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POWER EFFICIENCY OF POWER PLANTS 
ON TRAILING SUCTION HOPPER DREDGERS  

Damian Boche ski 
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Abstract 

This paper presents the notion of operational power efficiency and compares it with the classical definition of 
power efficiency. There are presented also calculation results of power efficiency for a selected suction hopper 
dredger and also influence of power system type of suction hopper dredger on  magnitude of power efficiency of 
its power plant has been highlighted.  

Key words: trailing suction hopper dredger, power efficiency  

1. Introduction

The decision-making on selection the most favourable variant of power system for 
a dredger under design is a very crucial designing phase which makes it possible to choose 
basic elements of the power system.  

Such selection is preceded by technical-economic analysis. To perform the analysis the 
following tools are used: multi-criterion assessment methods, one-criterion method as well as 
economic effectiveness indices [3]. The method  based on  a single criterion e.g. fuel 
consumption cost or power efficiency of power plant,  is used most often. This paper present 
possible application of power efficiency to selection of the most favourable variant of power 
system for trailing suction hopper dredger.   

2. Power efficiency of dredger power plant

Ship power plant efficiency is defined as the ratio of useful power flow and flow of energy 
contained in fuels combusted in all fuel-consuming elements of the power system. In present 
the role is fulfilled by the power efficiency of power plant ( PE ), in which the useful power 
flow is the sum of the power produced for propeller propulsion ,  electric power on terminals 
of generators and useful heat power .  

The defining of power efficiency of a dredger power plant necessitates to refer to the 
power balance scheme for dredger power system (Fig.1).  

Outside the balance boundary the scheme shows the following: 
 at the top: flows of energy delivered in fuels combusted in the main engine, ( std

dME WG ), 
auxiliary engine ( std

dAE WG ) and auxiliary fired boiler ( std
dFB WG ); 
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 on the left: the useful mechanical power flows delivered to drive couplings of main 
mechanical power consumers iMCN )( , one of them is driven by an electric motor supplied 
from  the integrated electric generating set. All the flows together form the useful 
mechanical power flow )( MPN ; 

 on the right: the useful electric power flows obtained from operation of the integrated 
electric generating set )( kor

ELN  as well as the suspended generator driven by the main 
engine )( SGN . All the flows together form the useful electric power flow )( ELN ; 

 at the bottom: the useful heat power flows obtained from operation of the fired boiler 
)( FBN and  the waste-heat boiler )( WBN . All the flows together form the total useful heat 

power flow )( HPN . The presented waste-heat flow )( strQ  covers all heat losses of a value 
which closes balance of the system. 

Fig. 1. Scheme of power balance of dredger power system ( see the text for explanation)  

The above presented data make it possible to determine value of  the power efficiency of 
dredger power system )( PE : 

std
dFBAEME

HPELMP
PE WGGG

NNN
)(

, (1) 

An important drawback of Eq.(1) is that it deals with the instantaneous energy (power) 
flows shown in Fig. 1. Therefore the efficiencies are usually determined for given typical 
states of ship service under the assumption about constant loads on power system elements. 
Dredgers belong to the group of technological ships which operate in variable external service 
conditions and whose technological processes are characterized by high variability of loads 
applied to power system elements. For this reason, correct assessment of power system 
efficiency should deal with the entire range of  varying loads in a given service state of 
dredger. This author has proposed [3] to introduce the notion of the operational power 
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efficiency )( OPE  of dredger power plant. The efficiency takes into account total quantities of 
produced energy and total quantities of fuel consumed on a dredger within a given longer 
interval of its service. It can be expressed as follows : 

std
dFBAEME

HPELMP
OPE WGGG

EEE
)( ***

***

,  (2)

where:  
*** ,, FBELMP EEE   – total quantities of power: mechanical, electric and thermal one, respectively, 

produced by power system and used in a given service state and interval; 
std

dFBAEME WGGG )( ***  – total quantities of energy  delivered to power system, contained in 
fuel combusted by main engines, auxiliary engines and fired boilers in a given service state 
and interval.  

The total mechanical power quantity produced and used in a given service state, related to 
drive couplings of main power consumers is as follows: 

n

i

ss
iMC

av
iMCssMP NE

1
,,

* ,   (3)

where: 

ss  - duration time of service state; 
av

iMCN ,  - mean power of main consumer; 
ss

iMC,   - duration time of main power consumer operation in a given service state. 

The main power consumers on suction hopper dredgers cover the following items [1,3,4]: 
 consumers associated with the propelling, positioning and manoeuvring of dredger (main- 
propulsion propellers, thrusters); 

 consumers associated with the loosening and transporting of soil ( soil pumps , fluffing 
pumps). 

The total electric power quantity produced and used corresponds with the demand for it 
from the side of all electric power consumers : 

av
ELssEL NE* , (4)

where: 
av
ELN  - mean demand for electric power; 

The total quantity of produced and used heat power is associated with the satisfying of 
the demand for it from the side of heat power consumers :  

av
HPssHP NE* , (5)

where: 
av
HPN  - mean demand for heat power; 

3. Characteristics of power plant of trailing suction hopper dredgers
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Classification of solutions of dredger power plant depends on an assumed criterion of 
classification. In [3] the following distinguishing criterion has been proposed: a manner of 
driving the main consumers, expressed by number of main engines or - equivalent to them - 
main multi-engine systems. Solutions of power systems of suction hopper dredgers should be 
considered within the following types: 

 Type I – covering systems in which is installed only one main engine or -equivalent to 
it - main multi-engine system providing drive for all main consumers used on the 
dredger; 

 Type II – covering systems with two main engines or - equivalent to it - two main 
multi-engine systems; 

 Type III – covering systems with three main engines (or three multi-engine systems); 
main ship propellers and dredge pumps are driven by separate engines and one 
common engine drives jet pumps and thrusters; 

 Type IV – covering systems with four main engines (or four multi-engine systems). 
The type is characterized by a combustion engine (or engines) for driving each main 
consumer separately. 

 
4. Calculation example  
 

Beneath are presented calculations of values of the power efficiency )( PE of power plant  
and the operational power efficiency )( OPE of power plant for an example suction hopper 
dredger of medium size [2]. 

Principal technical parameters of the suction hopper dredger in question:  
 Total length        95,00 m 
 Length between perpendiculars     85,00 m 
 Breadth        19,65 m 
 Maximum draught         5,70 m 
 Dredger speed under full load      11,5 knots 
 Maximum depth of dredging       30,0 m 
 Number of external suction pipes        1 pc 
 Diameter of external suction pipe       800 mm 
 Deadweight        6200 t 
 Load carrying capacity                 5500 t 
 Dredge hopper capacity       4000 m3 
 Number of crew members     12÷14 persons 

 
By making use of the preliminary design methods for power plants on dredgers [3] the 

parameters of main power consumers were determined as follows: 
 Two ducted controllable-pitch screw propellers of the maximum propulsion power  

(MCR) = 2 1500 kW; 
 One dredge pump of 1100 kW (loading)/2000 kW (unloading) power; 
 Two jet pumps of 250 kW power each; 
 Bow thruster of 500 kW power.  

Next, parameters of demand for electric and heat power for auxiliary purposes, were 
determined. It made it possible to determine power of main and auxiliary engines for four 
types of power system on dredgers. The parameters are given in Tab. 1. 

Light fuel combusting was assumed. For this reason the solution with one fired water 
boiler intended for the covering of heat power demand from the side of heating installation in 
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dredger accommodations, was accepted.  Heat power of the boiler is equal to 300 kW. The 
heat power demand is hence identical irrespective of power system variant. 
 The following structure of duration time of particular service states of the dredger was 
assumed :  loading – 2480h, unloading and sailing –1860 h each. 

For the selected engines, electric generating sets (of MAN firm [5]) as well as the assumed 
structure of duration time of particular service states of the suction hopper dredger, 
parameters which make it possible to calculate  the power efficiency )( PE of power plant and 
the operational power efficiency )( OPE of power plant on the considered dredger, were 
calculated for four principal types of dredger power system. Tab. 2 and 3 contain results of 
the calculations.  

Tab. 1. Main technical data of the selected combustion engines and electric generating sets for particular 
variants ( types) of dredger power system 

Type of power plant Main engines Auxiliary engines 

I 2×ME of 2100 kW each 1×GS of 450 kW 
1×HGS of 92 kW 

II 2×ME of 2100 kW each 
1×ME (2800 kW) 

1×GS of 450 kW 
1×HGS of 92 kW 

III 2×ME of 1540 kW each 
1×ME of 2190 kW 

1×MGS of 1080 kW 

1×GS of 540 kW 
1×HGS of 92 kW 

IV 2×ME of 1540 kW 
1×ME of 2190 kW 
1×ME of 540 kW 

2×MGS of 540 kW 
each 

1×HGS of 92 kW 

ME – main engine, GS – generating set, MGS – main generating set, HGS – harbour 
generating set 

Tab. 2. Values of the power efficiency )( PE [%] for the suction hopper dredger depending on its power system 
type and service state 

Type of power plant Dredger service state 
Loading Sailing Unloading In total*)

I 44,9 47,3 44,0 45,3 
II 43,8 47,0 44,5 45,0 
III 44,0 46,1 45,9 45,3 
IV 43,5 46,1 45,3 44,8 

*) – Total for the “dredging” state which covers loading, sailing and unloading operations.   

Tab. 3. Values of the operational power efficiency )( OPE  [%] for the suction hopper dredger depending on its 
power system type and service state 

Type of power plant Dredger service state 
Loading Sailing Unloading In total *) 

I 45,5 46,3 44,0 45,3 
II 43,0 47,5 44,8 44,8 
III 42,5 42,2 41,3 42,0 
IV 42,9 42,2 43,2 42,8 
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*) – Total for the “dredging” state which covers loading, sailing and unloading operations 

 
The calculation results presented in Tab. 2 and 3 reveal rather significant differences in values 
of the power efficiency )( PE  and the operational power efficiency )( EE of power plant. 
 As far as the power efficiency of power plant )( PE for the whole state of “dredging” is 
concerned , the largest values deal with power plants of the type I and III. The difference 
between the maximum and minimum value is low and amounts to 0,5% only. In the case of 
the operational power efficiency )( OPE of power plant , the largest values concern power 
plant of the type I , and the difference between the maximum and minimum value amounts 
now even to 3,3%.  

In case of the operational power efficiency )( OPE of power plant a “correct” dependence 
on power system type , can be observed. The type I which is characteristic of the highest 
degree of drive integration of main power consumers, has the highest efficiency value. The 
types III and IV which are characteristic of the lowest degree of drive integration of main 
power consumers, have the lowest efficiency value. 
 

5. Summary 

The presented results of the investigations confirmed that in the case of suction hopper 
dredgers , for the technical – economic analysis which has to allow for the correct selecting of 
crucial elements of  power system, one should use the operational power efficiency )( OPE of 
power plant.  

The results indicate simultaneously that the basic type of power system for suction hopper 
dredger should be the system characterized by the highest degree of drive integration of  the 
main power consumers (i.e. the type I). And, the selection of the most favourable solution 
consists in choosing between variants which are various mutations of power system of the 
type I. Such systems are characterized by the largest values of the operational power 
efficiency )( OPE  of power plant and also the lowest investment cost [3].   
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IDENTIFICATION OF THE INTERFACE OF 
LATERAL SLIDE BEARINGS 

Piotr Bzura 
Konrad Marsza kowski 

Gda sk University of  Technology,  
Faculty of Ocean Engineering and Ship Technology,  

Department of Ship and Land Power Plants 
11/12 Narutowicza Street, 80-233 Gda sk, tel./fax: 58 347 21 81

ABSTRACT: 
 In the paper, the model of slide bearing of piston engine is presented, together with methodology of 

research on this type of bearings and its results. The measurement standpoint consists of main elements of 
Briggs & Stratton 550 serie 10 T 802 model piston engine, driven by three-phase electric motor. On the 
aforementioned measurement standpoint specific measurements were done, needed for specification of proper 
performance of crank slide bearings, operating on smooth friction. The bearing was stressed with variable 
dynamic force of constant value and changeable direction. The force caused a change in dislocation of a plug 
versus the bearing, and so the change in thickness of oil film and alternation of lubrication process. The aim of 
the paper was to conduct preliminary research, in order to confirm the fact that fixing the moment of transition 
from smooth friction to boundary friction in crank bearing, responsible for deterioration of bearing's  
performance, is possible. 

Keywords: vibrations, performance, energy impulse, crank bearing 

1. INTRODUCTION

During the perfomance of piston engine, part of thermal energy generated during 
combustion of fuel is converted to mechanical energy - in the form of work. In this energy 
transformation process, crank bearings take active part. Performance of any crank slide 
bearing [5] can be interpreted as such transfer of energy in specific time, which enables the 
shift of sliding - reversible movement of the piston to rotating movement of crank shaft in 
specifed conditions and time t, when the work Le  is being done by the bearing. Therefore, the 
above mentioned can be interpreted as [4,6]: 

D (t)=Le (t)·t (1) 

In case of Le =idem in time t, below relation is correct: 

D (t)=Le ·t (2) 

where: 
Le – work done by the bearing; 
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t – time of bearing's performance. 
Crank slide bearing is the friction node consisting of: 
– crankpin as the element stressed with variable dynamic forces; 
– bearing, as the element in relation to which the plug is moving; 
– lubrication oil, separating the bearing and the crankpin. 
Between the mentioned elements, specifically determined relations can be observed, which 
will be subjected to distinct changes together with f.i. changes of friction coefficient, 
depending on the mode and lubrication process. Such changes are visible during the transition 
from smooth friction to surface friction, what causes the change in quality of crank slide 
bearing's performance (1,2). 
 The paper covers the possibility of diagnosing the bearing's performance by registering 
the changes in friction process in slide bearing, caused f.i. by the changes in lubrication oil 
flow and not balancing the bearing as friction node. 
 
2. PHYSICAL MODEL OF CRANK SLIDE BEARINGS 
 
 For the purposes of analysis of crank slide bearings, possibly simplest physical model 
was built. In the model, the conditions were created for bearing's performance in smooth 
friction, so that reliable information on momentary transitions of lubrications from smooth to 
boundary one in possesed. 
 The simplest physical model of crank slide bearing of piston engine is the system of one 
degree of freedom (pic.1) that can be perceived as adequate for entire class of crank slide 
bearings, whose attributes can be defined by four paramaters: m – mass, k – elasticity 
coefficent, c– damping factor , u – temporary dislocation of the crankpin. 
 

C

P(t)
k

u

P

S R

m

a) b)

 
Pic.1 Physical model of crank slide bearings 

 m –  mass of crank bearing, k – elasticity factor, c – oil damping factor, P(t) – connecting rod force,  
S – damping force, R – the reaction of elastic ties, u – displacement 

 
Dislocation of vibration of the crankpin u(t) versus the bearing was measured during the 
bearing's operation in the area of smooth friction or mixed one, in which also the boundary 
friction appears. During the measurement of vibrations, the crank bearing, except for the 
forces presented on pic. 1B, was subjected to: load force, inertial force and interferencing 
forces. 
 
3. RESEARCH METHODOLOGY 
 
The measurement standpoint (pic.2) was built on the bed of turning lathe TSA 16. For the 
purpose of the research, the turning lathe was revoked from the support and its drive. 
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Regulation of angular velocity of piston engine's crankshaft is realized by the change of gear 
ratio, transferring the drive from the electric motor. 
The measurement standpoint is equipped with asynchronic motor of 0,4 kW, enabling the 
change of rotations' direction. 

Pic.2. Scheme of measurement standpoint 
1 - engine housing; 2 – elastic oil hose; 3 - temperature sensor; 4 – three-way oil valve; 5 – oil pan; 6 - 

accelerometer; 7 – three phase induction electric motor; 8 - electric oil pump; 9 -  DC PWM controller; 10 - oil 
tank; 11 - electric heater; 12 - electronic thermostat; 13 - three-phase electromechanical induction meter. 

Signals: A - vibrations; B - electricity consumption; C - speed / TDC; D - oil temperature 

The object for the measurements is crank bearing of piston motor engine Briggs&Stratton 
series 550 model 10T 802, in which the mode of lubrication named Orlen Platinum Mineral 
15 W-40 has been modified. Splash lubrication forseen by the producer has been replaced by 
permanent supply of oil to the bearing by the elastic hydraulic hose of diameter 4mm. In the 
lubricating opening placed in the crankshaft, the connection terminal was fit in, connected to 
the above mentioned crankshaft (pic.3). Such solution resulted in the necessity of cutting out 
the opening in the frame of the motor, to install the pipe supplying the lubricating oil from the 
outiside.  

Pic.3. Detailed lubrication system of crank bearing. 
1– craknpin; 2–hose barb; 3–elastic oil hose  

15



Possibility of control of bearing's workload was obtained by removing the head of the motor 
and replacing it by the steel plate, being the support for the helical spring leaning against the 
bottom of the piston and transmitting the vibrations to vibrations' sensor. The spring leaning 
against the bottom of the piston moves the force acting on the piston. The force acting on the 
piston can be regulated by straining the spring with the use of the steel plate, placed in the 
four threaded rods located in the frame of the motor. One rotation of crankshaft falls on the 
maximum workload of the piston, what reflects the operation of the two-stroke motor. Main 
deviation from original lubrication mode of crank slide bearing is installing of the elastic 
crankshaft (pic.3), what resulted in other lubrication mode ensuring smooth friction during the 
study. Operation of crank bearing, represented by dependencies (1), was diagnosed on the 
research standpoint consisting of: 
1. Vibrations sensor Bruel&Kjaer 4370V, analysing the action of friction forces in the form of
random, succeeding impulses of unpredictable values, low intensity and durability. 
Measurements were done according to recommendations of producer of the apparatus T-03 
[9]. 
2. Three-phase electric energy meter of type 4C52Z, which was modified for automatization
of the measurements. Modification was based on dividing the face of the meter into 20 equal 
parts (without interfering in the face structure) by sticking the optical markers. Counting of 
the revolutions was realised by reflective transoptor located above the surface of the face. The 
signal from the transoptor was formed to TTL level and transmitted to measurement card in 
the form of impulses. Construction of the meter ensures 120 rev/1kWh. At set scale of the 
face, the measurement resolution of 0,000417 kWh/impulse was obtained. 
3. Electric oil pump of type SL-001, of 12 V voltage and maximum power of 0,2kW. Oil
circulation in the measurement standpoint was closed and forced by the operation of the 
pump. Taking into account too high capacity of the pump, it was necessary to connect it to the 
regulated power supply in the form of PWM regulator, what enabled the reduction of pump's 
consumption and its localization. 
4. Temperature sensor of type LM35 located in the three-way valve casing, which controls
temperature of the oil supplied to the bearing. Voltage output of the temperature sensor was 
connected to measurement card.  
5. Data Translation measurement card of the type DT9816, to register the energy
consumption, oil temperature and rotational velocity (simultaneously GMP signal) at 
sampling frequency of 60 Hz.  

Before the start of the measurement, the oil was heated by laminated electric heater of 1,5 kW 
power, to the temperature of 85ºC. The temperature was mantained by electronic thermostat. 
After reaching the required temperature, the oil pump was activated and simultaneously the 
three-way valve was open and placed on the casing of the motor. Opening of the valve 
triggered the return (reversion) of heated oil to the container, what enabled further mixing and 
heating up of the oil. During the measurements, the valve is not completely closed, so that 
part of the oil is not supplied to the bearing, but returns back to the container. Such”short” 
circulation enables the exchange of the oil several times, maintaining constant temperature, 
what is especially important in case of low intensity of flow for the bearing itself. Taking into 
account the modification of motor's frame (cutting out considerable opening for the hydraulic 
pipe), it was necessary to dismantle the outer dry oil pan, from which all leaks of lubrication 
oil were flowing back to the container. 

4. RESULTS OF STUDY

As parameters identyfing the moment of disappearance of smooth friction in the bearing and 
appearance of boundary friction, the change in vibrations amplitude and the time of 

16



measurement impulse reflecting the energy level were assumed. Measurements consisted of 
four stages, lasting 1000 seconds each, if referential level f vibrations informing on the 
appearance of boundary friction was exceeded. The stages were defned as A,B,C,D, and E. 

A. Right rotational direction of crankshaft with the crank bearing supplied with lubricating oil 
of 2,6l/min capacity. 
The course of the operation lasting 1000s (several hundred energy impulses) is presented in 
the pic.4. 

Pic.4 Change of course of voltage of measure impulses and vibration's level charasteristic for operation of side 
bearing for stage A 

As the change of duration of impulses and vibrations' level is almost the same, it was assumed 
that duration of the impulse is representative and sufficient for diagnostic purposes for stage 
A – pic. 4A. 

Pic.4A Duration of one energy impulse 

B. Right rotational direction of crankshaft with crank bearing supplied with lubricating oil of 
1,3l/min capacity. 
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The course of operation lasting for 1000s (several hundred impulses of energy) is presented in 
the pic.5 

Pic.5 Change of course of voltage of measure impulses and vibration's level charasteristic for operation of side 
bearing for stage B  

 
From the above graph, it results that in time range ta  (870÷905) a decrease in vibrations 
level occured and in time range tb  (910÷930) maximum increase of vibrations level could 
be detected. Duration of energy impulses in these time ranges are presented in the pic. 6. 

 
Pic.6a)Duration of  energy impulse at low vibrations level b)Duration of  energy impulse at high vibrations level 

  
 
 
 
 
C. Left rotational direction of crankshaft with crank bearing supplied with lubrication oil of 
2,6l/min capacity. 
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The course of operation lasting for 1000s (several hundred energy impulses) is presented 
below in the pic.7.  

Pic.7. Change of course of voltage of measure impulses and vibration's level charasteristic for operation of side 
bearing for stage C  

From the above graph, it results that in time range ta  (280÷310) a decrease in vibrations 
level occured, and in time range ta  (920÷980) maximum vibrations level could be 
detected. Duration of energy impulse in these time ranges is presented in pic. 8. 

Pic.8a)Duration of  energy impulse at low vibrations level b)Duration of  energy impulse at high vibrations level 

D.  Left rotational direction of crankshaft with crank bearing supplied with lubrication oil of 
1,3l/min capacity.  
The course of operation lasting for 550s, as the referential level had been exceeded, was 
presented below ( pic.9). 
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Pic.9. Change of course of voltage of measure impulses and vibration's level charasteristic for operation of side 

bearing for stage D 
 

From the above graph, it results that in time range ta  (430÷450) a decrease in vibrations 
level ocured, and in time range tb  (530÷550) a referential level of vibrations was 
exceeded. Durations of energy impulses in these ranges are presented in the pic. 10. 
 

Pic.10 a)Duration of  energy impulse at low vibrations level b)Duration of  energy impulse at high vibrations 
level 

 
From the above graphs, it results that thickness of oil film is related to vibration level and 
duration of energy impulse. From the pic 5a,5b,6a.6b,7a and 7b, it results that with the 
decrease of oil film vibrations level increases and duration of energy impulse decreases. Thus, 
it is possible to identify boundary friction that is accompanied by increase of vibrations level 
abve the referential level and  shortnen duration of energy impulse. Operation of slide bearing 
is then considered as described by formula(1) and can be understood as duration of energy 
impulse. The longer the impulse, the higher the amplitude level of the bearing, what means 
that possible amplitude of cross slide bearing is higher than required. 
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5. FINAL REMARKS AND CONCLUSIONS

All measurements were done for two different capacities of lubrication oil. From theoretical 
calculations, not taking into consideration lubrication mode described in[8], it resulted that 
smooth friction was mantained. During the measurements, intensive leakage of lubrication oil 
at left rotational direction of crankshaft could be observed. It was caused by inappropriate 
mode of lubrication and thus most probably smooth friction did not occur. The analysis of 
obtained results leads to the following conclusions: 

 Increase of vibroactivity of slide bearing contributes to increase of number of energy 
impulses in time, so the value of operation increases (1). If this value exceeds 
permissible value, the bearing should be considered as non - operational. 

