissioon characterisstics of harmfful exhaust gasses.
The exttensive researrch resulted in the develoopment of an
n original computer progrram, MEFSAS (Model off
Emission Frrom Ships At Sea), which allows
a
to deteermine the pow
wer ratings off the screw prropulsion eng
gines (and on
their basis thhe emissions characteristic
c
cs) depending on the aforem
mentioned variables of the ooperating conditions in the
static and dyynamic. statess.
Key words: emissions of toxic
t
compoun
nds, marine enngines, emissiion models, sim
mulation

1. Introdu
uction
The prroblem of air
a pollution
n in harborss and harbo
or approach
h areas is al
all the moree important
because of the fact thhat harbors are typicallly located near
n
or in laarge cities, and their liimited area
causes a llarge conceentration off vessels inn a small area.
a
Not without
w
signnificance arre also the
broadly uunderstood operating conditions.
c
The latter include the manner iin which engines are
operated, the incidennce and natture of steaady and traansient load
d states, ass well as th
he external
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conditions affecting the engine operation. Toxicity of the exhaust gases is also influenced by the
types of fuel and lubricating oil used.
Factors determining the global emissions of substances contained in exhaust gases of marine
engines are classified and described in detail in [1, 2].
The process of modeling the emission of toxic compounds in the exhaust of a marine engine is
very complex, and it requires the input data that can be divided into four fundamental groups [9]:
x vessel parameters – length, breadth, draft, technical condition of the propulsion system,
propulsion type (including the type and number of engines), type and number of screw
propellers, etc.;
x vessel motion parameters – velocity and heading;
x external conditions – wind force and direction, air and water temperature, atmospheric pressure,
humidity, sea state;
x number of vessels, taking into account their categories.
Models of emissions from land transport, which are made in Europe, cannot be used to assess
emissions from ships. due to the difference of both hydro-meteorological conditions and the
specifics of the ship operation.
The model of toxic emissions in the exhaust gases of marine engines, STEAM (Ship Traffic
Emission Assessment Model), which is presented in [3], is based on data transmitted by AIS,
which is a basis of the calculations for determining emissions factors related to the emissions
of harmful compounds in exhaust gases. In this model, however, simplifying assumptions were not
avoided either, which may result in the fact that the determined emissions factors do not reflect the
real emissions value.
2. Theoretical foundations for determining the ship's resistance and the power of the main
propulsion system
In order to give a vessel a certain velocity, the main propulsion engine has to provide adequate
power to the propeller, which is necessary to overcome the resistance to the motion of the ship,
and the energy loss of the propeller, shafting, gears, and couplings. A general motion equation
of a ship may be presented as follows [4,5]:
െሺ݉  ݉ଵଵ ሻ ή

ௗ
ௗ௧

Ȃ ܴ െ οܶ  ܶ ൌ Ͳ

(1)

where:
m – weight of the ship, propellers and rudder,
m11 - weight of accompanying water,
R – ship's total resistance,
T – propeller thrust
'T – thrust deduction..
The total resistance R of the vessel depends on the size of the vessel, its velocity, and the shape
of its hull. The resistance is also affected by external factors such as waves of the sea, hull fouling,
draft variations, etc.
It can therefore be concluded that the value of the maximum demand required depends
primarily on the dimensions of the ship and its instantaneous velocity.
The value of the propeller thrust depends on the diameter of the propeller, its geometrical
shape, speed, and the velocity of the vessel. The propeller thrust created must equalize the total
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resistance of the ship R and the thrust deduction 'T, acting on the hull in the direction opposite
to its motion.
For steady movement (dv/dt=0) equation (1) becomes:
R + 'T = T
The total resistance of the ship is the sum of the resistance components
U  v2
cF  cVP  cW  RD
ܴ ൌ σ ܴሺሻ ൌ  ܴி  ܴ      ୈ ൌ  S
2
where:
RF – frictional resistance,
RVP – viscous pressure resistance (form resistance)
RW – wave resistance,
RD – additional resistance,
S – wetted surface [m2],
ȡ – water density [kg·m-3],
v – flow velocity around the hull. [m·s-1],
cF– frictional resistance coefficient,
cVP – viscous pressure resistance (form resistance) coefficient,
cW – wave resistance coefficient,
k – additional resistance coefficient (assumed k = 1,1 ÷ 1,2),
cT – total resistance coefficient.

(2)

k  cT

U  v2
2

(3)

Frictional resistance is related to the tangential stresses that are induced on the wetted surface
of the hull due to the viscosity. Frictional resistance coefficients cF thus depends primarily on the
Reynolds number, expressed as

ܴ݊ ൌ
(4)
జ
where:
V – velocity of the vessel,
L – length of the vessel,
߭ – kinematic viscosity coefficient of water.
Wave resistance is related to the wave pattern generated by a moving ship on the water
surface without viscosity (ideal fluid), i.e. on the phenomena whose existence is conditioned
by gravity. Therefore, wave resistance coefficient cW depends primarily on the Froude number.

 ݊ܨൌ
(5)
ඥ

Viscous pressure resistance is related to the effects of viscosity on the pressure distribution
and hence to form of the the waves pattern. Viscous pressure resistance coefficient thus depends
both on the Reynolds and Froude numbers.
Additional; resistance RD is primarily composed of appendage resistance RAP and air resistance
RAA.
Appendages affecting the total resistance of the ship are such components as bilge keels, shaft
brackets, shafts, propeller screws, rudders and shaft bossings on the hull.
Air resistance around the emersed part of the ship is of viscous character. The components of
air resistance are frictional resistance and viscous pressure resistance. Air resistance results from
both the relative motion of the ship in still air, and from the absolute motion of the air, i.e. the
wind. Air resistance is strongly dependent on the size and shape of the the emersed part of the ship
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(especially its superstructures), and the volume and direction of the relative speed of the air. The
formula for air resistance takes the form:
ఘ
ଶ
ܴ ൌ ܿ ಲ ܸௐோ
் ܣ
(6)
ଶ

where:
ߩ – air density,
ܸௐோ – relative air velocity,
 – ் ܣmidship cross section area of the emersed part of the ship,
cAA – air resistance coefficient,
The total resistance of the ship R is the sum of the following resistance components: frictional
RF, form RFV, wave RW and additional RD
ܴ ൌ ܴி          ୈ = < (Q , L, U , X , M, A, G, O)

7

This force can be presented as a function of <: instantaneous speed of the ship Q, hull length L,
water density U, kinematic viscosity coefficient of water X, vector M, characterizing the inertia
of the ship, vector A , containing information about the variable motion resistances of the ship
associated with a given water region (water depth, width of the fairway (channels), etc.), vector G,
describing the ambient conditions (e.g. ambient pressure and temperature), and vector O,
describing the navigational conditions (wind force and direction, wave height and length, etc.)[2].
Since the resistance coefficients cF, cVP = f (Rn) and cW, cVP = f (Fn), it was assumed for
modeling purposes that the values necessary to perform the calculations for a given category of a
tramp vessel are the generated values of the vessel's length L and its instantaneous speed Q.
The total hull resistance ܴ෨  is presented by the equation:
మ

ఘή௩
ሺܿி  ܿௐ ሻ  ܴ෨
ܴ෨ ൌ ܵሚ
ଶ

(8)

where:
σస ௌ
ܵሚ ൌ సభ  for i=1,2, ...,n – average wetted area, computed using n relationships,

ݒ – vessel speed generated on the basis of statistical data,
ܴ෨ – air resistance generated on the basis of statistical data,
Frictional resistance coefficient was computed using the ITTC formula [5].
ǡହ

ܿி ൌ ሺோିଶሻమ

(9)

Since the outer surface of the hull (even with high-quality coatings), cannot be considered
hydrodynamically smooth, the calculations took into consideration also the hull roughness
expressed as an additive hull roughness coefficient 'cF using the formula [5,6]:


ଵȀଷ

οܿி ൌ ͳͲͷ ቀ ೞ ቁ


െ ͲǡͶ൨ ή ͳͲିଷ

(10)

The coefficient of friction was calculated from
ܿி ൌ  ܿி  οܿி
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(11)

Wave resistance cannot bee determineed analyticcally. Theorretical metthods of determining
d
the ship's w
wave resistaance are based on the ffollowing asssumptions [5,7]:
– wateer is consideered to be no
on-viscous liquid,
– flow around thee hull is considered to bbe potential,, non-cyclicc.
The abbove assum
mptions lead
d to a nonllinear boun
ndary value problem fo
for Laplace''s equation
in three diimensions. This probleem can harddly be solv
ved by the adoption
a
of further sim
mplification
consistingg in the lineaarization off the boundaary conditions.
For thee calculatedd vessel the towing capaacity will be
ܲ෨ு ൌ ܴ෨ ή ݒ

(12)

ngine ܲ෨ wiill then havve the valuee expressed
Instanttaneous effeective poweer of the prropulsion en
by the equuation:
෨ಹ
ܲ෨ ൌ
(13)
ఎబ ήఎ
ఎೞ ήఎಸ ήఎಳ

For thee calculationn of coefficcients, efficiiencies weree adopted on
n the basis oof the literaature [4,5].
3. Prograam for thee emission simulation
n of toxic compound
ds in he m
main engin
ne exhaust
of vessels operating in a specifiied water rregion
In order to perforrm simulatiions of vesssel traffic in
i the analy
yzed area, aand the esttimation of
emissions of harmfull substancess in the maiin engine ex
xhaust gases at specifieed intervalss of time, a
computer calculationn program was
w develooped, know
wn as MEFS
FSAS (Mode
del of Emisssion From
Ships At S
Sea) [2].
Fig. 1 shows a sam
mple windo
ow of a moddel input paarameters (h
hydrometeoorological conditions),
c
and Fig. 2 a window of toxic em
missions in the exhaustt on particu
ular days off the week for
f the first
category oof vessels (bbulk carrierss) [2].

Fig.1. Sample winddow of input pa
arameters forr a mathematiccal model used to estimate the emissions of harmful
substannces in the exhhaust gases off the marine m
main engines – MEFSAS (hyydrometeoroloogical conditions) [2]
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Fig. 2 Sample winndow showing
g the estimatess – calculated
d using a mathematical moddel – of the em
missions of
harmfu
ful substances in the exhausst gases of the marine main engines –MEF
EFSAS –
on parrticular days of
o the week forr the first cateegory of vessels (bulk carrieers) [2]

Apart from the prresentation of
o simulatioon results in
n a tabular form,
f
the M
MEFSAS pro
ogram may
be used too visualize thhe results using bar graaphs, which
h significanttly simplifiees their anallysis.
The baasic options for presentting the sim
mulation resu
ults include:
x Bar grraphs brokeen down by the vessel ttype (Fig. 2).
x Bar ggraphs of tooxic emissiions for di fferent vessel types as
a a functioon of time, presented
separaately for CO
O, HC i NOx (Fig.. 3),

Fig. 3 G
Graph showinng the dependeence of NOx em
missions for different
d
vessel types, as a fu
function of dayy of the week
[8]

All thee simulationn results ob
btained usinng the MEF
FSAS prog
gram can bee saved to a text file,
which cann be subjeccted to statiistical analyysis (the sccope of which was noot defined at
a the time
of writing the program
m) using practically anny tool, such
h as: Statistiica, Excel, eetc. (rys.4).

64

F
Fig. 4 View of the table con
ntaining data obtained usin
ng the MEFSA
AS computer ssimulation pro
ogram

The foollowing datta is saved to
t the file:
x dayy of the vesssel's entry into
i
the watter region,
x minute of the event (in reelation to daay),
x traamp or liner vessel information,
x vesssel type
x winnd directionn,
x winnd speed,
x airr temperaturre,
x waater temperaature,
x atm
mospheric pressure
p
x airr humidity
x vesssel's lengthh,
x vesssel's breadtth,
x vesssel's draft,
x im
mmersed hulll volume
x vesssel's heightt
x vesssel's velociity
x vesssel's age,
x maain propulsion type (tw
wo- or four-sstroke engin
ne)
x maaximum dem
mand requirred of the m
main enginess
x winnd speed reelative to thee vessel's huull,
x winnd directionn relative to
o the vessel'ss hull,
x speecific NOx emissions for
f a given eengine type,
x speecific CO em
missions for a given enngine type,
x speecific HC em
missions for a given enngine type,
x NO
Ox emissionns for a giveen engine tyype,
x CO
O emissionss for a given
n engine typpe,
x HC
C emissionss for a given
n engine typpe,
Figuree 5 shows an
a algorithm
m which is the basis for
f calculatiions perform
med by thee MEFSAS
program.
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Fig. 5 Algorithm being the basis for calculations performed by the MEFSAS program.
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4. Conclusions
Continuous development of maritime transport, with the ever increasing demands
on environmental protection, high costs, and problems associated with the measurement
of emissions of harmful compounds in the exhaust of ships in transit, as well as the lack
of sufficiently accurate methods for the determination of indirect emissions, were the main reason
for undertaking research studies on modeling the emissions processes of marine diesel main
propulsion engines under the marine operating conditions [2].
The current worldwide research on atmospheric air pollution caused by the emission
of harmful compounds from ships' engines, based on a simplified input data cannot be used
to estimate emissions within e.g. the Baltic Sea or the Gulf of Gdansk, since they lead
to a significant underestimation of emissions, mainly because of insufficient detail of the marine
traffic characteristics. Besides, the known models of the harmful compound emissions in exhaust
gases of marine engines, which are used primarily to support local and regional model studies
concerning air quality, are deterministic models with varying degrees of accuracy which depends
on the resolution of the spatial allocation of emissions at a particular location and time. Moreover,
the accuracy of a given model depends to a large extent on the amount and quality of input data,
determined by financial resources earmarked for the creation, implementation, and calibration
of the model [2].
The mathematical model of toxic emissions proposed in [2], which is based on stochastic
processes using Monte Carlo methods, allows for a rapid analysis of marine traffic in a particular
area, and for calculation with considerable accuracy of the emission intensity of each harmful
compound, and their weight in relation to both a single vessel, and to vessels remaining in the area
for a specified period of time. Furthermore, the model developed is the first fully predictive model,
and the accompanying computer simulation program allows the analysis of marine traffic, and
emission intensity at the selected point of time, taking into account hydro-meteorological
conditions corresponding to that point.
The mathematical model was the basis for the development of a computer program that allows
to solve the model's equations. The results generated by the program can be saved to a file
compatible with Microsoft Excel, which allows for their analysis independent of the software used
by the model. Additionally. it is possible to visualize the simulation results in the form of easily
readable charts showing: the number of vessels in the analyzed water area during the day, with the
option of splitting the vessels by their type, the emissions of various toxic compounds by the day
and vessel type, as well as the total emissions of individual compounds from all vessels on each of
the days of the simulation. Another feature of the program is the is the possibility to visualize the
motion of the simulated vessels in the analyzed water region on the basis of the simulation results.
This feature is based on the animation showing the vessels plotted on the chart of the relevant area.
The simulation program developed is open to any modifications related to the specifics of the
analyzed issue, and, what is more, because of its versatility, it may be implemented into any area
of marine operations very quickly after the introduction of a new set of input data.
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Abstract
This paper presents the thermodynamic analysis of a combined cycle gas turbine units without and with the
carbon capture installation (CCS). The characteristics of the combined cycle units and the carbon capture
technology were discussed. The operation methods of the oxy - combustion and the post - combustion technology
was presented. The three units: combined cycle gas turbine without CCS, the combined cycle gas turbine with
oxy - combustion and the combined cycle gas turbine with post - combustion were analyzed. The emission of
carbon dioxide from above mentioned units also was compared.

1. Introduction
Combined cycle gas turbines (CCGT) are a combination of a gas turbine cycle with a
steam turbine cycle by a heat recovery steam generator (HRSG), what makes them one of the
most efficient technologies of electricity generation from fossil fuels. These units are also one
of the fastest developing solutions, with efficiency already reaching above 60%. CCGT units
are also distinguished by a number of advantages, such as short construction time, low
investment cost, high reliability and flexibility of operation, favorable ecological
characteristics – with 60% efficiency CO 2 emission is about 330 kgCO 2 /MWh. This value is
around 2.5-times lower than CO 2 emission of modern coal-fired power plants, equal to over
800 kgCO 2 /MWh. Currently, CCGT are not popular in Poland due to a high natural gas prices
in Poland [1,2].
The energy sector is facing the new challenges to reduce the CO 2 emission level.
Recently developed Carbon Capture and Storage technologies (CCS) are expected to allow
near zero-emission production of electricity from fossil fuels. The aim of CCS technologies is
to separate carbon dioxide followed by its transportation and storage. There are 3 basic
technologies of CO 2 separation:
x
x

post-combustion
pre-combustion
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x

oxy-combustion

The post-combustion technology is based on CO 2 separation from the flue gas, so it
does not interfere with the combustion process and the basic structure of the power unit. That
makes the post-combustion technology easy to implement, and even possible to install in
existing power units, so-called “capture-ready”. Separation of CO 2 may be realized by
various methods, but now the optimal solution is chemical absorption, which confirms the
literature review, e.g. [3,4,5,6]. This method is also applied in one of the analyzed units,
described in pt. 2.3.
Chemical absorption is based on the absorption of the gas molecules by the liquid
sorbent. The process is conducted in the absorber-desorber system. A high level of recovery
and high carbon dioxide purity proves the effectiveness of this method. Realization of the
CO 2 capture process based on chemical absorption requires to provide a suitable amount of
heat energy to the desorber column for regeneration of the sorbent. To provide required heat,
a steam extraction is performed in the low pressure steam turbine. This procedure lowers the
steam turbine power, and hence, decreases the efficiency of the CCGT unit. In order to reduce
this power drop new sorbents are searched, which would be characterizes by low energy
consumption.
The oxy-combustion is an alternative CO 2 separation technology, which concept is
based on the combustion of fuel in an oxidant with increased oxygen content. The elimination
of nitrogen from the combustion process makes the flue gas consist mainly of carbon dioxide
and water vapor, allowing for the CO 2 separation with a relatively low energy demand. In
spite of the simplified CO 2 separation in relation to other CCS technologies, in this case the
oxygen separation process is associated with a significant demand for electric energy. Due to
the requirement of a high performance and sufficient oxygen purity, currently the use of
cryogenic air separation unit is considered. In the worldwide available literature there are few
positions about oxy-combustion technology in CCGT plants, and those are often concerning
customized units, e.g. [7,8].