 Described experimental identification of phenomena, occurances and vibroacoustic 
processes can be used for identification of the moment of appearance of boundary 
friction in slide bearing. It is necessary though to elaborate more adequate physical 
model of analysed slide bearing, so that the results could be adequate for real crank 
slide bearings. 

 Single-cylinder motor used in measurement has too loose elements of crank-piston 
system, what results in visible and considerable leakage of lubrication oil. The leakage 
overvalues experimentally fixed flow of oil to the bearing. 

 Research methodology proposed by the authors should be treated as introduction to 
further research of considered object. 

For further considerations, it is necessary to improve the measurement standpoint and fixing 
the required referential level for vibrations' sensor and boundary duration of energy impulses. 

 The research is preliminary one, and it is planned to elaborate extended methodology 
of experiment, which should contribute to elaboration of formulas enabling to set the 
considered operation as a formula. 

 Results obtained are promising regarding the possibility of fixing the time t (1). 
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1.

In majority of applications of marine diesel engines used for propulsion or for electric power 
generation exhaust gas treatment is done to limit NOx pollution resulting from the combustion  of fuel 
oil. Actually environmental protection measures are  taking place both in commercial and military 
applications. Exhaust gases generated by main propulsion and auxiliary  power sources are  cooled 
onboard of certain warships. The water or air  cooled systems are used to substantially decrease 
temperature of exhaust gases in order to minimize thermal signature of the naval vessels. Technical 
literature  provides little information  about the systems used to cool down exhaust gases generated by 
gas turbines as well as by diesel engines. In case of bigger naval vessels, fitted  with  gas turbines the 
exhaust cooling systems are of substantial size and  are technically complicated designs due to the 
amount of heat generated. The design guidance and detailed data about system construction and 
operational performance are not widely available and amount of detailed engineering references is 
very limited. 
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2. - 

The system used to decrease temperature of exhaust gases is integral part of exhaust piping. 
Exhaust gases from engine exhaust manifold are flowing through silencer and after later through 
special chamber where the water is injected  and later the water-gas mixture is removed overboard. 
Generally, water cooled exhaust gas  systems can be divided into two main groups depending on 
application area – commercial and naval.  

2.1  

An example of commercial system is the case of rescue vessel fitted with exhaust gas piping 
system designed to lead exhaust gases below  ship waterline. The purpose of such solution is to cool 
down substantially the  exhaust gases  from propulsion engines and gensets  in order to prevent 
survivors in water to have  burns. 
Another example of commercial application of exhaust gas cooling is the exhaust gas treatment used 
in a  process of  gas recirculation (EGR) in order to decrease the amount of nitrogen oxides generation 
by propulsion and auxiliary engines. The equipment for  EGR  or EGCS systems is offered 
commercially. On the other hand, the number of publications available describing  details of  exhaust 
gas cooling system design and performance  is also limited. The issue of cooling exhaust gases for 
better environmental  performance is not subject of this paper. 

2.2  

In naval ships design  the reasons for  exhaust gases cooling is to suppress and control IR 
signature of the vessel in order to reduce ship detection probability and tracking by enemy. Generally, 
cooling of exhaust gases could be done by: 

- mixing exhaust gases with air  (applicable to engines with smaller power e.g. gensets. 
- mixing exhaust gases with  seawater  injected into separate tank – Fig. 1, Fig. 2. 

– –
– – – – –

– –
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- mixing of exhaust gases with sea water in a number of vessels or specially developed cooling 
structures – particularly used on bigger vessels with gas turbines  Fig. 3. 

For modern warship, particularly with gas turbine propulsion the key to the effective cooling solution 
is an advanced hybrid Eductor/Diffuser system which combines passive cooling air entrainment with 
active water injection. This permits very low  exhaust gas exit temperatures without the associated 
high engine back pressure. It is major requirement now, that new ship designs must include detailed 
signature management studies and in the end vessels  are to be equipped with sophisticated IR 

25



suppression systems, for both the engine exhausts and the solar-heating of the shipsurface [2]. 
 
3. s ess  
 

The simplified single engine exhaust gas cooling system with water  injection into cooling 
chamber  is presented in Fig 1. The principle o operation is based on a process of outboard sea water 
mixing with a stream of   exhaust gases in special chamber, The chamber is placed after silencer and is 
connected to  exhaust piping that leads cooled exhaust gas stream outside machinery room – in 
practice overboard. 
In case when there is a need to cool down exhaust gases from other engines additional systems are 
being installed so the system is usually duplicated.  
The main problems that need to be solved during the systems design are: 

- determination of system dimensions and optimal performance parameters, 
- the system arrangement within machinery spaces, 
- construction technology (e.g. piping  insulation, welding of thin special steel piping), 
- corrosion avoidance – e.g.  the most effective is use of duplex steels for  piping, pressure 

vessels, valves and fittings. 
It must be mentioned, that system design and construction as well as later integration in real 
machinery room structure  must take into account all customer specific requirements. The some of 
those problems must  include also ability to cope with vibrations and shocks that are considered in 
foreseeable naval vessel operational scenarios. 
 

Some information about the system operation and performance can be found in publication done 
by TNO [1]. The process of cooling takes place in a special chamber where  the water cooling is 
conducted by a spray of small water droplets at 20 °C that are injected into the hot exhaust gas 
stream. It is assumed that the water  particles  evaporate  immediately,  even  before  the  droplets  
increase  their  temperature.  In  reality,  the evaporation in the cooling process will be a more 
continuous process, where the cooling water heats up and at the same time evaporates at all 
temperatures between 20°C and 100°C. However, to be in line with principles of physics in the 
process description we must assume the presence of  conservation of energy principles, and the 
total energy extracted from the exhaust gas plume is to be the same for a given end temperature. 
The temperature of the exhaust gases cooled by  water evaporation reaches  an  equilibrium  when  the  
mix  of  exhaust gases and water vapour is fully saturated. Evaporation is then no longer possible 
and the temperature cannot further decrease by the evaporation of water. For this reason some of 
the lowest temperatures cannot be reached in practice.  Theoretically  the  exhaust  gases  can  be  
cooled  further  by  mixing  the  gases  with  cold  water,  without evaporation. However, this process 
is much less efficient in cooling and requires a much larger water flow. 
 

 
 

 
The water cooled exhaust system is composed of pipes and fittings connected in a way to lead 

exhaust gases through silencer and gas cooling unit where water is injected into stream of hot exhaust 
gas. High temperature (in range of 300-500°C and continuous contact with salt water require highly 
corrosion resistant materials. Typical solution is using austenitic steel like SS316L and in certain cases 
other steels like 254 SMO – all combined with suitable welding and after-treatment backed up by 
detailed process quality control procedures, 
 
4.2  

The typical exhaust gas cooling system for one engine is composed of pipes, fittings, silencer, 
cooler and ship side valve. Weight limitation is typical issue for all naval ships. The way to control the 
system weight is the use of materials with excellent corrosion properties to  have minimal corrosion 
allowances. The best situation is when the piping thickness and allowances are selected for the whole 
ship life.  
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4.3  -  
System dimensioning is critical as in most cases there is limited amount of space in machinery 

room. Additional insulation is needed for piping and hot surfaces to limit heat radiation into 
machinery room. 

4.4  
In case of naval vessels, the system is to be integrated in a way that allows for reliable operation 

during operational loads that may be expected during ship operation in battle space.  
Dedicated suspensions with rubber shock absorbers are part of the exhaust piping that allows piping 
thermal expansion and displacement in a way of keeping the necessary integrity to provide the 
propulsion system being operable in all foreseeable operational  conditions. The system design in area 
of side shell must secure gas and water tightness as well suitable engines protection against water 
ingress. 

4.5  
The  system operational simulation using CFD methods require dedicated software, usually not 

available for the end user. Instead the system performance should be tested during sea trials after 
fixing all machinery and control systems onboard. It is recommended to test the system in the whole 
range of the engine loading and speed range. Performance of the exhaust cooling should be checked 
by measurement of exhaust gases temperature,  injected water flow and related pressures in all 
selected parts of the system piping.  The use of  thermographic techniques will allow to determine the 
temperature of gas plume near in gas outlet area.  

5.  –  

One of the important aspects of the system operational performance is the required sea water flow 
able to provide sufficient cooling  to the temperature level defined by the end user. In the principle of 
operation, the effectiveness of mixing of exhaust gases with water depends on certain design input 
data like the number of water injection nozzles, size of exhaust cooling tank.  

For the purpose of this analysis the system operation model is limited to cooling exhaust gases by 
sea water without complex analysis of number of nozzles, tank size, heat losses in  piping due to 
radiation through pipe walls.  

Underneath, it is presented a simplified mathematical model used to calculate a required volume 
flow of cooling water to the cooling of marine diesel exhaust gases. 

 mw = f(mg , Cps(t1g) , rw(tav) , t1g , t2g)   

where: - mw –  cooling water mass flow [kg/s], 
 - mg –  exhaust gases mass flow [kg/s], 
 - Cps –  specific heat of the exhaust gases [J/kg/K], 
 - rw   –  heat of vaporization of water [J/kg], 
 - t1g –   temperature of exhaust gases at the inlet to the separator [°C], 
 - t1w –   temperature of cooling water at the inlet to the separator [°C], 
 - t2g –   temperature of cooled exhaust gases at the outlet of the separator [°C], 
 - tav –   average temperature of the cooling water evaporation [°C] 

tav = 0,5*(t2g – t1w) 

Calculations of the necessary cooling water flow as a function of cooled exhaust gases temperature 
has been made for two marine diesel engines on the basis of available test bench data including: the 
mass flow mg, temperature tg1, chemical composition of exhaust gases and cooling water temperature 
t1w. The results of calculations for the main diesel engine with a nominal power P= 1000 kW is shown 
in Fig. 4, while the results the auxiliary engine with a power of P = 325 kW – are presented in Fig. 4. 
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6.

The simplified method of valuation of the system performance may be used for initial assessment 
of the system size for preliminary design. 
The detailed analysis is needed in case of design of the water cooled exhaust system control software 
linked with engine control software.   
The measurements of specific system parameters will be able to provide realistic data that could allow 
for more detailed simulations to be carried out in preliminary and detailed design of the naval vessels. 

 

 [1] Hiscoke B, P.Eng., IR Suppression –Exhaust Gas Cooling by Water Injection, W.R. Davis 
Engineering Limited, Source: Internet 

[2] Schleipen H.M.A,  Neele F.P. ,Ship exhaust gas plume cooling, TNO, Proceedings of SPIE, Vol 
5431, (SPIE Bellingham 2004)  
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Lublin 2006. 
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Designations 
h  - enthalpy reduction C    - compressor 
m - mass flow CC - combustion chamber 
n  - shaft rotational speed CT - compressor turbine 
p  -  pressure EB - eddy current brake 
t   - temperature PT - power turbine 

cycle points indexes 
0  - air inlet b  - barometer 
1  - compressor inlet  f  - fuel 
2  - compressor outlet n  - overpressure, leakages 
3  - combustion chamber outlet p  - negative pressure 
3’ - crossover between turbines s  - isentropic change 
4  - turbine outlet  T - turbine 
5  - stack outlet  - cooling 

1. Introduction

Gas turbines are commonly used in aviation, land transport (locomotives, cars), 
military applications (tanks), in shipbuilding and for powering electric generators and other 
working machinery. When compared to other engines, gas turbines weigh less, their motions 
are more flexible, and their investment costs are lower despite relatively low efficiency. In 
many cases gas turbines prove to be more economical. 
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 When designing gas turbines the main emphasis is placed on increasing their 
efficiency and, as a result, reducing their fuel consumption. Efficiency is increased mainly 
through the use of increasingly higher upper temperatures of the cycle by means of 
introducing new heat-resistant materials and improving the system of high-temperature 
sections cooling.  

 
2. Two-shaft gas turbine 

 
 A two-shaft arrangement is usually used in aircraft propulsion, where a separate part 
of the turbine is designated solely for the compressor powering. 
A set comprising a compressor, a combustion chamber and a compressor turbine performs the 
function of a gas generator. Its task involves the generation of hot compressed gas with 
parameters ,  which converts some of its heat energy into mechanical energy as part of an 
expansion process taking place in the compressor turbine. The role of a gas generator in a gas 
turbine set is similar to the role of a steam boiler with a feed pump in a steam turbine unit. 
Further expansion takes place over the power turbine, releasing its output to the receiver. In 
the discussed arrangement air as the working medium is drawn from the atmosphere and 
returns in the form of exhaust gas, which is why such cycles are called open cycles. They are 
most commonly used in gas turbines. 

 
Fig. 1. Diagram of a two-shaft gas turbine 

 
 
  2.1. Turbine real cycle 
 

Fig. 2 shows a real, simple, open cycle on an i-s diagram. In this arrangement air is 
drawn into the compressor through the filter increasing the pressure loss, which is why air 
pressure upstream of the turbine set in point 1 is slightly lower than atmospheric pressure. 
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Fig. 2. Real, simple, open cycle of a two-shaft gas turbine 

The compressor compresses air from point 1 to the highest pressure of the cycle, point 
2. Air from behind the compressor is fed to the combustion chamber, reduced by cooling air
jet m  and leakage air jet mn. Liquid fuel is supplied to the combustion chamber where it 
evaporates, mixes with air and burns, releasing its heat to exhaust gas. At the combustion 
chamber outlet, point 3, exhaust gas pressure is reduced by pressure losses. Exhaust gas 
expands in the compressor turbine to pressure 3’. The compressor turbine powers the 
compressor. Further expansion to pressure exceeding atmospheric pressure (point 4) takes 
place in the power turbine powering the receiver. The pressure drop from point 4 to point 5 
(atmospheric pressure) is required due to exhaust gas flow resistance in the silencer and the 
stack. 

3. Experiment on a turbine engine

The gas turbine installed at the testing station at the Department of Automatics and 
Turbine Propulsion at the Faculty of Ocean Engineering and Ship Technology is a 
lightweight, aircraft type turbine used for powering a helicopter [1, 2]. It operates as a simple 
cycle with cooling – Fig. 1 and 2. 
The gas turbine includes (see: Fig. 1 and 3): 

 compressor C — comprising seven axial stages and one radial stage, 
 combustion chamber CC – comprising the CC casing with a spiral housing, with air 

tubes, a flame tube, a working injector and an ignition device, 
 compressor turbine CT – axial, single-stage turbine, 
 power turbine PT – axial, two-stage turbine, 
 eddy current brake EB – directly connected to the turbine shaft. 
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Img 1. View of a two-shaft gas turbine 
 

 The power turbine was connected with the power receiver, the eddy current brake. The 
compressor turbine and the power turbine are kinematically separate turbines. Exhaust gas 
from the power turbine (point 4) is released to the atmosphere through the stack. 

 

 
 

Fig. 3. GTD-350 turbine cross-section [4] 
 
 Almost all of the CT capacity is used to power the compressor (some of the CT 
capacity is used to power auxiliary generators, cover friction losses, etc.). The output of the 
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power turbine is released to the output shaft via a gear-motor. Some of the air from behind the 
compressor m is drawn for cooling the parts operating at a high temperature, i.e. turbines 
rotor discs, vanes and the first bearing of the CT shaft. Cooling air does not operate in the CT, 
while in the crossover between the CT and the PT it mixes with exhaust gas and expands in 
the power turbine, thus increasing the PT working stream. The engine is fuelled by a fuel 
system that also performs the role of a governing system. The governing and fuel system 
comprises a piston fuel pump (powered by the transmission from the turbocharger shaft) and a 
series of devices ensuring the correct operation of the engine. The most important devices are 
the turbines rotational speed governors. The CT speed governor is a mechanical and 
centrifugal type governor used for setting (gas lifting) and maintaining speed nCT over a full 
load range, i.e. from the idle run to the maximum, starting run. The power turbine speed 
governor interferes in the operation of the engine when speed nPT approaches its maximum 
threshold. The turbine engine is equipped with an anti-surge valve located downstream of the 
sixth stage of the compressor. It opens automatically during the turbine operation close to the 
idle run. Its task is to protect the compressor against a surge. In case of low capacity the 
compressor would operate under surge conditions, which is why its capacity is increased in 
order to safely distance it from the unstable area. Excess air from behind the compressor is 
released by the valve to the atmosphere. At higher loads the valve closes automatically. The 
gas turbine is equipped with its own lubrication system with forced oil circulation intended 
for lubricating and removing heat from the bearings of all supports and drives of the engine. 

Air to the engine is drawn from outside of the laboratory building, while the exhaust 
gas outlet is directed to the stack adjacent to the building, Img 2a and b. 

a) b) 

Img 2. Air inlet (a) and exhaust gas outlet (b) of the turbine engine 
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A start-up system is used for starting up the engine. A starter-generator is connected to the 
turbocharger shaft using a toothed gear and during the start-up of the turbine it rotates the CT 
shaft. Then the compressor supplies air to the CC, and the fuel pump supplies fuel mf. At the 
first start-up stage the fuel stream is fed to the ignition and start-up device located in the CC. 
The sprayed fuel is ignited by a spark plug, the thermal power of the CC increases, speed nCT 
increases which results in an increase in the air jet and the engine entering the idle run. After 
approximately 30 seconds from the start-up of the start-up apparatus, the starter and the spark 
plug power supply switches off automatically. Now, combustion in the CC takes place as a 
result of self-ignition, the starter operates as a generator. 
 By shutting off the fuel supply to the injector the engine is shut down.  
 
4. Measuring station 

 The measurement station of the gas turbine is shown in Img 3. The station was 
equipped with control systems, measurement systems and auxiliary equipment, including an 
eddy current brake, as well as control, measurement, visualization and data archiving software 
designed and delivered by ODIUT Automex sp. z o.o.1 It includes a turbine engine2 connected 
with the eddy current brake. The engine draws air from outside of the building through a 
suction pipeline at the beginning of which a filter is installed, while exhaust gas from the PT 
is released to the atmosphere through an outlet stack combined with a silencer, Img 2. The 
eddy current brake is water cooled in a closed-cycle system. 

  
Img 3. Two-shaft gas turbine testing and teaching station 

The turbine is controlled from a sound isolated booth. The engine may be loaded directly – by 
interfering with the turbine fuel system using an acceleration lever or indirectly – using the 
eddy current brake. The setting of the acceleration lever and the brake may be changed at the 
same time using electronic control, Fig. 4. 
                                                           
1 ODIUT Automex sp. z o.o. designed and equipped the turbine station. All screenshots come from the 
company's own design. 

2 The GTD-350 turbine engine in the property of the Gda sk University of Technology was modernised and 
prepared for the tests in accordance with the instructions of the Department of Automatics and Turbine 
Propulsion by WSK “PZL-Rzeszów” spó ka S.A. 
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Fig. 4. Station control screen [3 ] 

The design of the brake and its control makes the proportional loading of the brake 
possible, for a constant rotational speed of the brake, constant torque and square 
characteristics (M ~ n2), Fig. 4 – input by the brake operation mode. 

The engine is controlled from the control booth using digital controllers (control 
module) connected with a CAN bus that makes it possible to simultaneously control a 
two-dimensional object: a gas turbine and an eddy current brake, as well as a measurement 
module, using a computer system, Img 4 and Fig. 4. 

Img 4. Control booth for the gas turbine measuring station 
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 During the operation of the station, the operator can monitor selected parameters of the 
engine operation on the display. A sample screenshot is given in Fig. 5. 
 

 
 

Fig. 5. Sample turbine engine station operation parameters monitored by the operator [3] 
 
 The engine was adapted to experiments by introducing additional measuring points to 
the standard equipment of the engine. The possibility of measuring the parameters of exhaust 
gas (temperature and static pressure) between the compressor turbine and the power turbine, 
as well as the gas stream at the power turbine outlet (temperature and pressure) was 
introduced, together with air measurement at the compressor outlet.  
 The redevelopment of the station made it possible to simultaneously measure the 
thermal field downstream of the combustion chamber (in 32 measuring points along the entire 
perimeter of the exhaust gas inflow to the compressor turbine); in the crossover between the 
turbines (in 12 measuring points along the entire flow perimeter); downstream of the power 
turbine along the ½ of the flow perimeter in 12 points. 
The station enables the measurement of static characteristics, as well as dynamic 
characteristics with a short signals sampling time. 
    
 
4.1. Instrumentation and measuring methods 

 
The measurement system registers all of the parameters of the gas turbine station. 

Measurement signals from measurement sensors are collected and transmitted to the computer 
(to the measurement module), while it is possible to save them in binary files. The sampling 
frequency of measurement signals of the torque and the rotational speed of the break amounts 
to 50 Hz, with 100 Hz for the remaining measurement signals. It is possible to determine 
static characteristics and dynamic curves. The system was designed in such a way that the 
parameters can be monitored in their numerical form (a digital display) and in the form of 
curves on a computer screen. Data is stored in the computer memory and can be imported into 
other external software. 
Only those measurement instruments that will be used for the measurement of the static and 
dynamic characteristics of the engine will be described below. Some of the instruments are 
doubled. 
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Table 1 lists selected measured parameters of the gas turbine and their ranges. 

Table 1 Measured parameters of the turbine engine operation and their ranges 

No. Description Designation Range of values 
1 Barometric pressure pb 950-1030 [hPa] 
2 Negative pressure at the compressor inlet p1p 0-0.015 [MPa] 
3 Air overpressure downstream of the compressor p2n 0-1 [MPa] 
4 Exhaust gas overpressure downstream of the 

compressor turbine 
p3’n 0-0.5 [MPa] 

5 Exhaust gas overpressure downstream of the power 
turbine 

p4n 0-300 [MPa] 

6 Pressure drop at the metering orifice pd 0-0.015 [MPa] 
7 Ambient air temperature t0 -50 - 50 [oC] 
8 Air temperature downstream of the compressor t2    0 -300 [oC] 
9 Cycle upper temperature (downstream of the 

combustion chamber) 
t3    0 -1200 [oC] 

10 Gas temperature downstream of the compressor turbine t3’    0 -1000 [oC] 
11 Gas temperature downstream of the power turbine t4    0 -700 [oC] 
12 Turbocharger rotor rotational speed nCT 0-45000 [obr/min] 
13 Power turbine rotor rotational speed nPT 0-24000 [obr/min] 
14 Brake torque MEB  0-600 [kN] 
15 Fuel flow rate mf 0-200 [l/h] 

Fig. 5 shows a measurement diagram of the gas turbine station. The measuring points 
designated with numbers in circles in the description correspond with the measuring points 
given in Fig. 5. 
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Fig. 5. Measurement diagram of the gas turbine station 
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Img 5. Gas turbine measuring points 
2 – negative pressure at the compressor inlet;7 – ambient air temperature;6 – pressure drop 
at the metering orifice;8 – air temperature downstream of the compressor;12 – turbocharger 

rotor rotational speed 

Img 6. Gas turbine measuring points; 3 – air overpressure downstream of the compressor; 4 
– overpressure downstream of the compressor turbine; 5 – exhaust gas overpressure
downstream of the power; 9 – temperature downstream of the turbine; combustion 
chamber;10 – gas temperature downstream of the compressor; 11 – gas temperature 

downstream of the turbine; power turbine 

41



 
a)                                                                                          b) 

 

 
Img 7. Gas stream temperature measuring thermocouples 

a) single-point with a covered junction   b) four-point with a covered junction 
 

 
Img 8. Gas turbine measuring points 

13 – Brake rotor rotational speed; 14 – Brake torque 
 
Pressure measurement at the station: 

a) barometric pressure  
Pressure pb is measured using pressure gauge  located in the engine test house; 

b) pressure at the compressor inlet 
Static pressure drop is defined as a difference between atmospheric pressure and 
pressure measured immediately upstream of the compressor blade system. The value 
of this pressure is determined using the measurement of barometric pressure  and the 
measurement of negative pressure in the pipeline upstream of the compressor p1p , 
Fig. 5 and Img 5, while pressure upstream of the compressor equals pb ppp 11 ; 

c) air pressure downstream of the compressor  
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Overpressure p2n is measured in the pipeline downstream of the compressor (static 
pressure) , Img 5. Pressure downstream of the compressor is determined using 
dependence nb ppp 22 ; 

d) pressure downstream of the compressor turbine
Static overpressure p3’n of exhaust gas is measured in the crossover between the
turbines , Img 6. Pressure of the stream between the turbines is determined using
dependence nb ppp '3'3 ;  

e) exhaust gas pressure downstream of the power turbine
The measurement took place immediately downstream of the power turbine, in the
outlet covers of the turbine stack, Img 6. Overpressure p4n (static) is collected from
two measuring points . Pressure downstream of the power turbine is determined
using dependence nb ppp 44 ; 

f) pressure drop at the metering orifice
Pressure drop at the metering orifice installed on the compressor inlet air pipeline pd

 is an average of six measuring points, Img 5. This measurement is used to
determine mass air flow at the compressor inlet;

Air and exhaust gas temperature measurement: 
a) air temperature at the turbine set inlet

Measurement of t0 using a PT100 resistance thermometer  installed in the
compressor inlet pipeline, Img 5;

b) air temperature downstream of the compressor
Temperature t2  is measured using a single-point, uncovered chromel-alumel type
thermocouple in the pipeline, immediately downstream of the compressor, Img 5;

c) cycle upper temperature (downstream of the combustion chamber)
Gas temperature t3  is an average of 8 measuring points distributed symmetrically on 
the perimeter in the inlet ring to the guide vanes of the CT (mid-height), Img 6. 
Chromel-alumel type single-point thermocouples with a covered junction act as the 
measuring sensors, Img 7a. Special four-point thermocouples with an uncovered 
junction are used for measuring the thermal field downstream of the combustion 
chamber, Img 7b. This measurement is taken in 32 points distributed symmetrically in 
the outlet cross-section of the combustion chamber; 

d) gas temperature downstream of the compressor turbine
The measurement of temperature t3 is an average of 4 measuring points distributed
along the perimeter in the crossover between the turbines . Single-point
thermocouples, Img 7a, identical to the ones used for the measurement of temperature
downstream of the combustion chamber, were used for this measurement. The thermal
field in the crossover between the turbines is measured in 16 points with four-point
thermocouples, Img 7b, as described in section c;

e) gas temperature downstream of the power turbine
Gas temperature t4 is measured in 4 points in the outlet channel (along the ½ of the
outlet ring perimeter), immediately downstream of the rotor blades of the last stage of
the PT . The measurement using chromel–alumel type four-point thermocouples
with an uncovered junction is an average of 16 points, as described in section c. With a
separate reading of each point of the thermocouple it is possible to measure the
thermal field on the ½ of the outlet surface area of the power turbine;
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Rotational speed measurement 
a) compressor turbine rotational speed  

The measurement of rotational speed  nCT , Img 6 and 8, is made using a 
tachogenerator with which a standard engine is equipped, driven by the toothed gear of 
the CT turbocharger shaft. The shaft rotational speed is given in RPM, Hz or 
percentage value; 

b) power turbine rotational speed measurement  
The value of nPT is measured using a magnetoelectric speed transducer installed on 
the eddy current brake rotor, Img 8, or a tachogenerator powered by the power turbine 
shaft through a mechanical transmission gear, Img 6. The shaft rotational speed is 
given in RPM, Hz or percentage value; 

 
Water brake torque measurement 

Torque  MEB is measured indirectly through the measurement of force on the arm of 
the water brake. For this purpose a force strain gauge and a measuring bridge were 
used.  

 
Measurement of an air jet drawn in by the compressor 

Air jet mC is measured at the compressor inlet using a metering orifice. Pressure drop 
at the orifice  (  – Fig. 5) and negative pressure in the pipeline upstream of the 
orifice p1p ( ). Mass air jet at the compressor inlet is determined using the following 
formula: 

7/27/5 118,13Cm   [kg/s] 

where 
1

1
p
pd  

 
Measurement of fuel stream supplied to the combustion chamber 

A turbine flowmeter  installed on the pipeline supplying fuel to the fuel pump was 
used for the measurement of stream mf. Flow rate reading in kg/s. 

 
 
4.3. Visualization of measurement results 
 
 The teaching and measurement station is equipped with measurement and recording 
instrumentation that makes it possible to measure static and dynamic characteristics. 

In order to display the dynamic characteristics on the screen, parameters that are to be 
displayed on the graph must be selected from the table of measured parameters, Fig. 7. 
Dynamic characteristics are performed in the function of time; sample dynamic characteristics 
are given in Fig. 8. Any number of measured parameters in the function of time may be 
displayed on a single graph.  

Static characteristics graphs are a second option. For this purpose parameters must be 
selected from the list of measured values, Fig. 7 and the first selected variable is marked on 
the horizontal axis of the static characteristics graph in the function in which the static 
characteristics is determined. A sample static characteristics graph is given in Fig. 9. 

The file containing the recorded experimental data may be exported to any external 
software and there properly processed. 
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5. Conclusion

The gas turbine teaching and testing station located at the Department of Automatics 
and Turbine Propulsion at the Faculty of Ocean Engineering and Ship Technology of the 
Gda sk University of Technology is fully automated. The start-up of the turbine set is 
automatic, while an automatic governing system is responsible for the turbine operation. All 
the parameters of the engine are registered from the moment of the turbine start-up until its 
shut down. The relevant parameters of the gas turbine are set on the engine by entering the set 
value of the CT compressor turbine rotational speed within the range between the minimum 
speed (idle run) and the maximum speed (equivalent to the start-up range). The receiver load 
is met by the eddy current brake that makes it possible to set the correct characteristics. 

Fig. 7. List of parameters measured at the gas turbine station [3] 

Measurement data is archived and may be exported to a different software. Static, as well as 
dynamic characteristics may be tested at the station. 

Additional sensors were installed on the gas turbine that enable the sampling of their 
data at high frequencies. The modernisation of a standard turbine engine makes it possible to 
measure the parameters at any point of the gas turbine system. The used recording 
instrumentation, including special measuring sensors dedicated to this station, make operation 
over the entire field of permissible characteristics of the gas turbine possible. This is a unique 
gas turbine station on a national scale. It was put into operation at the Gda sk University of 
Technology in 1974, while in 2014-2015 it was completely redeveloped and equipped with 
state-of-the-art measuring and recording technology and IT solutions. 
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Fig. 8. Dynamic characteristics [3] 

 

Fig. 9. Static characteristics [3] 
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WITH REGARDS TO DIAGNOSTICS 

Jerzy Girtler 

  
  

 
- - -19-  

e-  

Abstract 

 -     
 ,   

In   
in -   

 
   - -
  
 ,  

   a 
 a   , 

   12   1 2, and 
    1 ,    

 21  2 1, and  
   1  

Keywords: diagnostics, reliability, semi-Markov process, diesel engine, diagnostic system 

1. Introduction

Knowledge of reliability of diesel engines, especially ship main engines, i.e. engines employed in 
propulsion systems of ships, is indispensable in the phase of their operation, if the process of ship 
exploitation is to be rational. Lack of the knowledge on reliability, of main engines in particular, 
considerably raises the risk of failing to perform a task undertaken by the ship. Such knowledge 
instead allows planning transport tasks in the phase of ship operation. However, while implementing 
the approved plan of operation, it is significant to have a complete diagnosis (instantaneous diagnosis, 
prognosis and genesis) that enables prediction of engine failures, which may occur during its work. 
This always leads to increase the engine reliability. Taking into account the definitions of reliability 
for machines, provided in many publications [3, 5, 9, 10, 14], the reliability of ship main engines as 
well as other diesel engines, can be defined as the capability of the engines to convert energy in the 
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full range of loads, which they were fit to in the design and manufacture phases [3]. For such 
understood reliability of this kind of engines, the measure can be recognized as the probability of 
proper energy conversion, for the all range of performances, at specified time and in defined operating 
conditions [3, 4, 5, 10, 11, 12, 14]. 

It can be assumed that any diesel engine works reliably when stays in full ability state ( 1) [2, 3, 5]. 
When the engine is in partial ability state ( 2), cannot work properly during performance of the task 
[3, 5, 12, 14, 15]. Furthermore, an engine being in disability state ( 3) is unfit to continue the work. 

For identification of technical states i (i = 1, 2, 3) of ship engines, the following diagnosing 
systems ( ) may be applied:  ( ) of  , 
or  ( - ) of  , or others [14]. Information, obtained 
through employment of the systems, on duration of state s1 and the time of its loss, as well as on the 
time of occurrence of states 2 and 3, and their duration, enables application of the theory of semi-
Markov processes to determine reliability of the engines [1, 2, 3, 5, 6, 9]. 
 
 
2. Possible semi-Markov models of engine technical state transitions  
 

Development of a model {W( ):   } of a real process of technical state transitions {W*( ):   } 
that proceed in the phase of diesel engine operation, is a prerequisite to apply the theory of semi-
Markov processes. Such a model can be developed when for the real process {W*( ):   } the 
following can be recognized[1, 3, 5, 6, 9]: 

1) the Markov condition is satisfied, i.e. that future evolution of any real process {W*( ):   } of 
technical state changes during operation of any object, for which the semi-Markov model {W( ): 
  } was built, depends only on the state of the given process at the specified time , not on the 

states being in its past, thus that the future states of the process do depend not on the process 
states recorded earlier, but on the  , 

2) random variables i (denoting the time duration of state i regardless of which state is next) and 
ij (denoting the time duration of state „ i” provided that the next state of the process is state 

„ j”) have distributions different than exponential. 
For ship main engines, the assumption can be made that the Markov condition is satisfied because 

the following hypothesis was proved true through empirical research [3, 5]:  
 n n 

n(n = 0, 1, ..., ; 0 <  1 < ...< ) 
  

a  
The paper [3] presents a possibility of estimation of engine reliability in the case when random 

variables, such as time of the proper operation (TPP) and recovery time (To) for such engines, can be 
described with gamma and normal distributions, as well as with the Weibull-Gniedenko distribution [ 
3, 5, 14]. Such distributions can be used when engine failures are the consequence of cumulative 
loads. However, when safety of the ship is particularly important during the trip, description of 
reliability of the engines requires application of the exponential distribution. In this case, as it is 
shown in paper [3], the semi-Markov process can also be fully defined if the function matrix is known  
[1, 2, 5, 6, 8] 

 
Q(t) = [Qij( )],                      (1) 

 
whose non-zero elements are interpreted as follows: 
 

Qij( )= {W( n+1) = j, n+1- n < W( n) = i}; i, sj  ; i, j = 1, 2, …, n; i  j 
 
and when the initial distribution is given 
 

i = {W(0) = i}, i  ; i = 1, 2, …, n                     (2) 
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When in the operation phase of ship main engines, some technical diagnostics with relevant 
diagnosing systems ( ) are to be applied to identify the technical state of them as diagnosed 
systems ( ), and to record the moments of occurrence of different types of states and their 
duration, there is a need to establish a three-state set of technical states [3]: 

 = { 1, 2, 3} (3) 
of the following interpretation [3]: 

 1 - state of engine full ability  
 2 - state of engine partial ability 
 3 - state of engine disability. 

The technical states si  S(i = 1, 2, 3) are the values of the process of state transitions {W( ):   0}. 
A graph of the state transitions for the process {W( ):   0} for the engines is shown in Fig. 1. 

 
ij   – i j ij – i   

 j   

The graph does not consider a possibility of the process transition from state s3 to state s2, because 
realization of rational operation should exclude performance of such preventive service that would 
lead only to partial recovery of the ship main engine. For this reason, the function Q32( ) is assumed to 
be zero, i.e. Q32( )  0, 

The initial distribution of the process is represented by the formula [3]: 

3,2dla0

1dla1
)0(

i

i
W ii (4) 

However, when the time of proper operation ( ) and the recovery time ( ) of the engine can 
be described with gamma and normal distributions, or the Weibulla-Gniedenko distribution, the 
function matrix is as follows [3]: 

00)(
)(0)(
)()(0

31

2321

1312

Q
QQ
QQ

Q(t) (5) 

Therefore, the limiting distribution for the process {X( ):   0}, with the function matrix defined 
by the formula (5), can be derived as follows [3]: 

p12, T12 

p21, T21 

p23, T23 

p13T13 

s1 

s2 s3 

p31, T31 
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3

212
2

1
1                     (6) 

 
while: 

                          )(1)()( 321122121  
where: 

1, 2, 3 probabilities that diesel engine stays respectively in the states: 1, 2, 3; 
ij  probability of the process {W ( ):   0} transition from state i to state j; 
( j)   expected value of duration of state j. 

 
Application of  enabling development of a reliable diagnosis, allows implementation of the 

operation strategy including preventive maintenance of the main engine when its state is recognized as 
2. This prevents damage to the engine during its work. Therefore, the stochastic process {W ( ):   0} 

considered as a model of the process of engine state transitions can be simplified due to 23 = 0, so no 
random value 23 does exist (Fig. 2). 

 
 
3. Simplified semi-Markov model of engine technical state transitions 
 

Currently applied diagnosing systems ( ) for identification of technical condition of ship main 
engines considered diagnosed systems ( ) of MAN or [15] are designed to disclose the 
most important states recognized as 2 which are the results of engine wear [5, 12, 15]. Occurrence of 
state 2 can be assumed to be a consequence of some damage to the engine. Such sort of damage 
allows further operation of the engine, but does not ensure performance of the task Zd which must be 
carried out. Disclosure of the state 2 in the engine enables application of some adequate preventive 
service and full engine recovery, and in consequence the return to state 1. When recovery of engine 
being in state 2 is impossible (due to stay of the ship at sea), its further operation brings damages 
which cause occurrence of state 3.  

It follows from the considerations that the process of changes in states of main engines is a 
stochastic process {X( ):   0} with a set of states  = { i ; i = 1, 2, 3}, and a graph of state transitions 
depicted in Fig. 2  

Changes in states occur at moments 0 = 0, 1, 2, 3, 4, 5, …, n  (Fig. 3). Due to the fact that the 
process {X ( ):   0} is a semi-Markov process, the moments are random variables that satisfy the 
condition [5, 7]: 
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1 

This model of engine technical state transitions is a simplified model when comparing to the model 
with the graph of engine state transitions depicted in Fig. 1. The simplification, as mentioned above, 
consists in that the graph in Fig 2 does not include a curve illustrating a possibility of transition from 
state 2 to 3, due to the taken assumption that 23 = 0. Accordingly, the function matrix (7) for the 
process {X( ):   0} is simplified when comparing to the function matrix (5) for the process {X ( ):   
0}. The matrix (10) does not comprise the function Q23( ). 

An exemplary process with the graph of state transitions shown in Fig. 2, is presented in Fig. 3. 

     
 1 – 2 –  – 

a  

The initial distribution for the process is defined by the formula (4), while its function matrix is as 
follows [3]: 

00)(
00)(

)()(0

31

21

1312

Q
Q

QQ
Q(t) (7) 

Therefore, for the presented process {X( ):   0} with the function matrix defined by formula (7), 
the limiting distribution can be derived from the formula [2, 3, 8]: 

3,2,1,3

1

jjj
j  (8) 

The distribution j(j = 1, 2, 3) in the formula (8) is a limiting distribution of the Markov chain 
{Y( n): n = 0, 1, 2, 3, …} embedded in the process {X( ):   0}. When the time of correct work ( ) 
and the recovery time ( ) of the engine can be described with an exponential distribution, the matrix 
of transition probabilities for the embedded Markov chain {Y( n): n = 0, 1, 2, 3, …}takes a form:  

001
001

0 1312

P  (9) 

Thus, determination of probabilities  (  = 1, 2, 3) for engine being in states  (  = 1, 2, 3) 
demands solution of the following system of equations [3, 8]: 

2 

3 

( ) 

543 210
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321

1312

321 ,,
001
001

0

,,  

1321                        (10) 
while: 

                                    
3

2
1  

where: 
12 – function of risk of partial damage resulting in occurrence of state 2, 
21 – intensity function of recovery causing change from state 2 to state 1, 
13 – function of risk of total damage resulting in occurrence of state 3, 
31 – intensity function of recovery causing change from state 3 to state 1. 

 
The solution of the system of equations (10), with regard to the formula (8), gives the probabilities: 

HHH
313

3
212

21 ,,1
                  (11) 

while: 
           3132121H  

where: 
1, 2, 3  probabilities that diesel engine is respectively in states: 1, 2, 3; 
j  limiting probability of a Markov chain embedded in the process{X( ):   0} that describes 

possibility of occurrence of state j, j = 1, 2, 3;  
ij  probability of the process {X ( ):   0} transition from state i to state j; 

( j)   expected value of duration of state j. 
                                                                                                                                                                                   

When performance of the task by the main engine is possible only if it finds itself in a state of full 
ability (i.e. state 1), its reliability is defined by the probability 1, regardless of the type of the model 
selected for the considerations. However, when the task can be performed by the main engine, even 
when it is in a state of partial ability, the reliability of the engine can be determined by the sum of 
probabilities of existence of the both types of states. The probabilities are essential for setting a plan of 
engine operation, as implementation of it requires assurance of financial resources, fuel and 
lubricating oil supplies, and spare parts. 
 
4. Remarks and conclusions 

 
Employment of semi-Markov models for ship main engines is justified by that the Markov 

condition is satisfied, which was shown through empirical studies, and the random variables denoting 
time intervals, after which changes of states of such engines proceed, have distributions other than 
exponential. Semi-Markov processes are increasingly applied, and not only for solving different issues 
concerning reliability and diagnostics of diesel or other combustion engines. 

Application of a semi-Markov process as a three-state model of transitions of the mentioned 
reliability states of a main engine, at defined time, results from that the random variable (ij) denoting 
duration of state (i), provided that the successive state is j, and the variable random i denoting 
duration of engine state (i) (e.g. i = 1, 2, 3), regardless of which state is successive, have arbitrary 
distributions from the set R+ = [0, + ). While using an appropriate  that enables development of 
a complete diagnosis (instantaneous diagnosis, prognosis and genesis) with defined reliability, it is 
reasonable during studies on reliability of this kind of engines, to apply a Markov process, because in 
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such a case where additionally assurance of a high safety level to a sea-going ship is demanded, the 
random variables (ij) and (i) can be assumed to have exponential distributions. 

The presented models are of significant practical meaning due to the ease of defining the estimators 
of transition probabilities (ij) and the ease of estimating the expected values E( (j)).  
It can be expected that the proposed models may also be useful in studies on reliability of other 
machines.  
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ANALYSIS OF THE IMPACT OF MASS FLOW EXTRACTION ON THE 
CHANGE OF PARAMETERS IN A LABYRINTH SEAL USING THE 

STODOLA METHOD 

 

-
 +48 58 347 1842, 

-

 

a

 labyrinth seals, Fanno curve, diagnostic extraction, Stodola 

1.

Clearances between the elements of the rotor and the frame are associated with the leaks of 
the working medium. The resultant losses may be reduced using labyrinth seals that contain a 
number of cross-section constrictions where the flow rate significantly increases. The kinetic 
energy of the stream flowing out of a constriction is converted into heat as a result of whirls 
taking place in the chamber between the constrictions. The seal design should ensure that the 
flow rate upstream of the next clearance is completely decelerated.  

A diagram of a labyrinth seal is given in Figure 1. When analysing flow through such a seal 
it should be assumed that isentropic expansion takes place in each clearance, while in the 
chamber kinetic energy is converted into heat as a result of an isobaric process. Generally, it is 
assumed that the process of kinetic energy conversion into heat is adiabatic, with no heat 
exchange between the stream and the seal walls.  
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2.  

 
The labyrinth seal calculation method proposed by Stodola is described below.  
The rate at which the working medium flows out of a clearance is expressed as follows: 

  (1) 

where  – isentropic enthalpy reduction in the analysed clearance. 
 

Assuming that the flow constriction in each clearance is identical and that it is a steady 
flow, the equation of continuity for the given case looks as follows: 

 (2) 

In equation (2) A stands for an effective cross-section expressed with the following formula: 

 (3) 

where:  

 (4) 

 stands for a geometrical cross-section, while is the liquid flow coefficient of 
contraction.  

Considering experimental and computational data, an average coefficient of contraction 
amounts to: 

  [6] 

 
 
Combined equations (1) and (2) result in: 
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 (5) 

Equation (5) on an i – s diagram is represented by a Fanno curve that constitutes the 
geometric locus of the end points of all expansion lines in constrictions, as shown in Figure 2. 
The diagram shows thermodynamic changes taking place during a liquid flow through a 
labyrinth seal. There is a change reflecting the isentropic enthalpy reduction during a liquid 
flow through a seal clearance between points 11 and 21, and a change in isobaric expansion 
during the outflow of the liquid from the seal clearance between points 21 and 12. 

– –

The Fanno curve may be established in the following manner. Assuming that the effective 
dimensions of clearance A cross-section are known. Assuming that the value of leak  is 
known using formula (5) 

(6) 

the following is determined: 

(7) 

Starting from the first clearance, knowing the initial state in point  ( ) upstream of 
the seal, such value of  is selected using the trial method that it satisfies equation 

 

That way point  and pressure downstream of the first clearance are determined. The state 
upstream of the second clearance  is expressed using values , . Further 
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points are determined using the given formula. In practice such a procedure would be tedious, 
which is why Stodola provided simple, approximate formulas. In case of a large number of fins 

 the pressure drop in the clearance  is small, therefore enthalpy reduction may be 
calculated using formula 

 (9) 

 
hence 

  

 
for the states upstream of clearances  

 (11) 

Using this dependence for any given clearance the following is correct: 

 (12) 

If the following is assumed:  
 

 

  

 

(13) 

expression (13) is true for any clearance.  
The  product is identical for each clearance; by summing up equation (13) for all of the 
clearances the following is obtained: 

 (14) 

If drop  is small, the summation sign may be replaced with integration 

  (15) 
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In this case expression (14) enables the calculation of leak  with the assumed number of 
teeth  

(16) 

Leak  is proportional to the reciprocal of the  seal number root 

(17) 

Formula (16) may be simplified 

  

where 

(19) 

Using property (16) it is possible to solve a reverse problem where the size of leak  is 
assumed by searching for the number of constrictions of a flow through the seal. 

  

The problem presented in this way can sometimes be more difficult to solve, in case of 
minor leaks  leading to a large number of teeth . 
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An increase in specific volume along the Fanno curve results in a constant increase in 

velocity and enthalpy reduction in the subsequent clearances, as shown in Figure 2. Critical 
velocity  may be reached in the ultimate clearance, therefore further expansion to ultimate 
pressure  takes place downstream of the clearance, Figure 3. In such a case the described 
procedure is applied until and including the penultimate clearance. Critical pressure occurs in 
the ultimate clearance.  
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3.

The amount of steam extracted as a result of diagnostic extraction (Fig. 4) has a significant 
impact on the pressure distribution in a labyrinth seal and the enthalpy change curve (Fanno 
curve). For this purpose calculations were performed that show the dependence of differential 
pressure of a labyrinth without diagnostic extraction  and a labyrinth with 
mass extraction that amounts to, respectively: 

   
   
   

4

Parameters of operation of a high pressure (HP) turbine interframe seal listed in Table 1 were 
assumed for the calculations. 

Pressure upstream of seal  MPa 9.

Steam temperature 
upstream of seal 

 °C 522.5

Enthalpy upstream of seal  kJ/kg 3433

Steam pressure 
downstream of seal 

 MPa 4.

Steam flow through seal  kg/s 2.

Shaft diameter mm 475

Nominal seal clearance  mm 1.

Number of seal teeth  

Further analysis is based on a labyrinth seal calculation method proposed by Stodola. In 
accordance with this method, a mass flow through a labyrinth is determined with the following 
formula: 

 (21) 

It is proportional to the reciprocal of the z seal teeth number root in accordance with the 
following dependence: 
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(22) 

 
Expression (21) was used to derive a formula for the coefficient of contraction of a flow 
through the clearance of a labyrinth seal: 
 

 
 

 

(23) 

where: 
 

 mass flow through the seal, 
 flow coefficient of contraction, 

 clearance effective cross-section, 
 number of the seal teeth, 
 pressure upstream of the seal, 
 pressure downstream of the seal, 
 specific volume of steam. 