2. The structures of analyzed units
2.1. The combined cycle gas turbine unit without carbon capture installation
(CCGT)
The structure of the combined cycle gas turbine without carbon capture installation is
presented in Fig. 1. This unit is further identified as the CCGT case and it is a reference unit
for the compared systems presented in point 2.2 and 2.3, which are extended with the
installations associated with the application of selected CCS technology. The class G gas
turbine for the analyzed combined cycle power plants is proposed. The gas turbine has a net
electrical power equal to 200 MW, a combustion chamber outlet temperature is t 3a = 1500°C
and the pressure ratio is ȕ K = 23. The open-air film cooling in the gas turbine is used. The gas
turbine outlet flue gas is sent to the heat recovery steam generator producing the steam to
supply the steam part. The triple-pressure heat recovery steam generator with the steam
reheating is decided to use. The most important parameters for the gas turbine and the steam
cycle of the CCGT unit in are presented in point 2.4.
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Fig. 1. A scheme of the combined cycle gas turbine unit without carbon capture installation –
CCGT case (G - generator, C - compressor, EX - expander, CMB – combustion chamber, HRSG - heat recovery
steam generator, CND - condenser, DEA - deaerator, P – pump, ST - steam turbine ( (h) - high-pressure, (i) intermediate-pressure, (l) - low-pressure level)

2.2. The combined cycle gas turbine unit with oxy-combustion technology (OXY)
The structure of the CCGT unit with oxy-combustion is presented in Fig. 2. This unit
is further identified as the OXY case. In the unit a higher pressure ratio than in the aircombustion units is applied, equal to ȕ K = 50. This high pressure ratio has for example the
turbine Rolls Royce Trent 1000, the unit with the same pressure ratio value is also analyzed in
[10]. The main assumptions are listed in pt. 2.4. In the oxy-combustion it is necessary to
introduce the flue gas recirculation, so to the compressor is directed the flue gas from the
cooler (FC) outlet. After compression its mixed with the oxidant and sent to the combustion
chamber. The possible influence of the steam part on the gas turbine work parameters is
eliminated by maintaining the constant temperature of the recirculated flue gas by the FC.
This temperature is set so as to avoid the moisture condensation (t 5.1a = 90°C). The oxidant
consists of 99.5% O 2 and 0.5% N 2 . Streams of the mixed recirculated gas and oxidant are set
so as to provide the constant O 2 content equal to 2% in the flue gas at the combustion
chamber outlet.
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Fig. 2. A structure of the CCGT unit with oxy-combustion – OXY case (ASU – cryogenic air separation unit,
CO – oxidant compressor, FC – flue gas cooler, FD – flue gas dryer,
CC – installation of CO 2 compression)

The not recirculated part of flue gas is cooled in the dryer (FD) to the temperature of
t 2c = 20°C, resulting in condensation of almost all the moisture content. Subsequently the flue
gas (consisting about 90% of CO 2 ) is compressed to the pressure of 15 MPa in the CC
installation and sent to the place of storage. The CO 2 capture effectiveness is assumed at the
level of 98%, remaining 2% is emitted to the atmosphere. Design and working parameters of
the cryogenic air separation unit and CC installation are not analyzed. There have been made
assumptions of the unit energy consumption, for the oxygen production in ASU equal to
E N(ASU) = 0,2 kWh/kgO 2 [10], and for the carbon dioxide compression in CC installation
equal to E N(CC) = 0,1 kWh/kgCO 2 [1]. The own needs of the ASU installation N ASU , and of
the CC installation N CC are equal to:

N ASU

m 2o  EN(ASU)

(1)

N CC

m 2c  EN(CC)

(2)

Where m 2o and m 2c are the mass flows of the oxidant from ASU and compressed CO 2 ,
respectively.
2.3. The combined cycle gas turbine unit with post-combustion technology (ABS)
The integration of the combined cycle power plant with the carbon capture installation
in post - combustion technology is presented in Figure 3. This unit is further identified as the
ABS case. The optimization process and analysis of this structure is presented in [11].
The main assumptions for the ABS unit are listed in pt. 2.4.
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Fig. 3. A

scheme of the combined cycle gas turbine unit with post - combustion technology – ABS case
(AC - absorber column, AS - stripper column)

The flue gas from the HRSG is directed to the absorber column, where it is cooled to the
temperature of 40 °C. The CO 2 recovery rate is R = 90%, which means that 10% of the CO 2 is
emitted into the atmosphere. MEA (monoethanolamine) is used as the sorbent, whose energy
consumption equal to 4 MJ/kgCO 2 is assumed. The chemical absorption process takes place
in the absorber column. The MEA and CO 2 mixture is directed to the stripper column. It is
necessary to provide a suitable amount of the heat energy for the sorbent regeneration. For
this purpose the steam extraction is performed. The medium in the stripper heat exchanger is
heated to the temperature of 125 °C. The pressure of the steam extraction used for
regeneration of the MEA equals p 11s = 0,287 MPa.
The steam extraction for the sorbent regeneration causes a significant decrease of the
steam turbine power, and in consequence decrease in the unit’s power and efficiency. The
CO 2 compression in CC installation causes further decrease in the efficiency and power of the
ABS unit. Similarly to the OXY case, the energy consumption of the CO 2 compression equal
to E N(CCS) = 0,1 kWh/kgCO 2 is assumed. In this case the auxiliary power of the CC
installation N CC is equal to:

N CC

m 8c  EN(CC)

Where m 8c is the mass flow of the separated carbon dioxide.
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(3)

2.4. Operation parameters of the units
The main assumptions for the gas turbine part and steam part of the analyzed cases
CCGT, OXY and ABS are presented in Tab. 1. To the units air is supplied at a temperature of
15 °C, pressure of 101,325 kPa, and a relative humidity of ĳ = 60%. The combustion
chambers are powered by the natural gas with the lower heating value LHV = 50,18 MJ/kg
and volumetric composition: 98,21% CH 4 , 1,27% N 2 and 0,52% CO 2 . The models of the
analyzed cases have been made in a GateCycleTM software [12]. Selection of the steam
parameters was preceded by the optimization by means of genetic algorithm. Optimization
process and detailed results are presented in other author’s papers, for the CCGT and ABS
cases in [11], and for OXY case in [9].
Table 1. The parameters of the gas turbine and steam part of the CCGT, OXY and ABS cases

Parameter

Symbol CCGT
GAS TURBINE

Gas turbine gross electric power

ABS

unit

N elGT

200

MW

t 3a

1500

°C

Combustion chamber outlet temperature

ȕ

Compressor pressure ratio
Turbine cooling air flow

OXY

23

50

23

-

0,20*m 1a
0,52
0,38
0,10
0,00

kg/s

0,88

-

Expander isentropic efficiency
Compressors and expander mechanical
efficiency
Mechanical efficiency of the generator

m 2.5a
įI
į II
į III
į IV
Ș iC
Ș iCO
Ș iT
Ș mC
Ș mT
Șg

0,90

-

0,99

-

0,99

-

Efficiency of the combustor chamber

Ș CCH

0,99

-

Cooling air flow ratio of the
expander stages:

I stage:
II stage:
III stage:
IV stage:

Compressors isentropic efficiency

-

ȗ 1a

0,007

-

Combustion chamber pressure loss rate

ȗ 2a-3a

0,045

-

Lower heating value

LHV

50,18

MJ/kg

Compressor inlet pressure loss rate

Expander outlet pressure

p 4a

103

kPa

Gas turbine and steam part own needs ratio

į el

0,02

-

STEAM CYCLE
High-pressure steam turbine inlet temperature

t 3s(h)

High-pressure steam turbine inlet pressure
Intermediate-pressure steam turbine inlet
temperature
Intermediate -pressure steam turbine inlet
pressure
Condenser inlet pressure

p 3s(h)

560

600

560

p CND

5

kPa

Steam turbine isentropic efficiency
Steam turbine and generator mechanical
efficiency

Ș iST
Ș mST
Șg

0,90

-

0,99

-

17500

°C
kPa

t 3s(i)

560

600

560

°C

p 3s(i)

3600

3360

4200

kPa
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3. Thermodynamic efficiency evaluation
3.1. Evaluation methodology
Gas turbine gross electric power N elGT is determined by the relationship:

N elGT

§
N  N iCO ·
¨¨ N iT K mT  iC
¸¸ K G
K mC
©
¹

(4)

where: N iT – expander internal power, Ș mT – expander mechanical efficiency, N iC –
compressor internal power, N iCO - oxidant compressor internal power (appears only in the
OXY case, in the remaining cases N iCO is 0), Ș mC – compressors mechanical efficiency,
Ș G – generator efficiency
Effectiveness of the CCGT unit is evaluated by the efficiency of electric energy production.
Gross electric efficiency Ș el.gross is defined by the relation:

K el.gross

N elGT  N elST
m f  LHV

N el.gross
m f  LHV

(5)

gdzie: N el.gross – electric power of the CCGT unit, N elST – steam turbine electric power, m f fuel mass flow, LHV – lower heating value of the fuel.
Electric efficiency of the gas turbine Ș elGT and steam part Ș elST are given by:
N elGT
K elGT
m f  LHV
N elST
Q 4a

K elST

(6)
(7)

Where Q 4a is the heat flow at the HRSG inlet.
By using the ratio of heat flow at the expander outlet Q 4a to the gas turbine electric power,
indicated as Į, equation (5) can be written as:

K el.gross K elGT  1  D K elST

D

Q 4a N elGT

(8)
(9)

The net electric efficiency of the combined cycle unit is defined with analogy to (5), taking
into account the own needs of individual installations within the unit:

K el

N elGT  N elST  ¦ 'N i
m f  LHV

¦ 'N i 'N el  'N ASU  'N CC

(10)
(11)

The applied additional installations vary depending on the analyzed case. In equation (11) all
occurring installations are listed, but if the analyzed case is not equipped with selected
installation, then its own needs are equal to zero. The total own needs rate of the unit į is
equal to:

G

¦ G i G el  G ASU  G CC
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'N el  'N ASU  'N CC
N el.gross

(12)

where: į el – gas turbine and steam part own needs ratio, į ASU – air separation unit own needs
ratio, į CC – carbon dioxide compression installation own needs ratio.
3.2. Results
Characteristic parameters obtained for the analyzed combined cycle gas turbine units are
presented in Tab. 2.
Table 2. Characteristic parameters of the CCGT, OXY and ABS cases.
Parametr
N iT , MW
N iC , MW
N iCO , MW
N elGT , MW
m f LHV, MW
Ș el.GT , Q 4a , MW
Į, t 4a , °C
N el.ST , MW
Ș el.ST , N el.gross , MW
Ș el.gross , ǻN el , MW
ǻN ASU , MW
ǻN CC , MW
į, N el , MW
Ș el , u CO2 , kg/MWh
e CO2 , kg/MWh

CCGT
428,1
219,5
0,00
200,00
516,3
0,3873
301,8
1,509
595,0
100,1
0,3282
301,1
0,5813
6,0
0,0
0,0
0,0200
295,1
0,5715
330,1
330,1

OXY
520,6
283,3
27,0
200,0
568,5
0,3518
386,0
1,930
642,2
141,0
0,3654
341,0
0,5998
6,8
32,5
11,6
0,1493
290,1
0,5103
374,0
7,5

ABS
428,1
219,5
0,0
200,00
516,3
0,3873
301,8
1,509
595,0
74,5
0,2469
274,5
0,5316
5,5
0,0
8,9
0,0525
260,1
0,5037
382,1
38,2

Where u CO2 is the CO 2 production in combustion process per every 1 MWh of produced net
electric energy, and e CO2 is a CO 2 emission per every 1 MWh of produced net energy.

4. Conclusion
x The thermodynamic assessment of the combined cycle gas turbine (CCGT), the combined
cycle power plant with the oxy – combustion (OXY) and the unit with the chemical
absorption (ABS) indicated the lower gas turbine efficiency in the OXY case than in the
other cases with the air - combustion, efficiency were equal to 0.3518 and 0.3873,
respectively. However, the heat amount supplied to the heat recovery steam generator in
the OXY case is higher than for the other units by about 28%, additionally the flue gas is
characterized by the higher temperature, equal 642°C in OXY, related to 595°C in the
remaining cases. As a consequence the steam cycle in the OXY case achieves electric
power higher by 39.9 MW than the CCGT case, resulting in the gross efficiency of the
OXY unit equal to 0.5998, which is the highest value among the analyzed cases. The
CCGT unit reaches gross efficiency equal to 0.5813. The steam extraction used in the ABS
case causes a drop in the steam cycle power by 25.6 MW in relation to the CCGT case and
in consequence significant decrease in the gross efficiency to the level of 0.5316.
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x The CCGT case has no additional installations and is affected only by minor own needs of
gas turbine and steam turbine installations, thus, it achieves the highest net efficiency,
amounting 0.5715. In the cases with CCS technology, apart from mentioned own needs,
there are additional installations decreasing the net electric efficiency of those cases. The
air separation unit in OXY case is characterized by a high own needs, amounting
32.5 MW. Additionally, in the OXY and ABS cases, the compression of the captured CO 2
increases the own needs of this cases by 11.6 MW and 8.9 MW, respectively. In OXY and
ABS cases, due to the application of CCS technology, achieved net efficiency are lower
than in the base case (CCGT) by 6.12 percent. points in OXY case, and by 6.78 percent.
points in ABS case.
x The use of the less energy consuming air separation unit, e.g. membrane or hybrid
(membrane - cryogenic) ASU in the oxy - combustion unit shall cause the net efficiency
improvement for the unit. The less energy consumption sorbents and the new concepts to
provide the heat to regenerate the sorbent are sought to increase the efficiency of the
combined cycle power plant with the CCS installation in post - combustion technology.
Literature
[1]

Chmielniak T.: Energy technologies. WydawnictZR3ROLWHFKQLNLĝOąVNLHM*OLZLFH
(in Polish).
[2] Kotowicz J.: Combined cycle power plants. Wydawnictwo KAPRINT, Lublin 2008 (in
Polish).
[3] Kotowicz J., Janusz K.: Manners of the reduction of the emission CO 2 from energetic
processes. Rynek Energii 2007;1(68):10-18 (in Polish).
[4] .RWRZLF]-%DUWHODàOptimisation of the connection of membrane CCS installation
with a supercritical coal- ¿UHGSRZHUSODQW. Energy 2012;38:118-127
[5] &KPLHOQLDN7:yMFLN.Capture and transport of CO2 from flue gas – energy effect
and economic analysis. Rynek Energii 2010;91(6):51-55 (in Polish).
[6] Kotowicz J., Janusz - 6]\PDĔVND . Influence of membrane CO2 separation on the
operating characteristics of a coal-fired power plant. Chemical and Process
Engineering 2010;31(4):681-698
[7] Liu C.Y., Chen G., Sipöcz N., Assadi M., Bai X.S.: Characteristics of oxy-fuel
combustion in gas turbines. Applied Energy 2012;89:387–394.
[8] Zhanga N., Lior N.: Two novel oxy-fuel power cycles integrated with natural gas
reforming and CO 2 capture. Energy 2008;33:340–351.
[9] Kotowicz J., Job M.: Optimization of the steam part parameters in the CCGT unit with
oxy-combustion and the carbon capture installation. Rynek Energii 2013;4(107):48-55
(in Polish).
[10] Tranier J., Dubettier R., Darde A., Perrin N.: Air Separation, flue gas compression and
purification units for oxy-coal combustion systems.Energy Procedia 2011;4:966-971.
[11] .RWRZLF] - %U]ĊF]HN 0 The Influence of CCS on optimal parameters of combined
cycle power plants., Proc. of V Scientific and Technical Conference ENERGETYKA
GAZOWA 2013, 9-11 October 2013, Zawiercie, Poland, monograph vol.2:77-90
(in Polish)
[12] GateCycle Version 5.40. Manual. GE Enter Software, LLC.

77

78

ASSESSMENT OF THE 3-D COMBUSTION MODEL IN THE
MARINE 4-STROKE ENGINE
Jerzy Kowalski
Gdynia Maritime University
Department of Engineering Sciences
Morska Street 81-87, 81-225 Gdynia, Poland
tel.: +48 58 6901434, fax: +48 58 6901399
e-mail: jerzy95@am.gdynia.pl
Abstract
The aim of this research is to formation of the model of combustion process in the marine, 4-stroke, diesel engine.
The chosen object of research is a laboratory AL25/30 engine. For achievement of the aim, laboratory measurements
are made and the results are used to determine the boundary and initial conditions. In addition, measurements of the
fuel injection shape are made on the test bench and are made a faithful geometric model of structural components of
the engine cylinder. The obtained data has been implemented in the three-dimensional model comprising the fuel
injection phenomena, the brake-up and the evaporation of fuel, auto-ignition, flame propagation and heat exchange
with the structural elements of the engine cylinder. As a result of activities succeeded in creating a model of the
combustion process in the cylinder, which has been positively validated due to the maximum combustion pressure and
the temperature of the exhaust gases. Obtained results of calculations also allowed verifying the assumption of
negligible auto-ignition delay. The adopted ECFM-3Z model of the ignition and combustion, used for modeling of
combustion in diesel engines, showed the calculated size of the auto-ignition delay of 7-8 ° CA.
Key words: marine engine, multidimensional model, Dukowicz evaporation model, TAB brake-up model, ECFM-3Z
combustion model

1. Introduction
The development of the construction of the marine piston engines in the XXI century goes
towards the growth of the combustion process efficiency while gaseous emission reduction. Both
of mentioned objectives can be achieved through the development of engine design for optimal
combustion process throughout all engine load conditions. Optimization of the combustion process
should proceed towards the obtaining a certain fuel ignition in possible large ranges of
thermodynamic parameters in the engine cylinder. The fuel ignition should be provided during the
engine operation at malfunction conditions such as leakage of the engine cylinder or malfunction
of the air exchange system. Moreover, combustion process in the engine cylinder should be
complete. Such state of affairs provides, inter alia, the high temperature of the combustion process
[1]. Unfortunately, an excessive of the combustion temperature increase results in an increase of
the nitric oxides emission. For this reason, the combustion process parameters should be governed
for the engine load, the engine rotational speed and the technical condition of the engine. Such
correction provides electronic control of the valve timing and the fuel injection process [2].
To the optimal control of the combustion process requires knowledge about the phenomena
occurring in the engine cylinder. Suitable for this purpose are the methods based on the direct
measurement of engine operating parameters. It should be noted, that the measurement parameters
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of fluids from the engine operation may be insufficient. The temperature of the cooling water, oil,
and exhaust gas does not reflect the temperature of the engine cylinder and the measurement of
cylinder pressure may be burdened with a significant error [3]. Due to the rapidity of phenomena
occurring in the engine cylinder direct measurement of the combustion temperature is not possible.
Applying optical methods [4] is possible only after modernization of the engine construction in the
laboratory conditions and the cost of this type measurements may be relatively high [5].
In recent years, numerical methods are gaining in popularity. The reason for this is the increase
in computing power and significant decrease in the modeling cost. Numerical methods can be
applied to both qualitative and quantitative evaluation of the phenomena occurring in the engine
cylinder [6]. It should be noted, that such models must be used with great care and only after a
positive validation of the combustion process parameters concerned with the data obtained through
the direct measurements.
The aim of the work is to create a multi-dimensional model of the combustion process in the
cylinder of the marine 4-stroke engine. This model is intended to allow the appointment of
thermodynamic parameters of the engine exhaust gases and analysis of phenomena occurring
during the combustion process.
2. The model description
Model phenomena occurring in the engine cylinder was prepared as Euler description [8]. The
base model of the combustion process in the engine cylinder is a geometric grid, including the
shape of the cylinder with the air intake duct, the outlet duct and exhaust and inlet valves. The
geometric grid was built based on the technical documentation of the research object. As a
research object was selected laboratory 4-stroke engine, type Sulzer Al25/30. Analysis and
selection of spatial grid parameters are presented in [9]. Prepared grid is presented in Fig.1 and
parameters of the Al25/30 engine in Tab.1.

Fig.1. The grid of the engine cylinder
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Tab. 1. The laboratory engine parameters

Parameter
Max. electric power
Rotational speed
Cylinder number
Cylinder bore
Stroke
Compression ratio
Injector nozzle
Holes number
Holes diameter
Holes position diameter
Holes position angle
Spray cone angle
Opening pressure

Value
250
750
3
250
300
12,7

Unit
kW
rpm
–
mm
mm
–

9
0.325
7
150
6
25

–
mm
mm
deg.
deg.
MPa

2.1 The fuel injection model
The fuel injection model is based on the geometrical dimensions of the injector nozzle, which
are presented in Tab.1. According to [10], page 526, the injected fuel cone angle depends on the
differential pressure in the nozzle and in the cylinder chamber and the ratio of the diameter to the
length of the injector holes. Due to the low credibility of the measurement of the length of the
injector holes, the injected fuel cone angle was determined empirically on a test stand. The tests
were conducted at atmospheric pressure, assuming that the injection pressure is many times greater
than the pressure prevailing in the cylinder chamber. Fuel injection was photographed at a
frequency of 60 frames per second, and measurement was made on the collected photographic
material.
Mass of fuel injected was calculated on the basis of fuel consumption. Fuel injection
characteristic was determined based on the measured characteristics of injection pressure,
according to the following relation:

m

f

p w  pc ,

(1)

where:
m – mass of injected fuel in [g/s],
p w – injection pressure in [Pa],
p c – pressure in the cylinder chamber in [Pa].
Assumed injection timing equals to 25 degrees before top dead center of the piston position.
Start of injection equals to 695 degrees angular position of the crankshaft. The basis for this
decision was to analyze the characteristics of the pressure on the indication valve. I assumed that
the pressure signal in the indicator valve is not delayed relatively to the pressure in the engine
cylinder. In addition, it is assumed that self-ignition delay is negligibly small.
2.2 The brake-up and the evaporation model
The initial value of the droplet diameter of the fuel injection is taken as 0.325 mm, which
corresponds to the diameter of the nozzle holes. A further break-up of fuel droplets has been
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described by the Lagrange description [8] with TAB model application [11]. This model specifies
the conditions for breaking-up of fuel droplets as a dimensionless factor that depends on the
density of the fuel and the surrounded air, the viscosity of the fuel droplet, the relative velocity and
diameter of droplets. If the value of the mentioned ratio is greater than 1, the drop breaks up.
Distribution of mean droplet diameter, determined by the Sauter method [10], is assumed as Chi2.
Simultaneously with the fuel atomization process begins the process of evaporation. This
process results from the heating of fuel droplets. For modeling of heat flow from the air to fuel
droplets and mass flow of fuel vapors from the droplets to air the Dukowicz’s model is adopted
[12]. The spherical shape of fuel droplets (microgravity conditions) and a constant temperature and
heat transfer conditions on the surface of the droplet is assumed.
2.3 The combustion process
Evaporated fuel is mixed with air in the engine cylinder. To modeling these phenomena the k-H
model [6] were using. The combustion process was described by the ECFM-3Z model. Mentioned
model is prepared by Groupement Scientifque Moteurs consortium [13]. It is a model developed
for modeling the combustion in diesel engines and it belongs to the CFM (Coherent Flame Model)
class of models. The model can be used for both direct injected [14], and spark ignited engines
[15]. This model assumes that the chemical reactions take place in the relatively narrow layer of
the flame. The flame progresses to the direction of fresh mixture of air and fuel. Mentioned flame
layer is defined a homogeneous mixture of fuel and air and its shape and size is diffusion
phenomena. In the present model, the self-ignition delay is determined by air temperature, the
density of the mixture and the molar concentration of oxygen and fuel. Chemical kinetic
calculations are prepared for assumed substitute fuel composition in the form of hydrocarbon
C 13 H 23 .
3. The laboratory stand
Boundary conditions and initial conditions, as well as data necessary for validation of this
model were collected during laboratory tests. The laboratory researches are carried out on a
laboratory engine Al25/30, which basic parameters are presented on Tab.1. During the laboratory
research the engine operate at a constant speed and load equal 250kW. The engine was fueled by
diesel oil with known specifications. The research covered the registration of parameters of
turbocharger, fuel system, lubrication, cooling and air exchange systems. All parameters are
measure with a sampling time equal to 1 second and used for modeling the data was the arithmetic
average of 3 observations. Closer description of laboratory research can be found in [16].
4. The validation model and obtained results
Initial conditions of the model are measured during laboratory research pressure and
temperature of the charge air in the air intake duct. These conditions were adopted for the entire
volume of the intake manifold and the engine cylinder at the crank shaft angular position
corresponding to beginning of the closing of the intake valve. Moreover, boundary conditions are
determined, as the temperature of individual structural elements of the engine cylinder. The
temperature of the intake valve with the inlet channel is assumed as measured temperature of the
charge air. The boundary temperatures of the cylinder liner, piston and cylinder head are assumed
as the lubricating oil temperature, measured behind the engine. For the temperature of the surface
of exhaust valve with the exhaust duct is assumed temperature of the exhaust gas, measured
behind the modeled cylinder of the engine.
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The calculations are carried out from the beginning of the intake valve closing (575 degrees of
the contractual angle of crankshaft position - CA), by compression and combustion processes until
the end of the opening of the exhaust valve (contractual 850° CA). The top dead center of the
piston position during the power stroke engine has the contractual CA equal 720°. Each step of the
calculation corresponds to the CA required from 17 to 100 iterative calculations of the balance
equations of momentum, energy and continuity for each grid cells. The convergence criterion for
momentum, pressure and energy was assumed as the change in values of mentioned parameters is
not larger than 0.01 after each iteration. The variable step of calculation was assumed from 0.01 to
1 degree of CA also. The results of calculations of each step are the input to the calculations for
the next step. Calculations were performed using Fire software in 2013.1 version from AVL
manufacturer.
On the 2 drawing the results of model validation are presented. Criteria of the model validation
are assumed temperature of the exhaust gas after cylinder at the opening of the outlet valve
(contractual 840° CA) and maximum combustion pressure in the engine cylinder.