 
The rearrangement of formula (21) provided an expression for the value of pressure  in the n 
clearance of the seal: 
 

  

 

(24) 

 
4.  
 
The coefficient of flow contraction calculated using equation (3) equals . The 

value of pressure in clearance  is . Pressure in this clearance was 
chosen because diagnostic extraction was used th tooth of the seal. 
Pressure value in clearance  remains constant irrespective of whether there is diagnostic 
extraction or not. A pressure change may be observed in the next clearance  located 
downstream of the mass extraction. Below is a list of pressure values in the clearance just 
downstream of the diagnostic extraction for  at different values of the extracted mass 

, respectively for: 
 , for  (no extraction) 

 
 

And for extraction values they amount to, respectively 
 
 , for  
 , for  
 , for  
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The absolute differential pressure between clearance  and  for the analysed 
clearance looks as follows: 

 , for  (no extraction) 
 , for  
 , for  
 , for  

The value of steam pressure in clearance  downstream of the extraction point 
increases proportionally to the increase in the value of steam  extracted through the 
diagnostic extraction point. The dependence of absolute differential pressure  between 
clearance  and  for a seal with and without extraction is shown in Figure 5. 

5

-

th and the 71st tooth of the 
seal drops with an increase in the value of the steam jet extracted at the diagnostic extraction 
point. The observed falling tendency is caused by the fact that the steam jet flowing through the 
seal downstream of the extraction point is smaller than upstream of it, which with the assumed 
isentropic expansion implies a smaller pressure drop in this clearance. 

A change in pressure in the chamber where the diagnostic extraction point is located can 
also be observed. Equation (25) specifies the mass flow through a labyrinth seal: 

 (25) 

where: 

 mass flow into a labyrinth with diagnostic extraction 
 mass flow out of a labyrinth with diagnostic extraction 
 steam jet value at the diagnostic extraction point 
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Using formula (21) equations determining the leakages stream in the individual sections of a 
labyrinth seal were established: 

 

  

 

(26) 
 

 
and 

 

  

 

(27) 
 

 
The consideration of equality  and the substitution of equation (26) and (27) for 
formula (25) result in a 4-degree polynomial equation, the solution for which is the value of 
pressure  th tooth of the seal. 
The following results are obtained: 

 , for  without diagnostic extraction 
 , for  
 , for  
 , for  

 
Figure 6 shows the dependence of the value of differential pressure  in the chamber 

where the diagnostic extraction point is located between a seal without extraction and a seal 
with extraction, calculated using the following formula: 

 
  

  

That amount to, respectively: 
 , for  
 , for  
 , for  

 
in the function of the extracted mass  in the seal. 

th tooth of the seal, progressing 
with the increase in the value of the extracted steam, can be observed in comparison with a seal 
without extraction. 
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6

When analysing the obtained results shown in the form of a diagram in Figures 6 and 7, an 
increase in pressure  th and the 71st tooth of the seal where a 
diagnostic extraction point is located may be observed that depends on the size of the extracted 
mass. A rapid increase in the enthalpy value will be visible in the location of the diagnostic 
extraction point in diagram . In the remaining section, from the chamber with an 
extraction point up to the end of the seal, the resistance of the flow through the clearances of the 
seal for a decreased leak will be lower. This is proven by the occurrence of lower flow rate 
values in clearances and smoother curves of a pressure drop in the enthalpy/entropy dependence 
diagram.  
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Nominal seal clearance  also affects the change in thermodynamic parameters in the seal, 
especially pressure. Given fixed mass extraction amounting to , calculations 
were performed aimed at finding the value of pressure in a chamber with diagnostic extraction 
at the change of parameter . The difference between the resultant pressure values and the 

 
 

 

On the basis of the obtained results it may be concluded that the change in differential 
pressure , ,  between a seal with and without extraction is related with increasing 
nominal seal clearance and a reduction in the rate of mass flow through a labyrinth seal 
associated with a change in the clearance height. 

 
5.  
 
Labyrinth seals are an important element of a steam turbine set design. The use of 

diagnostic extraction makes it possible to control the operation of a seal by providing 
information on the thermodynamic parameters along the length of the seal. Diagnostic 
extraction has an impact on the change of the parameters, the amount of the extracted mass. 
This article described the dependence of pressure in the clearance downstream of the extraction 
and in the chamber in which the extraction point is located, on the amount of the extracted 
steam. Relation between pressure and nominal seal clearance was discussed, which enables the 
control of the seal operation. All the dependences were derived in accordance with the method 
proposed by Stodola. The results of calculations given above clearly show that the 
thermodynamic parameters in a labyrinth seal (in the location of a diagnostic extraction point to 
be precise) depend on the amount of the extracted mass and nominal seal clearance. The 
presented calculations are the first attempt at applying the Stodola method. Further analyses 
will focus on confirming the obtained results using CFD modelling methods. 
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Abstract 

In the present article, selected problems connected with identification of slowly changing 
energy-related processes accompanying high cyclic fatigue of construction materials of simple 
mechanical systems, with special consideration of transmission shafts, are mentioned for diagnostic 
purposes. The article also presents physical models of object and processes that in a simplified way 
reflect mechanical energy transmission from transmission engine to ship propeller.  

Keywords: modelling of energy-related processes, rotating mechanical system, transmission shaft, 
technical diagnostics, acoustic emission 

1. Introduction

Main danger for reliability and durability of rotating motive unit is the loss of stability of its 
mechanical system. It means that operation of such system is accompanied with a resonance 
phenomena1, in which amplitudes of transverse oscillations (flexural), longitudinal   or torsion ones 
reach very high values. Increased, cyclic elastic distortions of construction material of elements 
correspond with equally high amplitudes of perodically changing inner stress. These are the reason for 
the mechanical fatigue, whose boundary states are described by fatigue graphs „stress- cycle number”, 
so called W hler's graphs2 – pic. 1. They illustrate mutual fatigue dependance from corresponding 
strength of construction material , which is usually reflected by the number of fatigue cycles, but also 
number of rotations, number of hours of operation, process, evolutions performed etc. After exceeding 

1  Mechanical resonance phenomenon is observed when frequency of oscillations of the system or any random 
construction element of the system is equal or is a multiple of frequncy of periodically changing forces and moments 
forcing the oscillations (global or local resonance). 
2  Named in such a way since 1936 in honour of a prominent German railway enginner August W hler (1819-1914), 
who was doing research on the phenomenon of fatigue of axles of carriages wheels and in 1870 formulated so called 
W hler's law: “Material can be subjected to a damage as a result of cyclic changes of stress, with each of them being lower 
than static durability. Stress' amplitude has a crucial impact on the damage of the integrity of the material. Maximum stress 
result in such a way that the higher its value the lower the stress amplitude conducting to a fatigue damage”. 

69



 

 

the boundary number of cycles N, for which fatigue strength was defined with amplitude of cycle of 
variable stresses a, initation of a structural fracture occurs.  

Additional consequence of the loss of stability of rotating mechanical system is the increase of 
the amount of dispersed kinetic energy to force the oscillations. 

 
  

 
Pic. 1. Complete3 W hler's graph with identified range of a fatigue durability  [Koca da & Szala, 

1985]: I - quasi-static; II – low-cycle; III – high-cycle; IV- unlimited fatigue durability 
 

Exploitation experience of various types of rotating transmission units reveal that irrespective of 
the field of its applying and usage, the primary reasons of deterioration of dynamic state of a 
mechanical system, which result in excesive increase of flexural4 oscillations amplitude, usually 
belong to following factors: 
 wear or ageing of construction material of foundation of elements transmitting rotational moment 

(corrosion of steel washers, ageing of rubber dampers and washers made of  chemohardenable 
material, especially with the influence of high temperatures, as well as chemically active products 
f.i. lubricating or propulsive oil),   

 wear or ageing of construction material of elastic coupling or elastic bond between transmission 
lines and auxiliary installations,  

 subsidence of carrying construction of the foundation, as a result of static strain or   impact load 
(f.i. during  landing of the airbus as well as during the collision, running a ship aground, colliding 
the shore or any other obstruction of a ship),  

 permanent deformations of means of transport frame, inside of which transmission system had 
been built-up (f.i. the hull, as a result of weakening of its construction structure), 

 static distortion of transmission shafts as a consequence of prolonged usage downtime, 

                                                 
3   On the complete W hler's graph, start of the coordinate system corresponds to  ¼ of a cycle, assuming that the 
damaging stress for this part of the cycle is equal to durability at static stress.  
4  Excluding the constraints of transmission engine and operating machine. However, in practical exploitation the 
measurements of torsion oscillations are made on transmission units with pistone engine and only if they are speccially 
adjusted for this purpose. Low control susceptibility of serial parts in this area coniderably lowers the credibility of 
obtained measurements' results. In contrast, the measurements of longitudinal oscillations are made mainly on ship units 
with screw propeller, where main sources of contraints are periodically changing pressure of a screw propeller, flexural 
oscillations of a hull and periodically changing gas and mass forces of transmission engine, which acting on the 
crankshaft's bearings are contributing to the deformation of cranks and the movement of bearings along the axle of the 
crankshaft.  
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 contamination, losses of a material (unwelding) as a result of tribological use, corrosion or erosion 
of rotating elements, which results in uneven distribution of masses in rotary motion of the system. 

Their consequences are usually the following states of exploitation incapability of rotating 
transmission unit: 
 loss of concentricity or flexure of the cranks lines, 
 dislocations of centres of gravity of rotating elements on the transmission line regarding the lines 

of its rotary motion (statically or dynamically unbalanced centrifugal force).  
In both cases, there is increase in strain in bearings, couplings and cogged bonds in the unit, which 
contributes to tribological wear as well as assembly backlashes. Their observable symptom is the 
increase in flexural oscillations amplitude, generated in specific construction centres of a mechanical 
system, with all the above mentioned fatigue effects. 

Analysis of fatigue damages in rotating mechanical units of a complex construction revealed 
that almost 50% of a general number was caused by wrong location of operating machines, which 
resulted in flexure or dislocation or cranks lines axles [3]. Most vulnerable construction element in 
such cases are crank shafts, whose fatigue flexures usually contribute to immobilization of the entire 
transmission unit. Moreover, fatigue state in case of dislocation of crystalline structure caused by 
amplitude of cyclically changing stresses, is „remembered” by the constrution material of the 
crankshafts and despite the facts that the original reasons for oscillations constraints are eliminated (by 
f.i. setting the axles of the cranks lines), still there is no spontaneous restoration of its durability 
properties. Fatigue state of crankshafts is also reflected by the balance of energy transformed by the 
rotating mechanical unit. It is thus possible to observe the degradation (evolution) of their 
microstructure, based on the variables of state of energy-related processes in the entire system, which 
are directly measurable diagnostic symptoms of cranshafts fatigue during usage (during movement).  

2. Current research status

Energy-related processes realised in rotating mechanical systems are the subject of scientific 
research in numerous national and international research facilities dealing with exploitative 
diagnostics of combustion transmission systems applied in: energy sector, ship building industry and 
air transportation [5]. Special attention in the conducted research is put to analysis of the process of 
mechanical energy transmission in the system subjected to slow  degradation of construction elements 
of main subassemblies. Prof. Czes aw Cempel from Poznan University of Technology is renowned for 
his achievements in this area [11], for conducting research on vibro-acoustics of machines and 
bringing up a question of fatigue durability of crucial machine elements with applying energy-related 
methods and for formulating the energy processor model.  Elaboration of  energy-related theories was 
the research of prof. Henryk Ka mierczak, who in empirical way confirmed  the validity of energy-
related methods in the description of the process of material fatigue. However, still there is lack of 
studies approaching a question of material fatigue and slow changing processes for transmission shafts 
subjected to loss of concentricity. 
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3.  The issue of modelling of energy - related processes  
 

Identification of energy-related processes realised in rotating mechanical system for diagnostics 
purposes requires elaboration of physical model of these processes. It means that according to the 
rules of operation theory, graphical division of considered technical object into functional modules, 
crucial from the analysed processes point of view, as well as establishing the possible coupling 
between them with the use of the signals' flow scheme.   Each functional module should be considered 
as a dynamic element of specific quality features  (proportional, inertial, integrating etc.), regarding 
the dynamics of realised energy-related processes and to set the input and output signals.  To indentify 
dynamic features of these elements , in the meaning of quantity, it is necessary to determine 
mathematical relations between input and output signals, as well as to  define the set of variables of 
processes' state. Such activity is called mathematical modelling of processes. It starts with elaborating 
the mathematical model of processes for particular dynamic elements, and then for the entire 
mechanical system.  

According to the theory of mathematical modelling and methods  of planning of experimental 
research presented for example in the publications [1,9,10], two ways of  operation are possible: 

 Starting with theoretical basis of modelling process, assuming specific simplistic assumptions, we 
formulate the equations linking the input and output signals (so called balance equations), 
applying basic laws of physics (f.i.  the principle of conservation). Elaborated mathematical model 
should be then verified by tests with comparing adequate results of conducted numerical 
simulation of processes with results of the same processes run on the real object, after introducing 
the same contraints. In such a way it adequacy is determined; 

 First, the research on the real object is conducted, based on experiment planned in details. The 
flow of output signals with specified changes (precisely planned) of input signals are determined. 
Based on the analysis of regression of both signals, the mathematical relations between them are 
defined, and subjected to verification, according to the theory of testing of parametric statistical 
assumptions. 

 
3.1. Physical model of research object 
 
 In order to model the real conditions of ship transmission system, it was necessary to build a 
simplified physical model in specific scale, in which crucial construction and functional features of 
real object are maintained. For this purpose a sustaining machine of SCHENCK company was 
applied, originally designed to conduct research on determination of construction material fatigue 
threshold with two-sided bending-pic.2. Characteristic feature is the lack of power reception at the end 
of the transmission line. Main advantage of the machine is even stress on the sample with pure 
torsion-bending momentum, what can reflect the operation of transmission shaft in the conditions of 
loss of concentricity of cranks lines. Similarly, in the fullsize transmission system, rotational velocity 
of Schenck's is being stabilized - by supplying the electric motor with  thiristor controller. During the 
operation of the physical model the following measurement signals are noted: rotational velocity and 
rotational momentum at the measurement point, oscillations and acoustic emission acceleration 
(generated from bearings centre), bending of the transmission crankshaft, voltage and current intensity 
of motor engine, thermograms of bearings centres together with transmission crankshaft. 
Measurement of mechanical losses in the analysed physical model was realised with electronic torque 
meter MT-1, with measuring scope of ±1Nm. In this device, a tensometric measurement of 
momentum on the torsion crank with digital transmission of data from the susceptible element to the 
stator via contactless electromagnetic feedback was used. Simultaneously, the measurement of 
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rotational velocity is being conducted. Temperature measurement is conducted with the use  of 
thermal imaging camera NEC Thermo Gear G30, together with and adapter triggering the shutter, 
enabling the regular and repeatable registration of thermograms. The time of thermogram realization 
is registerred by AMSY-5 in the form of time indicator. Bending of the transmission crank is 
measured with inductive dislocation sensor of type IGA 005GU,  with detection range of 0-5mm.  The 
bending is registerred in the form of proportional voltage signal. To measure the acceleration of 
oscillations,  a piezoelectric accelerometer was apllied of type  ICP601A01, together with  conditioner 
PA1000.  

Pic. 2. Physical model of rotating transmission system: M – electric motor 0,25kW; MT-1 – 
momentum meter; AE1-AE4 – active sensors of acoustic emission; y – accelerometer  ; x –  bending 

sensor; S1-S3  –   flexible coupling 

Acquisition of measurement signals is realised with the use of AMSY-5 recorder. Its main advantage 
is the possibility of simultaneous registration of all the analysed physical values, which are 
characterised by energy-related state of rotating transmission system, apart from acoustic emission 
(sensors AE 1- 4). Arrangement of sensors and system's shaft line on a laboratory stand are shown in 
pic.4 . 
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Pic. 4. View of the shaft line in a laboratory stand: a –  electric motor DC 0,25kW; c – MT-1  torque 

meter; d – accelerometer; e –  bending sensor; f –  acoustic emission sensor 
 
 
3.2. Physical model of realised processes  
 
 As it was underlined in the introduction of the following article, most significant condition to 
conduct the quantitative evaluation of energy-related consequences of fatigue of transmission 
crankshaft in the rotating mechanical system is to build the adequate mathematical model of realised 
physical processes. In the first stage of building of such model, it is necessary to elaborate the physical 
model of the process, proposition of which is presented in the pic. 5. Such model in a simplified way 
reflects the flow of energy streams from the engine to bearings centres and transmission cranskshaft 
(the sample), as wel as the energy dispersed in the system in the form of infrared radiation, 
mechanical oscillations and declining elastic waves (acoustic emission). Energy stream from the 
power source is transformed only into discipated energy. This part of the energy, which is internally 
discipated, being accumulated and is contribuiting to destruction of the machine - in this case  break of 
the sample.   

Original reason for discipation of energy in the considered mechanical system is the loss of 
concentricity of transmission line, what results in oscillations, increased friction in the bearings, as 
well as deformations of crystalline lattice of transmission crankshaft.  
In the proposed physical model of considered transmission and transformation of energy processes, 
numerous simplistic assumptions are taken into account, which enable to formulate balance equations 
of mathematical model: 

 all the elements of rotating system are made of identical and homogenous linear and elastic 
material;  

 the influence of bearings centres is not having an impact on the moment of inertia of the 
system; 

 specific heat of transmission crankshaft is constant; 
 the mass of sensors localted on the bearings' covers are not taken into account; 
 stresses in the entire cross section of the fatigue sample are identical. 
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Pic. 5. Physical model of energy-related processes realised in the considered physical model: b – 
suppression coefficient, Fr – radial forces, Fg – load forces, Fo – axial forces,  – angular velocity, 

Mn – momentum, Ug – bending of the sample, m – load mass, y – acceleration, velocity and 
dislocation of oscillations; Q – heat stream emitted to the surroundings 

4. FINAL REMARKS AND CONCLUSIONS

The concept of physical model of rotating transmission system, which is presented in the article, 
is the base for the balancing of energy-related processes. It gives the possibility to formulate the 
equations of mathematical model and to conduct the experiments of numerical simulation of 
considered processes in the condition of the loss of concentricity of the line of transmission shafts. It 
will enable to elaborate the diagnostic model of analysed system, assumed to be applied in real 
objects.  
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Abstract 

In this article the short historical outline of the Department of Marine and Land Power Plants 
of the Faculty of Ocean Engineering and Ship Technology of the Gdansk University of Technology 
was introduced. Its activity beginnings, in the post-war history of the University, reach 1952.  The 
leading scientific issues, which have been developed for years in three principal directions: design, 
manufacture and operation of machines and devices installed into marine and land power plants as 
well as into different type of the offshore power plants. There was given a special focus on the 
Professors' profiles executing official duties of the Head of the Department (Division) of Marine 
Power Plants (Marine and Land Power Plants). They were creating its development policy over the 
last 60 years bringing a substantial contribution towards the present intellectual and laboratory 
potential, not only to the Department, but also to the Faculty and University. 

Keywords: Gdansk University of Technology, Department of Marine And Land Power Plants, scientific 
research, characteristics.  

1. Introduction – Historical background

The Gdansk University of Technology was founded in 1904 and nowadays this is one of the 
oldest autonomic state universities in Poland and the oldest Engineering University on the present 
Republic territory - fig. 1. It includes 9 faculties on which 27 thousand students, postgraduates and 
doctor students study. It employs almost 2500 persons of which approximately 1200 academic 
teachers. 

The first academic year inauguration at the University took place on 6 October 1904 and the 
Emperor Wilhelm II participating in this event opened officially the King’s Technical High School in 
Gdansk (germ. “Königliche Technische Hochschule zu Danzig”). In that time the University had 4 
faculties1, including  the Faculty of Shipbuilding and the Marine Machines.  

1 In 1904 the University included four faculties: Mechanical & Electrical Engineering, Chemistry, Civil Engineering and 
Shipbuilding & Marine Machines, and in 1906  two additional faculties were established: Architecture and General 
Sciences. 
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Fig. 1. Campus view of the Gdansk University of Technology: a) as at 1904,  b) current state –  
a bird-eye view, c) visualization according to the project of the reconstruction carried out currently 

[www.pg.gda.pl; www.trójmiasto.pl; www.danzig-online.pl]  
 

 
 

Fig. 2. View of the Main Building of the Gdansk University of Technology just after Gdansk was 
liberated, in March 1945 [www.pg.gda.pl] 

 
This Faculty had an organisational unit responsible, in its statutory activity, for conducting 

education and scientific investigations within the range of marine power plants. It was located in the 
Machine Laboratory which exists till today and remained the World War II almost unharmed. In the 

a) b) 

c) 

LABORATORIUM 
MASZYNOWE 
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period between the two World Wars the University fates were very turbulent, which had its reflection 
in the next  reorganisations during dynamically changed geopolitical situation. These issues have been 
analyzed and described in numerous historical publications in detail, national and foreign 
[1,7,9,13,14]. 

RECTOR
GDANSK UNIVERSITY OF

THCHNOLOGY
(Prof. Stanis aw ukasiewicz)

LAND BUILDING
FACULTY

SHIPBUILDING FACULTY
(Capt. eng. Aleksander Rylke

CHEMISTRY
FACULTY

MECHANICAL &
ELECTRICAL

ENGINEERING
FACULTY

DEPARTMENT OF
MARINE MACHINES’ 
APPLICATION AND

USAGE
Capt. eng. Hilary Sipowicz

12 departments………..

DEPARTMENT OF
MARINE POWER

PLANTS
Deputy professor master of
engineering Janusz Stali ski

DEPARTMENT OF
MARINE AUXILIARY

MACHINES AND
DEVICES

Deputy professor master of 
engineering Tadeusz Gerlach

16.09.1952 r.

16.03.1946 r.

Fig. 3. A fragment of the organisation chart of the Gdansk University of Technology during the first 
post-war years   

After the end of the war the University very quickly “gathered itself” and already on 24 May 
19452 was revitalised by the Regulation of the Council of Ministers under its today's name. That time 
University had four faculties: Landbuilding, Shipbuilding, Chemistry and Mechanical & Electrical 
Engineering - fig. 2 [10,11,12]. It is worth mentioning in this place that the pre-war officers brought 
the huge contribution to the reconstruction of the Shipbuilding faculty in that period. They were 
entrusted with essential, managerial responsibilities (key academic positions) – fig. 3 [2,6,8,10,12]. 
And so the Captain eng. Alexander Rylke was the first dean of the Shipbuilding Faculty, moreover 
Captain eng. Hilary Sipowicz handled the Department of Marine Machines’ Application and Usage. It 
in next stages of the Faculty reconstruction and further development the Department of Marine Power 
Plants was created. Its first manager was contemporary deputy professor master of engineering Janusz 
Stali ski – a person particularly distinguished for the University3. Prof. J. Stali ski fulfilled duties of 
the Department manager three times, the longest in its post-war history, as follow: 1952-1957, 1960-
1977, 1983-1985. Interesting, he had also the military past behind, in the Polish Navy. In 1937 he 
graduated from the Technical Faculty of the Naval Cadet School in Torun (he finished his military 
studies as a top student) - fig. 4. Then he fulfilled duties of the 2-nd officer engineer on the warship 
named ORP B yskawica (ang. “Lightning”). He was also graduated from the Gdansk University of 
Technology within the post-war first class and received his master of engineering diploma at the 
Shipbuilding Faculty in 1949.  He involved all his professional life in this Faculty. Prof. J. Stali ski 
conducted scientific investigations in four fundamental areas: 

2 It is worth pointing out in this place that Germans escaped from the University just on the 26 of March 1945.  

3 He held the position of Rector at the Gdansk University of Technology in the period of 1970-1975 and  many other  
honorific positions: academic, industry, state (a Member of Parliament). 
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Fig. 4. Diploma of boatswain cadet Janusz Stali ski, a graduate of  the Technical Faculty of the 
Naval Cadet School in Torun as at 1937 [5] 

 
 reproduction of the technical-operation documentation of  the ships and warships overtaken,  
remaining after the war; 

 design of marine vessels with a special order of the Shipbuilding Industry and the Polish Navy; 
 design of decompression chambers for the Polish Navy;   
 energy-operational measuremets of the sea-going and inland vessels’s power plants. 