Fig.2. The calculated exhaust gas temperature and maximum pressure (p max)

According to the presented results, calculated values  smaller from measured by 2.8% in the
case of the exhaust gas temperature and by 4.5% in the case of the maximum in cylinder pressure.
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Fig.3. The mean parameters in all volume of the engine cylinder
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On the left side of the Fig.3 the average values of temperature and pressure calculated for the
whole volume of the engine cylinder are shown. It should be noted that obtained results are
qualitatively consistent with results available in the literature [10]. On the right side of the Fig.3
the characteristics of the injection, vaporization and combustion of the fuel in the engine cylinder
are shown. As previously mentioned, the fuel injection characteristic is a function of the (1)
equation.

Fig.4. The temperature of the combustion process

In the initial period of fuel injection at a relatively low pressure and temperature in the engine
cylinder, the amount of the evaporating fuel is less than the amount of injected fuel. Ignition of the
fuel, referred to the sudden increase in the fraction of fuel burned, causes an increase in
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temperature and pressure in the cylinder. The result of this is an increase of the amount of
evaporating fuel to a value equal to the amount of injected fuel. The residual value of the fuel
burned fraction in the initial stage of the combustion process is the result of chemical dissociation
of fuel before auto-ignition. It should be noted that illustrated in Fig.3 temperature values are the
average values of temperatures for the entire volume of the cylinder. Local temperatures differ
significantly from the average values.
Figure 4 shows temperature changes in the engine cylinder with the rotation of the crankshaft
on the example of the axial cross-section of the cylinder. Cross-section of the cylinder passes
through the axis of the right side of the nozzle hole. The lower profile of the cross section
corresponds to the shape of the piston bottom. According to the presented the results, auto-ignition
of the fuel occurs 3-4° before TDC of the piston position and causes a sudden increase of
temperature. Since then, the development of combustion occurs towards a cooler piston bottom
and the cylinder walls. The initial combustion period is very fast, because the combustion rate is
determined by kinetic phenomena that are taking place in a mixture of fuel and air. At the first, the
turbulent combustion is slowed down at the moment of lack of combustible mixture in the
cylinder. According to the result from Fig.3, starting from the TDC of the piston position
(contractual 720° CA), the combustion rate is determined by the fuel injection characteristics and
diffusion phenomena, occurring on the surface of the liquid fuel droplets. A symptom of this state
of affairs is to cover the characteristics of fuel injection and fuel evaporation.
It should be noted that calculations show a significant delay of auto-ignition. Assumed models
and boundary and initial conditions have resulted in auto-ignition delay equal to 7-8° CA. For this
reason, it must be assumed that the auto-ignition delay is not negligible, as assumed. Furthermore,
according to the cited measurement results carried out on the same research facility [3] there is a
significant delay between the measured pressure signal on the indicator valve and the signal
measured in the engine cylinder. Therefore, the conclusion must accept that the determination of
injection based on the characteristics of the pressure signal on the indicator valve gives a result
considerably delayed due to two discussed phenomena.
According to results, presented in Fig.4, the maximum combustion temperature comes to
2500K. It should also be noted that at large part of the cylinder volume the temperature of the
combustion process is high enough to allow oxidation of the nitrogen in accordance with the
thermal Zeldovich mechanism [10].
5. Conclusions
The aim of this research was to formation of the model of combustion process in the marine, 4stroke, diesel engine. The chosen object of research was a laboratory AL25/30 engine. For
achievement of the aim, laboratory measurements were made and the results were used to
determine the boundary and initial conditions. In addition, measurements of the fuel injection
shape were made on the test bench and made a faithful geometric model of structural components
of the engine cylinder. The obtained data has been implemented in the three-dimensional model
comprising the fuel injection phenomena, the brake-up and the evaporation of fuel, auto-ignition,
flame propagation and heat exchange with the structural elements of the engine cylinder. As a
result of activities succeeded in creating a model of the combustion process in the cylinder, which
has been positively validated due to the maximum combustion pressure and the temperature of the
exhaust gases. This model allowed for a qualitative assessment of the processes occurring in the
engine cylinder. The analysis of the temperature distribution in the cylinder showed significant
differences of temperature in the volume of the cylinder. As a result of these differences in the
maximum temperature reached in the cylinder combustion to 2500K, and the average for the entire
volume of the cylinder is lower than 600K.
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Obtained results of calculations also allowed verifying the assumption of negligible autoignition delay. The adopted ECFM-3Z model of the ignition and combustion, used for modeling of
combustion in diesel engines, showed the calculated size of the auto-ignition delay of 7-8 ° CA.
Therefore, further work is needed on the quantitative validation of the obtained model.
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Abstract
The article consist the 3d mesh analysis prepared for simulation of the processes in combustion chamber of
marine compression ignition engine. The three moving meshes models where prepared: A – mesh for engine cycle
work simulation; B – mesh of combustion chamber volume for work stroke simulations, no valves included; C- mesh of
combustion chamber including mountings screw whole for work stroke simulations, no valves including. Prepared
mesh where used for numerical simulations of injection and combustion processes in engine combustion chamber.
Type C model, even if the total number of cells is lower in comparison to B model, result in calculation time increase.
B and C models are solution for fast and robust validation of injection and auto ignition model parameters. Type A
model is only one suitable for full cycle simulation. Only with accurate initial and boundary conditions the qualitative
results of the injection, mixing and combustion process can be obtain on mesh type B and C.
Key works: CFD, RANS, marine engine, moving mesh, 3d mesh

1. Introduction
Nowadays and future regulations regarding environment protection and combustion emission
products limitations are source of a need to design engine constructions with higher efficiency.
Solution to decrease the research and development costs is to use computer fluid dynamics (CFD)
technics, which is an effective tool for analyse and verification of the fluid flow and combustion
processes in piston engine. According to Drake et al. [1], dynamic development of CFD methods
in modelling of the piston engine processes started with the development of port fuel injection
piston engines. The processes of the energy conversion to mechanical work from combustion in
piston engine are complicated to describe numerically. In simulation there is a need for injection,
mixing, ignition and combustion models verification. Numerical representation of the fluid flow,
pressure temperature field, heat exchange in flow and on boundary wall need to be described also
precisely. Assuming the number of thermodynamic processes which need to be defined in CFD
and continues hardware development, simulation methods and models are also continuously
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developed. The newest injection and combustion models for compression ignition diesel driven
engine are fully validated [2]. According to Collin et al. [3] today every new construction of the
compression ignition engines is optimised by use of CFD methods.
Proper numerical analyse of engine processes needs preparation of the accurate representation
of engine geometry, by mean of the finite volume elements (mesh) model. Also piston and valve
movement need to be included. Mesh should be prepared together with the knowledge about
simulated process. Still the final resulting mesh is an optimal solution for robust calculation in
time. In presented paper the methodology of mesh preparation will be shown for marine
compression ignition engine together with comparison of different solution for simulation purpose.
2. Methods of mesh preparation
Geometrical data about piston chamber and valves dimension together with data about piston
and valves movement were prepared. The chosen compression ignition engine is from Maritime
University laboratory, Sulzer A125/30, construction typical for marine purpose. Basic geometrical
engine parameters are presented in Tab. 1.
Tab.1. AL25/30 Engine parameters

Parameters
Max. electric power
Rotational speed
Cylinder number
Cylinder bore
Stroke
Compression ratio
Injector nozzle
Holes number
Holes diameter
Holes position diameter
Holes position angle
Spray cone angle
Opening pressure

Value
250
750
3
250
300
12,7

Unit
kW
rpm
–
mm
mm
–

9
0.325
7
150
6
25

–
mm
mm
deg.
deg.
MPa

Three moving mesh models where proposed for the purpose of numerical simulations:
A – mesh for full engine cycle simulation presented on Fig. 1,
B – assuming axis symmetry of combustion chamber, moving mesh representing combustion
chamber volume for one injector hole was prepared Fig. 2a,
C – assuming axis symmetry of combustion chamber, moving mesh representing combustion
chamber with injector and mounting screw elements volume for one injector hole was prepared
Fig. 2b.
Mesh A, presented on Fig. 1 where prepared for whole engine cycle, 720°. It was done with
use of AVL Fire software, “Fame Engine Plus” (FEM+) module. Geometrical models were drawn
for every engine stroke on fluid side. As the results four geometrical fluid models, representing
exhaust, scavenging, intake, compression and combustion stroke were imported in to the Fire
workflow manager. The reason for different models preparation is the result of assumption that
after the valves are closed the simulation of the fluid flow in intake or exhaust channels can be
omitted. It also decreases significantly calculation time.
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Fig.1. 3D geometrical models for whole engine cycle calculation.

B

C

Fig.2. 3D geometrical models of combustion chamber, type B and C.

Fig.3. Edges representation for type A geometrical model

On Fig. 3 the edges (green) representation for type A geometrical model is shown. Mesh
calculated in FEM+ module is based on geometrical and edge input data. Edges are elements for
proper definitions of surface cross section. Piston movement where conducted with use of
crankshaft geometrical data by methodology presented by Heywood [5]. Valves movement where
prepared by construction analysis of laboratory engine. For proper movement representation also
selections on movement elements are defined. On Fig. 4, the piston and valves selection for nonmoving, buffer and moving elements is presented. Proper choice of movement definitions is key
element for robust and fine mesh generation.
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Fig.4. Selection for mesh movement description on type A geometrical model

Calculated mesh model consist of 500 000 cells at work stroke and 1 500 000 cells at
scavenging stroke. Base cells size is 2 [mm] minimum and 8 [mm] maximum. Cells size should be
defined by geometrical and simulated process complicity.

Fig.5. Mesh cross-section for type A model

Flow velocity, mixture preparation and combustion processes scale related to combustion
chamber complicity are the key parameters to decrease the cells characteristic size.
Simultaneously, smaller cells lead to increase of the total number of cells and calculation time. To
fulfil those statements the maximum cell size is limited to 2 [mm] for injection and combustion
period and 0.125 [mm] for valves ports during the opening and closing crank angle degree. On
Fig. 5 it is shown the mesh cross section view for scavenging stroke. Piston and liner includes also
cut-off for valve opening. On Fig. 6 it is shown that the distance between open valve and liner cutoff surface is around 1 [mm] and distance between open valve and piston cut-off surface and top
dead centre position is 2 [mm]. Mesh resolution for such area is also refined to avoid convergence
problem because of the velocity increase.
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Fig.6. Mesh type A cross section for TDC position at scavenging and work stroke

Valves and piston surface engine elements which distance between the liner surface are from 1
to 2 [mm] and the surface move is parallel to each other can cause cells skewness. To avoid such
result, which can cause negative cells preparation, not only cell size need to be refined (0.25
[mm]), but also mesh movement resolution need to be decrease to 0.5°.
Models type B and C were prepared with use of ESE Diesel tool form AVL Fire software.
Models are based on assumption that geometrical and fluid flow characteristic is axis symmetric.
Also it is possible to divide the combustion chamber volume according to angle symmetry of the
injector nozzle holes. It results with model covering 40° of the combustion volume chamber for
one nozzle injector hole. Methodology to prepare such mesh is simpler and it is based on the
surface regular mesh rotate by 40° and 25 divisions. Models type B and C were divided in to two
areas, injection area with 0.5 [mm] size and the rest volume with 1 [mm] size. For those models
the valve movement is not described, also it is assumed that piston/liner cut-off and clearance
between piston and liner is neglected.
For B type model the injector nozzle and mounting screw whole is also neglected.
3. Results
Calculations with all considered grids require the input of initial and boundary conditions data
as well as the fuel injection parameters. Mentioned data were collected during laboratory tests,
which the course and the results are presented in [5]. In addition, it is necessary to implement
models of fuel injection, fuel spray brake-up, evaporation and combustion. The analysis of these
problems is presented in the work [6]. It should be noted that the spatial geometry of the B and C
meshes does not allow to model the full cycle of the engine operation. Omission of the valve
geometry does not allow the modeling of the cylinder scavenging.
The computation time depends largely on the computing power of the computer, the number
and complexity of solved equations, consisting of the combustion process and the size and
complexity of the spatial grids. It is important problem because the calculation of one the engine
cycle of 720° crankshaft angle (CA) with the single processor computer (4-core processor with the
3.4 GHz clock frequency, 16Gb of RAM memory and 64-bit operating system) take about 250
hours.
The Tab.2 presents a summary of the built grids parameters and the results of calculation time
for the same input data. The calculations were carried out for the compression and combustion
processes in the engine cylinder, starting from 140° CA before top dead center of the piston (TDC)
to 130° CA after TDC. The presented calculations were performed on the same computer set and
using the same equations and input data. Calculation time was measured using the internal
software module of the Fire AVL package.
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Tab.2. Calculation time

Grid
Number of cells [thousands]
Accumulated sum of iterations
Mean CPU time per iteration [s]
Combustion
Emission
Energy
Momentum
Pressure
Spray
Thermo-Chemistry
Turbulence

A
500 – 1500
25110
11,59
3,12
0,17
0,33
0,49
3,34
0,14
2,83
0,69

B
317 – 396
46458
10,67
1,29
0,09
0,17
0,24
1,01
5,78
1,52
0,40

C
257 – 360
47604
16,05
3,54
0,23
0,47
0,64
2,09
3,63
4,14
0,97

According to the presented results, average time for one calculation iteration is the longest for
the C grid and the shortest for the B grid. It means that calculation time is largely dependent on the
shape and structure of the individual cells of the mesh. It should be noted that the overall
computation time is also influenced by the number of calculated iterations. According to the
presented results, the best convergence of numerical calculations is obtained for grid A.
Tab.3. The iteration number for characteristic steps of calculations

Grid
Start of calculations – first Steps
1°CA
iterations/step
Steps
Compression – next 119°CA
iterations/step
Start of fuel injection – next Steps
28°CA
iterations/step
Steps
Combustion – next 106,5°CA
iterations/step
Exhaust valve opening – next Steps
20,5°CA
iterations/step

A

B
100
19,9
151
73,6
240
22,5
213
16,3
62
50,7

C
10
74,3
119
94,5
240
98,0
221
64,5
41
55,9

10
75,2
119
50,8
240
94,9
221
66,0
41
84,1

As mentioned earlier, presented the average computation time is also apparent from the amount
of implemented equations in the model. The average computation time for each model, which
make up the model of the combustion process in the engine, for a single iteration is shown in the
Tab.2. The presented results show that considered grids are optimal solutions for the selected
computational models. Grid A is the best solution for the calculation of the fuel injection and grid
B for the calculation of emissions, energy and turbulence phenomena. Increasing the accuracy of
mapping the shape of the cylinder about the shape of the fuel injector in a C grid resulted in a
significant increase in computation time for all considered model's equations of the combustion
process. An additional effect was an increase in the number of iterations.
The size of the calculation steps for the characteristic engine operation phases expressed in the
angle of CA are presented in the Tab.3. The average number of iterations which are needed to
obtain a result of the assumed accuracy, per one step calculation, is also presented.
According to the presented results, increase of the calculation step leads to an increase in the
number of iterations. It must be remembered that the use of the excessive computational step size,
decreases the convergence of the calculation, leading to an increase in the number of iterations.
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This conduct may result in a significant increase in computation time and thus counterproductive.
An example of this is the average number of iterations for the opening of the engine exhaust valve.
Not implemented valves geometry in the B and C grids, allowed reducing the amount of
calculation steps. Despite this, there has been an increase in the average number of iterations for
one step. As a result, the computation time has not reduced significantly.
It should be remembered that the analysis of the optimal choice of the grid should also be
conducted based on the validation of computational results obtained with the measured data.
Calculations with B and C grids cannot be prepared for subsequent cycles of the combustion
process. The advantage of these grids is the ability to quickly tune the boundary conditions and the
parameters of the models of the combustion process. We can conclude that the B and C moving
grid, based on the axial symmetry assumption are not consistent with the real model, but they can
give a quick solution, but only in the case of a regular structure. Grids of this type may be a
prelude to the calculation of the A grid.
It should also be noted that the advantage of the A grid is fully possible to estimate the velocity
field, pressure and temperature at the start of the compression stroke with consideration of the
fluid flow in a perpendicular direction to the cylinder axis.
4. Conclusions
The article consist the 3d mesh analysis prepared for simulation of the processes in
combustion chamber of marine compression ignition engine. The three moving meshes models
where prepared: A – mesh for engine cycle work simulation; B – mesh of combustion chamber
volume for work stroke simulations, no valves included; C- mesh of combustion chamber
including mountings screw whole for work stroke simulations, no valves including. Prepared
mesh where used for numerical simulations of injection and combustion processes in engine
combustion chamber. Type C model, even if the total number of cells is lower in comparison to
B model, result in calculation time increase. B and C models are solution for fast and robust
validation of injection and auto ignition model parameters. Type A model is only one suitable
for full cycle simulation. Only with accurate initial and boundary conditions the qualitative
results of the injection, mixing and combustion process can be obtain on mesh type B and C.
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Abstract
The paper presents ECFM-3Z combustion model analysis in the marine, 4-stroke diesel engine. The purpose of
the modeling was to determine the composition of the exhaust gas. This composition depends on the composition of the
combustible mixture, combustion time and thermodynamic conditions prevailing in the engine cylinder during the
working process. Mentioned parameters are variable in time and space, and therefore require the use of 3dimensional model based on the finite volume method, taking into account the fuel injection, brake-up and
evaporation, mixing with air, auto-ignition and combustion. All models presented in the literature are adapted to the
parameters of relatively small engines. Different marine engine parameters require significant modifications taking
into account the heat exchange with the structural elements of the engine, leakage through piston rings and energy
losses by friction. It should also be noted that dimensions of the marine engine require careful optimization of spatial
moving meshes according to computation time and quality of results. Paper presents influence of mixing time, start of
injection and autoignition delay on modeling results of the exhaust gas composition.
Key words: marine engine, multidimensional model, mixing time, autoignition delay, ECFM-3Z combustion model

1. Introduction
The aim of the design development of marine piston engines is the reduction of fuel
consumption and the reduction of toxic compounds emissions into the atmosphere. These
objectives require the knowledge of parameters of phenomena occurring in engine cylinders
during its operation. Parameters of the combustion process in the engine cylinder determine the
composition of the exhaust gas. The assessment of phenomena, resulting in the emissions of toxic
compounds into the atmosphere, requires a multi-dimensional modeling of the propagation of
flame in the engine cylinder. This process is made up of many co-existing physical phenomena.
Mentioned phenomena’s are the injection of fuel into the engine cylinder, fuel brake-up and
evaporation, mixing with air, autoignition and flame propagation in a heterogeneous combustible
mixture. It should be noted, that the result of the combustion process occurring are a number of
chemical reactions. Chemical reactions are determined by temperature and pressure in the engine
cylinder but also by the composition of the combustible mixture, the combustion chamber
geometry, the phenomena of heat transfer, gas movement, leaks by the piston-rings-cylinder liner
system etc.
Many models of combustion processes are developed. In the last 10 years increasingly popular
in the modeling of combustion processes are Coherent Flame Models (CFM) [1]. CFM models
describe the combustion process on the assumption that the scale of chemical reactions is many
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times smaller than the scale of the turbulent flow. This enables the separation of both phenomena
models. It’s further assumed that chemical reactions take place only in a very thin surface layer of
the flame, which the shape and the location depend on of the turbulent flame propagation
phenomena. CFM model was modified by Colin and Benkenida [2] in 2004. Mentioned model,
named Tree Zone Extended Coherent Flame Model (3Z-ECFM), allows obtaining correct results
of modeling for diesel engines. Mobasheri et al. [3], [4] apply 3Z-ECFM model to develop a
strategy for fuel injection into the engine cylinder to reduce the NOx and the soot emissions.
Moreover, authors tested and optimized the split fuel injection into the engine cylinder with
capacity of 2.5dm3. Authors present Homogeneity Factor, a new parameter for supporting the air–
fuel mixing and the combustion process in diesel engines. Taghavifar et al. [5] use 3Z-ECFM
model to modification the structure of the combustion chamber of a small engine to changing the
mixture formation, the combustion initiation and emissions. The 3Z-ECFM model is useful to
predict of exergy parameters of a small dual fuel, high speed diesel engine [6] and real time predict
of the NOx emission [7]. The 3Z-ECFM model with Eulerian–Lagrangian Spray Atomization
model were used to simulation of primary break-up and atomization processes also [8].
Presented works show wide possibilities of modeling of the combustion processes using the
model 3Z-ECFM. It should be noted that engines used in shipbuilding are significantly different
from small, on-road engines and engines used in the automotive industry. Main differences are i.e.
relatively low speed of marine diesel engines, the large stroke in relation to the cylinder bore, the
ignition of fuel before TDC (top dead center), the boost pressure greater than the exhaust gas
pressure for all loads of the engine, higher compression ratio and a large heat exchange surface in
relation to the cylinder volume. These differences cause that default settings of the 3Z-ECFM
model allow the calculate parameters of the combustion process only on a small scale. The model
of the combustion process in the marine engine cylinder was presented in [9]. Default settings of
the 3Z-ECFM model allow to correct modeling of thermodynamic parameters of the combustion
process. Modeling of the combustion process in the marine engine cylinder to assess the
composition of the exhaust gas requires a modification of mentioned model parameters.
The main purpose of the study is the analysis of selected 3Z-ECFM model parameters to assess
the composition of the exhaust gas from the marine diesel engine. Following parameters of the 3ZECFM model of the combustion process are taken into account in the presented analysis: start of
injection angle (SOI), the autoignition delay and the intensity of fuel and air mixing (mixing time).
2. The 3Z-ECFM model description
Phenomena occurring in the engine cylinder were modeled as the Euler description [10]. The
model base of the combustion process in the engine cylinder is a geometric grid, including the
shape of the cylinder with the air intake duct, the outlet duct and exhaust and inlet valves. Analysis
and selection of spatial grid parameters are presented in [11]. Parameters of the laboratory engine
are presented in Tab.1. Evaporated fuel is mixed with air in the engine cylinder. To modeling these
phenomena the k-H model [12] was used. The combustion process was described by the ECFM-3Z
model. In the present model, the autoignition delay (Ĳ) is determined by air temperature (T), the
density of the mixture (U) and the molar concentration of oxygen ([O 2 ]) and fuel ([Fuel]) for all
cells of grid by the following equation [13]:
߬ ൌ ͶǡͺͲͶ ή ͳͲି଼ ή ሾܱଶ ሿିǡହଷ ή ሾ݈݁ݑܨሿǡହ ή ሾߩሿǡଵଷ ή ݁

ఱవభర


,

[1]

The autoignition delay, calculated according to equation 1 was delayed from 0 to 43% during
the analysis. The composition of the exhaust gas depends on mixing time of fresh fuel and fresh air
before combustion. The phenomenon of mixing was defined by standard 3Z-ECFM model
equations [13]. The mixing time was changed from 0 to 420% in comparison to the standard
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parameters of the mixing time during presented analysis. The Dukowicz fuel evaporation model
[14] and TAB fuel brake-up model [15] are used. The dipper description of the combustion model
was presented in [9].
Tab. 1. The laboratory engine parameters

Parameter
Max. electric power
Rotational speed
Cylinder number
Cylinder bore
Stroke
Compression ratio

Value
250
750
3
250
300
12,7

Unit
kW
rpm
–
mm
mm
–

3. Results
An application of standard values of the autoignition delay and the mixing time in the 3ZECFM model allows obtaining correct results of pressure distribution in the cylinder compared to
measured valuesǤ Please note that measured values essentially concern pressure on the indicator
cock. Mentioned pressure value differs from the pressure values in the engine cylinder [16]. The
left side of Fig.1 shows pressure characteristics in the cylinder for the default 3Z-ECFM model
values and direct measurements.

Fig.1 Results of in cylinder pressure measurement and ECFM-3Z model calculation results with default values

According to presented results, the maximum measured pressure is greater about 8.3% than the
calculated value. It should be noted that results of modeling require the correct selection of
parameters such as SOI, characteristics of fuel injection into the cylinder and fuel consumption,
determine geometric dimensions of the fuel injector and injected fuel stream and the pressure and
temperature of charge air. The method of selection of these parameters is presented in [9]. This
model is valid only in appearance. Analysis of results of toxic compounds fractions in the exhaust
gas show significant discrepancies with the measured valuesǤ The right side of Fig.1 presents
results of temperature distribution as a function of CA (crankshaft angle). Presented results are
average values for the entire cylinder volume. Calculated fractions of nitric oxide (NO), carbon
monoxide (CO) and carbon dioxide (CO 2 ) in the exhaust gas are presented also. Tab.2 presents the
comparison of measured fractions of listed chemical species in the exhaust gas with the calculated
valuesǤ For comparison, the average values of the weight fractions for the entire volume of the
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exhaust gas duct and the crank angle between 110° after TDC and 140° after TDC. According to
presented results calculated NOx fraction is many times lower than the measured fraction.
Calculated CO fraction is higher than the measured CO fraction. The reason for this is too low
modeling combustion temperature, in the comparison to real conditions.
Tab.2. Mass fractions in the exhaust gas and maximum in cylinder pressure

Parameter
Measurement
Model with default values (SOI -21°)

NOx [ppm]
788
78

CO [ppm]
715
5782

CO 2 [%]
6.3
5.44

p max [MPa]
8.5
7.79

Presented results support the conclusion, that obtaining values of calculated average pressure
for the entire cylinder volume, similar to measured values, do not allow for proper modeling of the
composition of the exhaust gas. The use of default 3Z-ECFM model parameters results in a lower
combustion temperature than expected. As a result, incomplete fuel combustion occurs (increase
of CO fraction in the exhaust gas) and the NOx fraction in the exhaust gas decreases.

Fig.2 Influence of the autoignition delay on modeling results

The way to increase calculated temperature of the combustion process is the earlier SOI and
the autoignition delay. Such a set of model parameters can result in approaching the calculated
value of NOx and CO fractions to measured valuesǤgnition delay causes the greater part
of fuel evaporates before autoignition. The effect of this is the increase of the effect of combustion
controlled by chemical kinetics and the reduction of the influence of the diffusion in the
combustion process on calculation results. The autoignition delay in the 3Z-ECFM model can be
carried out by limiting the flow of energy from the in-cylinder air into vaporized fuel (increase of

98

the mixing time). The physical interpretation of this parameter is the extension of the heat flow
from air to evaporated fuel, caused by improper selection of parameters of fuel injection process
into the cylinder. Presented Eq.1 is an empirical equation, adapted for modeling of the autoignition
delay in a relatively small piston engines. Extension of mixing time parameter causes fuel
autoignition delay and thus increases of heat release rate in the initial stage of the combustion.
Fig.2 presents the influence of autoignition delay changes on the value of mass fractions of
NOx, CO and CO 2 in the exhaust gas. Characteristics of average temperature and average pressure
for the entire cylinder volume and the intensity of the heat release from the combustion process are
presented also. Data comes from calculations for the engine load equal 220kW at 750rpm, the SOI
-21° and the mixing time equal 400% of default model values.
According to presented results, the increase of the autoignition delay shifts the combustion
process on the expansion stroke. The result of this is the intensification of the combustion process,
despite the slight decrease of pressure in the cylinder. The 43% increase of the autoignition delay
results the increase of the maximum heat release by 26%. Effect of this is the increase of average
temperature of the combustion process by 60K. The increase of combustion process temperature
causes the increase of the NOx mass fraction in the exhaust gas. The increase of temperature
promotes the oxidation of CO to CO 2 . For this reason, Fig.2 presents increase of the CO 2 fraction
in the exhaust gas with a decrease of the CO fraction.

Fig.3 Influence of the mixing time on modeling results

Fig.3 presents the influence of the mixing time parameter on modeling results. These results
correspond to the engine load equal 220kW at 750rpm, the SOI -18 ° and the autoignition delay
equal 143% of standard values of the model. According to presented results changing the mixing
time does not change the characteristic of pressure in the engine cylinder. This means that the
change of this parameter is not visible during the in-cylinder pressure analyze. Therefore it can be
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concluded that it is possible to adjust parameters of the model of the combustion process, which
result is changes in the calculated composition of the exhaust gas without modifying the
characteristic of in-cylinder pressure. Increasing the mixing time causes a slight increase in the
intensity of the combustion process. The increase of the mixing time by 80% (from 340% to 420%
of the default value) causes the increase of the maximum heat release by about 16%. The effect of
this is the increase of combustion process temperature. Mentioned temperature increase is not as
large as in the case of increasing the autoignition delay. It should be noted that the increasing the
mixing time will slightly slow down the combustion process. Increasing the mixing time of more
than 400% moves the combustion process in the direction of the expansion stroke, and causes
slight deterioration of the combustion process. The result of this is the increase of CO fraction in
the exhaust gas with the constant value of the NOx fraction in the exhaust gas. The conclusion is
that the mixing time increasing over 400% will not affect the growth of the NOx fraction despite
the increase of the intensity and temperature of the combustion process. It should be noted that the
increase of the SOI angle does not cause a qualitative change dependances presented on Fig.3.
Therefore, it can be assumed that 400% of the default value of the mixing time is the adjustment
limit for this type of the engine.
An important parameter for the composition modeling of the exhaust gas is SOI (start of
injection angle). This parameter can be measured directly by static experiment or estimated by the
analysis of the in-cylinder pressure characteristic. Both methods are not accurate therefore, the
influence of the SOI value on the modeled exhaust gas composition was considered also.
Fig.4 presents influence of the SOI angle on modeling results. Presented results correspond to
the engine load equal 220kW at 750rpm, the mixing time equal 420% and the autoignition delay
equal 143% of default model values.

Fig.4 Influence of the SOI angle on modeling results
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The increase in the distance between the SOI and the TDC causes early autoigniton of fuel.
The result of this is the intensity change of the combustion process. The analysis of heat release
characteristics shows that at the SOI equal to 18°CA, mentioned combustion intensity is the
lowest. It should be noted that this is the value of the SOI measured on a real object and a
significant delay of the combustion is caused by maximum considered values of the mixing time
and the autoignition delay. As expected, the increase of the SOI angle reduces the NOx fraction in
the exhaust gas. This is due to the slowdown in the combustion process and the reduction of
combustion temperature. The result is a deterioration of the combustion process, resulting in a
rapid increase of the CO fraction in the exhaust gas. Analysis of obtained results of the CO 2 and
the NOx fractions shows that there is a certain interval of the SOI angle, that the contents of both
of chemical species are the largest. The conclusion is that a significant delay of SOI does not result
in the expected limitations of the NOx fraction in the exhaust gas.
4. Conclusions
The paper analyzed the effect of the SOI angle, the autoignition delay and the mixing time on
modeling results of the combustion process. The purpose of the modeling was the validation of the
3Z-ECFM model in terms of the composition of the exhaust gas of marine diesel piston engine.
The analysis allows drawing following conclusions:
 Default settings of 3Z-ECFM model parameters do not provide correct results of modeling
the combustion process in the marine piston engine. Required modification resulting in the
increase of temperature of the combustion process. This can be achieved by delaying of the
autoignition of the combustible mixture.
 The greatest impact on changing of modeling results has changes in the autoignition delay
and the SOI angle. Earlier fuel injection and/or the autoignition delay increase the intensity of the
combustion process.
 The validation of the combustion process model to assess the composition of the exhaust
gas by analyzing the characteristic of combustion pressure is insufficient. According to obtained
results it is possible to change the calculated composition of the exhaust gases without modifying
the characteristic of the engine cylinder pressure. This can be done by adjusting the mixing time in
the 3Z-ECFM model.
 The change of the SOI angle causes a rapid change of the CO content in the exhaust gas.
For this reason, this value should be chosen with as high accuracy.
 Significant delay of the SOI does not result in the expected limitation of the NOx fraction
in the exhaust gas. The certain interval of the SOI angle, that the contents of CO 2 and NOx in the
exhaust gas are the largest was observed.
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ISSUES OF ECONOMIC ANALYSIS OF ELECTRIC ENERGY
GENERATION IN A FLOATING POWER PLANT
Wojciech Olszewski, Marek Dzida
*GDĔVN8QLYHUVLW\RI7HFKQRORJ\
8O1DUXWRZLF]D-*GDĔVN3RODQG
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Abstract
7KLVDUWLFOHSUHVHQWVEDVLFGHSHQGHQFHVIRUFRQGXFWLQJDWHFKQLFDODQGHFRQRPLFDQDO\VLVUHODWHGZLWKLQYHVWPHQW
SURMHFWV,WGHVFULEHVDFRPELQHGV\VWHPRIDFRPSUHVVLRQLJQLWLRQHQJLQHDQGDVWHDPWXUELQHZKRVHDLPZKHQ
SODFHGRQDIORDWLQJSODWIRUPLVWRJHQHUDWHHOHFWULFHQHUJ\LQWKHVR-FDOOHGGLVWULEXWHGJHQHUDWLRQV\VWHP6XFKD
V\VWHP LQYROYHV D UHFLSURFDWLQJ LQWHUQDO FRPEXVWLRQ HQJLQH DQG D FRQQHFWHG VWHDP WXUELQH V\VWHP WKDW XVHV WKH
HQHUJ\FRQWDLQHGLQWKHH[KDXVWJDVRIWKHFRPEXVWLRQHQJLQH$VVXPSWLRQVDQGUHVWULFWLRQVDVZHOODVUHVXOWVRI
FDOFXODWLRQVDUHJLYHQLQWKHDUWLFOH&DOFXODWLRQVZHUHFRQGXFWHGRQO\LQYLHZRILQYHVWPHQWDQGRSHUDWLRQDOFRVWV
7KH SDUDPHWHUV RI :DUWVLOD DQG 0$1 'LHVHO  7XUER ORZ-VSHHG FRPEXVWLRQ HQJLQHV RI WKH FDSDFLW\ RI
DSSUR[LPDWHO\0:ZHUHXVHGIRUWKHDQDO\VLVDQGRQWKHEDVLVRIWKHPWKHFRVWRIJHQHUDWLQJ0:KRIHOHFWULF
HQHUJ\ZDVHVWLPDWHG

Keywords:HOHFWULFHQHUJ\FRPSUHVVLRQLJQLWLRQHQJLQHVWHDPWXUELQHIORDWLQJSRZHUSODQW


1. Introduction
Business entities to a large degree determine the economic development of a country, as well
as the welfare of its society. Each of them produces a part of gross domestic product. The new
social and economic system that has been developing in Poland since the beginning of the 90s
led to the evaluation of free market economy. Processes taking place in the global economy had
a dramatic impact on the changes in the conditions under which Polish enterprises operate. The
changes were mostly caused by factors such as globalisation, regionalisation,
internationalisation, production and services concentration, development of financial markets,
modern technology and logistics development. Furthermore, the increasing importance of
environmental protection, as well as knowledge, entrepreneurship and innovativeness also
played a role.
Continually changing conditions, increased requirements of customers, as well as growing
competition force business entities to take regular actions maximising the efficiency of their
operation. These days decision-making without quickly available and reliable technical and
economic information is impossible. Nevertheless, sole possession of the information is not
sufficient in order to evaluate the efficiency of an enterprise. A reliable assessment may only be
performed through a financial analysis involving technical and economic data.
For many years now the solutions to power plant technical systems that would increase their
thermodynamic efficiency have been sought. Thermal power stations fuelled with solid and

103

liquid or gas fuels almost always involve systems with turbines driving power generators (in the
case of high capacity power plants).
The issue of a large amount of noxious substances emitted by conventional power plants to the
atmosphere and extensive plaster dumps formation led to research on solutions that would
prevent these phenomena. Furthermore, there is a demand for increased thermodynamic
efficiency of a cycle, while reducing the costs of power generation. For that purpose the use of
combined systems is considered that would involve a compression ignition engine and a steam
turbine cycle. When placed on a platform, such a solution would provide for the generation of
electric energy in the so-called distributed generation system.
Energy generated in a distributed system, also called distributed generation, involves the
generation of energy by small units or production plants directly connected to distribution
networks or located in the consumer's power system. They usually generate electric energy using
renewable or non-conventional energy sources, often combined with heat generation. One of the
basic classifications of distributed generation sources is classification in view of the generated
power value. We can differentiate:
x small distributed generation (units of capacity between 1 kW and 5 MW);
x medium-sized distributed generation (units of capacity between 5 MW and 50 MW);
x large distributed generation (units of capacity between 50 MW and 150 MW);
The aim of this work is to conduct a technical and economic analysis involving the analysis
of investment and operational costs of a power plant. This would enable the determination of the
costs of the power plant generating a unit of power depending on the operation of the power
unit. Furthermore, the benefits derived from using a combined system and the advantages in an
offshore floating power plant in view of environmental friendliness of the plant will be analysed.
2. Selected issues of economic analysis
Running a business activity becomes more and more complicated and troublesome, which is
why it should be based on a complex economic analysis. Various definitions of an economic
analysis can be found in economy publications. An economic analysis is defined as activities
related with the evaluation of a business entity operation. It involves the division of economic
processes and phenomena into their components, specification of cause and effect dependences
between the analysed components and formulation of general conclusions drawn from
comparative assessments[2].
Each entity running a business activity performs periodic analyses aimed at verifying whether
the goals that were set for it have been met. Consequently, the entity may prepare new, more
detailed development plans. An economic analysis is the basic tool used for the verification of
an entity's performance. The division of an economic analysis into areas is presented in Figure
1[7].
Economic
analysis

Macroeconomic
analysis

Technical and
economic
analysis

Microeconomic
analysis

)LJ7\SHVRIHFRQRPLFDQDO\VLV
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Financial
analysis

A technical and economic analysis deals with an accurate representation of an economic
situation of an entity using tracer analysis. Various areas of an entity's activity may be the object
of analysis, including material performance (products, semi-finished products, services), cost of
production or services rendition, human resources management, fixed assets management,
technical progress and innovativeness, goodwill, and most of all – property and financial
situation.
A financial analysis deals with processing financial performance of an entity on the basis of
data included in the income statement and the cash flow statement, as well as other financial
statements prepared by the entity[4].
While performing calculations related with the evaluation of an investment project, the
following elements must be considered:
 Investment completion time
 Investment operation time.
The investment completion time is the time in which the investor incurs expenditures for the
investment launch. The investment completion time may relate only to the baseline period, i.e.
the first year, or the investment may be spread over a period of time, e.g. platform construction,
engine installation, steam turbine installation. In such a case investment expenditures should be
divided into the periods in which they are incurred.
The investment operation time is the time in which the investor benefits from the investment.
Usually, an investment starts generating profits after 1 year, unless the investment completion
time is spread over several periods, and the investment starts generating profits after several of
the periods are completed.
When performing a technical and economic analysis, the costs structure must be considered:
 investment costs;
 operational costs;
 depreciation;
 interest (financial costs)
Operational costs are all those costs that the project generates after the investment is
launched.
Depreciation is a generic type of cost that is not included in operational costs, as it is not a
type of expenditure.
If loans (foreign capital) are taken out, then the item called interest, i.e. financial costs,
appears.
1. Project economic efficiency assessment
The following indexes are used for the economic efficiency assessment of an investment.
1. Net Present Value (NPV) which for the time of the system utilization of N years from the
moment the investment is put into operation results from cash flows added to each other
that are planned in the subsequent years of operation (including the year zero).
ே

ܸܰܲ ൌ  

ܨܥ௧
ሺͳ  ݎሻ௧

(1)

௧ୀ

where: t - current year of operation, N - total number of years of operation, CF t - cash flow in a
given year t, r - discount rate
For a technical solution that aims at an economic optimum, the NPV is maximum. This in turn
gives the following function of an objective:
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ܸܰܲ ՜ ݉ܽݔ

(2)

2. Net Present Value Ratio (NPVR) involves the ratio of the project net value to the
investment expenditures (J o ) necessary in order to reach the NPV:
ܸܴܰܲ ൌ 

ܸܰܲ
ܬ

(3)

NPVR is an auxiliary index that enables the selection of an investment variant when comparing
projects that are similar in terms of structure, investment expenditures, operation time, etc.
3. Internal Rate of Return (IRR) specifies the discount rate at which the Net Present Value
calculated for the entire period of operation equals zero. An investment is profitable only
when the Internal Rate of Return is greater than discount rate r.
4. Simple Pay Back Period (SPBP) and Discounted Pay Back Period (DPBP) specify the
minimum number of years for which the sum of actual cash flows and discounted cash
flows for the year in which the investment is put into operation equals zero:
ௌ

ௌ

 ܨܥ௧ ൌ  ܨܥ௧ െ ܬ
௧ୀ





ܨܥ௧
ܨܥ௧
ൌ
െ ܬ

ሺͳ  ݎሻ௧
ሺͳ  ݎሻ௧
௧ୀ

(4)

௧ୀଵ

(5)

௧ୀଵ

Using the definition of pay back periods, this article also introduces the notions of simple and
discounted investment value in the subsequent years of its operation. These values are obtained
by summing up CF cash flows from the year 0 to the analysed year N.
As results from dependences from (1) to (5), the basic element of an investment economic
efficiency assessment are Net Cash Flows. For the entire period of operation of the analysed
power plant net cash flows were calculated using the following formula:
 ܨܥൌ െܬ  ܬ  ܵ െ  ܭെ ܲௗ   ܣെ ܴ  ܮ

(6)

where:
J 0 - total incurred investment expenditure (J 0 = J w +J k ),
Jw. – part of investment expenditures financed using the entity's own funds,
J k – part of investment expenditures financed using bank loans,
K – production costs (including depreciation and bank interest),
P d – income tax,
A – depreciation of fixed assets,
R – loan instalment,
L – investment object liquidation value.
4. Calculations and results
The calculations of a floating power plant construction involved the comparison of two
low-speed combustion engines – Wartsila 9RTA96C and MAN Diesel & Turbo 9K98MC-C7.1TII – for the load of 90% CMCR (Contract Maximum Continuous Rating), placed on an
offshore platform.
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7DEOH%DVLFSDUDPHWHUVRIORZ-VSHHGFRPSUHVVLRQLJQLWLRQPDULQHHQJLQHV
9RTA96C [14]