He is the author of two monographs, at present they are genuine rarities of the old marine engineering 
literature perfectly known to many generations of shipbuilding faculties' graduates, not only at the 
Gdansk University of Technology, namely: "Marine Power Plants”, published in 1955 as well as 
"Theory of Ship” - published in 1961.  
The next manager of Department of Marine power Plants, within the period of 1957-1960, prof. eng.  
Hilary Sipowicz. As the graduate of the Machanical Faculty of the Polytechnic Institute in Petersburg 
from 1915 was qualified to service in Russian Navy. He served as an engineer officer on submarines 
in the period of the First World War. After his return to Poland in 1919 he fulfilled a series of 
responsible positions in the Polish Navy as the active service officer, among others, in technical 
supervision of warships built abroad [8,10]. Then (1932-1939) he acted as the organiser, manager and 
lecturer of the Technical Faculty of the Naval Cadet School in Torun. It should be emphasised in this 
palce that he was a teacher of prof. J. Stali ski who studied in Torun Alma Mater in that time. 

In the first years of occupation prof.  H. Sipowicz organised the secret teaching at the Warsaw 
University of Technology, where he conducted a cycle of lectures devoted to the shipbuilding. 
Directly after the end of the war he, in the rank of captain,  fulfilled duties of the main mechanic of 
Polish Navy Fleet, however in the period of 1945-1946 he actively participated in reactivation of the 
Naval Officer Higher School in Gdynia. Simultaneously, he co-organised the post-war activity of the 
Shipbuilding Faculty at the Gdansk University of Technology. 

By his whole professional life prof. H. Sipowicz conducted scientific investigations within the 
scope of design and operation of the steam boilers and machines. He worked out many engineering 
and investigative projects, which were implemented into marine power plants of different type of 
warships, and also merchant ships, powered by steam machines. 

Among the academic teachers fulfilling duties of the head of the Department of Marine Power 
Plants there was also associate professor Przemys aw Urba ski PhD. He held this position twice: in 
the period of 1977-1981 as well as 1985-1989. As a fresh graduate of the Shipbuilding Faculty of the 
Gdansk University of Technology from 1951 he began working at the Sea Technical Institute (later 
the Sea Institute). In 1953 he passed to the Gdansk University of Technology where he worked 
continuously at the Department of Marine Power Plants of the Shipbuilding Faculty until his passage 
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on pension in 1996. In the period of 1970-1972 he was working as a professor at the Technical 
University in Basrah (Iraq) and in the period of 1981-1983  - at the University in Harbour Harcourt 
(Nigeria). Prof. P. Urba ski carried out operation investigations of machines and propulsion systems 
applied in sea-going and inland ships as well as warships, with a particular consideration of steam 
powered systems. He also worked on designing marine machines devices, e.g. turbine heat 
circulations, initiating the computer methods as well as designing cargo ships for Arctic zones. He is 
an author of the superb monograph in the scope of marine power plants entitled, as follows: "Two 
Centuries of the Mechanical Ship Propulsion” (1995) and " Ship's propellers - the History and 
Development” (2001).  

Prof. P Urba ski was succeeded in the position of the manager of the Department of Marine 
Power Plants by prof. W adys aw Wojnowski PhD, a graduate of the Shipbuilding Faculty of the 
Gdansk University of Technology from 1952, who was fulfilling this position in the period of 1989-
1992. He started his didactic work in 1940 at the age of 18 as a young village teacher at the Basic 
School in Lida district and he finished this job in 1992 as a professor of two Universities: the Naval 
Academy in Gdynia (PNA)  and the Gdansk University of Technology. The professor's didactic 
activity enclosed 52 years, of which 35 years at the Naval Academy and 16 years at the Gdansk 
University of Technology as well as 6 years at both Universities simultaneously. He fulfilled a lot of 
organisation positions at the PNA, among others,  the Head of Scientific Division, the Head of 
Department of Marine Power Plants - 14 years, the Head of the Institute of Ship Construction and 
Propulsion - 8 years, Dean of The Faculty of Mechanical and Electrical Engineering - 14 years. Prof. 
W. Wojnowski possesses the exceptional skill of teamwork. Investigative teams handled by him 
worked out many projects of the key meaning for navy development and also shipbuilding industry 
including, as follows: 

 automatic control systems of the marine power plants and the ship as well as the remote control 
systems of the unmanned (uncrew) warships, 

 miniature under-water vehicles designed for scuba divers 's transportation, 
 prototype watercraft of the hovercraft, 
 energy-saving power plants of ships for the Polish Oceanic Lines, 
 computer methods of designing marine propulsions.  

These research works became distinguished many times, among others: the prizes of the Scientific 
Secretary of the Polish Academy of Sciences in 1972  and 1976, registration to the Honourable Book 
of Acts and Achievements of the Polish  Science Year in 1973, team the 1st State award as well as 
team the 3rd award of the Minister of National Defence. 

Prof. W. Wojnowski is an author of the three-part monograph entitled "Marine Combustion 
Power Plants” (1998-2002), in which the general information associated with designing and 
performing the machines and devices of the machine power plants have been presented in complex 
way. 

The position of the head of the Department of Marine Power Plants was also fulfilled by prof. 
Alfred Brandowski PhD - within the period of 1993-1999. He graduated from the Shipbuilding 
Faculty of the Gdansk University of Technology in 1952 (bachelor degree engineering studies) and in 
1957 (master of engineering). He was getting his professional experiences as a worker of the Gdansk 
Shipyard, within the period of 1952-1955 as well as the Central Office of Shipping Construction No. 
1, within the period of 1957-1964. These experiences were very useful in his later didactic-scientific 
work, not only at the Gdansk University of Technology, but also at the Naval Academy in Gdynia 
(1950-1969) and at the Higher Nautical School in Gdynia (1973-1981). Prof. A. Brandowski 
specialised in scientific issues connected with technical systems' safety. He conducted scientific 
investigations within the range: 

 safety engineering of anthropotechnical systems as well as their application, particularly in 
shipbuilding, 

 modelling the risk of sea-going ships, 
 analyses of safety of sea-going ships, 
 modelling the wear and tear processes of marine power plants’ technical objects. 
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Another person on the position of the head of the Department of Marine Power Plants was Prof. 
Jerzy Girtler, PhD. retired Captain of the Polish Navy. He was holding this position incessantly by 
over 12 years, taking over duties from prof. A. Brandowski in February 2000 and delegating them 
responsibilities to the author of the present article on July 2012. It is important to note that prof. J. 
Girtler still works in the Department serving with the priceless scientific knowledge and professional 
experience to his former subordinates as well as doctoral candidate, postgraduates and students 
cooperating with the Department.  

He dedicated the larger part of his professional activity to the Polish Navy and due to   
circumstance of the Professor's 70 jubilee his curriculum vitae including education, qualifications and 
previous positions, along with a description of work history will be characterised more in detail. He 
began service to the Polish Navy in 1965, as a motorman in the mechanical division of the warship 
named ORP "Seagull”. Then, in 1966 he found his way directly from the vessel to the Naval Academy 
in Gdynia and began studies at the Technical Faculty. After the end of studies, already as a navy sub-
lieutenant, he began a teacher's work on his parent Faculty. He simultaneously undertook master 
degree studies, in extramural mode, which he finalized in 1975. While he was working on her PhD 
thesis he got to know prof. Alexander Wajand from the,  the great scientific authority as well as the 
sympathiser and the friend of the Polish Navy. Close acquaintance with Professor A. Wajand has 
always represented a very positive justification for Jerzy Girtler to solve more and more sophisticated 
scientific problems and to continue the scientific career what he always strongly underlined. He 
defended his doctor thesis entitled "The comparative analysis of mathematical models for reliability 
investigations of self-ignition engines” at the Mechanical Engineering Faculty of the ód  University 
of Technology on 20 June 1980. As for his habilitation (postdoctoral) dissertation entitled "Marine 
combustion engines’ control process on the basis of the diagnostic decision-making process model” 
was introduced by him on a professorship colloquium in front of the Board of the Working Machines 
and Vehicles Faculty of the Pozna  University of Technology on 9 May 1990. The professor's 
appointment handed by President of the Polish Republic on 22 October 1998 constituted a 
culmination of the Captain J. Girtler’s scientific accomplishments. In that time (1995-2000) he 
handled the Institute of Marine Power Plants’ Technical Operation of the Mechanical Engineering 
Faculty of the Higher Nautical School Sea in Szczecin (at present The Maritime University of 
Szczecin).  

Within Professor Girtler’s vast publication record there are numerous books and promissory 
notes (1995-2000) which enjoyed much popularity among the experts dealing with marine machines 
and devices operation in the wide meaning. The most important literature positions include 
undoubtedly the following ones:  

 Girtler J., Kitowski Z., Kuriata A.: Bezpiecze stwo okr tu na morzu. Uj cie systemowe. 
WKi . Warszawa 1995; 

 Girtler J.: Diagnostyka jako warunek sterowania eksploatacj  okr towych silników 
spalinowych. Studia Nr 28. WSM, Szczecin 1997.  

 Girtler J., Kuszmider S., Plewi ski L.: Wybrane zagadnienia eksploatacji statków morskich w 
aspekcie bezpiecze stwa eglugi. WSM, Szczecin 2003. 

He is an author of 357 publications (from what 298 author's), in this scientific articles 204 (from what 
159 author's), in this 56 of international range (46 author's), and 153 reports (from what 147 author's), 
in this 29 lectures delivered on international conferences. 
 
 
2. Department’s  present day – Scientific research directions 

 
Since 2012 the Department of Marine Power Plants has been existing under the changed name 

of the Department of Marine and Land and nowadays stands for one of the six Departments of the 
Faculty of Ocean Engineering and Ship Technology - fig. 5. Three laboratories represent the basis of 
its didactic infrastructure. The majority of research works of the experimental nature is carried out 
over there. Here they are: the Laboratory of Liquid Fuels and Lubrication Oils, the Laboratory of 
Engines and Compressors Diagnostics as well as the Laboratory of Marine Machines and Systems.  
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Fig. 5. The original organisation chart of the Faculty of Ocean Engineering and Ship Technology of 
the Gdansk University of Technology – Department of Marine and Land Power Plants (1) along with 

Laboratories: Liquid Fuels and Lubrication Oils (2), Engines and Compressors Diagnostics (3) as 
well as Marine Machines and Systems (4)  is marked in red line [www.oio.pg.edu.pl] 

Fig. 6. A team of employees of the Department of Marine and Land Power Plants 
In the group photo standing from left: MSc Eng. Konrad Marsza kowski, PhD Piotr Bzura, PhD 

Roman Liberacki, MSc Eng. Patrycja Puzdrowska, PhD Pawe  Szyma ski, PhD Ryszard Zadr g, MSc 
Eng. Norbert Ocha , MSc Tomasz Ho a; sitting from the left: assistant professor Damian Boche ski 

PhD, prof. Zbigniew Korczewski (Head of the Department); prof. Jerzy Girtler PhD, PhD Jacek 
Rudnicki 

1 

2 
3 
4 
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At present 10 academic teachers and 2 engineering-technical workers are employed in the 

Department  - fig. 6. The teacher staff is represented by two titular professors, one  assistant professor, 
five doctors and two masters in engineering having opened  doctorates. Each teacher specialises in 
scientific issues associated with a design and operation of the complex energy systems' machines and 
devices applied in marine power plants and different kind of offshore structures. 

Crossing to the profile of scientific investigations led in the Department there will be 
introduced, obviously only in a telegraphic shortcut, the range of undertaken issues as well as research 
teams that may boast about biggest scientific achievements 

 
A. Energy research of marine propulsion systems with gas turbine and combustion piston 

engines   
Scientific team is headed by prof. Zbigniew Korczewski PhD. The range of investigations 

involves research issues, as follows: 
 Modelling and numeric simulations of the energy processes worked out in engines and working; 
 Diagnosing mechanical units of the marine propulsion systems in operation conditions;  
 Diagnosing marine engines: piston and gas turbine of limited control susceptibility;  
 Industrial endoscopy; 
 Expert systems; 
 Exhaust desulfurization of the marine engines fed with residual fuels. 

  
B. Theory and practice of the decision steering. Tribology 
Scientific investigations within this range are carried out by a team handled by prof. Jerzy 

Girtler PhD. The research is orientated towards scientific problems, as follows: 
 Application of semi-Marcov processes theory and statistical theory of decision within the area 
of marine power plants’ reliability, diagnostics and safety; 

 Modelling and examinations of the tear and wear processes of the slide tribological units; 
 Energy devices’ performance examination and evaluation. 
C. Design theory of the special types of ships’ marine power plants and technology 

systems  
A group of scientists led by assistant professor Damian Boche ski PhD. specializes in purely 

design issues, taking into account in particular the following research aspects:  
 Energy consumption investigations of the special ships’ operation processes (dredgers, fishing 
vessels, tugboats of the AHTS and PSV type); 

 Investigations of an impact of the soil’s kind soil (its different parameters) on the working 
parameters of devices that loosening and transporting the dredging spoils; 

 Investigations of an impact of seawater temperature and ship’s floatation speed on work 
efficiency of the sheathing coolers („box cooler” type) in order to make design 
recommendations; 

 Application of probability methods and models in designing power plants and technology 
systems of the special ships. 
Obtained certificates represent the guarantee of the Department’s professional activity (fig. 7), 

including among others: 
 Polish Register of Shipping – within the scope of conducting laboratory examinations of liquid 
fuels and lubrication oils as well as diagnostic investigations of internal combustion engines and 
compressors; 

 Ships owners, and even marine engine producers which order the Department to carry out 
diagnostic tests of marine engines.  
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Fig. 6. References and certificates obtained by the Department of Marine and Land Power Plants 

3. Final remarks and conclusions

Scientific-investigative activity of the Department of Marine and Land Power Plants is tightly 
associated with didactic process within the frame of study directions carried out in the Faculty of 
Ocean Engineering and Ship Technology: "ocean engineering”, "power engineering” and "transport”. 
The results of scientific investigations are systematically translated on new programme content 
expanding the education offer. Moreover, investigation apparatus gained during research realization 
enriches didactic values of the laboratory stands used while courses for students and for marine 
experts of various levels of the merchant navy management positions are run.  

The history of Department is closely related to navy needs, as the personnel resources mainly. 
Initially German, in particular due to admiral Alfred von Tirpitz, a henchman of German war fleet 
extension by means of shipyards acting in Danzig and Elblag. The University in Danzig free city was 
going to deliver qualified engineers for shipbuilding and shipping. Then Polish - which resulted from 
the need to have the  numerous and experienced engineering personnel required for programmes 
realisation, as follows: 

 quick creation of the war fleet of independent Poland (after the end of first world war), on the 
base of warships bought in Western European countries exclusively, 

 reconstruction of the war fleet of the liberated and ruined country based on the national 
shipbuilding industry as well as on the warships obtained from military surplus. 

The employee of Department delegated apart from University occupied special place in this regard. 
They conducted education in the Polish Navy also as officers - shipbuilding engineers  [3,4]. 
Interestingly, the migration proceeded in both directions and  many entitled outstanding and titled 
academic teachers gained and used their scientific knowledge and professional experience, both at the 
Gdansk University of Technology as and at The Polish Naval Academy (and its predecessors). 
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Abstract 
The paper presents the case study of using the artificial neural network to predict the main 

propulsion marine engine load. Mentioned load of the engine is important parameter to assess the 
emission level of toxic compounds into the atmosphere according to ISO standard and MARPOL 
convention. The engine load depends on the ship speed, rotational speed of the engine, propeller 
blades settings, the direction and the speed of wind, the condition of sea and the direction and the 
speed of sea currents and construction parameters of the ship. The realization of the aim of the work 
requires the direct measurement of presented parameters and measurement of exhaust gas 
composition. The experiment was carried out onboard STS “Pogoria”. Obtained results are enough 
to use the ANN to predict engine load to measure the emission level of toxic compounds.   

Keywords: marine engine, emission, neural network, measurement, power approximation 

1. Introduction

The introduction of Annex VI to the MARPOL Convention entails certification of marine diesel
engines due to emissions of nitrogen oxides (NOx). Mentioned certification is connected with the 
necessity of the periodic check of the NOx emission using generally understood analysis of technical 
parameters of the engine or, in extreme cases, direct measurements. Obtaining the NOx emission, 
normatively expressed in g/kWh, imposes the necessity to define i.e. the engine power during 
measurements of the composition of exhaust gas. This task is technically problematic for ship 
operators due to the lack of appropriate measuring devices on board installed. Systems of 
measurement of the engine output torque i.e. the ETNP-10 system manufactured by Enamor, are 
unpopular and relatively expensive. For this reason, there is a need to determine the main propulsion 
engine load. However, it is possible to measure this parameter indirectly, basis on current weather and 
motion of the ship parameters. We may make an assumption, that the main propulsion engine load is 
proportional to the ship speed, rotational speed of the engine, propeller blades settings, the direction 
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and the speed of wind, the condition of sea and the direction and the speed of sea currents. All 
mentioned parameters are measured by the standard ship equipment. For this reason presented data 
and parameters comes from the ship construction could be useful to determine actual the engine load. 
It should be remembered that detailed calculation algorithm of the presented problem is not 
completely known. According to this situation convenient tool to solve this problem should be an 
artificial neural network (ANN). ANN is simple tool to approximation complex determined 
algorithms. Oladsine et al. [1] and Hafner et al. [2] use ANN to control piston engines and Stephan et 
al. [3] use ANN to control the combustion process in the power plant furnace. Yang et al. [4] and 
Ramadhas et al. [5] use ANN to predict cetane number in fuel mixtures and Lee et al. [6] use ANN to 
predict fuel injection range to the combustion chamber in the engine. ANN is useful to estimate the 
specific fuel consumption [7], [8] temperature of the combustion process in the engine [9], the air/fuel 
excess ratio [10], the NOx emission approximation [11] and faults of piston engines [12]. 

Presented works tend to conclude that it is possible to effectively use the ANN to assess the 
marine engine load. The main target of the work is presentation of the case study about possibility of 
the ANN use to predict the main propulsion engine load to direct measurements of the emission of 
toxic compounds. 

 
2. Measurement procedure 

 
Measurements were taken on the sailing vessel STS ”Pogoria”. She is a barkentine, about 48 

meters of length and the deadweight of 340 tons. Mentioned ship is equipped with main propulsion 
engine, which through a reduction gear drives the controllable biplane propeller with nominal speed 
356 rpm. Detailed parameters of the engine are presented in Tab.1. 

 
Tab.1. Main engine technical data 

Engine designation: VOLVO PENTA TAMD103A 

No. Name of parameter Value 

1. Method of operation 4-stroke, direct-injected, turbocharged diesel engine  
2. No. of cylinders and configuration 6 cylinders, in-line 
3. Bore 120.65 mm 
4. Stroke 140 mm 
5. Displacement 9.6 dm3 

6. Compression ratio 17.0 
7. Minimal shaft rotatin speed   530 rpm 
8. Nominal crankshaft rotatin speed  1800 rpm 
9. Nominal power torque  1353 Nm (at 1800 rpm) 
10. Maximal torque  1580 Nm (at 1250 rpm) 
11. Specific fuel consumption 212 g/kWh 

 
The exhaust gas composition has been measured by TESTO350XL exhaust gas analyser with 

ranges and accuracy presented in [13]. The procedure of measurement needs an information about fuel 
consumption and actual the engine load.  

The fuel consumption has been measured by volumetric methodology, and the engine load was 
calculated by properly learned ANN. 
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3. Artificial neural network usage

As mentioned earlier the power output of the engine was calculated by the ANN. The input data of
the ANN were the rotational speed of the engine, pitch propeller settings and the nautical and the 
meteorological data. Presented ANN was prepared in Matlab Neural Toolbox.  The multi-layer 
perceptron with 7 neurons in the input layer, 2 hidden layers and 1 neuron in the output layer was 
used. The ANN input data are presented in Tab.2.  

Tab. 2.  Input variables of the ANN 

Variable name Unit Recording method

fuel consumption [dm3/h] Direct measurement 

wind speed [knots] Weather Station PB150 made by Airmar, 
installed on the vessel. 

wind direction [o] Weather Station PB150 made by Airmar, 
installed on the vessel. 

sea current speed [knots] tide tables and GPS 
sea current direction [o] tide tables and GPS 
sea state [o of  Douglas] Douglas scale 
rotational speed of the engine [rpm] Main engine speed indicator 
propeller pitch setting [pitch scale] Scale of pitch propeller setting lever 

Fig.1. Screenshots from Matlab Neural Network Toolbox 

Backpropagation algorithm was used to learn the ANN. There are many variations of the 
backpropagation algorithm. In this study the Gradient Descent with Momentum algorithm was 
implemented. Fig.1 presents the screen capture of the learning results summary. Detailed description 
of the ANN model is presented in [19], [20]. On the fig.1 target shows normalized torque at 
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crankshaft. According to presented results the mean square error value (R) for all considered results is 
over 0.98. It means that the ANN model well-fits the measured data.  

4. Obtained results 
 
The use of ANN allows to direct measurement of the gaseous emission from the main propulsion 

engine of STS „POGORIA” ship. According to this, the direct measurement of exhaust gas 
composition with fuel consumption and parameters of the surrounding air was measured. The required 
information about the engine load was taken from proper learned ANN. 

 

 
Fig.2. Obtained power output from the main propulsion engine and specific fuel consumption 

 
Left side of Fig.2 presents the calculated power output of the main propulsion engine obtained 

from the ANN for all considered points of measurements. According to presented results, despite 
identic settings of values of both the engine speed and propeller’s blades the value of obtained power 
output is different. Observed results are expected due to changes in values and the direction of wind 
and sea waves. Right side of Fig.2 presents the specific fuel consumption (SFC) calculated for all 
considered loads of the engine. Presented calculation results are based on measured fuel consumption 
and obtained from ANN results of power output. According to results presented in Tab.1 the SFC for 
nominal power output of the engine equals 212g/kWh. The obtained minimal value of SFC for the 
maximum power output equals 233g/kWh. Naturally, value of the SFC increases with the decrease of 
the power output. The maximum value of the SFC was obtained for idle load of the engine and it 
equals 643g/kWh. 

Fig.3 presents results of the direct measurement of exhaust gas composition. Obtained results are 
qualitatively convergent to results presented in literature for similar constructions of marine engines 
[14], [15], [16]. The increase of the power output causes the decrease of oxygen (O2) in exhaust gas 
and the increase of the carbon dioxide (CO2). Presented results are expected. The increase of the 
power output and the increase of the fuel consumption in the same quantity of combustion volume 
cause the increase of the CO2 in exhaust gas. Largest differences between measurements are observed 
in the case of the carbon monoxide (CO) content in exhaust gas. The result difference for 88% of the 
maximum power output for the CO equals 14% for two measurement points. The cause of this 
phenomenon wasn’t recognized due to the lack of additional information, but the difference in the 
humidity of air and parameters of the engine cooling process may be suspected. According to 
presented results the increase of the power output causes the increase of both the CO and the NOx 
composition in exhaust gas. Observed dependences are expected. The increase of the power output 
causes the increase of combustion temperature and the acceleration of the nitrogen oxidation 
according to the Zeldovich thermal mechanism. 
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Fig.3. Measured composition of exhaust gas for all considered loads of the engine 

Fig.4 presents results of the NOx and the CO emissions for all considered loads of the engine. 
Presented emissions are obtained with use of the engine power output, calculated by presented ANN. 
According to presented results, the increase of the engine power output causes the decrease of the CO 
and the NOx emissions. It should be noted that the increase of the power output of the marine engine 
causes the increase of its efficiency. According to this observed decrease of the CO emission is 
expected [17].  

Fig.4. Emission of CO and NOx in exhaust gas for all considered loads of the engine 

It should be noted that the increase of the engine speed causes the decrease of the CO and the NOx 
emissions. According to mentioned Zeldovich mechanism the quantity of nitrogen oxidation depends 
on temperature but time of combustion also. 
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Fig.5. NOx emission levels for the E2, D2 and C1 cycle and the NOx emission limit according           

to Tier I of the MARPOL convention. 
 