9K98MC-C7.1-TII [12]

WARTSILA

MAN DIESEL & TURBO

46332

48762

kg/s

104.504

134.25

kg/s

2.146

2.369

C

271

232.8

g/kWh

166.8

174.9

Parameter

Unit

ND

kW

m sD
m I'
t4
b eD

o

The calculations were based on the following assumptions:
x Electric energy generation will take place in a combined system including a compression
ignition engine and a turbine, as well as a power grid connection.
x Operation time of the plant amounts to 15 years.
x Discount rate amounts to 8%.
x It was assumed that the investment will be financed in full using the investor's resources.
x The calculations do not include prices nor costs increase factors.
x Exchange rates according to the National Bank of Poland as of 18 March 2014 – USD 1
= PLN 3.043 / USD, EUR 1 = PLN 4.2295 / EUR.
x Operation of the power unit amounts to 6500 h per year.
x Heavy fuel, density of 890 – 960 kg/m3
x The floating power plant will be placed on a mobile platform weighing approximately
200 t.
In accordance with the obtained information, the estimated cost of 1 kg of the structure amounts
to EUR 7. Consequently, the cost related with the platform purchase (KP) will amount to
200 000 kg * EUR 7 / kg * PLN 4.2295 / EUR = PLN 5921300.
When calculating a compression ignition engine price it was assumed that 1 kW of power costs
USD 200.
Therefore the cost of the Wartsila engine:
CEW - Wartsila compression ignition engine cost (Cost Engine Wartsila)
CEW = 46332 kW * USD 200 / kW * PLN 3.043 / USD = PLN 28197655.2
MAN engine cost:
CEM - MAN compression ignition engine cost (Cost Engine MAN)
CEM = 48762 kW * USD 200 / kW * PLN 3.043 / USD = PLN 29676553.2
Steam turbine (TP) cost:
TM 1000 – Makila TI Turbomeca, applied power: 3 897 kW, cost: PLN 6052000
The team operating the floating marine power plant includes 10 people (WZ)
Team remuneration: 10 people * average daily rate of USD 200 = USD 2000 / day; Yearly cost
of the power plant team remuneration will amount to PLN 2221390
Cable connection to the grid (PK):
PLN 57.55 for 1 kW; connection to the grid at the distance of 200 m
Cost of connecting the Wartsila engine system to the grid:
PLN 57.55 / kW * 46332 kW = PLN 2666406.6
Cost of connecting the MAN engine system to the grid:
PLN 57.55 / kW * 48762 kW = PLN 2806253.1
Price of 1 m3 of heavy fuel is approximately PLN 2200 (KFj)
Wartsila
m fD = be * Nd
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m f = 166.8 g/kWh * 46332 kW = 7728177.6 g/h
m fD = 7.728 t/h
Man
m fD = 174.9 * 48762 = 852847.8 g/h
m f = 8.528 t/h
Let us assume that 1 m3 = 920 kg/m3 , i.e. 0.92 t/m3
The Wartsila engine uses 7.728 t/h of heavy fuel, i.e. it requires 8.4 m3/h, so the fuel cost
amounts to 8.4 m3/h * 6500 h * PLN 2200 / m3 = PLN 120120000 (KF)
The MAN engine uses 8.528 t/h, i.e. it requires 9.269 m3/h, so the fuel cost amounts to 9.269
m3/h * 6500 h * PLN 2200 / m3 = PLN 132546700 (KF)
The performed calculations enabled the determination of total investment expenditures as
the sum of costs related with the purchase of a floating platform, a compression ignition engine
and a steam turbine, and the construction of a cable connection to the grid, which is expressed
as:
ܬ ൌ  ܧܥ ܶܲ   ܲܭ ܲܭ

(7)

 ܭൌ  ܨܭ ܹܼ

(8)

and operational costs:

Using dependences (7) and (8) Table 2 was compiled that contains power units calculation
results for the two engines, depending on their power capacity and fuel consumption:
7DEOH/LVWRILQYHVWPHQWDQGRSHUDWLRQDOFRVWV
Parameter

Unit

ND

kW

CE

PLN

9RTA96C [14]

9K98MC-C7.1-TII [12]

WARTSILA

MAN DIESEL & TURBO

46332

48762

28197655.2

29676553.2

PK

PLN

2666406.6

2806253.1

J0

PLN

42837361.8

44456106.3

KF

PLN

120120000

132546700

K

PLN

122341390

134768090

The calculation results compiled in Table 2 show the dependence of investment costs on the
compression ignition engines power capacity and the operational costs on the unitary wear of
the main engine. That is why the selection of proper power units operation parameters during
the technical and economic analysis is of such importance.
On the basis of the assumptions and calculations included in part four of the article it was
possible to determine the annual generation of electric energy (E el ):
ܧ ൌ  ܰ ݁݉݅ݐ݊݅ݐܽݎ݁݁݊݅݃݊݁ כሺݐሻ

(9)

Using dependence (9) the level of power generation by the analysed engines was calculated:
Wartsila
ܧ ൌ Ͷ͵͵ʹ  כͷͲͲ݄ ൌ ͵ͲͳͳͷͺͲͲͲܹ݄݇ ൌ ͵Ͳͳͳͷͺ݄ܹܯ
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(10)

MAN
ܧ ൌ Ͷͺʹܹ݇  כͷͲͲ݄ ൌ ͵ͳͻ͵͵ͲͲͲܹ݄݇ ൌ ͵ͳͻ͵͵݄ܹܯ

(11)

On the basis of results listed in Table 2 and the level of power generation by the individual
power units, the estimated cost of generating 1 MWh of electric energy was calculated (KPE el ):
ܧܲܭ ൌ 

ܭ
ܲܰܮȀ݄ܹܯ
ܧ

(12)

Wartsila
ܧܲܭ ൌ 

ͳʹʹ͵Ͷͳ͵ͻͲ

͵Ͳͳͳͷͺ

ൌ ͶͲǤʹͶܲܰܮȀ݄ܹܯ

(13)

ൌ ͶʹͷǤʹ͵ܲܰܮȀ݄ܹܯ

(14)

MAN
ܧܲܭ ൌ 

ͳ͵ͶͺͲͻͲ

͵ͳͻ͵͵

The obtained costs of electric energy generation by the analysed power units (13), (14) show the
direction of future optimization works related with the technical and economic analysis. The
possibility of increasing the efficiency of power units and the engines operation time should be
considered, as it may result in a reduction of operational costs that have a direct influence on the
cost of generating 1 MWh of electric energy. The purchasing price of 1 m3 of heavy fuel used for
the calculations is based on wholesale prices offered by market wholesalers. Preferential
conditions for a floating power plant were not analysed. This article presents general
information about the practical application of technical and economic analysis tools when
evaluating investment projects.
3. Summary
The method of presenting information in the article was to describe the issues of an
economic analysis of electric energy generation in a floating power plant in a clear and
complete manner.
The proposed concept of power generation in floating power plants has the following
advantages:
 increased generation of power in the north of Poland,
 diversification of primary energy sources that reduces coal consumption and
increases liquid fuels consumption,
 possibility of residual heavy fuels combustion in the engine,
 reduction of the amount of coal transported from the south of Poland or imported
on ships,
 lack of slag and ash,
 reduced CO 2 , NO x emissions as a result of the increase in the system efficiency
and the reduced emission resulting from the engine structure. What is more, the
reduction of SO x emissions due to the application of sulphur-recovery systems,
 shorter construction time, when compared to a conventional power plant and the
possibility of gradual launching. First: the compression ignition engine is put into
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operation, then, during its operation, a combined system with a steam turbine is
constructed,
 lack of complications related with water cooling the condenser, minor impact on
the environment related with water management,
 mobile possibilities – offshore platform
In order to verify the profitability of the construction of a floating power plant it is necessary to
perform a complex analysis related with cash flows involving total net sold generation value.
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LABORATORY STAND FOR INVESTIGATIONS OF THE QUICKCHANGING TEMPERATURE OF GAS FLOWING IN THE PISTON
COMPRESSOR OUTLET CHANNEL
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Abstract
This paper presents a laboratory stand, created as a part of work on the doctor dissertation, intended for
investigation of heat anGIORZSURFHVVHVWDNLQJSODFHLQWKH(VSKROLQ+6SLVWRQFRPSUHVVRURXWOHWFKDQQHO7KH
WHVW VWDQG HOHPHQWV DQG WKHLU FRQILJXUDWLRQ ZLWKLQ WKH VWDQG DUH GHVFULEHG 'LVFXVVHG DUH DOVR SUREOHPV
connected with the quick-changing measurement technique, solutions which have been proposed so far in that
technology and premises are determined of choosing most suitable methods for measuring quick-changing
WHPSHUDWXUHRIRXWOHWJDVHVLQSLVWRQPDFKLQHVDVDGLDJQRVWLFSDUDPHWHU
Key words: SLVWRQFRPSUHVVRUKHDWDQGIORZSURFHVVHVJDVWHPSHUDWXUHPHDVXUHPHQWGLDJQRVWLFV

1. Introduction
Planned investigations of heat and flow processes in the outlet channel of an air
compressor are directed at diagnostic problems. Their main purpose is developing a
methodology of evaluation of the technical state of elements bounding the working spaces of
a compressor, based on the state parameters of thermodynamic medium observed in an outlet
channel with adequate measurement instrumentation. For realization of a so formulated
research objective it is necessary to build and to outfit a laboratory test bed allowing
experimental tests to be carried out in the conditions as close as possible to the operating
conditions of the real object. Measurements of the quick-changing pressures and temperatures
of outlet gases [1, 4, 5], which were carried out on engines and piston compressors, allow to
isolate several important metrological problems, which are to be taken into account in
planning experimental tests both on a laboratory stand and in real object diagnostics. The
most important of them are considerable inertia of the temperature sensors and the influence
of external conditions on the obtained measurement result. However, proper selection of
adequate measurement methods and instrumentation allows to minimize most of the
shortcomings connected with measurements of quick-changing temperatures.
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2. Diagnostics of piston compressors
Piston compressors are widely used aboard ships, first of all for compression of the
following gases [6]:
- air, mainly for:
 starting main and auxiliary engines,
 driving the mechanism of propeller pitch change,
 driving the main engine disengaging couplings and reversing mechanisms,
 scavenge of kingston valves, pipelines and other water spaces,
 scavenge of fire extinguishing installations,
 ship horn (tyfon),
 fuel atomization in boiler furnaces,
 starting the turbine combustion engines – the fuel atomization, ignition and
combustion process assist,
 working medium in the pneumatic control systems,
 household applications (e.g. hydrophores).
- refrigerating media (in refrigerating and air conditioning installations).
Therefore, a very important operational feature is diagnosis of that equipment without
interference into its internal structure. One of the essential methods is parametric diagnosing
based on the measurements and comparative analysis of static temperature at the end of gas
compression. In the case of stabilized processes, that parameter allows to obtain such
information, among others, as:
- indicating places where the greatest energy losses occur,
- defining the type of energy process disturbances in a compressor,
- identification and location of defects of compressor working space structural
subassemblies and elements.
During compressor operation it is possible to watch many diagnostic symptoms indicating
disturbances, e.g. decreased output and rotational speed, knocks in the mechanical system,
smoke, too low lubricating oil pressure at the oil pump outlet [2]. Some of the mentioned
compressor disfunctions may cause also an increase of temperature at the end of the
compression process.
The most often occurring causes of compressor output decrease are the following:
- fouled air filter, which causes decreased pressure of the air suction (and in addition
increased end temperature of compression) as well as reduced flow throuput in the
pumping valve due to difficult to remove deposits of charred oil (as an additional
consequence of the increased end temperature of compression),
- increased temperature at the end of air compression, considerably higher than the
calculation value (due to lowered cooling effectiveness and too high cooling water
temperature, caused e.g. by deposits of limestone on the cooling space walls).
In view of frequent occurrences of various nonoperational conditions in the use of
compressors, it is necessary to develop diagnostic methods allowing to detect them early and
to remove their initial causes [3]. It will make possible to apply a technical service planning
strategy in accordance with the equipment actual technical condition and therefore will
increase durability and reliability with considerable reduction of the service labour
consumption.
In developing an optimum diagnostic method, proper methodical questions should be
formulated regarding the way the diagnostic tests should be carried out:
1. What parameters and where to measure them?
2. In what way and when to be measured?
3. What equipment and measurement technologies to be applied?
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4. How to draw the conclusions?
5. Which of the selected diagnostic parameters brings most diagnostic information and
simultaneously is easy to measure?
Then, by means of proper methods of diagnosing (a.o. experimental tests with the use of
diagnosing systems and numerical simulation of heat flow processes), the questions should be
answered in such a way that by interpretation of the obtained diagnostic test results relations
can be found between the received values of diagnostic parameters (symptoms) and known
recognizable inaptitude states most often occurring in a piston compressor operation process.
3. Object of investigation
In order to obtain diagnostic information about the technical condition of structural
elements confining the working spaces of an air compressor, a laboratory stand has been set
up including the following subassemblies: an electric motor driven Espholin H3S type air
compressor, an air tank and a piping system. The whole installation is mounted on a shockabsorbing foundation. Additionally, standard measurement instruments: manometer,
thermometer and thermocouple are installed and also safety-valves protecting the compressed
air-filled pressure system against exceeding the admissible pressure, which increases safety of
the stand operation. This test stand will provide facilities for verification of the developed
mathematical models of heat-flow processes in the whole compressor system, with a
possibility of using them also in the combustion engine diagnostics.
Main subassembly in the stand is a two-stage Espholin H3S piston air compressor with
interstage cooler, of the following dimensions:
x stage I – piston diameter D=95 mm, piston stroke S=80.1 mm (±0.1);
x stage II – piston diameter D=50 mm, piston stroke S=80.1 mm (±0.1).
Main operating parameters of the compressor are shown in Table 1.
7DEOH0DLQRSHUDWLQJSDUDPHWHUVRIWKH(Vpholin H3S air compressor

PARAMETER

VALUE

Rotational speed

750 min-1

Volumetric output

425 dm3/min

Effective output

305 dm3/min

Power

5.5 kW

Internal thread on the output side

0.5”

The Espholin H3S compressor is driven (through belt transmission) by an electric motor
of 5.0 kW power at 1460 min-1 rotational speed and 6.0 kW power at 1755 min-1 speed. Fig. 1
shows general view of the Espholin H3S piston compressor assembly during initial stage of
building the test stand.
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)LJ*HQHUDOYLHZRIWKH(VSKROLQ+6SLVWRQFRPSUHVVRUDVVHPEO\EHIRUHPRXQWLQJRQWKHIRXQGDWLRQ

In the discussed compressor system a pressure tank (with 15 bar working pressure) of 120
dm3 capacity is mounted as a compressed air accumulator. Fig. 2 presents the pressure tank
valve head with the inlet and outlet stub pipes. Fig. 3 and 4 present general view and
schematic diagram of the test stand.

)LJ3UHVVXUHWDQNYDOYHKHDG

Air temperature measurements in the test stand compressor outlet channel are carried
out with a K type T-201p-K-0,5-20-1,5-1-M6-1-S-6-200 thermocouple, its technical
parameters given in Table 2.
7DEOH7HFKQLFDOSDUDPHWHUVRIWKHWHPSHUDWXUHJDXJH

Temperature gauge
Gauge diameter
Gauge length
Casing material
Conductor length
Conductor insulation
Process terminal type
Execution
Work temperature

K type, class 1
d=0.5 mm
L c =20 mm
Inconel 600 (72% nickel and 14 - 17% chromium alloy)
L p =1.5Â103 mm
glass fibre x 2/ braided screen
M6 thread
small spring, penetration weld
up to 200oC
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8Â10-3 s

Time-constant

)LJ*HQHUDOYLHZRIWKH(VSKROLQ+6SLVWRQFRPSUHVVRUWHVWVWDQG

)LJ6FKHPDWLFGLDJUDPRIWKH(VSKROLQ+6SLVWRQFRPSUHVVRUWHVWVWDQG

-

-

The test stand (Fig. 3 and 4) will be used for performing the following research tasks:
investigation of the heat-flow processes in a piston type air compressor,
the stand can be easily adapted, depending on the needs, for application of different
measurement techniques and tools (replaceable measurement section),
possibility to introduce, into the compressor and the connected network, virtual
(simulated) operational inaptitude states (e.g. simulation of the piston ring wear by
”undercuttings”, flow throttling with an orifice),
didactic purposes.

4. Measurement problems
Many methodological problems may be encountered during gas quick-changing
temperature measurements from the side of temperature gauge or measurement signal
converter and also from disturbances caused by the measurement stand environment. In order
to develop an effective method of impulse-diagnosing of a heat-flow system, method based on
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temperature measurements of gas flowing with high velocity, the influence of measurement
disturbing factors should be analysed and ways of minimizing their impact should be worked
out.
One of the basic disturbances significantly influencing the accuracy of gas temperature
measurement results is inertia of the applied gauge. The most often used in this kind of
measurements are K type thermocouples (chromel-alumel), manufactured in broad range of
the measuring element lengths and diameters and also in versions with or without casing. In
order to reduce the measurement inertia to a minimum, the thinnest possible measuring
element should be used, but due attention has to be paid to its less durability and resistance to
defects (these features appear additional problems in this measurement method) with
decreasing diameter. Gauge without the measuring element casing is much less durable, but
also has less inertia. Thermocouple is a solution matching both aspects, its weld penetrates the
casing material (Fig.5), which reduces the measurement inertia and maintains considerably
greater durability. An effective solution is to use a thermocouple with its measurement
terminal sticking 1-1.5 mm out of casing.

)LJ6FKHPDWLFYLHZRIFDVHGWKHUPRHOHPHQW

The determining parameter of thermocouple inertia is its time-constant, dependent on
the thermocouple mechanical structure and size, thermophysical properties of the material
used as well as thermodynamic aspects and character of the gas flow. Figure 6 presents
graphical interpretation of the thermocouple time-constant. Jn spite of the time-constant value
being determined by measurement element manufacturers, calibration of gauges appears
necessary. The most up-to-date method of calibration is the constant-point method, based on
the use of phase transitions (melting, solidification, triple point) of fine metals and water.
Calibrated temperature gauges are placed in heated or cooled cells filled with fine metals.
Thanks to a precise control system, the created phase transition state can be kept for several or
some scores of hours, maintaining constant material temperture. Calibration by the constantpoint method may be carried out in:
x Mercury triple point, Hg (-38.8344 °C),
x Water triple point, H 2 O (0.01 °C),
x Galium melting point, Ga (29.7646 °C),
x Zinc solidification point, Zn (419.527 °C),
x Aluminium solidification point, Al (660.323 °C),
x Copper solidification point, Cu (1084.62 °C),
x Palladium melting point, Pd (1553.5 °C) by wire method.

116

)LJ*UDSKLFDOLQWHUSUHWDWLRQRIWKHUPRFRXSOHWLPH-constant, where: Ĳ – time-constant, k – point of tangency,
T 0 – ambient temperature at time Ĳ=0, T k – measured medium temperature, t – time

An important factor influencing the accuracy of quick-changing temperature
measurements is the way of gauge mounting. Main obstacle is thermocouple heating from the
material of heat channel (or other supporting element) where it is screwed or soldered in
during the measurement. This has a decisive impact on the measurement results. The only
method of preventing or significantly reducing such disturbance is efficient insulation of the
gauge, e.g. by applying a water-cooled shield (Fig. 7). However, this is connected with
possible leakage and water penetration to the flow channel.

)LJ:DWHUFRROHGW\SH.WKHUPRFRXSOH

5. Existing measurement conceptions
Combination of the two-way correction method and the recovery coefficient
determination method is presented as a solution of the problem of measurement of timedependent gas temperature in a broad input function frequency range. In effect, a dynamicerror-free temperature signal is obtained, resolved into components corresponding to the static
temperature (resulting from the medium thermodynamic parameter changes) and dynamic
temperature (connected with the gas flow velocity) [5].
Essence of the method proposed by the Author of the above quoted publication is using
two transducers of different (unknown in advance) dynamics, measuring the same input
signal. The Author proposes a special design Prandtl probe to be used. Apart from the classic
measurement of total and static pressure, that probe ensures gas static temperature
measurement (no dynamic component of temperature has an influence on the thermocouple
indications). The measurement is carried out by means of a miniature thermocouple placed at
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the point corresponding to the static pressure measurement (on the probe gauging tip
perimeter) and thermally insulated from the probe [5].
Other Authors [1] developed a solution based also on quick-changing temperature
measurements by means of two thermoelements of different diameters, made from a material
with good conductivity and low thermal inertia (proposed by H. Pfriem in 1936). The
difference in comparison with the above described method consists mainly in building a test
stand with specially prepared disc, in which were placed two thermocouples of different
diameters and an anemometer to perform measurements of gas parameters in identical
instantaneous conditions.
6. Evaluation of the proposed methods
Aspiring to setting up an own test stand, and in consequence to developing a
measurement method of flowing gas quick-changing temperature, one should evaluate the
existing conceptions, taking into account several aspects:
1. technical capability of carrying out the measurement (adapting an existing
measurement system to the required measurement conditions),
2. appropriateness of the stand for planned research (type and method of performed
measurements),
3. costs of the measurement instrumentation.
After analysis of the above mentioned aspects, a most effective method should be
proposed for realization of the planned programme of investigations to be performed on the
built laboratory stand, the method allowing to minimize most of difficulties occurring during
quick-changing temperature measurements, with simultaneous simplicity and integrity of the
stand structure and relatively low investment costs. The proposed solution should also be
applicable to temperature measurements on other similar stands (e.g. combustion engines),
and particularly to carrying out diagnostic investigations on real objects.
7. Summary
The thermodynamic medium temperature may provide diagnostic information on the
technical state of structural elements bounding the piston machine (mainly compressors, but
also combustion enegines) working spaces. This is connected with necessary measurements of
the flowing gas quick-changing temperatures and their conception is an important subject of
the contemporary metrology (thermometry). In order to develop an innovative, but at the
same time based on the existing solutions, method of measuring that diagnostic parameter, a
”golden mean” must be proposed meeting the requirements of high accuracy of measurements
(which determines the reliability of diagnosing), and relative simplicity and economy of the
method. Therefore, the most suitable solution for temperature measurements of quickchanging heat-flow processes, taking place in a piston compressor outlet channel, seems to be
a method based on measurement of quick-changing temperatures by means of two
thermoelements with different diameters and with water-cooled insulation screen.
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Abstract
&RQVWUXFWLRQ RI SLVWRQ-rings-OLQHU DVVHPEO\ RI FRQWHPSRUDU\ HQJLQHV RI ORZ DQG PHGLXP SRZHU VHFXUHV D ORQJ
WLPH UHOLDEOH RSHUDWLRQ ,Q WKH FDVH RI HQJLQHV RI KLJKHU RXWSXW HJ PDULQH DQG UDLOZD\ RQHV VWLOO RFFXU IDLOXUHV
FDXVHG E\ LPSURSHU FROODERUDWLRQ RI SLVWRQ ULQJV DQG F\OLQGHU OLQHU OQH FDQ PHQWLRQ YDULDWLRQV LQ FROODERUDWLRQ
VXUIDFHDQGGLIILFXOWLHVZLWKVXSSO\DQGSURSHUGLVWULEXWLRQRIOXEULFDWLQJRLORYHUWKHHQWLUHVXUIDFHRIF\OLQGHUOLQHU
DPRQJWKHPRVWLPSRUWDQWRQHV
&KDQJHVLQYDOXHRISDUDPHWHUVFKDUDFWHULVWLFIRUFRPSUHVVLRQULQJDQGF\OLQGHUOLQHUFROODERUDWLRQWKDWRFFXU
GXULQJHQJLQHUXQKDYHEHHQDQDO\]HGLQWKHIROORZLQJVWXG\$WWHQWLRQKDVEHHQSDLGWRWKHDELOLW\RIULQJFRQWDFWZLWK
WKHOLQHUHVSHFLDOO\WKRVHIHDWXUHVWKDWFDXVHWKHIRUPDWLRQRIOLJKWVORWVEHWZHHQULQJIDFHDQGOLQHUVXUIDFH
Drafts presentHGLQWKHSDSHUVKRZWKHUHVXOWVRIFRPSUHVVLRQULQJSUHVVXUHGLVWULEXWLRQ DQGWKHJHRPHWU\RIOLJKW
VORWVFDUULHGRXWIRUWHFKQLFDOGDWDRIWKHHDUWKPRYLQJPDFKLQHHQJLQH6LPXODWLRQFRPSXWDWLRQVWDNHLQWRDFFRXQW
ERWKWKHHIIHFWRIHQJLQHRSHUDWLRQF\FOHSKDVHDQGVHOHFWHGVWDJHVRILWVUXQDVZHOO
Keywords: IC engine, liner deformation, piston ring, ring elastic pressure

1. Introduction
During engine operation the compression ring installed in groove is pressed against the wall by
radial forces resulting from ring own elasticity and gas force that acts on ring’s inner face. When
the value of elastic pressure remains approximately constant, the ring wall pressure caused by gas
pressure changes itself
cyclically. Generally, this phenomenon should be regarded as
advantageous one because it leads to the better ring sealing properties during those strokes when
the gas pressure in combustion chamber is highest one, i.e. strokes of compression and expansion.
This phenomenon gives better ring fit to the deformed cylinder liner preventing or limiting the gas
blow-by. However, it should be noted that the ring high wall pressure could negatively affect the
engine durability. High pressure could lead to high stress in ring material (which can cause the ring
break) and bring about an oil film rupture (ring collaborates with liner under conditions of
boundary or even no lubrication).
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These problems were analyzed by the Authors in their earlier studies, concerning above all on
the analysis of ring wall pressure distribution (using the previous papers concerning this problem
as an example, e.g. [1,3]). The mentioned investigations concerned rather simple problems starting
from the case of merely ring pressure against ideally circular wall [5] and next - the deformed wall
[6,7]. Further the scope of investigations has been widened and besides the ring own elasticity it
encompassed the effect of gas forces as well [8]. In present paper the range of investigations has
been further broadened including collaboration of compression ring with the worn and deformed
cylinder wall taking into considerations also the gas forces.
It should be stressed that the effect of oil layer present on the wall was omitted in this study.
Such assumption is necessary for the applied method of computations which allows the
determination of certain quantities characteristic for ring and wall collaboration, including forces
crucial for full contact as well as location and size of light slots formed on cylinder wall. Taking
the oil layer into consideration investigations possible in future will cause the verification of some
conclusions, especially those concerning location and shape of slots.
2. Ring pressure against the deformed cylinder wall
It has been proved in [8] that the ring circumferential pressure distribution p m (M) against the
worn and deformed cylinder wall can be determined using the following formula, (symbols as in
Fig. 1):
p m (M )

>

@

EI
K z (D )  rm  z a  z b M  2  z bcc M  z bIV M ,
K p  rm4

(1)

where:
E –Young’s modulus,
I – ring cross-section moment of inertia,
r m – radius of ring in cylinder neutral layer (see Fig. 1a),
K p – ring axial height,
z a – cylinder constant deformation,
z b ĳ – cylinder wall deformation, variable along the cylinder circumference, given by the
ĳ angle (and its second and fourth derivative).
Quantity K z (Į), later called a ring characteristic dynamic coefficient, can be described with the
following formula [4]
K z (D )

K

p g D  K p  rm3
EI

,

(2)

where:
pg Į
K

– pressure that presses on the ring to cylinder wall (its value depends on pressure
over and below the ring); this pressure can be expressed as the function of crank
angle Į,
– a ring characteristic constructional coefficient given by
K

pm  K p  rm3
EI

.

(3)

Values of constructional and dynamic ring characteristic coefficients are equal, i.e. K z Į .
when there is no gas pressure and the ring wall pressure p m (M) p m results exclusively from ring
own elasticity and does not depend on crank angle
a)

F

b)
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Fig. 1. 'UDIWRIULQJDQGOLQHUZLWKV\PEROVXVHGLQWKHSDSHU1 – DUHDVRIVLPLODUULQJZDOOSUHVVXUH
 – DUHDVRIQRSUHVVXUH OLJKWVORW

The deformed cylinder (or more precisely – course of its circumferential line) has been
expressed as a sum of Fourier series harmonics
z b (M )

n

¦$

K

cos(KM  G K ) ,

(4)

K 1

where the quantities of $ K and G K are amplitude and phase shift of the series successive harmonics
K, respectively. It should be mentioned that the presented way of description of cylinder wall
geometry assumes the invariable deformation along the entire cylinder height, which does not take
into account the real shape of the profile (measurements on worn cylinders show a significant wear
in the area of ring TDC).
Besides the cylinder deformation itself an even wear of its surface z a occurs during long-time
engine run, which also affects the ring circumferential wall pressure (Eq. 1).
Using dependencies (1) and (4), following equation has been obtained after necessary
transformations:
pm (M )

EI
K p  rm4

n
ª
2
§
2
« K z (D )  rm  ¨¨ z a  ¦ K  1 $K cos K  M  G K
K 1
©
¬

·º
¸¸» .
¹¼

(5)

Analysis of circumferential wall pressure distribution allows a definition of excessive pressure
areas on cylinder wall as well as those where pressure is equal to zero and light slots can occur. A
trial of definition of such areas extreme points by the angle M o defining position of points on
cylinder circumferential line (as in Fig. 1c) was carried out in [8]. For a mathematic description of
ring circumferential line with just one harmonic of Fourier series an angle lowest value
coresponding to the beginning of slot is given by

Mo (D )

§ K D  rm  za ·
¸  GK
DUF cos ¨¨ z
2
2 ¸
© $K  (K  1) ¹
,
K

(6)

For more complex cylinder deformations (when a higher number of harmonics is needed for
description of circumferential line) such a trial leads to more complicated dependencies and
definition of demanded angles would be extremely difficult. A possible solution that leads to an
approximate result is an expansion of a cosine function of Eq. 6 in a power series, according to [2]:
cos [ 1 

1 2
1
[  ... 
[ 2n ,
2!
2n !
n
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[ f.

(7)

Using only initial elements of the series (and assuming that G K = 0) a p m pressure has been defined
as
pm (M )

n
n
2
2
§
·º
EI ª
K (D )  rm  ¨¨ z a  ¦ K 2  1 $K  0.5M 2 ¦ K 2 K 2  1 $K ¸¸» ,
4 « z
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(8)

as well as the minimum value of M angle corresponding to the beginning of slot on cylinder
circumferential line
M o (D )

2
ªn
º
2 «¦ K 2  1 $K  K z (D )  rm  z a »
¬K 1
¼ .
n
2
2
2
¦ K K  1 $K

(9)

K 1

Estimation of the relative difference between boundary angles calculated according to (6) and
(9) for geometry of typical cylinder shows that it remains on the level of 5%.
Application of presented equation is limited only to the cases for which ring does not contact
with liner surface with its entire circumference (or at least touches it without any pressure). This
corresponds to the situation when the numerator of Eq. 9 has positive value. For a simple case
when the cylinder deformation is described by a single harmonic the amplitude of deformation is
given as
K z D  rm  za
$K
.
(10)
2
2
(K  1)

3. Determination of compression ring aganst the deformed cylinder liner – computational
example
A presented further example concerns a trial of computational determination of compression
ring wall pressure distribution against cylinder surface of increasing wear along with engine
mileage.
Technical data and course of wear assumed in presented example concerns an engine of earth
moving machine (International Harvester DT 466). Most important data of compression ring are
presented in Table 1.
Tab. 1. 7HFKQLFDOGDWDRIH[HPSODU\,&HQJLQHFRPSUHVVLRQULQJV
Quantity
Ring
Cylinder diameter d
[m]
0.109
Ring neutral radius r m
[m]
0.0522
Axial height K p
[m]
0.003
Radial thickness g p
[m]
0.0046
Young modulus E
[Pa]
112.109
Mean pressure p o
[MPa]
0.178
Tangential force F t
[N]
27.6
Stiffness EI
[Nm2]
2.65
Parameter K
[–]
0.0286

The course of cylinder circumferential line varies itself along with engine mileage and
therefore requires a higher number of harmonics. In order to ease the analysis of results obtained
the period of engine run has been divided in four stages corresponding with suitable sets of data z a
and z b , (see Table 2).
Tab. 2. &DVHVRIF\OLQGHUGHIRUPDWLRQ
Case No

Wear
za

Cylinder deformation z b
(A h amplitude of the h harmonic)

124

Stages of cylinder life

Pm

Pm

1 (Fig. 4a)

0

-

2 (Fig. 4b)

0

$ 4 = 10

3 (Fig. 4c)

50

$ 2 = 30, $ 4 = 15

4 (Fig. 4d)

200

$ 2 = 100, $ 4 = 25, $ 6 = 5

A new cylinder, not worn and not
deformed
Liner installation; cylinder deformation
described by a single harmonic of 4th
order
Initial stage of operation; worn and
deformed cylinder
Further stage of operation; worn and
deformed cylinder

Values of cylinder liner deformation and wear given in Table 2 were selected on the basis of
measurements carried out on a real engine and the selection was aimed at achievement of
unambiguous conclusions from the analyzed problem.
According to Eq. 5 the knowledge of the K z (Į) coefficient is needed for determination of ring
wall circumferential pressure. Values of this coefficient (determined in [9]) corresponding to the
engine full load operation (Fig. 2) are used in presented example.

Fig. . Course of Kz(Į) FRHIILFLHQWYDOXH
YVĮ DQJOHat HQJLQHIXOOORDG

Cylinder surface profiles corresponding to the cases collected in Table 2 are shown in Fig. 3
(for better clarity the z a wear is not present). Assumption of phase shift makes that amplitudes of
all harmonics taken into account sum up for M = 90o (0.5ʌ rad) angle.
Case 2

Case 3

Case 4

Fig. 3. 7KHFRXUVHRIF\OLQGHUFLUFXPIHUHQWLDOOLQH OLQH H[SUHVVHGDVWKHVXPRIUHVSHFWLYHO\VHFRQG  IRXUWK  
DQGVL[WK  KDUPRQLFRI)RXULHUVHULHVGHWHUPLQHGIRUGDWDFROOHFWHGLQ7DEOH WKHz a wear ZDVQRWWDNHQLQWR
DFFRXQW

After determination of the cylinder circumferential line for each of analyzed cases
corresponding to successive stages of engine operation the ring pressure distribution against the
deformed cylinder wall was computed with particular attention paid to the areas where this
pressure falls down to zero (Fig. 1c shows the way to identify this area).
As the result of carried out calculations the ring pressure distribution along the cylinder
circumferential line was determined (using the angle increment 'M = 2q) repeating calculations
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for consecutive positions of ring between the dead centers for stroke of compression and
expansion (with the angle increment 'a = 10q CA). Charts presented in Fig. 4 cover the area of
highest probability of light slot presence, i.e. the one for M angle between 45 and 135q ʌDQG
ʌUDGDVLQGLFDWHGLQ)LJF 

Case 1
An ideal cylinder

Case 2
Deformed cylinder:
$4 = 10 Pm

Case 3
Deformed cylinder:
za = 50Pm,
$2 = 30 Pm, $4 = 15Pm
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Case 4
Deformed cylinder:
za = 200 Pm,
$2 = 100 Pm, $4 = 25Pm,
$6 = 5Pm

Fig. . $QDO\]HGFDVHVRIULQJZDOOSUHVVXUH distribution

4. Summary and conclusions
The analysis of pressure distribution for selected stages of engine operation shows that
differentiation of ring pressure increases along with the increase of wear z a and deformation z b of
cylinder surface. For a new cylinder this distribution is even and changing itself under influence of
gas forces (Fig. 4, case 1) undergoes the substantial differentiation even for minor deformation of
its surface. Already for the 4th order harmonic of only 10 Pm amplitude (case 2) an area of zero
ring pressure appears during compression stroke and gas blow-by can occur. This area disappears
during expansion stroke thanks to the gas pressure far higher than the ring elastic pressure. Further
deformation increase results in rise of slot circumferential area, simultaneously encompassing
higher and higher cylinder surface (beginning of this process is gradually situated close to TDC).
The pressure distribution and increase in slot area is particularly unfavorable influenced by such
cylinder deformation which requires consideration of Fourier series higher harmonics for its
mathematical description (Case 4). This conclusion has been confirmed by the results of
supplementary investigations (see Fig. 5) concerning the ring pressure against the deformed wall
described by a single harmonic of the same amplitude (5 Pm) but higher order. The investigation
prove that the increase in harmonic number substantially affects the stress gradient value and size
of slot area. However, it can happen for a higher number of harmonics that the achieved resultant
could be lower than the one obtained for a single harmonic because of a mutual shift among the
harmonics of different order.
Carrying out the additional research (no results in this paper) showed that even high values of
cylinder wear z a (of order of few hundred micrometers) affects the pressure distribution to far
lower extent than the small deformations z b (of order of several micrometers).
a)

F

b)

Fig. 5. Distribution of ring pressure against deformed ZDOO GHVFULEHG E\ D VLQJOHKDUPRQLF RI  PP DPSOLWXGH
REWDLQHGDWFRPSUHVVLRQVWURNH D VHFRQGRUGHUKDUPRQLF E IRXUWKRUGHURQH F VL[WKRUGHU one

Generally, on the basis of detailed conclusions and observations one can conclude that:
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 ring elastic pressure provide its full contact with the cylinder wall only for minor
deformations,
 ring wall pressure depends above all on gas pressure in strokes of compression and
expansion, particularly close to the TDC,
 cylinder deformations that require description using harmonics of higher order cause higher
gradients of ring wall pressure and favors the formation of light slots to higher degree than
harmonics of lower order,
 more the course of circumferential line is close to the circle, lower is the risk of slots
formation and blow-by,
 higher engine mileage affects its wear and deformations, and finally the increase of slots
geometry and gas blow-by.
The presented investigations were carried out assuming the lack of oil layer on cylinder wall
which should be stressed once again. Taking the oil film into consideration would result in
complete or partial filling the slots with oil. This eventually will cause the change in pressure
distribution and will lead to smaller area or even to complete disappearance of light slots.
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OBSERVATION OF THE THERMOSIPHON EFFECT IN THE
CIRCULATION OF ACETONE AS WORKING FLUID IN MODERN
COOLING SYSTEM
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Abstract
3DFNDJLQJDQGWKHUPDOPDQDJHPHQWRIHOHFWURQLFHTXLSPHQWWKDWDUHORFDWHGLHLQDQRYHOPDULQHSRZHU
plants or computer server rooms has led to the demand for new and reliable methods for electronic cooling.
Because of bigger and bigger power levels and miniaturization of the electronic devices, lack of free space in
PDULQHSRZHUSODQWW\SLFDOFRROLQJWHFKQLTXHVVXFKDVFRQGXFWLRQDQGIRUFHGFRQYHFWLRQDUHQRWDEOHWRFRRO
such a high heat flux. The increasing integration of electronic V\VWHPVUHTXLUHVDQLPSURYHGFRROLQJWHFKQRlogy
that supposed to be designed for high thermal performance, low mass, and able to work in harsh environments.
In this paper presented a prototype of thermosiphon loop heat exchanger developed in Institute of Energy
DQG ,QGXVWULDO 3URFHVVHV LQ Gdansk University of Technology. This thermosyphon loop is heated from below
horizontal side and cooled from upper horizontal side, the working fluid that circulate inside the loop is acetone.
Keywords: marine power plants, heat transfer, heat exchangers, termosiphons. /RRS+HDW3LSHV

1.,QWURGXFWLRQ
The important function of a natural circulation loop (i.e. thermosyphon loop) is to
transport heat from a heat source to a sink. Fluid flow in a closed thermosyphon loop is
created by the natural forces that develop from the density gradients induced by temperature
differences in the heating and cooling sections of the loop. An advanced thermosyphon loop
consists of evaporator, where the working liquid boils; and the condenser where the vapour
condenses back to liquid; and liquid and vapour lines connecting these two exchangers. Heat
is transferred as the vaporization heat from the evaporator to the condenser. The
thermosyphon is a passive heat transfer device, which makes use of gravity for returning the
liquid to the evaporator. Thermosyphons are less expensive than other cooling devices
because they feature no pump.
There are many engineering applications for thermosyphon loops such as, for example,
solar water heaters, air heat recovery systems, thermosyphon reboilers, nuclear power plants,
emergency cooling systems in nuclear reactor cores, electrical machine rotor cooling, gas
turbine blade cooling, thermal diodes and electronic device cooling.
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2. /LWHUDWXUHUHYLHZ
A thermosiphon, gravity-assisted wickless heat pipe, has been used as a practical heat
transfer device due to its simple structure Faghri 1995 [1] or Pioro 1997 [6]. The heat transfer
between two ends of the thermosiphon occurs with negligible temperature difference because
a thermosiphon utilizes liquid–vapor phase change phenomenon of fluid. The only
disadvantage of thermosiphon in many application is its gravitational dependence and the
limited operating temperature range that is specifically determined by the choice of working
fluid. There has been a number of studies about termosiphons. Khandekar et al. [2] studied the
overall thermal resistance of closed two-phase thermosyphon using pure water and various
water based nanofluids (of Al2O3, CuO and laponite clay) as working fluids. They observed
that all these nanofluids show inferior thermal performance than pure water since nucleation
sites were closed by the deposition of the nanoparticles. Lee et al [3] studied doubleevaporator thermosiphon for cooling high temperature superconductor system using nitrogen
as the working fluid under sub-atmospheric pressure condition. Lee et al [3] conducted that
double-evaporator thermosiphon can be a useful heat transfer device that can simultaneously
cool-down the thermal loads vertically separated under a tight space limitation.
3. 'HVLJQDQG([SHULPHQWDO6HWXS
3.1. /RRS7KHUPRV\SKRQ'HVLJQ
The experimental thermosiphon loop was constructed on the basis on existing test up stand
for testing the performance of evaporators filled with wick made up with mixture of sintered
material powder. This experimental test up stand previously worked as Loop Heat Pipe and
was described in literature by Mikielewicz et al. [4] DQG0LNLHOHZLF]DQG6]\PDĔVNL[5]. The
only element that has been changed is evaporator – at this construction evaporator is empty
cylindrical tube made by cooper, heated over the entire length. This setup stand was also set
vertically, to utilise the gravity forces for circulating the working fluid.
3.2. ([SHULPHQWDOSHWXS
The experimental setup has cylindrical evaporator. Evaporator heat source is a resistance
wire wrapped around evaporator. The wire length is 1,3m and UHVLVWDQFH RI ȍ . This
wire was connected to a DC laboratory power supply with adjustable voltage and current
level. Condenser is a typical shell and tube heat exchanger where the shell is made by
cylindrical cupper tube of 254 mm diameter and stainless steel tube of 6,35 mm
diameter. The condenser was cooled by tap water at a temperature of approx. 7,5oC and the
mass flow was measured by a laboratory rotameter. The liquid and vapour lines are smooth
stainless steel tubes of a length 5000mm and internal diameter 3,87mm. The whole system
was insulated using polyethylene foam. Appearance of experimental set up presented at
Figure 1 and details of termosyphon tested are given in Table 1.
The loop was equipped with 8 thermocouples “type T” and sensitivity of 40V/°C. The
thermocouples were connected to Pico Technology Thermocouple Data Logger Type USB
TC-08. The thermocouples were located at the most important measuring points of the system
that are: 1 - evaporator casing, 2 - vaporator outlet/vapour line inlet, 3 - vapour line
outlet/condenser inlet, 4 - condenser outlet/liquid line inlet, 5 - liquid line outlet/evaporator
inlet, 6 - condenser cooling water inlet, 7 - condenser coiling water outlet, 8 - ambient. The
system was equipped with two pressure transducers connected to displays and powered by a
laboratory DC power supply. The first pressure transducer measured the internal pressure
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inside the system (Swagelok PTU-F-AG60-12AI), and the second one measured the
differential pressure between evaporator inlet and outlet. This differential pressure transmitter
was made by Regin company (DTK100-420). View and distribution of pressure transmitters
were shown in Figure 1.
Tab. 1. Details of thermosyphon