Calculated results of the NOx emission was used to the NOx emission presentation according to 

ISO8178 standard regulations. Obtained results may be used to the NOx calculation according to E2, 
D2 and C1 cycle of measurements. The E2 cycle is used for measurement the emission for marine 
engines operated as main propulsion marine engines operated at constant speed. D2 and C1 cycles are 
useful for marine engines operated as an auxiliary propulsion. Obtained results are presented in Fig.5. 

Fig.5 presents the limit of the NOx emission according to Tier I of MARPOL convention [18] 
also. According to presented results, used type of cycle for the engine testing during the direct 
measurement of the NOx emission level, influences on obtained results. Differences between obtained 
results equal 34%. It should be noted that observed engine, according to the manufacturer declaration, 
should be used as either the main propulsion engine or the auxiliary propulsion onboard. 

  
5. Conclusions 

 
The paper presents the case study of possibility the ANN use to the engine load approximation 

during direct onboard measurements of the exhaust gas emission. The rotational speed of the engine as 
well as the fuel consumption and parameters of wind and sea state were used to properly learning the 
ANN. Calculated by ANN load of the engine has been used to NOx emission calculation according to 
ISO8178 standard regulation. Prepared observations allow to express the following conclusions. 

– obtained ANN calculates the power output of the engine with accuracy not exceeded  2% , 
– the increase of the engine power output causes the decrease of the CO and the NOx emissions. 

Presented results are expected because the increase of the power output of the marine engine 
causes the increase of its efficiency, 

– the increase of the engine speed causes the decrease of the CO and the NOx emissions, 
– used type of cycle for the engine testing during the direct measurement of the NOx emission 

level, influences on obtained results. Differences between obtained results equal 34% for 
different types of measurement cycle. 
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Abstract 
The paper presents an analysis of the influence of the fuel injector nozzle holes diameter on 

parameters of the brake-up, evaporation and combustion process in the cylinder of the marine 4-
stroke Diesel engine. Presented analysis was prepared in the basis on computational fluid dynamic 
model. Initial and boundary conditions of the model as well as data used to model validation were 
collected during the laboratory study. Calculations were conducted for nominal fuel holes diameter 
equals 0.375mm and diameters increased and decreased by 50 m and 100 m respectively. According 
to presented results the increase of the diameter of fuel nozzle holes causes the increase of fuel 
Sauter’s mean diameter in the initial stage of the injection process and the decrease of fuel process 
evaporation. The result of this phenomenon is the slowdown of the initial stage of the combustion 
process and the decrease of both pressure and temperature of combustion. 
Keywords: marine engine, multidimensional model, combustion model, fuel injection, holes diameter 

1. Introduction
The increase of the requirements of environmental protection imposes on constructors of marine 

engines the necessity of constantly improve its design. The decrease of the fuel consumption of 
marine engines and simultaneously the decrease of combustion temperature, required for limit the 
nitric oxides emission, requires modifications in the organization of the combustion process. 
Mentioned modifications of the combustion process consist in provide fuel into the Diesel engine 
cylinder in appropriate time and suitable properties. Its amounts to determine the characteristics of the 
mass flow rate of fuel injection of the appropriate shape, dependent on the shape of the combustion 
chamber. In works [1] and [2] the influence of the fuel nozzle holes convergence on combustion 
process parameters is presented. Conical shape of fuel nozzle holes causes the increase of both the 
fuel penetration and flow speed. Authors of works [3], [4] and [5] present the influence of the fuel 
nozzle holes group location on fuel injection parameters. The nozzle holes configuration influences on 
the fuel penetration in the combustion chamber, the Sauter’s mean diameter of the fuel spray and the 
auto-ignition delay. According to results presented in [6], [7] and [8], the shape of fuel nozzle holes 
edges is an important parameter influences on the fuel spray geometry. Narrow edges promote the 
cavitation phenomenon in nozzle holes and increase the vaporization process.  The fuel viscosity and 
other parameters influence on the fuel evaporation, the auto-ignition and the combustion are presented 
in [9], [10] and [11]. It should be noted that the movement of mixture in the combustion chamber of 
the Diesel engine influences on the combustion parameters also [12], [13]. All presented works 
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concerns the fuel injection process in small engines in relation to marine engines. Fuel injection in 
large marine engines usually is controlled by Bosch type fuel pumps and the diameter of fuel nozzles 
holes is significantly larger. Thus the main aim of presented work is the analysis of the influence of 
the fuel nozzle holes diameter on parameters of the combustion process in the marine engine. 
Mentioned analysis is prepared in the basis on the computational fluid dynamic model of the 
combustion process. Initial and boundary conditions are taken from direct measurements. It should be 
noted that the analysis is prepared for changed diameters of fuel nozzles holes without changing the 
rest parameters on fuel injection i.e. the fuel mass flow characteristic and initial conditions (the 
compression process). 
 

2. The model description 
The base of the combustion process model in the engine cylinder is a geometric grid, including the 

shapes of the cylinder with the air intake duct, the outlet duct and exhaust and inlet valves. The 
geometric grid was built in the basis on the technical documentation of the research object. As a 
research object the laboratory 4-stroke engine, type Sulzer Al25/30 was selected. The analysis and the 
selection of geometric grid parameters are presented in [6]. Parameters of the Al25/30 engine are 
presented in Tab.1. 

 
Tab. 1. The laboratory engine parameters 

Parameter Value Unit 

Max. electric power 250 kW 
Rotational speed 750 rpm 
Cylinder number 3 – 
Cylinder bore  250 mm 
Stroke 300 mm 
Compression ratio 12.7 – 
Injector nozzle   
  Holes number 9 – 
  Holes diameter 0.325 mm 
  Holes position diameter 7 mm 
  Holes position angle 150 deg. 
  Spray cone angle 6 deg. 
  Opening pressure 25 MPa 

 
The fuel injection model is based on geometrical dimensions of the injector nozzle, which are 

presented in Tab.1 also. Measured injection timing equals to 18 degrees before top dead center of the 
piston position. The delay between pressure signal in the indicator valve and the combustion pressure 
is neglected. The initial value of the droplet diameter of the fuel injection is taken as the diameter of 
fuel nozzle holes. A further break-up of fuel droplets has been described by the Lagrange description 
[15] with TAB model application [16]. This model specifies the conditions for breaking-up of fuel 
droplets as a dimensionless factor that depends on the density of fuel and surrounded air, the viscosity 
of the fuel droplet, the relative velocity and the diameter of droplets. If the value of the mentioned 
factor is greater than 1, the droplet breaks up. Distribution of the mean droplet diameter, determined 
by the Sauter’s method [15], is assumed as the Chi2 distribution. 

Simultaneously with the fuel atomization process the process of evaporation begins. This process 
results from the heating of fuel droplets. For modeling the heat flow from air to fuel droplets and the 
mass flow of fuel vapors from droplets to air the Dukowicz’s model is adopted [17]. The spherical 
shape of fuel droplets (microgravity conditions) and a constant temperature and heat transfer 
conditions on the surface of the droplet is assumed. 

Evaporated fuel is mixed with air in the engine cylinder. To modeling these phenomena the k-  
model [18] were used. The combustion process was described by the ECFM-3Z model [18]. It is a 
model developed for modeling the combustion in diesel engines and it belongs to the CFM (Coherent 
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Flame Model) class of models. This model assumes that the chemical reactions take place in the 
relatively thin layer of the flame. The flame progresses to the direction of fresh mixture of air and fuel. 
Mentioned flame layer is defined as homogeneous mixture of fuel and air and its shape and size is 
defined by diffusion phenomena. In the present model, the auto-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 C13H23 
hydrocarbon. The detailed description of the model is presented in [20]. 

3. The laboratory stand

Boundary and initial conditions, as well as data necessary for the validation of this model were 
collected during laboratory tests. During the laboratory research the engine operates at a constant 
speed equals 750rpm and constant load equals 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 [21] and [22]. 

4. The validation model and obtained results

The validation of model results was carried out according to combustion pressure and nitric oxides 
and oxygen fractions in exhaust gas. During the presented research thermodynamic parameters of both 
exhaust gas and charge air have been not compared due to use mentioned parameters as initial and 
boundary conditions. According to results presented in [20] the maximum error between calculated 
and measured values of the combustion pressure equals 6.8% for 28% of the maximum engine load. 
The average value of the error for calculated results in comparison to measured values for all 
considered the engine loads equals 1.2% for nitric oxides fraction and 0.4% for the oxygen fraction in 
exhaust gas. 

Positive validation of model results allows to the calculation for different diameters of fuel injector 
nozzle holes. Calculations were prepared for larger and smallest diameters of mentioned holes in 
relation to diameter presented in Tab.1. Values of chosen diameters are presented in Tab.2. The rest 
parameters of injection were not changed, especially the mass characteristic of fuel injection and 
initial and boundary conditions. 

Tab. 2. Chosen diameters of fuel nozzle holes 

Diameter [mm] 0.225 0.275 0.325 0.375 0.425 

Diameter changes in relation to 
laboratory research [ m] -100 -50 0 +50 +100 

The decrease of the diameter of fuel nozzle holes helps the brake-up and the vaporization of fuel 
[23]. The influence of the diameter of nozzle holes on the Sauter’s mean droplet diameter and the 
quantity of evaporated fuel are presented on the Fig.1. 

According to presented results the increase of the nozzle holes diameter causes the increase of the 
Sauter’s mean diameter of fuel droplets in the initial stage of the injection process. The effect of this 
phenomenon is slowdown of the fuel evaporation and the auto-ignition. In the case of maximum 
considered holes diameters the fuel auto-ignition was calculated after 5.1°CA after the start of the fuel 
injection. For the minimum holes diameter this delay equals 3.8°CA. According to presented on the 
Fig.1 results for the 0.225mm fuel nozzle holes diameter, the quantity of the evaporated fuel until 
auto-ignition equals 9.6%. For the 0.425mm holes diameter this fuel quantity equals only 3.2% of fuel 
dose. According to this situation the initial stage of the combustion process is faster. 
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Fig.1. Sauter’s mean diameter of the fuel droplet and fuel evaporation changes 

 

 
Fig.2. Calculation results for the combustion speed and combustion temperature 

 

 
Fig.3. Calculated combustion pressure 

 
Fig.2 presents the influence of the fuel nozzle holes diameter on the combustion speed and 

combustion temperature. The decrease of the nozzle holes diameter promotes shortening the 
penetration of not evaporated fuel but the quickness of the fuel propagation in the combustion 
chamber is higher. The explanation of presented phenomenon is the increase of pressure and the flow 
rate of fuel through nozzle holes. It should be noted that the decrease of fuel nozzle holes with the 
same number of holes causes the decrease of the cross section area of the fuel flow. The constant fuel 
mass flow characteristic causes the increased fuel injection pressure.  
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Fig.4. Carbon dioxide (CO2) fractions in the engine cylinder 

This phenomenon promotes the increase of the intensity of the fuel evaporation and the increase of 
the intensity of the fuel auto-ignition and the combustion. The difference between the chosen diameter 
of fuel nozzle holes causes the difference in the auto-ignition equals 1,3ºCA. Presented on the Fig.2 
the increase of the combustion speed causes the increase of combustion temperature. According to 
results presented in [24] the increase of the fuel injection pressure causes the increase of the maximum 
combustion pressure. On the Fig.3 the influence of the nozzles fuel diameter on combustion pressure 
is presented. According to presented results the decrease of the fuel nozzle holes diameter causes not 
only the increase of combustion temperature but the increase of combustion pressure is observed also. 
Considered change of the fuel nozzle holes diameter causes 12% changes in the mean indicator 
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pressure (MIP) also. Presented result is expected. Modification of the combustion process to extend 
the kinetic stage of the combustion is desirable in modern constructions of Diesel engines [25]. 
According to this it should be concluded that in presented construction of the combustion chamber of 
the engine the decrease of the fuel nozzle holes diameter causes the increase of the combustion 
efficiency.  

 

 
Fig.5. CO2 and carbon monoxide (CO) fractions in the engine cylinder 

 
Fig.4 shows the visualization of the CO2 mass fraction in the combustion chamber of the engine. 

Mentioned fractions are presented for chosen angles of crankshaft position (CA) and chosen extreme 
values of fuel nozzle hole diameters. It should be noted that mass fraction of the CO2 coresponds with 
combustion chamber areas where the combustion process comes to end. According to presented 
results, the fuel nozzle holes diameter equals 0.225 mm causes the increase speed of combustion. Near 
20°CA the most quantity of the CO2 is within combusted fuel but after the next 20°CA the CO2 
spreads to the entire volume of the cylinder. The increase of the diameter of fuel nozzle holes causes 
the extension of the combustion proces after the 40°CA. Mean values of the CO2 and the CO for 
overal volume of the engine cylinder are presentrd on Fig.5. According to presented results the 
increase of the diameter of fuel nozzles holes causes the decrease of CO2 fraction and the increase of 
CO fraction in the engine cylinder. Presented results confirms conclusion about the increase intensity 
of the combustion process with the decrease of the diameter of fuel nozzle holes. 
 

5. Conclusions 
 

The paper presents the calculation on the combustion process in the cylinder of the marine 4-stroke 
Diesel engine. Calculations were prepared by computational fluid dynamic methodology. Obtained 
model was validated according to combustion pressure and the nitric oxides and the oxygen mass 
fractions in the combustion chamber of the engine. The validation data and initial and boundary 
conditions were collected during the laboratory study. The main purpose of the work was analysis the 
influence of the diameter of fuel nozzle holes on parameters of the combustion process. Obtained 
results allow specifying following conclusions: 

 The increase of the diameter of fuel nozzle holes causes the increase of Sauter’s mean diameter 
of the fuel spray during the initial stage of the injection process. The result of this is slowdown of the 
fuel evaporation and the combustion process. 

 The result of the slowdown of the evaporation process is the slowdown of the fuel auto-
ignition. The difference between chosen diameters of fuel nozzle holes causes the difference in the 
auto-ignition equals 1.3ºCA. 

 In the case of the 0.225mm fuel nozzle holes diameter, the quantity of the evaporated fuel until 
the auto-ignition equals 9.6% of the fuel dose. For the 0.425mm holes diameter this fuel quantity 
equals only 3.2% of fuel dose. According to this result it should be concluded that the decrease of the 
diameter of fuel nozzle holes causes the increase of the speed of both the kinetic and the diffusion 
stage of the combustion. 
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 The decrease of the diameter of fuel nozzle holes causes the increase of both temperature and 
pressure of the combustion. It should be noted that the MIP increased also. It means that the decrease 
of the diameter of fuel nozzle holes causes the increase of the combustion efficiency. 
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Abstract 

The aim of this paper is to present the possibilities of using 3D spatial printing technology to create complex models, 
e.g. turbine helicopter engines, PZL-10W type, operated on the W-3 “Sokó ” helicopter. We have presented the process of 
creating a spatial model using  CAD software. It required a careful selection of the parts necessary for its manufacture as 
well as elimination of minor parts, which were insignificant from the functional and educational perspective of the model. 
We presented the type of printer which was used to prepare the model, and also its software. The verification of the 
correctness of designing the files for particular  parts was made with Netfabb software. Proper verification affected the 
choice of files to be sent to the 3D printer software, where they underwent further slight changes concerning, among 
others, the thickness of the layers and the percentage of filling the interior of the individual parts of the engine. The 
printouts of the selected engine parts have been shown in the photographs. We also (briefly) described the processes of 
treatment of the parts, their labour intensity as well as the hardware used on a regular basis for this purpose. Finally, we 
discussed the assembly process of the entire engine. In conclusion, we stressed the importance of the model as a 
significant didactic aid which is to support the process of acquiring knowledge related to the construction, kinematics and 
operation of the turbine engine. We also specified the amount of used materials, labour consumption (in man-hours) with 
regard to the same printout of the parts as well as the finishing works.  

Keywords: 3D printing technology, spatial modelling, PZL-10W engine model 

1. Introduction
Ever since the introduction of the first prototype of the 3D printer in 1984, this technology has

been rapidly developing. The demand for devices which are capable of producing a required element 
in a matter of hours has constantly been growing. Spatial printers are becoming standard company 
equipment in the automotive industry, aviation and other industries related to daily life. Depending 
upon the technology, these devices can generate objects of each shape. The only limitations are the 
skills of the user who projects their imagination onto a 3D model in CAD software and the price of the 
printout itself or a possible printer. 

The exploitation of spatial printing to print aircraft components or their propulsions is becoming a 
more and more thoroughly examined and used method of manufacturing parts in aviation. In the Air 
Force Academy in D blin, the 3D printer working in FDM technology was used to print the PZL - 
10W engine model. The engine solid consists of an internal combustion compressor as well as 
turbines with the exhaust outlet system. The model has got moving parts which present the engine 
kinematics. Spatial printing is a process of the formation of physical 3D elements, designed in CAD 
software. The model is created on the basis of a virtual division of the  project into horizontal cross-
sections of a suitable thickness, or as a constantly changing projection of horizontal cross-sections of 
the emerging model. 

The design of the PZL-10W engine is a didactic-visual model, giving a possibility of a tangible 
contact with the elements of the engine used in the W-3 „Sokó ” helicopter – 0. 
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Fig. 1. The W3 - Sokó  helicopter and PZL-10W turbine engine 0  

2. Preparation of the model of the engine 

The initial stage of creating the engine model was its choice. We selected the PZL-10W engine 
since it is a popular propulsion unit in W3 “Sokó ” helicopters, which has been successfully used in 
different versions in the Polish Armed Forces. The engine was produced by Wytwórnia Sprz tu 
Komunikacyjnego "PZL - Rzeszów " S.A. and is designed to operate in a twin-engine propulsion 
system of the PZL - "Sokó ” helicopter (W3, W-3A and their versions).  

The process of preparing the model for printing started with the selection of elements involved in 
the development of the engine. We rejected items containing minor, less important details such as 
labyrinth shaft seals, the inside of the starter, movable elements in the accessory gearbox (0), pumps 
and the like. We focused on the main parts, i.e. the compressor rotor, power turbine disks and also the 
entire engine body (0).  

     
Fig. 2. Cross-section of the accessory 

gearbox 
Fig. 3. Final CAD design of the engine 

Inside the gearbox, gears and drive shafts which transmit drive from the compressor shaft 
onto individual units mounted on the gearbox are located. These were redundant elements 
which increased the weight of the building material, and thus the cost of the printing. On the 
other hand, gear transmissions are invisible in the model and do not serve any particular 
purpose. 

The 3D printing technology of the MakerBot Replicator Z18 printer (0) required setting a 
specified thickness to the wall elements. Therefore all the parts composing the whole engine 
model were prepared in such a manner that the minimum wall thickness was no less than 2 
mm. This condition was also met due to endurance reasons of the structure so that in 
exceptional circumstances when there is an  interference of an external factor, there occurs no 
damage to the material structure. 
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Fig. 4. MakerBot Replicator Z18 Printer 0 

Next, the particular components of the model were converted to the files format that was 
supported by all devices of this type, to the so-called STL format. At a later stage, they were 
all sent to the Netfabb programme, which was to check the correctness of the STL files, 
search for any possible irregularities, surface discontinuities in the parts, holes or other 
undesirable anomalies in the solid grids ( 0 ). 

Fig. 5.  A second stage compressor turbine disk in Netfabb programme 

3. Printout of elements of PZL-10W engine model
The printing of the engine parts started with making all the rotating engine components on

the Replicator18 printer. These  were printed with the filament in the blue colour to make it 
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stand out in the background of the light grey engine body. Printing in the FDM technology 
allows using materials in different colours, however, in the case of a given printer (single 
head), it is linked with replacing the filament every time. While using the software provided 
with the printer, it was possible to introduce changes to the thickness of the layers as well as 
the percentage filling of the solids of individual parts of the engine (0). 

 
Fig. 6. View of the compressor barrel prepared for printing, placed on a table in the 

MakerWare software 
 
The MakerWare software also allows adjusting the number of walls and the width of the 

raft and also interference in the use of support bearings during the printing of the parts. The 
printing accuracy ranges between 0.1 and 0.2 mm, allowing the user to print solids of a rather 
complex and challenging structure accuracy – see 0. 

 
Fig. 7. Power turbine after its extraction from the inside of the Replicator 18 

The resulting parts had  10- or 20-percent filling. The greatest challenge was to print the 
largest parts of the engine model, i.e. the accessory gearbox and part of the exhaust outlet 
system (0). The latter occupied approximately 90% of the working volume of the printer. The 
safety margin was equal to approximately 1.5 - 2 cm away from each side of the working 
table. 
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Fig. 8. The exhaust outlet system after printing 

Another important element related to the printing was to perform elements of the 
compressor body along with the diffuser blades (0). An important aspect of the work was a 
removal of the bearing material, which in many components of the engine constituted a 
crucial part of the printout. 

Fig. 9. Two halves of the compressor body 

4. Treatment of components
All the parts that composed the whole of the PZL-10W engine model needed a removal of

support bearings which emerged in the process of printing (0). These activities are time 
consuming, in this case taking up approximately 300 man-hours. Having removed the major 
mechanical elements such as support bearings, we went on to another, more thorough 
cleaning and matching the parts. The activities were carried out with the use of files, 
sandpaper of different grit sizes, blades, saws and multi-use tools with replaceable endings - 0 
. 
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Fig. 10. The accessory gearbox before (on the left) and after (on the right) the process of 

removing support bearings and the finishing treatment 

 
Fig. 11. A set of tools used for the treatment of the parts 

5. Assembly of the PZL-10W engine model 
The stage ending the works which is related to the construction of the PZL-10W engine 

model consisted in collecting and assembling the items, in good order, as well as combining 
them. The rotating sub-components were mounted on rods of carbon fiber, 8 mm in diameter. 
We did not use any adhesives or other connecting elements. They were merely matched by 
compression. The wheel shafts were mounted in ball bearings embedded in housings that had 
been prepared at the design stage and which ensure free rotation ( 0 . 0 ). The components that 
make up the body of the engine were connected by means of screws, 2 mm in diameter. It 
allowed, on the one hand, secure joining, taking into account the number of screw 
connections, without the fear of cracking of any adhesive bond; on the other hand, it was 
possible to achieve aesthetic finishing and to fully dismantle the model ( 0 ). 
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Fig. 12. Mounted ball bearing  
in engine unit 

Fig. 13. View of assembled rear part of 
the PZL-10W engine model 

Fig. 14. Assembly of the model during the works 

The design of the model ensures separation f the driving part, i.e. the turbine and the drive 
shaft together with the body and the exhaust fumes system, from the remainder of the engine, 
i.e. the combustion gas generator and the associated elements (0). Both parts of the model 
were placed on separate stands made of plexiglass. Moreover, the upper half of the 
compressor body can also be removed in order to check the functioning of the compressor’s 
rotor. 
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Fig. 15. Complete PZL-10W engine model  

Fig. Jaros aw wiek 

Conclusions 
When printing the individual components that make up the complete engine model, we 

consumed a total of 3,514.85 grams of filament, including 460.69 grams of blue and 3,054.16 
grams of grey material. The time required to create all the eighteen parts inside the printer was 
equal to 291 hours and 18 minutes. The work performed during the processing, cleaning and 
assembly equalled approximately 400 man-hours. The problems encountered during the entire 
printing process of the model from its CAD form to the actual solid turned out to be minimal 
for such an advanced scale of the task, and using the Markerbot Replicator Z18 printer, for the 
first time in the creation of parts of such a size. 

The rotating elements which are mounted on the bearings move without any hindrances, 
there is no contact between them and the adjacent fragments of other engine parts. The 
screwed connections are solid and secure. The whole PZL-10W  engine model can be carried 
easily, with no fear of any faults, however it is necessary to maintain proper care due to the 
type of the material it was made of. 