:RUNLQJIOXLG
7HPSHUDWXUHUDQJH
(YDSRUDWRUFDVLQJ
Heated part
Diameter
Wall thickness
9DSRXUOLQH
Internal diameter
Length
Wall thickness
/LTXLGOLQH
Internal diameter
Length
Wall thickness
&RQGHQVHU
Length
Internal diameter

Acetone
60oC- 80oC
Cupper
210 [mm]
14 [mm]
1 [mm]
Stainless steal
3,87 [mm]
5000 [mm]
1,24
Stainless steal
3,87
4940,4
1,24
Cupper
270 [mm]
3,87 [mm]

Fig 1. Scheme of experimental test-up stand

131

4. ([SHULPHQWDO5HVXOWDQG'LVFXVVLRQ
The purpose of preliminary test is to measure the maximal pressure maximum pressure
difference obtained before and after the evaporator for acetone as the working fluid. Tests
were performed for 6 heater power settings (30W, 40W, 50W, 60W, 70W and 80W) and the
various flow rate of condenser cooling (30 l/h, 50 l/h, 100 l/h, 150l/h). The results are shown
in a line graph (Figure 2) showing the dependence of the pressure difference obtained before
and after the evaporator on heating power.
Pressure difference between inliet and outlet of evaporator
1,4

Diffrence pressure [kPa]

1,3
1,2

30l/h
50l/h

1,1

100l/h
150l/h

1
0,9
0,8
30

40

50

60

70

80

90

100

Power [W]

Fig. 2 The dependence of the pressure difference obtained before and after the evaporator on heating power

&RQFOXVLRQV
As shown in Figure 2. the best thermosiphon performance is achieved using applying to
condenser cooling of flow rate of 150l/h. For the heater power of 30-80W the pressure rise
before and after the evaporator achieved in a range from 1,08-1,28 [kPa]. It gives us a good
predictions for future studies of pressure rises and heat transfer at the termosiphon loops. It
also give us new hints to improve the design of thermosiphon loop.
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Abstract
Transient states are an important part of the spectrum of engine loads, especially the traction engines. In the
case of marine diesel engines, transient states are of particular importance in reducing the analysis of motion
units for special areas and maneuvering in port, the participation of transient states in the load spectrum
significantly increases, also, the emission of toxic compounds from this period increases proportionally. The
factors which determine the value of the emission are the forces shaping transient states and the technical
condition of the engine itself. To describe the transient states, authors propose the use of multi-equation models,
the presented material focuses on the analysis of changes in toxic compound concentrations during transients at
varying pressures of the injector opening, which is a typical regulatory parameter that undergoes relatively
frequent changes in the process of using the engine. This paper presents a description of transient states using
multi-equation models, and the analysis of their relevance. It also presents a comparison of toxic compounds
concentration at modified angles of fuel injection advance.
Keywords: diagnostic, theory of experiments, marine diesel engine, exhaust gas toxicity, multi-equation models

1. Introduction
Transient states are exceptional marine diesel engine operating conditions. They arise in
the absence of thermodynamic equilibrium in the engine cylinders and are an important part
of the engine load spectrum, especially of traction engines, thereby without affecting the
emission of toxic compounds. Engine research in this area is forced because of homologation,
where the main problem comes down to the optimization of the combustion course with
variable engine load described even through urban driving tests.
In the case of marine diesel propulsion, the importance of transient states, in the above
sense, is less prominent because of the relatively small proportion of transients in the engine
load spectrum. If, however, such an analysis is subjected to the movement of individuals in
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specific areas or maneuvering in port, the proportion of transients in the engine load spectrum
grows significantly and is worthy of special consideration. Proportionately to this growth
increases the emission of toxic compounds, caused by the impact of those states. This should
be explained by the fact that transients interfere with cylinder thermodynamic equilibrium,
which occurs during the fixed charges. This interrupts the combustion process by causing
temporary changes, primarily to the stream of fresh charge of the cylinder, but also the
amount of fuel delivered. Thus, the air-fuel ratio changes temporarily, which results in the
changes in air excess ratio, leading to increased emissions of combustion products created due
to the local oxygen deficit. A further consequence of the appearance of increased amounts of
carbon monoxide (CO) and unburned hydrocarbons (HC) is to lower the combustion
temperature, which determines the reduced NOx emissions.
The deciding factor in the emissions of toxic compounds derived from transient states is
primarily the value of force, which causes these conditions . But this is not the only factor.
Another factor affecting the emission of toxic compounds derived from transients that has to
be taken into consideration, is the condition of the engine. This condition, described with the
structure parameters while using the engine, is constantly changing, which is responsible for
the processes of wear. This change enhances the formation of toxic compounds during
transient states, as these processes, though short, are so dynamic that the instantaneous
concentrations frequently exceed ZT values of the steady states . Therefore, it is expected that
the engine with its structure parameters changed due to wear, will be more sensitive to the
effects of transients and thus it will be easier to determine its technical condition [5].
The correct course of combustion in the cylinder depends primarily on wellfunctioning supply system, which is to ensure process repeatability mainly fuel injection.
Because of this repetition, not only the beginning and the end of the injection is important, but
also its course. The correctness of the first criteria (the beginning and the end of injection), in
the classic power systems, is largely protected by the high-pressure fuel pump, through
adjustable parameters such as injection timing and fuel dose. These parameters, although
significant in view of their impact on the combustion parameters, especially in the case of fuel
injection timing, undergo rather small changes during the use of the engine, and if present,
they are usually the consequence of an incorrect adjustment of fuel equipment. Authors have
examined the issue of the impact of injection timing on the combustion parameters during
transients in earlier studies [11]. Although, as previously mentioned, the beginning and end of
the injection correspond to the fuel pump, its course corresponds to the injector, and more
specifically the parameters that describe its work. The most important regulatory parameter
which determines the shape of the injection, its accuracy and above all its repeatability, is the
opening pressure of the injector. This parameter, compared to the ones previously mentioned,
undergoes the most common changes during the operation of the engine, and despite its effect
on the combustion process is incomparably smaller than, for example, that of the fuel
injection timing, it still must be taken into account in the analysis of the combustion process.
The parameter determines the quality for fuel atomization, and thus determines the
preparation of a homogeneous combustible mixture in the cylinder, which is especially
important in states of thermodynamic imbalances that occur during transients, when the
extortion on the power supply is much larger and this issue it the main topic of this paper.
Other parameters, pertaining to the injector and having an impact on the course of the
injection, are focused on the parameters that describe the geometry of the atomizer, which, as
it stands, also undergoes changes during the engine's operation, e.g. due to erosive fuel
interaction. This issue can be found in the earlier studies of the authors [10].
The paper will present the modeling of transient states with a variable angle of injection
timing and their impact on the changes in the basic concentration of toxic compounds.
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2. Identification of a dynamic process of multi-equation model
Building on the experience of authors [6,7,8,9,10, 11] with modeling of toxic compounds
concentrations, it was decided to implement the multi-equation models, proven during steady
state, for the analysis of dynamic processes, whereby it is assumed that the change process of
gas toxicity occurs throughout a time, which makes it dynamic. Therefore, the model was
described as multi-equation system of linear differential equations. Since the measurement of
the concentration of toxic compounds is a discrete measurement, discrete-time signal (time
series) is a function whose domain is the church of integers. Thus, a discrete-time signal is a
sequence of numbers. Such sequences are referred to as recorded in the functional notation.
The adoption of such a notation was striving to minimize the impact of errors including the
approximation of functions that would have to occur when using the continuous functions.
Discrete-time signal x[k ] is often determined by sampling x (t ) , a continuous signal in
time. If the sampling is uniform, then x[k ] x ( kT ) . Constant T is called the sampling period.
Course of the dynamic process in time depends not only on the value of force at a given time
but also the value of extortion in the past. Thus, the dynamic process (system) has a memory
where it stores consequences of past interactions.
The relations between the input signals x1 [k ], x 2 [k ],, x n [k ] , and output signals
y1 [k ], y 2 [k ],, y m [k ] , k 0,1,2, , will be described by a system of linear differential
equations.
 y1[k  1] a11 y1[k ]  a12 y2 [k ]    a1m ym [k ]  b11 x1[k ]  b12 x2 [k ]    b1n xn [k ]  [1
° y [k  1] a y [k ]  a y [k ]    a y [k ]  b x [k ]  b x [k ]    b x [k ]  [
° 2
21 1
22 2
2m m
21 1
22 2
2n n
2
ȋͳȌ
®
...........................................................................................................................
°
°¯ ym [k  1] am1 y1[k ]  am 2 y2 [k ]    amm ym [k ]  bm1 x1[k ]  bm 2 x2 [k ]    bmn xn [k ]  [ m



where:
y i [k ], i 1,2,, m - output signal values at k,
x j [k ] , j 1,2,, n - input signal values at k,
aij  is a coefficient found in i -th equation with j -th output signal, i, j 1,2,, m
bij - is a coefficient found in i -th equation with j -th input signal, i 1,2,, m,

[i - is a non-observable random component in i -th equation.
In analogy to (1), the system of equations (2) can be written in matrix form
y[k  1] Ay[k ]  B x[k ]  ȟ
where:
ܽଵଵ ܽଵଶ ڮ
ܽଶଵ ܽଶଶ ڮ
ൌ
ڮ ڮ ڮ
ܽଵ ܽଶ ڮ

ܾଵଵ ܾଵଶ ڮ
ܽଵ
ܽଶ
ܾଶଵ ܾଶଶ ڮ
ǡ  ൌ ൦
ڮ
ڮ ڮ ڮ
ܽ
ܾଵ ܾଶ ڮ

ݕଵ ሾ݇ሿ
ߦଵ
ݔଵ ሾ݇ሿ
ݕଶ ሾ݇ሿ
ߦଶ
ݔଶ ሾ݇ሿ
࢟ሾ݇ሿ ൌ ൦
൪, ࢞ሾ݇ሿ ൌ ൦
൪, ࣈ ൌ ൦ ൪
ڮ
ڮ
ڮ
ߦ
ݕ ሾ݇ሿ
ݔ ሾ݇ሿ

137

ܾଵ
ܾଶ
൪
ڮ
ܾ

j

0,1,, n ,

(2)

Later denoting:
 ൌ ሾȁሿ ൌ ሾܿ ሿ୶ሺାሻ

(3)

and
ࢠሾ݇ሿ ൌ 

࢟ሾ݇ሿ
൨,
࢞ሾ݇ሿ

the system of equations (1) is shown in reduced form
࢟ሾ݇  ͳሿ ൌ ࢠሾ݇ሿ  ࣈ

(4)

Identification of the system of equations (1) and (4) will be based on the selection of the
coefficients using the set of measurements on the real object of input and output signals. The
problem of aforementioned selection the authors present, among others, in [6,7,8,9,10].
3. 6WXG\ RI G\QDPLF SURFHVV LQ HQJLQH IXHO VXSSO\ V\VWHP WKURXJK PXOWL-equation
models
The object of this research was the engine fuel supply system (opening pressure of the
injector) of a single-cylinder test engine [8]. The experimental material was collected by
trivalent developed a complete plan [4]. The originality of the presented experimental
material lies in the fact that the implementation of the various measurement
systems (measuring points) of the aforementioned experiment plan were carried out by a
programmable controller, equipped with the dynamometer control system. This allowed a
high repeatability of dynamic processes. . The period between an onset of the clipping of
injection system components and the re-stabilization of output quantities was adopted as the
duration of the dynamic process. The time (about 106 seconds) was selected based on
previous experience of the authors.
In order to identify the impact of the technical condition of the fuel supply system on the
parameters of the engine power during dynamic processes, sets of input quantities (preset
parameters) and output quantities (observed parameters) were defined. For the purpose of this
study a set of input quantities X was limited to three elements, that is: x 1 - engine speed n
[r/min]; x 2 – engine torque T tq [Nm]; x 3 – injector opening pressure p wtr [MPa].The study
was conducted in accordance with the approved complete plan, for three values of speed, ie
850, 950 and 1100 [r / min]. For each speed, torque (T tq ) increased and thus created a
transient state, consequently for the load of 10, 20, 30, 50, 70 [N]. For speed of 850 r / min,
afraid of a large engine overload, the loads of 50 and 70 N were omitted. Similarly, this was
done to the speed of 950 r / min and a 70 N load. Injector opening pressure varied by ±3MPa,
yielding three values, i.e. face value – 20 MPa, increased regulatory spring tension of the
injector, which increased opening pressure of the injector – 23 MPa, and reduced injector
opening pressure – 17 MPa. repetitive transients were obtained this way. Graphic
interpretation of the test program is shown in Figure 1. 36 repetitive transients were obtained
this way. Graphic interpretation of the test program is shown in Figure 1.
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Fig.1. Diagram of the research program

Similar treatment was applied to the set Y of output quantities, limiting the number of its
elements to only the primary toxic compounds in exhaust manifold: y 1 – concentration of
carbon monoxide in the exhaust manifold C CO(k) [ppm]; y 2 – concentration of hydrocarbons in
the exhaust manifold C HC(k) [ppm]; y 3 – concentration of nitrogen oxides in the exhaust
manifold C NOx(k) [ppm], y 4 – tsp exhaust gas temperature [º C], y 5 – air-fuel ratio Ȝ
Figure 2 and figure 3 show a graphical representation of transients recorded at a speed
of 1100 [rev/min] and the change in torque from 30 to 50 [Nm] (Fig. 2), and from 50 70 [Nm] (Fig. 3) for concentrations of CO and HC.
Statistical identification was made using GRETL [1]. Estimation of the equation
coefficients for specific output variables was performed using the least-squares method and it
had to verify the significance of its parameters and, consequently, the rejection of
insignificant values, which consequently led to a significant simplification of the models.
Given the large amount of experimental material, as well as due to the authors' detailed
methodology of the analysis, for the purpose of this study presented are only the most
characteristic of cases which occur at the highest loads that have been achieved during the
experiment.
From the analysis of the experimental material as well as the multi-equation models
describing it, it is clear that both the concentration of carbon monoxide C CO , hydrocarbon
concentrations C HC , and concentrations of nitrogen oxides C NOx are correlated primarily with
excess air ratio Ȝ DQG with the size of the input of the presented experiment - an injector
opening pressure p wtr . This arrangement seems to be obvious, as it is the amount of oxygen in
the combustion chamber that determines the concentration of a particular ZT value. In turn,
the value of the excess air ratio in the combustion chamber, especially its local values, is
determined by the correctness of the fuel supply, in particular the correctness of the spray. As
demonstrated in the introduction, the decisive factor affecting the correctness of the fuel
atomization is the injector opening pressure.
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Figure 2. The concentration of hydrocarbons HC for the transient at n = 1100 r / min and load change from A:
T tq = 30 Nm to T tq = 50 Nm; B: Ttq = 50 Nm to Ttq = 70 Nm. C HC (17, 20, 23) – HC concentration for the
(17) reduced, (20) nominal, (23) increased opening pressure of the injector, where t - the time of the transient

The resulting relevance values of model parameters are similar to those presented in
previous works of injection timing interactions [11], wherein the interaction is far greater,
especially in the case of the NO x concentration. Similarities are also found in the case of the
impact of other input values of the experiment. It has been observed, inter alia, that the
rotational speed has a greater effect on the concentrations of CO, and in the case of HC an
important factor determining the value of its concentration is the load (particularly evident in
the case of the maximum torque load).
The results of the presented analysis highlight the significant advantage of multi-equation
models, the possibility of multi-criteria analysis of the variables in the case where these values
are in mutual correlation. Analysis of these relationships in one model reflects the reality
more accurately (because there are obvious interactions between, for example, CO and HC
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DQGIRUH[DPSOHȜ DQGWKXVDOORZVIRUDEURDGHULQWHUSUHWDWLRQRIWKHWHVWSUREOHPIn the
present case, significant interactions were observed between the concentration of CO
and HC and a negative correlation between the concentrations of these compounds and NO x
concentration, which seems to be logical considering the processes of formation of these
compounds in the cylinder.
Having a good model fit to the values obtained as a result of the experiment on the engine
is indicated by a small value of the sum of residuals between these results. These values, in
the case of raw residues, for a model describing the concentration of HC are a maximum of
30 ppm. In the case of models describing the concentration of CO, the maximum error does
not exceed 80 ppm, which is a very good value considering the maximum value of indicators
that, during the experiment, was 3000 ppm. A uniform distribution of the
regression residuals from the average values also indicates a proper fitting of the models.
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Fig. 3. The concentration of carbon monoxide CO for the transient at n = 1100 r/min and load change:
A: T tq = 30 Nm to T tq = 50 Nm; B: T tq = 50 Nm to T tq = 70 Nm: CCO (17, 20, 23) - the concentration of CO
for the (17) reduced, (20) the nominal, (23) increased opening pressure of the injector, where t - the time of the
transient
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Despite the obvious advantages, multi-equation models do not provide direct information
on the quality of changes, in this case - changes in the concentration of various toxic
compounds resulting from the changes in opening pressure of the injector. Only comparing
the courses of the experiment, or the analysis of the obtained models, gives a picture of the
phenomenon. As it is known from observation, depending on the value of force, the course of
the transient can vary significantly. These differences are largely in the intensity of the course
of each phase of the transient. Most frequently the course of a typical transient can be divided
into two phases. The first one is characterized by the highest growth rate, accompanied by a
sharp increase in ZT concentration, which is usually several times higher than the
concentration in the steady state. The second phase of the transient is characterized by a much
less violent course, with a monotonic character and approaches the value of the steady state
concentrations in an asymptotic way (fig. 2, 3).
In such case, it is desired to apply the criteria that would be useful in the objective
assessment of the comparative levels or emissions from transients. The use of an evaluation
index is one of the methods used commonly in similar cases. In earlier studies, the authors
present a proposal for such indicators [11], however they do not exhaust the topic, and may be
a separate source of discussion.
As mentioned above, the concentrations of individual toxic compounds derived from
transients are characterized by a certain regularity and repetition, and therefore a tool had to
be found that would be deprived of the above-mentioned disadvantages of the indicators,
while being able to be described in the precise and objective nature of the changes in the
concentrations of individual toxic. It seems that the described method would be the analysis of
the correlation of individual transients. This method determines the correlation of the
researched transient state and that of the transient adopted as a model describing the
phenomenon. Analysis of the correlation function allows you to specify the degree of
correlation and its nature. Analyzing the components of the function can infer the said
transient nature, that is, the participation and intensity of the individual phases. Graphic
representation of the correlation analysis is a scatter diagram presented in figures 4 and 5.
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Fig. 4 The concentration of hydrocarbons HC for the transient at n = 1100 r / min and load change from Ttq =
30 Nm to Ttq = 50 Nm: CHC (17, 20, 23) – HC concentration for (17MPa) reduced (20
MPa) nominal, (23MPa) increased opening pressure of the injector
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Figure 4 shows the linear correlation function of the concentration of unburnt
hydrocarbons HC at an injector opening pressure of 23 MPa (green) relative to the
nominal injector opening pressure (20 MPa), where the correlation coefficient was r
= 0.95. Black color indicates a correlation r = 1 (for the nominal values of the
injector opening pressure), while the red color indicates the correlation function of HC
concentration at reduced pressure to open the injector (17 MPa) also relative to the
nominal opening pressure of the injector. The correlation coefficient in this case was smaller,
with r = 0.75. Smaller values of the correlation coefficient were affected by the dispersion of
points around the correlation function, which indicates an unstable transient process (multiequation model fit is nevertheless significant because the largest residual value is 22 ppm).
Analogously, correlation analysis may be performed for the carbon monoxide (fig. 5).
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Fig. 5 The concentration of carbon monoxide for transient n = 1100 rev / min and load change with T tq = 50
Nm to T tq = 70 Nm: CCO (17, 20, 23) - the concentration of CO for (17MPa) reduced (20
MPa ) nominal, (23MPa) increased opening pressure of the injector

The correlation coefficients indicate a high match of the correlation functions in the two
cases under consideration. And so, for increased opening pressure of the injector (green), the
correlation coefficient is r = 0.78, while for the reduced pressure, r = 0.87.
While analyzing the collected material, another regularity can be seen, namely, the higher
the opening pressure of the injector, the higher the concentrations of CO and HC, and higher
exhaust temperature. Accompanied by a decline in the value of excess air (measured in the
exhaust manifold), which, despite seemingly better fuel fragmentation and thus a better mix of
cargo, should be explained by a decrease in the local values of air ratio with the entry into
burning more mass of (better prepared) fuel. It is evidenced by the increase of dynamics of
combustion (which rises along with the increase of the opening pressure of the injector). At
the same time a NO x concentration decrease can be noticed, to whose creation at least a local
excess of oxygen is neccessary.
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4. Summary:
In the course of this study, the following conclusions have raised:
x
x
x
x

multi-equation models provide a good match to the empirical results,
using a multi-equation model makes it possible to predict, and thus greaten the modeling
of concentration change (emission) during the transient,
there is a need for a thorough analysis of the correlation of the dependent
variables throughout the experiment,
a discussion of the accuracy of different methods to estimate emissions, even using the
method of spline functions is possible.
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Both the limitations in the worldwide resources of the natural fuels and the requirements in respect of the
environment protection growing stricter with time have caused in the recent years an interest in the non-conventional
energy sources, also in the power systems of the fishing boats and cutters. The article presents the analysis of the
possibilities of the application of the renewable energy sources on this watercraft. Amongst the numerous various
sources only such have been taken into consideration which have the potential for the application on the fishing
cutters, in varying extent for the propulsion purposes or for the auxiliary purposes, thus the wind and solar energy.
Key words: environment protection, renewable energy sources, power system, fishing cutters

1.