The engine model is an interesting example of using new innovative 3D printing 
technologies in the design of engine parts and engine components exploited in industry as 
well as aviation. The created model may easily serve as a significant didactic aid which is to 
support the process of acquiring knowledge related to the construction, kinematics and 
operations of the turbine engine. 
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Abstract 

The article presents series of considerations relating to experimental evaluation of the reliability of 
ship piping systems. The aim of this study is to attempt to answer the following questions: What 
should be the tested element? How to choose the diameter of the tested item? What should be the 
result of measurements and calculations? How to measure? How to choose the duration of the test? 
How to choose the sample size and elaborate the results? Can we use a linear relationship between 
the weight loss of the test piece and the time? At the end of the article, the initial conception of the 
laboratory stand is proposed. 

Keywords: reliability, pipeline, weight loss, corrosion 

1. Introduction

Designing a ship power plant to a predetermined reliability or availability requires, among other
models, the development of models to assess the reliability of ship piping components. The early 
works of the author were focused on the problem of reliability assessment based on the statistical data 
about component failures. It was not possible to collect enough data to make the usual statistical 
processing. The solution was to use the fuzzy logic methods. However, the fuzzy approach is 
associated with high uncertainty. The next step was looking for mathematical models that identify the 
reliability factors of components taking into account properties and characteristics of transported 
medium, component’s material and ambient conditions. Unfortunately, there are no ready models 
found. So, it is necessary to develop models based on experimental studies. This article is a 
continuation of the work presented in [1] and [2].  The final goal is still the same: to develop a method 
to assess the reliability of ship piping systems. This article contains considerations how to build the 
laboratory stand to solve some of the reliability assessment problems. 

2. Initial assumptions

The laboratory stand should make possible testing elements with the use of medium with physical
properties and parameters identical or similar to the real one. Those real media are: sea water, fresh 
water, fuel oils, lubricating oils, compressed air, steam.  

The tests should be carried out in a flowing medium. Simultaneously, the tests in stationary 
medium is provided. It will allow to determine the impact of the flow existence on the degradation 
rate of the tested item.  

Moreover, the stand should give the possibility to locate the tested items in the horizontal and the 
vertical position. The position, of course, can affect the rate of degradation.  
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In order to accelerate research, the laboratory stand should enable the tests on a few items in the 
same time. Measurements should be made using more than one method. Those methods must be 
adopted to the nature of destructive phenomena. 

For economic reasons, it is advisable to use reduced flow rates and reduced item size at the 
laboratory stand.  

The impact of ambient conditions on degradation rate of tested component should be tested on a 
separate stand.  
 
3. The tested item 

 
There are two ways to study the destruction rate of pipeline components. First way is to test the real 

items. Those items can be: straight pipe sections, elbows, valves, tees and the other pipe fittings. The 
second way is to use substitutes, for example the corrosion coupons. According to [9]: “Coupons are 
pieces of metal that are available in varying shapes, sizes and materials. They are composed of the 
same chemical composition as the equipment to be monitored. Corrosion coupons are exposed to a 
corrosive solution similar to that in process facilities for a specified period of time, and can give visual 
signs of the corrosion rate and type”. Examples of the real elbow and the corrosion coupon are 
presented in Fig.1. 
 

 
Fig.1. The elbow and the corrosion coupon 

 
The advantages of using coupons are: a possibility of testing many samples, made of different 

materials, simultaneously; the rate of the degradation of the material and the type of destructive 
phenomena can be observed; the coupons can be placed in existing piping systems; the preparation of 
the coupon, measurements and the observations of the surface of the coupon are easier, then on real 
fitting. The problem is how to transfer the results obtained by testing the coupon on the real object.  
The conditions of exposure to damaging factors are different for coupons and real fittings. However, 
we should use coupons and real elements together. This will allow to find the correlation between the 
results obtained from coupon testing and the results obtained from real fitting testing. 

 
4. The diameter of the tested element 

 
For piping components the basic dimension is the diameter. The question is then: How to choose 

the diameter of the tested item?  There are two options. The first, is to keep the flow velocity on the 
same level as in the existing pipelines. The second, is to keep the Reynolds number, used to 
characterize different flow regimes within a similar fluid, such as laminar or turbulent flow. The right 
answer is to keep a constant flow rate. The Reynolds number in the real systems is not constant, it 
decreases, when the diameter of the pipeline decreases. 
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Manufacturers of marine engines recommend that water flow in the cooling systems should not 
exceed 3 m/s. Assuming the capacity of the pump on the test stand of 1.2 m3/hr and the flow rate 
equal to 3 m/s - the internal diameter of the test piece should be 12 mm. It can be the tube 16x2 in 
accordance with DIN 2448. Table 1 shows calculations of the Reynolds number and internal diameter 
to keep flow velocity 3 m/s for different flow rates. 

Tab.1. The diameter and the Reynolds number for a flow rate of 3 m/s 

V [m3/hr] d [mm] Re [-] 
300 188 1 541 502
200 154 1 258 631
100 109 889 986
1.2 12 97 493 

The diameter of the test piece will be determined by the constant flow rate. There is a big 
difference in the values of the Reynolds numbers. So, the effect of Reynolds number on the rate of 
degradation should be tested. The character of flow may significantly affect the erosion rate of 
pipeline. 

5. Expected results of measurements and calculations

From the perspective of marine systems designer, who wants to ensure a given level of reliability, 
the time to failure of  pipeline is the object of interest. In particular: time to loss a corrosion 
allowance, time to perforation, time to loss of tightness of connections and non-metallic elements. 

The corrosion is usually measured by mass loss and corrosion rate of material. The degradation of 
the pipeline’s component may be the result of several destructive phenomena occurring at the same 
time. It is difficult to consider them separately. The most reasonable solution, in that case, is to set: the 
loss of mass of the tested element in g/cm2 per year. This will allow to calculate the degradation rate 
mm per year. Due to the possibility of pitting corrosion, the depth of the largest hole in the tested 
element should be measured too. 

6. The measurements and the test duration

Measurement of mass loss should be performed using an analytical balance with an accuracy of 
0.1 mg. Prior to the weighing it is necessary to remove corrosion products from the sample so as not 
to remove healthy metal, this can be done only by dissolving those corrosion products by chemical 
methods. Dissolution can be made using boiling solution of sodium hydroxide and zinc: 20% NaOH + 
200 g/dm3 Zn or using concentrated hydrochloric acid, stannous chloride and antimony trichloride: 
HCl + 50 g/dm3 SnCl2 + 20 g/dm3 SbCl3 at room temperature [5]. 

Another problem is the measurement of the depth of corrosion pits. There are two possibilities: the 
method of mechanical processing and measurement with the use of needle devices or microscopic 
methods. 

Total test time is determined depending on the rate of corrosion. For example, for samples with the 
corrosion rate at elevated temperature (calculated after 24 h): 
- corrosion rate more than 0.3 mm / year - time of test is at least 168 hours (7 days) [6], 
- corrosion rate less than 0.3 mm / year - time of test is at least 769 hours (33 days) [6]. 

Piping components usually are made of cast iron, steel, or cast steel. Sometimes such items are 
made of corrosion-resistant materials like copper alloys or non-metallic materials.  
Gray cast iron has a high rate of corrosion [7]: 
- atmospheric corrosion rate does not exceed 1.5 mm/year 
- the corrosion rate in the aerated sea water is 0.5 - 1.3 mm/year 
- the corrosion rate in fresh water of 0.13 - 1 mm/year. 
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Tab.2. The scale of the corrosion resistance of steel [8] 

Corrosion rate I [mm/hr] Resistance 
scale 

Designation 

< 0.1 0 Corrosion resistant 
0.1 -1.0 1 Not resistant to corrosion,  

applied conditionally 
>1 2 Serious corrosion, 

not suitable for use 
 
In conclusion, it can be assumed, that in the case of testing of cast iron the test duration will be 7 days, 
in the case of steel elements 33 days or more. 
 
7. The sample size and elaboration of results 
 

Three samples usually are tested. For each sample the loss of mass is determined. Then, the mean 
value and the standard deviation of the mass loss is calculated. Finally, the corrosion rate is evaluated. 
Such an approach to the problem is shown in [3]. The advantage of this method is its simplicity. 
However, the result obtained by this method, is valid true only for the tested items. Not for the whole 
population. Of course, it’s not possible to examine the entire population. But the interval estimation of 
mean corrosion rate can be used, instead the point estimation. 

An interval estimate is defined by two numbers, between which a population parameter is expected 
to lie. We can find then the confidence interval for the mean corrosion rate at a specified level of 
confidence. This way we can express the uncertainty of the estimation. The point estimation and 
interval estimation of degradation rate are shown in the example below. 

Let us assume that three items have been tested. We have received than three values of corrosion 
rate: 0.085; 0.092; 0.099 in mm/year. Using the point estimation we obtain as the  
results: the mean value  = 0.092 mm/year and the standard deviation  = 0.0057 mm/year. Those 
values are valid only for the sample, not for population. 

There are three models for interval estimation. The first model is used when: time to failure of the 
population has a normal distribution; mean time to failure for the population is not known but the 
standard deviation of the time to failure is known. The second model is used when: time to failure of 
the population has a normal distribution, the mean time to failure for the population is not known and 
the standard deviation of the time to failure is also not known. The third model is used when: time to 
failure of the population has an unknown distribution, mean time to failure for the population is not 
known and the standard deviation of the time to failure is not known, the sample size should be large. 
Sample size is large when it contains more than 100 data [11] or at least 30 data [12]. 

We can’t use the first model, because the standard deviation for the population is not known. The 
third model also isn’t suitable, we have only 3 data. The second model can be used. The condition is 
the normal distribution of the degradation rate. We need than to state and verify the hypothesis that the 
degradation rate has the normal distribution: 
Ho: Degradation rate of items has the normal distribution with the mean value  = 0.092 mm/year and 
the standard deviation  = 0.0057 mm/year. 
If the sample size is small, in our case 3, and the considered feature is continuous, we should use the 
Kolmogorov’s test to verify the hypothesis. The test statistic is [11]:    
 

Dn = sup  F0(x) – Sn(x)  
 
where: 
F0(x) – theoretical distribution,  
Sn(x) – empirical distribution.  
 

 
 

(1) 
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Tab.3. Calculations of the Kolmogorov’s test statistic 

95%  qantile of  the Kolmogorov’s statistics for sample size n = 3 is equal d3(  = 0.05) = 0.708.  
Since Dn <  d3(  = 0.05) we fail to reject the hypothesis Ho on the significance level  = 0.05. So there is 
no reason to reject the hypothesis Ho: Degradation rate of items has the normal distribution with the 
mean value  = 0.092 mm/year and the standard deviation  = 0.0057 mm/year on the significance 
level  = 0.05. We can use the second model to find the confidence interval now [11]: 

where: 
1 -  - confidence level, 

05 - significance level, 
n = 3   - sample size, 

 = 0.092   - sample mean value, 
s = 0.0057 - sample standard deviation, 

 = 2   - degrees of freedom, 
t = 4.303  - t-Student distribution 0.025 and 0.975 qantiles. 

95% confidence interval for mean degradation rate for population is: 0.075; 0.109  mm/year. 

In practice, the sample size must be limited to 3 maybe 5 elements. This is due to the cost of the 
samples and the long duration of the test (more than a month). It is recommended to use the interval 
estimation instead of point estimation. The advantage of the interval estimation is that the result 
reflects the population, not only the  sample, and the uncertainty of estimation is determined. 
Uncertainty can be reduced by choosing a larger sample for testing. Additionally the inaccuracy of 
measuring instruments should be taken into account.  

8. How to check the accuracy of the linear model of degradation?

The linear model of degradation rate was used in the example above. There are also described other 
metal lows like: parabolic, cubic, exponential and logarithmic. Determination of the nature of the 
degradation will be very difficult due to the low rate of degradation of the tested items. The solution 
may be the use of ultrasonic or magnetic thickness gages to get an answer to this question. This would 
allow the measurement of wall thickness losses during the test without removing the item from the 
stand. The problem is to get an instrument with a very high resolution, for instance 0.001mm. 

i xi Fo(x)
1 0.085 0.333 0.110 0.000 0.223 0.110
2 0.092 0.667 0.500 0.333 0.167 0.167
3 0.099 1.000 0.890 0.667 0.110 0.223
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9. The block diagram of the test stand 
 

 
 

Fig.2. The block diagram of test stand 
 
10. Final remarks 
 

The results of measurements should be developed using interval estimation, taking also into 
account the measurement inaccuracies (reading inaccuracy, repeatability and linearity of the applied 
laboratory balance). An important issue is the adequacy of the obtained results on the laboratory stand 
in relation to the real objects. The question is still open: how to verify this? It is necessary to consider 
the problem of testing items which are protected against corrosion. Significantly reduced rate of 
degradation will make the test very difficult or even impossible to do. It remains to be solved in the 
future, the problem of the ambient conditions influence on the external part of components. There are 
a lot of questions for further research, in the theoretical and experimental area. 
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Abstract 

Multi-role aircraft as a technical object of a certain functional purpose and operating characteristics resulting 
from its construction, affects the operating environment mechanically, as a source of disturbance of the 
medium in which it moves and chemically, by generating the emission of harmful substances resulting from the 
need to use consumable fuels. Operation of multi-role aircraft, in contrast to civil aircraft, is characterized by 
high volatility of flight data resulting from the diversity of performed tasks. Therefore it seems desirable to 
attempt the ecological evaluation of the drive in terms of emissions on the basis of a dedicated test for a 
particular group of aircraft. An attempt at such an assessment is presented in this article. 

Keywords: exhaust emissions, harmful compounds, aircraft operation, turbine engine, multi-role aircraft 

1. Introduction

Multi-role aircraft as a technical object of a certain functional purpose and operating
characteristics resulting from its construction, affects the operating environment mechanically, as a 
source of disturbance of the medium in which it moves and chemically, by generating the emission of 
harmful substances resulting from the need to use consumable fuels. The issue of the environmental 
impact of aircraft is included in Annex 16 of the Chicago Convention, which is in force in the 
countries belonging to the International Civil Aviation Organization (ICAO). The findings contained 
in Annex 16 do not apply to military aircraft, and the verification procedures of harmful exhaust 
components emission from the engines relate to tests developed using the standard takeoff and landing 
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test procedure LTO (landing and take-off) [13]. In contrast to civil aircraft the operation of multi-role 
military aircraft is characterized high volatility of flight parameters. One of the characteristics of 
multi-role military aircraft is the ability to perform various tasks related to chasing other aircraft, air 
combat maneuvering at different altitudes, interception, reconnaissance of the battlefield and patrol 
flights. All these tasks differ by the character of defined parameters, such as: flight altitude, speed or 
type of maneuvers performed. These parameters are reflected in the performance characteristics of the 
drive unit, and thus the harmful compounds emission in the engine exhaust gases. Therefore it seems 
important to verify the real impact of multi-role military aircraft operation on the environment [1-7, 9, 
11]. The current level of measurement techniques related to the study of harmful exhaust emissions, is 
not yet enough to make it possible to perform emission measurements of harmful compounds 
contained in exhaust gases in the real operating conditions during ongoing flight. The big problem is 
the issue of exhaust sampling for analysis and safe mounting of the measuring apparatus. Due to these 
limitations the harmful emissions testing of exhaust gases are all so far carried out on engines in 
stationary tests. These types of studies can, however, allow to determine the level of emissions of 
individual harmful exhaust compounds emissions under real operating conditions, based on the 
analysis of operating parameters recorded by the on-board flight data recorders [3, 6]. Out of the many 
operating parameters recorded several may be used for operating conditions analysis of the aircraft 
and in particular the drive unit. Data that can be used to evaluate the aircraft operating conditions 
includes the recordings of: aircraft airspeed, barometric altitude, output power lever settings, the 
crankshaft rotational speed, exhaust gas temperature, and information about the afterburner operation 
(Fig. 1). Analysis of the data available in the literature [3, 8, 12] indicates the possibility of evaluating 
the emission of harmful exhaust components from the engine of a multi-role military aircraft. 

Fig. 1. An example of the operating parameters of F-16 aircraft and the engine F100-PW-229 
recorded during flight 

2. Research methodology

The emission evaluation of the harmful compounds contained in the multi-role aircraft engine
exhaust, due to the characteristics of the available equipment and specific operation of the aircraft 
cannot be carried out on the basis of actual operation measurements in flight. The analysis of the 
emission of harmful compounds was performed for the F-16 multi-role fighter aircraft, equipped with 
a F100-PW-229 turbofan engine. 

The test aircraft was equipped with a flight data recorder. In order to assess the harmful exhaust 
emissions it is necessary to analyze the operating parameters recorded by the flight data recorder in 
the aircraft, and in particular the parameters that describe the engine operating conditions. Crankshaft 
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speeds N1 and N2, output power lever settings, fuel consumption, exhaust gas temperature, and 
information on the afterburner switch have been selected for the analysis. 

Analysis of the literature on research of the harmful gases emission from turbine jet engines [3, 4, 
5] points to the need to conduct measurements under the conditions of aircraft immobilization. This
indicates two stages of the harmful exhaust emissions evaluation. The first stage is the measurement 
of the concentration of harmful substances in the exhaust gases realized when stationary, and the other 
is a numerical analysis aimed to determine the operating conditions of the engine during actual flight 
conditions. Therefore, an analysis of the operating procedures of the aircraft was conducted. The 
analysis shows that before operating the F-16 in the field, a preflight test consisting of verifying 
proper operation of all aircraft devices and systems is performed. During this test the drive properties 
of the engine are also evaluated. The preflight engine test is interesting, thus an analysis of the plane 
pilot’s procedural options was done, aiming to develop the measurement methods of the harmful 
substances concentration in the exhaust gases during the preflight test. Particular attention was paid to 
the possibility of installing a probe into the stream of exhaust gases flowing out of the nozzle of an 
aircraft engine positioned and mounted on a test station. The evaluation of the test station showed the 
possibility of attaching simple structural elements to the concrete slab beyond the railings, to which 
the plane was attached. On the station dedicated to engine dynamometer tests, or airframe engine tests 
the probe was mounted on a structure attached to the elements of the exhaust outlet channel of the 
building (Fig. 2). Ducts for the exhaust gas analyzer were attached to the support structure 
constructed, and the analyzer was positioned at a safe distance from the nozzle of the engine. 

Fig. 2. Exhaust sampling probe mounting location 

For the measurement of the toxic compounds concentration the mobile Semtech-DS of Sensors 
company (Sensors EMission TECHnology) exhaust gas analyzer was used (Tab. 1) [5, 6, 7, 8, 10, 11].  

Tab.1 Characterystics analyzer Semtech-DS [10, 14] 
Parameter Measurememt method Measurememt accuracy 
Concentration exhaust 
compounds: 

CO 
HC 
NOx = (NO + NO2) 
CO2 

 O2 

NDIR, meas. range 0÷10% 
FID, meas. range 0÷10 000 ppm 
NDUV, meas. range 0÷3000 ppm 
NDIR, meas. range 0÷20% 
elektrochemical analyzer, meas. range 0÷20% 

±3% meas. range 
±2,5% meas. range 
±3% meas. range 
±3% meas. range 
±1% meas. range 

Exhaust gas flow Mass flow  
Exhaust gas temperature max. 700oC 

±2,5% meas. range 
±1% meas. range 

The analyzer allows the measurement of the concentration of carbon monoxide, hydrocarbons, 
nitrogen oxides and carbon dioxide. All components of the Semtech-DS analyzer were designed to 
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match the highest class laboratory measuring devices, and at the same time be able to meet the device 
requirements to monitor emissions of internal combustion engines under real operating conditions. 
Compliance with these objectives require maximum decrease in the weight, size and power 
consumption of the device while reducing sensitivity to shocks, vibrations, temperature changes and 
other external factors that may interfere with the measurements. 

The main advantage of the analyzer is its compact and relatively small size, which gives great 
possibilities of mobility and usage in machines tested in their actual operating conditions. The 
analyzer is dedicated to this kind of research, but can also be used in research on stationary 
dynamometer benches in laboratory conditions. The analyzer meets the requirements of the 1065 
standard for PEMS (Portable Emission Measurement Systems). It is based on a number of stand-alone 
measurement modules: 

– flame ionization analyzer FID (Flame Ionization Detector) used for determining the total 
exhaust concentration of hydrocarbons known as HC or THC (Total Hydrocarbons), 

– NDUV type analyzer (Non-Dispersive Ultraviolet), which is the non-ultraviolet radiation for 
the measurement of nitrogen oxide and nitrogen dioxide, 

– NIDR type analyzer (Non-Dispersive Infrared), or the non-infrared radiation for the 
measurement of carbon monoxide and carbon dioxide, 

– electrochemical analyzer for determining the oxygen level in the exhaust gas. 
The exhaust gases are introduced into the analyzer using a probe maintained at 191°C, in the next 

step the particulate matter is filtered followed by the concentration measurement of hydrocarbons in 
the flame ionization analyzer. Then, the exhaust gases are cooled to a temperature of 4°C and the 
concentration measurement of the nitrogen oxides (by nondispersive ultraviolet irradiation allowing 
for simultaneous measurement of nitrogen oxide and nitrogen dioxide), carbon monoxide, carbon 
dioxide (by nondispersive method using infrared radiation) and oxygen (electrochemical analyzer) is 
performed. In addition to measuring harmful emissions the analyzer also allows the measurement of 
the exhaust gases mass flow (Fig. 3). 

 

 
Fig. 3. Semtech-DS analyzer schematic with additional systems shown [10] 

 
The aim of the study was to measure the harmful exhaust gases emission from the turbine jet 

engine, which is the source of propulsion for an F-16 aircraft. Measurements of the toxic compounds 
concentration in the exhaust were made continuously, for the operating parameters of the engine load 
corresponding to the values of the preflight engine test [5]. During the tests the concentrations of 
carbon monoxide, carbon dioxide, hydrocarbons and nitrogen oxides were measured. The decision to 
measure the engine operating parameters in the preflight test was made, because it is imposed by the 
aircraft manufacturer and is obligatory to verify the operational status of the aircraft engine before 
flight. The preflight engine test is implemented in accordance with the instructions recommended by 
the manufacturer of the drive unit. The course of the test and the various engine operating parameters 
have been recorded by the test aircraft recorder. Measurements of the harmful exhaust compounds 
concentrations were recorded at the same time while saving engine operating parameters during the 
undertaken preflight trials. This allowed for a comparative analysis of the recorded data, and assigning 
individual engine operating parameters to the corresponding concentrations of harmful compounds 
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emission. Knowing the concentration of harmful substances in relation to the various operating 
parameters of the engine enabled the calculation of the harmful compounds emission intensity at 
certain engine load values. 

Data on the emission intensity of harmful exhaust components at a given engine load was used to 
try and assess the actual emissivity of the multi-role fighter aircraft. This assessment was made on the 
basis of available records selected from the aircraft's flight recorder, which were evaluated statistically 
on the incidence of engine load conditions in actual operation performed during the flights. As a result 
of these activities proposals for stationary test were developed. The assignment of the resulting load 
histograms with the corresponding harmful exhaust gases emission intensity allowed to assess the 
plane’s emission in the proposed stationary test and thus allowed an assessment of emissions under 
real driving conditions. It should be noted that the analysis carried out is subject to a degree of 
uncertainty, but its verification requires a series of numerical investigations which encompass a wider 
range of engine operating parameters in real flight conditions within its scope. 

3. Harmful exhaust components emission evaluation of multi-role fighter aircraft based on
stationary test

3.1. Emission tests of harmful engine exhaust components for F100-PW-229 in a preflight test
of an F-16 fighter aircraft

The measurements of harmful compounds exhaust emissions for F100-PW-229 engine of the
multi-role fighter F-16 were carried out in the preflight engine test. The aircraft was equipped with a 
flight data recorder, which allowed for the recording of the engine operating parameters during the 
test. A sample recording of the selected parameters is shown in Figure 4. 