Introduction

The renewable energy sources comprise the three primary sources, ie the solar, geothermal and
gravity energy. Some as for instance the solar energy can be applied directly to generate heat or
electric energy while the others only upon the natural conversion, eg wind or biomass or through
the conversion initiated and conducted by people in various installations.
One of the physical properties of the renewable energy is its small density in comparison with the
conventional energy, because for instance the solar radiation is characterised by the density <1.33
kW/m2 and the wind by the density <3 kW/m2 [1]. This property of the renewable energy renders
hard its application on fishing cutters having the limited surface area. Nevertheless the
technological progress taking place within the application technology of the renewable energy on
land, and also more and more frequently on ships, provides the incentive to analyse the
possibilities of its application also on smaller watercraft such as fishing cutters or fishing boats.
Under the guidance of own experience and the professional references within the application of the
renewable energy sources on board the ships, it has been assumed that the same sources could be
well applied on the fishing cutters and fishing boats [2, 3, 4, 5, 6, 7]. Thus two renewable energy
sources have been adopted for the consideration, ie the wind power and solar energy. On account
of the significantly smaller dimensions of the fishing cutters and the fact of not applying thereon
the steam-powered plants it has been deemed aimless to apply solid biomass as a fuel to be burnt
in boiler. Nevertheless it is worthwhile to note here the possibility of application of the liquid
biomass, so eg bio-oils or alcohol for the classic Diesel engines used on cutters. In such situation
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in terms of the power system arrangement and its energetic efficiency there are practically no
differences in comparison with the power system utilising the Diesel oil. The only difference
would possibly be the fuel heater necessary for the operation during the wintertime, on account of
the higher viscosity of this fuel than in case of the Diesel oil. Another possibility would be to
apply biomass in the volatile form so biogas. The main component of biogas is methane, thus the
solution of the power system of a cutter utilising this fuel is more or less the same as in case of
natural gas as a fuel. In such case the application of the renewable energy source practically does
improve the energetic efficiency either.
The energetic efficiency of the fishing cutter power system is not always however the objective
ration indicating or proving the energy consumption of the fishing process and the degree of the
environment pollution with the exhaust gas emissions. Therefore it is purposeful to apply the
energetic efficiency ratio including these two aspects thus the application of the renewable energy
sources causing the decrease of the CO 2 emission.
2.

)LVKLQJ&XWWHU(QHUJHWLF(IILFLHQF\5DWLRV

The fishing cutter energetic efficiency ratio could be defined as the primary energy
consumption per one tonne of the caught fish, ie:
GWd
(1)
H
3600M
where:
G – hourly consumption of primary fuel, kg/h,
W d – fuel calorific value, kJ/kg,
M – weight of the caught fish, Mg.
It is worthwhile to note the universality of the aforesaid ratio, because it is independent of the
kind of the fuel applied and moreover it provides for the application of the renewable energy
sources. If this is biomass, then since this is not a primary fuel, the value of the ration shall be
equal to zero. The similar situation will be with any other renewable energy source utilised as the
sole energy source on the cutter. The simultaneous application of the primary fuel and eg the wind
power or solar energy will cause the fuel consumption reduction thus the also the ratio decrease.
The disadvantage of the ratio proposed is however the dependence of its value from the length
of the route covered by the cutter onto the fishing grounds and back. The further the fishing area is
from the port, the worse the ratio becomes. Therefore it would seem justified for instance to apply
this ratio only during the operations at the fishing area or for a longer period of operation, eg a
year. For the purpose of the evaluation of the voyage to the fishing area and back to the port with
the caught fish the ratios could be proposed such as for the transport ship which have been
elaborated by International Maritime Organisation (IMO).
Presently all the newbuildings exceeding 400 GRT must have the determined Energy Efficiency
Design Index – EEDI [8]. Moreover, there has been implemented the voluntarily determined
Energy Efficiency Operational Indicator – EEOI that allows the current evaluation of the ship’s
transport efficiency. EEOI is defined as
¦j FC j CFj
(2)
EEOI
mc arg o D
where:
FC j – mass of the fuel consumed during the voyage (at sea and in port) by the main and auxiliary
engines and incinerator,
J–
fuel kind,
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C Fj – conversion factor expressed by the ratio of CO 2 mass from burning the consumed fuel of j
kind,
m cargo – mass of cargo carried (tonnes) or the work performed (number of containers TEU or
passengers) or capacity (GT) for passenger ships,
D – distance in nautical miles over which the cargo was carried or the transport operation was
done [9].
The value of the conversion factor C F depend on the coal content in fuel. For instance for the
Diesel oil C F = 3.206 [t CO2 /t fuel ] and for LNG C F = 2.75 [t CO2 /t fuel ] [9]. This is inter alia why LNG
is so strongly promoted fuel for the ships in EU. Reaching the small value of EEOI is possible
chiefly through any activities favouring the reduction of the fuel consumption by ships, also in
port. The basic actions to reduce EEOI while at sea comprise eg the speed reduction, utilisation of
the exhaust gas waste heat but also the application of the wind or solar energy.
The aforesaid regulations do not apply to the fishing cutters yet, also in view of the vessel size.
However, for the purposes of the analysis, in terms of the evaluation of the fishing cutter energy
efficiency and the reduction of the negative impact on the water ecosystems, the voluntary
application of the EEOI indicator is justified.
Assuming the EEOI indicator for the evaluation of the fishing cutter energy efficiency in the
relation (2) the caught fish mass M should be put in place of the carried mass of cargo m cargo . It
would be also reasonable to alternatively determine the indicator in consideration of the fuel
consumption not only during the fish transport to the port, but also during the operations on the
fishing grounds (changing the position, trawling). EEOI indicator presented by means of the
relation (2) can be determined for one voyage or for the specified ship’s operation time or also for
the specified number of voyages [9]. Similar propositions could be suggested for such
determination of the EEOI indicator in respect of the fishing cutters.
3.

7KH$SSOLFDWLRQRIWKH:LQG3RZHURQ)LVKLQJ&XWWHU

The general characteristics of wind in terms of the possibilities of utilising its energy on a ship
has been presented in the earlier works by this author, inter alia [7]. In case of the fishing cutters
the utilisation of the wind energy is brought down to three solutions in practice: the application of
the sail propulsion unit, “towing kite” unit or the wind turbine for the propulsion of the electric
current generator.
3.1

6DLO3URSXOVLRQ

Until the piston type steam engine has been invented the sail propulsion, next to the rowing oars,
has been the primary and basic propulsion source utilised on boats and fishing cutters. On the
fishing boats for the long time there has been applied the square kind of sail so called lug sail [10].
The sails have been used on fishing cutters for many years and even long after the piston type
Diesel engine has become the universally used propulsion source. They have been acting on these
ships as the auxiliary propulsion unit. The example of such vessels are inter alia the fishing cutters
built in Polish shipyards after the WWII. The figure 1 shows the silhouette of the very popular
fiVKLQJFXWWHU0H\HUIRUPDIWHUZDUGVUHIHUUHGWRDV%EXLOWDIWHUWKHZDULQ*GDĔVN6KLS\DUG
[11]. She had the sails of the ketch of the area 33 m2. Similar type of sails with the surface area the
Storem 4B (KS-17) cutters have had which were built within 1958-LQ6WRF]QLD6]F]HFLĔVND
DQG ODWHU LH VLQFH  XQWLO  LQ 6]F]HFLĔVND 6WRF]QLD 5HPRQWRZD >6]F]HFLQ 5HSDLU
Shipyard]. This type of sails/rigging has also been applied on the other vessels such as eg K15 or
KS-177. A certain exception is KU-134 which had gaff sails of slup type.
The increase in the power output and efficiency of the Diesel engines, relatively low fuel prices as
well as the troublesome operation and the restrictions caused by the basic fault of the sail
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propulsion which is the necessity of tacking in case of the unfavourable wind direction made the
sails disappear from the fishing cutters.
In view of the new circumstances, imposing upon the shipowners the necessity to improve the
energetic efficiency, advisable also in reference to the cutters, this is the author’s opinion that the
consideration of the return to the sails becomes a necessity. The sail propulsion should be
computer-aided and fully automated in operation . The utilisation of such sails with the favourable
wind, at least only the passage over to the fishery or back, even, owing to the scarce surface area,
acting only as an auxiliary propulsion unit, may provide substantial economic benefits resulting
from the savings on some amounts of fuels and the ecological benefits ensuing from the smaller
CO 2 emission.

Fig. 1. Ketch sails/rigging on B368 cutter

3.2

7RZLQJ.LWH

The modern overhead propeller consists a kite connected with the ship by means of a 100 – 500 m
long rope which constructionwise resembles a paraglide. This arrangement utilises the bigger wind
velocities occurring at the heights within 100 and 500 m above sea level. The application of the
kite currently is reduced only to its utilisation as the ship’s auxiliary propulsion system [7].
These solutions have already been applied on large sea-going vessels, but can also be adapted for
the smaller ship’s such as fishing cutters. The towing kite forms an attractive propulsion unit
because the force with which it acts directly at the ship generates the towing capacity without any
additional energy losses resulting from its conversion. Assuming the average value of the
propulsion efficiency of the motor ship defined according to [12] as the ratio of the towing force to
the power carried to the propeller shaft tail-end, equal to ca 0.5, then the equivalent engine power
output must be twice as big as the towing kite power in order to give the same speed to the ship.
The diagram of the forces acting on the cutter is shown in the figure 2 [13].
Although the application of the towing kite does not only depend on the full wind, but also beam
wind and even one fourth of the wind power, then similarly as in case of the sail propulsion also in
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case of the towing kite propulsion there is one basic deficiency, ie the necessity of tacking about in
case of unfavourable wind direction.

Propulsion efficiency (K )
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Fig. 2. The forces acting on the cutter and wind towing power P dw

3.3

:LQG7XUELQHDVWKH3URSXOVLRQIRUWKH3RZHU*HQHUDWRU

As the wind turbine power output grows along with the square of the rotor diameter, the tendency
should be to apply the biggest diameters possible [7]. However, on fishing cutter the rotor
diameter size must be limited on account of the small size of the vessel and the possibility of
affecting the stability. In order to determine the possible power output the calculations have been
made for three different possible rotor diameters, ie 0.5m, 1 m and 1.8 m. The graph showing the
relation of the turbine power output and the wind speed for the assumed diameters is presented in
figure 3. As evident from the graph the power values obtained are not big. With the wind force
corresponding to 6 to 7 in Beaufort scale (ca 16 m/s) the power approximately 3 kW can be
obtained from the turbine with the biggest diameter, ie 1.8 m. With the rotor diameter of 1 m it
would be 1 kW and in case of the smallest turbine just ca 300 W.
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Fig. 3. The power outputs of the wind turbine dedicated for cutter for different rotor diameters
in the function of the wind velocity

Currently on the market there are available numerous wind power generators dedicated for the seagoing yachts and the small inland boats. These are chiefly the turbines with horizontal rotation axis
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rotors [commonly referred to as the horizontal axis wind turbines HAWT] fitted with 3 blades.
These are lightweight structures and resistant to sea environment. The diameters of the wind
turbogenerators intended for yachts are within ca 0.5 m up to ca 2 m. Therefore from just this
range the diameter values have been adopted for the aforesaid calculations. These turbines also
perform excellent on fishing cutters and fishing boats.
The table 1 shows the annual theoretical amount of generated electric power subject to the
wind velocity and fuel amounts possible to save by cutter under assumption of the fuel
consumption by the cutter engine in the amount of 0.240 kg/kWh in respect of turbine with rotor
diameter of 1.8 m (Zephyr) [13].
Tab. 1. Annual production of electric power by Airdolphin Mark-Zero/Pro
and the fuel amounts likely to be economised on the cutter

Average annual wind velocity [m/s]
Annual electric power generated [kWh]
The amount of fuel saved [kg]

3
260
62

4
660
158

5
1260
302

6
2050
492

7
2970
713

8
3930
943

The offer of the wind turbine manufacturers dedicated for the smaller watercraft covers also the
vertical axis wind turbines [VAWT]. An example of vertical axis design is the turbine with the
Savonius rotor of Maglev System CXF-400 type developing the 400 W power with the 12 m/s
wind speed. The rotor diameter is 1.2 m and its weight is 30 kg [14]. The parameters of such
turbines are not that promising as those of horizontal axis design turbines. First of all they are
heavier, larger and more expensive. Nevertheless they are the object of the further investigations
inter alia in terms of their application on fishing cutters due to the advantage which is the low wind
velocity with which they initiate, ie ca 1 m/s. The research has shown that eg with the 12 V
batteries they are efficiently charged even with the small wind speed. If the charging current from
the wind generator is sufficient at the time of sailing during the day, night or during the standstill,
then it is possible to reduce the charging current from the engine driven generator which
transposes onto the reduction of the fuel consumption.
From the foregoing analyses it can be seen that the application of the wind power generators on
fishing cutters can produce concrete savings in the amounts of the fuel consumed in the annual
perspective.
4.

7KH$SSOLFDWLRQRIWKH6RODU(QHUJ\RQWKH)LVKLQJ&XWWHr

In practice the solar radiation energy is most often converted into heat (photothermal conversion)
or into the electric energy (photo-voltaic conversion). On large watercraft as for the time being the
photo-voltaic conversion has been applied. In case of fishing cutters characterised by small share
of heat in the general power balance, in comparison with the large ocean-going vessels, application
of only photo-voltaic conversion is most justified.
Since a single photo-voltaic cell (PV) has low voltage, insufficient to supply directly the electric
power consumers, it is necessary to connect many cells. As an example connecting in a series 36
cells (typical module) made of crystalline silicone allows to obtain the voltage within 15-16 V –
sufficient to charge 12 V lead-acid batteries [15]. The module means most frequently the smallest
set of interconnected photo-voltaic cells complete with the mechanical construction protecting
from the external conditions. The modules are also connected to form bigger elements referred to
as the photo-voltaic panels. In most occasions they have the dimensions approximately 1600x900
mm. From such surface the peak energy to be obtained approximates 240 W. The solar cells are
hermetically closed, thus resistant to the weather conditions which allows their manufacturers to
issue long-term guarantees (often ca 25 year). The market prices of the cells recently remain below
1 €/W (average ca 0.8 – 0.9 €/W).
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There are many small boats and yachts in operation worldwide which utilise the photo-voltaic
cells to supply the propulsion system with electric motor or just to charge the batteries. The
common feature of these vessels are their minor dimensions, operation in the absence of rolling
and small sailing speed which is associated with the insignificant demand for the propulsion
power. On sea-going yachts the photo-voltaic cells have been used to charge batteries. They often
co-work with the wind turbogenerator. The flexible panels are particularly worth mentioning as
they can be attached to the even and level surfaces of the superstructure or deck, eg by gluing.
Although the fishing cutters are not any big vessels, then the required main propulsion power
output values are so big that the application of PV cells dedicated to generate the electric power to
fully cover the propulsion system power demand is not realistic. The small dimensions of cutters,
their construction as well as their specific tasks make the arrangement of the PV cells on board of
these vessels harder than on small cruising ships or yachts.
On the other hand it is justified to utilise the PV cells on the fishing cutters for the purpose of
charging batteries. The photo-voltaic panels which are used on yachts have been checked in
marine conditions and are excellent choice for the installation on fishing cutters. However, it
should be considered that the photo-voltaic cells are more exposed to mechanical damages on the
cutters. Therefore the PV cells should be positioned in such way that the fishing operations are
carried out without exposing them to mechanical damage. Namely, care should be taken so that the
module cannot get into collision with boom, metal rigging elements such as eg shackle or fishing
equipment. They are likely to break the board and thus cause the irreparable module destruction. In
practice this means the limitation of the surface available for the installation of the photo-voltaic
panels. The PV cell location should ensure the best possible exposure to sunlight, therefore little
shadow. Often on account of the PV cell capacity it is better to apply several smaller modules in
numerous locations instead of one big unit. On cutters, owing to the aforesaid limitations, this
becomes of particular importance.
The most advantageous place to locate the cells on fishing cutter is the superstructure roof/top and
possibly partially also its side walls. Another attractive place in terms of the surface area available
are the hold hatch covers, but on the other hand this is a location where the cells are very likely to
get damaged. For instance for the cutter of type Storem 7 (fig 4) of 20.67 m length overall and
beam of 5.59 m the area estimated as available for the PV modules on the superstructure is ca 10
m2, and including the hatch cover this is ca 12.5 m2.





Fig. 4. The prototype Storem 7 cutter and the proposed PV module installation locations [16]
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The reinforced panels, eg SOL-FL HD model made by GTB-SOLARIS, can be mounted on the
hatch cover. The boards in these cells are laminate-coated, mounted on white, flexible plastic
board which acts as the carrying element. Additionally the panel is reinforced by means of the
aluminium sheet that protects the panels against the dents (caused by the uneven substrate). It
makes them partially resistant to the indentations resulting from walking on the panels under
which there is uneven surface. Because the cells are flexible they can be mounted also on a curved
surface.
Assuming on the basis of the cell manufacturer’s data that on the superstructure according to the
STC [standard test conditions] from 1 m2 (at the temperature of 25°C with the radiation of 1000
W/m2) the maximum power output to be obtained is 150 W and from panels on the hatch cover
130 W, then maximum to be obtained jointly is ca 1800 W. These are values of peak power but it
is worthwhile to note that they significantly exceed those obtained by the wind generators analysed
earlier.
In order to determine the electric energy actually accumulated owing to the installed PV cells
one should take into consideration the actual radiation value and time of sun operation within
specified time (usually within a year). An often used indicator for the electric energy generation is
that representing the ratio of the generated electric energy in relation to
1 W of peak power (frequently this unit is referred to as W p ). The value of this ratio will not be
constant because the sunlight exposure conditions may vary in different years. The differences are
generally not big and basing on such data the annual gains of electric energy can be estimated
which allow to determine the amounts of fuel saved on a fishing cutter. The table 2 shows such
data for CIS type cell (with the absorber containing Cu(In,Ga)Se 2 ) [28].

Tab. 2. Energy generated by the stationary module within 2000-2003 [15]

Year
2000
2001
2002
2003

Radiation on module surface, Energy generated per 1W p for the
Wh/m2
stationary module in STC, Wh/W p
904 342
734
976 125
767
1 002 156
811
934 826
764

Thus on the average it can be assumed that the module generates ca 770 Wh/W p per year. If this
value is adopted for the modules proposed in the foregoing example of the cutter with the cells for
which the peak power has been estimated as 1800 W, this means a possibility of generating
annually 1386 kWh. This is a value of a level obtainable by one of the most efficient 2 wind
turbines Airdolphin Mark-Zero/Pro with the wind velocity ca 5-6 m/s (table 1). Therefore the
savings in fuel consumption will be similar and amount to ca 400 kg per year under assumption
that the specific fuel consumption of the engine would be the same.
The data shown in table 2 refer to the cells produced more than 10 years ago. Presently the ratio of
electric energy generation as stated by some manufacturers such as eg REC SOLAR for the cell
Solar 260PE is at the level as high as even 1150 Wh/W p [17]. In case of the application of the
panels with such cells it would be possible to obtain even 2070 kWh electric energy per year
which corresponds to the savings of ca 500 kg fuel annually.
5. 6XPPDU\
It is hard to explicitly state which of the presented solutions related with the utilisation of the wind
and solar energy should be considered in the first place. This depends to a large extent on the
financial possibilities of the ship owners. The analyses show that the market offer is abundant in
the wind turbogenerators and photo-voltaic modules differing largely in prices.

152

This would be worthwhile to pay attention to the possibility of hybridisation of the power systems
where there can be simultaneously wind turbogenerators, solar modules as well as sails. The
hybrid system where besides the Diesel engine there is the electric motor acting also as the
generator, supplied from the batteries charged from the photo-voltaic cell, wind turbogenerator or
from the land is shown in figure 5.

Fig. 5. Hybrid power system of a cutter including the photo-voltaic cell and wind turbogenerator

Charging the batteries is also possible by Diesel engine when the electric machinery acts as
generator. The propeller can be driven by Diesel engine only, or only by electric motor or by both
engine and motor together. The operation of the cutter with the utilisation of the electric motor
only apart from the emission reduction has also such merit that the power system does not emit
noise.
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