Fig. 4. An example of the engine operating parameters during a preflight test recorded by the 
flight data recorder of the F-16 aircraft 

This record contains the full data on the preflight test, along with the operation range of the engine 
running with the afterburner engaged. These ranges are for the output power lever setting above 
100%. A fragment of the preflight test before the afterburner was engaged was used for the purpose of 
measuring the harmful compounds emission. The decision to shorten the measurements during the 
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preflight test was taken because of the possibility of thermal damage to the probe and apparatus. The 
technical removal of the probe from the exhaust gas stream was carried out as follows. Engine after 
verification of the maximum operating parameters without using the afterburner, was set to the 
minimum parameters to lower exhaust gas stream temperature, and then switched off. The harmful 
exhaust compounds emissions measuring system was dismantled and the engine was started again in 
order to carry out the remainder of the test. The introduction of these changes can be seen on the 
operating parameters recording made by the flight data recorder while trying measure emission of 
harmful exhaust gases (Fig. 5). Operating data for the drive unit were recorded as a function of time, 
along with a continuous measurement of the emissions concentration of selected harmful exhaust 
compounds. This way it is possible to synchronize the different phases of engine test with the 
measurements of harmful compounds emissions. 

 
Fig. 5. A recording of the operating parameters made by the flight data recorder during preflight 

test with simultaneous measurement of harmful exhaust emissions 
 
Considering the first portion of the carried out preflight test recording (Fig. 6), and the parameters 

shown along with the instantaneous values of the hourly fuel consumption, were compared with the 
concentration values of toxic compounds in the exhaust gas (Fig. 7). 
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Fig. 6. A graph of values of the operating parameters selected for the analysis during the preflight 
test procedure with simultaneous measurement of harmful exhaust emissions 

Fig. 7. The results of emission measurements of the harmful exhaust compounds concentrations as 
a function of time during the preflight F100-PW-229 engine test run 

The analysis of parameter changes compared to the procedures for implementation of the preflight 
engine test allowed for the isolation of the individual engine load states. The vertical lines in figure 7 
detail the various preflight test phases and the percentage load index. 
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The engine start is characteristic for turbine engines. In this portion of the test a high concentration 
of hydrocarbons can be seen, which directly depends on the amount of fuel delivered to the 
combustion chamber. Then, at the time of ignition in the combustion chamber the concentration of 
CO, CO2 and HC rapidly increases. Increase in these compounds is a consequence of the combustion 
process, which is initially very inefficient. As the combustion chamber warms up and all of the other 
engine components obtain their proper thermal state the concentration levels of these compounds 
decline rapidly. 

Heating of the combustion chamber contributes to the increase of thermodynamic parameters of 
the combustion process, thereby increasing the concentration of NOx in the exhaust gas. With the 
increasing engine thermal state the nitrogen oxides concentration in the exhaust gas assumes a fixed 
value of about 45 ppm, corresponding to an engine load of about 17% of maximum power and the 
obtained N2 turbine shaft rotational speed of about 70% of the maximum speed. With the increase of 
load up to 40% of normal and the turbine speed (increase in the engine load) to 80% of the maximum 
speed, the concentration of NOx in the exhaust gas is about 80 ppm. Increasing the output power 
setting to 85% of maximum power and increasing the turbine rotational speed to about 98% of 
maximum velocity increases the NOx concentration in the exhaust gas to about  
190 ppm. While increasing the output power setting to 92% of maximum power and the turbine 
rotational speed to about 98% of maximum velocity increases the NOx concentration in the exhaust 
gas to about 200 ppm. Similar changes occur to the carbon dioxide concentration in the exhaust. The 
maximum values of the CO2 concentration in the individual operating points are as follows: at 70% of 
maximum N2 turbine speed – about 2% CO2, for 80% of the maximum N2 turbine speed – 2.3% of 
CO2, and at 98% of maximum N2 turbine speed – 2.5% of CO2. The concentration of carbon 
monoxide in the exhaust gas reaches the maximum value of 1,700 ppm at the engine start after the 
initiation of fuel ignition in the combustion chamber. It then rapidly decreases, and remains at 50-200 
ppm. The hydrocarbon concentrations have a similar character. The maximum values of HC 
concentration – 400 ppm, are present at the point of engine ignition, then as the combustion chamber 
warms up and the engine reaches an optimal thermodynamic state, and as a result the concentration of 
hydrocarbons is reduced to about 25 ppm. Relatively small concentration values of the respective 
compounds in the exhaust gas are associated with a large excess air ratio in the combustion chamber, 
which in the case of turbine engines results in a dilution of the exhaust gases. 

 
3.2. Correlation analysis of the performance level of engine F100-PW-229 in real operating 
conditions of an F-16 fighter and preflight test conditions 

 

The data obtained by the flight recorders of an F-16 fighter aircraft from several patrol and training 
flights was analyzed. An example of the engine operating parameters recorded during one of the 
flights is shown in Figure 8. Given the N2 shaft rotational speed occurring at different operating 
phases it can be represented as a function of temperature T2, which is dependent on the engine power. 

From the presented relations it follows, that the operation of the F100-PW-229 engine used in the 
F-16 aircraft is in the range of 70-100% for the N2 shaft speed and 40-100% of the maximum 
temperature T2. The classification of values the N2 shaft speeds as a function of temperature T2 on 
operational phases enabled the range separation of these phases. Values of shaft speed below 60% 
T2max relate mostly to the engine start, the warm-up, taxiing and its cooling phase. T2 temperature 
range above 55% of T2max is largely in the take-off and flight phases of the aircraft operation 
including a portion of the landing phase. The operating ranges also show the engine operating points 
with the afterburner engaged, these are the operating points corresponding to the take-off phase and 
the maximum engine operating parameters when performing special maneuvers during the flight. The 
power output lever settings in this engine operating range are above 100% P. The gas temperature 
before the turbine T2 has a value close to the maximum value of approximately 1000°C. 
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Fig. 8. Distribution of the analyzed parameters in the operating range of the F100-PW-299 engine 
recorded during the F-16 flight 

When making a parameter comparison of N2 as a function of T2/T2max for the aircraft flight 
operating conditions and the preflight test conditions (Fig. 9), a large compliance of the analyzed 
parameter values can be found. 

Fig. 9. The comparison of parameters in the F100-PW-299 engine operating range recorded 
during preflight tests ( • )of an F-16 fighter ( · ) 
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The distribution of analyzed parameters in the engine operating range indicates the possibility of 
designating the field of engine work. The field engine work with the afterburner engaged can be easily 
distinguished. From the point of view of harmful compounds emissions, this area is very interesting 
because the instantaneous hourly fuel consumption is about 25,400 kg/h and the combustion process is 
carried out in the afterburner chamber, nozzle, and open space, but is insignificant due to its low share 
in the total engine operation. Therefore, their analysis will be omitted in the preflight tests on 
stationary engine bench tests. 

 
3.3. The designing of the test to assess the harmful compounds emission in the exhaust of the 
F100-PW-299 engine in the real operating conditions of an F-16 aircraft 
 
Knowledge of the turbine engines performance criteria, and the similar distribution of operating 

parameters for the preflight test conditions and operating conditions of the aircraft during the flight, 
allows for the development of a universal test to assess the harmful compounds emission from turbine 
aircraft engines. Test development and its implementation in the field of diagnostic procedures could 
help reduce the laborious and time-consuming tests to verify the technical condition of the aircraft 
drive systems. Therefore, the development of a test was done while adopting the following 
assumptions: 

– the test should be representative of all multi-role fighter aircraft powered by turbojet engines; 
the results of emissions measurements during the stationary test should be similar to the results 
obtained during the exhaust emission tests carried out in real operating conditions, 

– the test should not exceed 3 phases, and their selection should be close to the most commonly 
occurring load parameters of the drive system during its operation (using idling, partial and maximum 
engine load), 

– the test should be within the range of carried out preflight tests. 
The third of these assumptions is very important, due to the fact that the duration of the preflight 

test is counted as operational service life of an aircraft engine. Therefore, it would be advisable that 
the duration of the test did not reduce the aircraft lifespan.  

The recorded operating parameter values of selected flights were also used as the input for the 
construction of the harmful compounds emissions test. After the initial statistical processing the 
available data was divided into three ranges of the N2 turbine shaft speed (Fig. 10). Accepted ranges 
of rotational speed of the N1 turbine shaft are: A – 70-80% of N2max, B – 81-90% of N2max, C – 91-
100% of N2max. The engine operating time for these ranges of N2 shaft speed was specified as 
percentage shares of total flight time. These percentage shares of total flight time for the different 
ranges are as follows: for A – 13%, B – 57%, and C – 30% of the total flight time. Thus, the test 
points were determined at the individual operating parameter settings with the corresponding phase 
involving the specific harmful compounds emission (Tab. 2). A visualization of the accepted test is 
shown in Figure 11. 
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Fig. 10. N2 shaft speed ranges divided into test phases 

Tab. 2 Tests phase characterystics  
Test phase A B C 
N2/N2max. 0.75 0.85 0.93 

P/Pn 0.75 0.85 0.93 
Phase involving 13 57 30 

Fig. 11. Characteristics of the phases and their shares in the proposed universal stationary test for 
multi-role aircraft with turbine engines 

Determining the average share of the different phases duration in the overall airplane flight time 
(Tab. 2), and summing the product of the emission values in a particular flight phase with the overall 
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time share of that phase, the emission values for individual compounds during the whole flight can be 
determined, using the equation (1): 

 ijij uEE g  (1) 

where: 
Eji – specific emission value for a given load [g], 
ui – the share of time for a given load in the whole test [–]. 

 
3.4. Evaluation of the harmful compounds emission in the exhaust of the F100-PW-299 
engine under the emission test conditions for the F-16 fighter aircraft 

 

To determine the emission of harmful compounds contained in the exhaust gas of a turbine jet 
engine in the proposed test it is necessary to determine the flow of the gas stream at the designated 
values of the operating conditions. The value of the exhaust mass flow and information about the 
concentration values of various toxic compounds contained within it will determine the value of the 
emission of these compounds. Flue gas stream flowing from the engine nozzle was determined on the 
basis of the measured excess air ratio in the exhaust stream flow axis (Fig. 12).  

 

Fig. 12: Positioning of the probe in the axis of the exhaust stream from the engine outlet nozzle 
 
About fourteen kilograms of air is necessary in order to obtain a total and complete combustion of 

one kilogram of fuel, and for such conditions of the combustion process the excess air ratio equals 
one. By measuring the value of the excess air ratio in the exhaust and a fuel consumption 
measurement at a given operating point the engine exhaust mass flow rate can be determined. The 
values of the excess air ratio in the exhaust gas, fuel consumption and the calculated value of the 
exhaust mass flow rate at the respective operating points is shown in Table 3. This table also contains 
the concentrations of the respective compounds in the exhaust gas at the designated operating points. 

 
Tab. 3 The values of excess air ratio in the exhaust gas, fuel consumption, exhaust mass flow rate 

and the concentration of harmful substances in exhaust gases at set parameters of the test phases 
Test phase A B C 
Excess air ratio in the exhaust gas [–] 8 7 5 
Fuel consumption [kg/s] 0.17 0.19 1.71 
Exhaust mass flow rate [kg/s] 18.8 22.3 167 
Concentration CO2 [%] 2.0 2.3 2.6 
Concentration CO [ppm] 80 80 75 
Concentration HC [ppm] 15 15 15 
Concentration NOx [ppm] 40 70 200 
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Through determining the exhaust mass flow rate and the harmful substances concentration in 
exhaust gases the harmful compounds emission intensity in the exhaust gases during engine operation 
at the individual operating points was obtained (Tab. 4).

Tab. 4 The values of the harmful gases emission intensity at the designated parameters 
of the test phases 

Phase A B C 
Emission intensity CO2 [g/s] 376 513 4359 
Emission intensity CO [g/s] 0.015 0.018 0.126 
Emission intensity HC [g/s] 0.0028 0.0033 0.0252 
Emission intensity NOx [g/s] 0.0075 0.0156 0.3354 

Using the previously presented equation (1), the calculation of the harmful compounds 
emission in exhaust gases for the developed emission test representing the actual operating conditions 
of the F-16 aircraft in flight was carried out. The products of emissions intensity and time shares of 
each test phase have been summed. The results are shown in Figure 13. Emission of harmful 
substances contained in exhaust in the proposed test was: CO2 – 164,959 g, for CO – 4.99g, HC – 0.98 
g, NOx – 11.05 g. 

Fig. 13. Emission of toxic compounds contained in the exhaust of the F-16 engine during the 
proposed test 

4. Conclusions

The evaluation of harmful compounds emissions found in the exhaust of the F-16 fighter’s 
F100-PW-299 engine was an attempt to develop a research methodology, aimed at the use of harmful 
exhaust components emission measurements in the process of diagnosing the operational state of the 
multi-role fighter aircraft. The information obtained can be used to further verify and develop test 
procedures. The study should be regarded as a preliminary attempt in developing new procedures. 
Analysis of the results indicated a significant problem of increased concentrations of carbon monoxide 
and hydrocarbons in the initial engine operating range, which includes the start-up and warming. 
These results should be correlated with results obtained for several of the same aircraft types. Finally, 
the implementation of this type of research may help determine universal test procedures for defining 
the aircraft emissivity and their environmental impact. 

1.65

4.99

0.98

11,05 

0 

2 

4 

6 

8 

10

12

CO2 CO HC NOx 
0

2

4

6

8

10

12

Em
is

si
on

 C
O

2 x
10

-6
 C

O
, H

C
, N

O
x 

[g
] 

2
x

N

129



The emission evaluation of a F100-PW-299 engine exhaust’s harmful compounds of an 
F-16 fighter aircraft is an attempt to develop a research methodology, aimed at the use of emission 
measurements of harmful exhaust compounds in the multi-role aircraft operational state diagnostic 
process. The information obtained can be used to verify and develop test procedures. The study should 
be regarded as of preliminary nature. Analysis of the results indicated a significant problem of 
increased concentrations of carbon monoxide and hydrocarbons in the initial engine operating range, 
which includes start-up and warming. These results should be correlated with results obtained for 
several of the same aircraft types. Finally, the implementation of this type of research may help 
determine universal test procedures for defining the aircraft emissivity and their impact on the 
environment. 
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Abstract 

Legislative activity in the field of environmental protection from harmful factors resulting from the use of various types of 
transport functions is aimed at reducing exhaust gas emissions among other things. This activity is to stimulate the 
development of transport drive systems by introducing emission limits of harmful substances in exhaust gases. These 
restrictions are contained within the relevant legal acts dedicated to each different mode of transport. Gradual reduction of 
limit values for emission standards has led the industry to change the systems generating energy used to propel their 
vehicles. These activities are related to the wider electrification of drive systems, which use the latest electric solutions 
controlled with modern electronic systems. However, the difficult problem of the energy sources and storage still remains. 
The article describes considerations relating to the possible use of methanol as an energy source for modern vehicles. 

Keywords: methanol, combustion engines, fuel cells, energy sources, operating parameters 

1. Introduction

Development of drive systems for all kinds of transport means, driven by normative acts in the
field of environmental protection, has reached a high technological level. Evidenced by the materials 
used in their construction and the technological sophistication of their processing. Despite the new 
technologies used in internal combustion engines it is still not possible to achieve a significant 
increase in energy efficiency, which is closely linked to fuel consumption. Also, the realization of the 
thermal processes occurring in the internal combustion engine causes the emission of nitrogen oxides, 
carbon monoxide, hydrocarbons, carbon dioxide and particulate matter. Therefore new ways to 
improve the energy characteristics of drive systems are sought after. Examples of such activities are 
the electrification of powertrains. Which takes the form of introduction of hybrid systems using 
electric motors, circuits, power generation and storage systems. The three main functions of the hybrid 
drive system used in passenger vehicles require the use of an internal combustion engine, electric 
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engine, an electric energy generator and a battery. This results in a significant increase in vehicle 
weight. However, the combination of advantages such as high electric motor efficiency with its good 
driving performance, increasing the overall energy efficiency of the engine by limiting its scope of 
operation to the characteristic points with the greatest efficiencies and the use of electric energy 
storage systems along with the electricity recovery from mechanical energy, e.g.: when braking, 
contributes to high drive efficiency index. Good results obtained for hybrids resulting from the 
propulsive efficiency of the electric motor lead the trend of moving towards all-electric solutions. The 
main problem existing for this type of drive systems is the energy storage in the battery, as well as the 
efficiency of this storage process depending on the vehicle operating temperature, and the issue of the 
electric power sources. When it comes from low carbon sources in the form of hydroelectric power, 
wind power, photovoltaic cells or nuclear power plants, then the ecological character of this drive can 
be argued to be positive. On the other hand, when dealing with electricity used to power the vehicles, 
coming from coal-fueled power plants, the level of environmental performance of the vehicle turns 
out much lower. Such problems lead to the search for alternative sources of energy for transport 
means, which will not generate toxic compounds in the vehicle exhaust gases. The use of methanol as 
fuel for vehicle power supply systems can be considered with two energy conversion methods, either 
the combustion process in internal combustion engines, or by using a fuel cell [2-18]. 

 
2. Methanol as fuel for vehicle drive systems  
 
2.1.  Combustion engines 
 
Methanol as a fuel for combustion engines is already used to a small extent, and normally to 

supply engines for sports use, such as: speedway motorcycles, model aircraft, or motor boats. The 
limited use of methanol in internal combustion engines due to its characteristics (Tab. 1). It is a fuel 
with a density of 798 kg/m3, which, compared to diesel is less than about 40 kg/m3 and higher by 
about 60 kg/m3 compared to gasoline. The difference in the density of methanol in relation to diesel 
and gasoline of about ±10% is insignificant compared to the calorific value, which for methanol is 
only half that of petrol and diesel and is about 20 MJ/kg. Therefore, to produce the same mechanical 
energy the engine must consume two times more methanol than diesel fuel or gasoline. The octane 
number of methanol is 109 and indicates a high fuel resistance to knock. The problem of operating 
internal combustion engines fueled with methanol can also be the methanol cetane number being less 
than 5, which indicates a very low capacity for spontaneous combustion and spontaneous combustion 
temperature of 470oC, which is near the upper range of temperature values for the ignition of diesel 
fuel and gasoline of about 250-460oC. In terms of autoignition the value of the evaporation heat is also 
important, it is the energy that fuel takes from the environment when being sprayed in the combustion 
chamber in order to change from liquid to gas phase. For methanol, it is 1089 kJ/kg at a pressure of 1 
bar. This is four times more than the diesel fuel vaporization heat of 250 kJ/kg, and about three times 
greater than the gasoline vaporization heat of 375 kJ/kg. A large amount of energy required to 
evaporate the fuel introduced into the combustion chamber in the form of liquid causes cooling of the 
mixture, in addition to a large value of the autoignition temperature of methanol makes it difficult to 
reliably ignite, and this translates into a low cetane number. These features, impede the fuel 
combustion process in a conventional reciprocating engine that is adapted for diesel fuel supply. 

Methanol, in contrast to diesel fuel and gasoline, in order to achieve stoichiometric combustion for 
1 kg of fuel, requires 6 kg of air. It is about 8.7 kg less than the combustion of diesel and gasoline. 
This indicates that it is thermodynamically possible to supply a greater mass of fuel during one engine 
cycle. This way it is possible to compensate the twice lower calorific value of methanol.  
Despite the operational problems of internal combustion engines fueled with methanol, resulting from 
the physicochemical properties of the fuel, new drive systems dedicated to high-powered marine 
engines are being developed (Fig. 1). 
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Tab. 1 Fuel properties Methanol [19] 
Property Methanol Ethanol Diesel Gasoline 
Chemical formula CH3-OH C2H5-OH C8-H25 C4-H12 
Fuel carbon (wt%) 38 52 85 86 
Fuel hydrogen (wt%) 12 13 15 14 
Fuel oxygen (wt%) 50 35 0 0 
Molar mass (kg/kmol) 32 46 183 114 
Liquid density (kg/m3) 798 794 840 740 
Lower heating value (MJ/kg) 20.1 27.0 42.7 43.1 
Boiling temperatur  (°C at 1 bar) 65 78 180-360 27-245 
Vapour pressure (bar at 20°C) 0.13 0.059 «1 0.25-0.45 
Critical pressure (bar) 81 63 30 - 
Critical temperatur  (°C) 239.4 241 435 - 
Kinematic viscosity (cSt at 20°C) 0.74 1.2 2.5-3.0 0.6 
Surface tension(N/m at 20°C) 0.023 0.022 0.027 - 
Bulk modulus(N/mm2 at 20°C) 823 902 553 1300 
Cetane number <5 8 38-53 - 
Octane number 109 109 15-25 90-100 
Auto ignition temperature in air (oC) 470 362 250-450 250-460 
Heat of vaporisation (kJ/kg at 1 bar) 1089 841 250 375 
Minimum ignition Energy (mJ at =1) 0.21 0.65 0.23 0.8 
Stoichiometric air/fuel ratio 6.5 9.1 14.6 14.7 
Peak flame temperatur  (°C at 1 bar) 1890 1920 2054 2030 
Flamability limits (vol%) 6-36 3-19 0.5-7.5 1.4-7.6 
Flash point (°C) 12 14 52 -45 

Fig. 1. General setup of a methanol drive system for marine engines [19] 

The marine main engines are powered by methanol or methane in the form of liquid gas in two 
different solutions. The first concept implemented by the engine manufacturer MAN is to use two fuel 
supply systems in the engine construction. The cylinder head has four injectors installed, where two 
are responsible for supplying the combustion chamber with diesel fuel and two for methane or 
methanol in liquid form figure 2. The second concept implemented by the engine manufacturer 
Wärtsilä is the use of dual injectors (Fig. 3). The use of two fuel systems is due to the 
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physicochemical properties of methanol and LNG. Problems with self-ignition and energy 
requirements for the evaporation of fuel spray, forcing the need for a diesel injection as an incendiary 
dose for the methanol fed into the combustion chamber, which is the main fuel.  
 

 
 

Fig. 2. Injector distribution in the head of a MAN ME-LGI engine [19] 
 

 
Fig. 3. The Wärtsilä 32GD fuel injection scheme [1] 

 
Diesel injection and ignition initiates combustion in the cylinder resulting in an increased 

temperature and pressure of the fuel mixture in the combustion chamber. During the initial 
combustion process the main fuel is supplied to the combustion chamber – a gas or liquid methanol 
stream. The heat from the process taken to evaporate the atomized methanol fuel results in a 
slowdown of the combustion kinetic phase, resulting in a slower heat generation translating into 
slower temperature and pressure growth in the cylinder. The initial combustion process shifts to a 
diffusion process and is associated with the combustion of methanol, or LNG. The combustion 
process is characterized by a slowing kinetic phase contributing to the inhibition of nitrogen oxides 
formation in the combustion chamber reducing their emissions. Diffusion combustion of light fuels 
which are gas and methanol in the liquid phase helps reduce the formation of particulates and 
therefore also reduce their emissions in the exhaust. The implementation of such a combustion process 
had a positive effect in terms of reducing emissions of nitrogen oxides and particulate matter from the 
main propulsion system.  

Despite the reduction of pollutant emissions in the engine exhaust gases the combustion process 
of methanol continues to lead to the formation of nitrogen oxides, carbon monoxide, hydrocarbons 
and carbon dioxide. Using the solution of engine dual fuel supply system, where the main fuel is 
methanol or LNG, significant improvement in reducing harmful emissions was obtained in terms of 
the ecology of maritime transport, but further possibilities of their limitation should still be 
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researched. Therefore, it is necessary to use other processes to produce energy without the combustion 
of fuel. 

2.2. Fuel cells 

One of the drive system concepts using alternative fuel are the so-called hybrid systems, where 
fuel cells are used instead of an internal combustion engine. Fuel cells differ from each other in 
structure, the materials used in their construction and the efficiency of energy production depending 
on which fuel they use (Tab. 2) [. The classification of fuel cells is based on the electrolyte used in the 
cell. The used electrolyte determines the temperature of the reaction occurring in the fuel cell and fuel 
cell power. Each cell has advantages and disadvantages, which define the field of application for each 
type of cells.  

PEM fuel cells (Proton Exchange Membrane or Polymer Electrolyte Membrane) are powered with 
pure hydrogen or reformate. PEM cell membrane is a polymeric material, such as nafion. A 
characteristic feature of the PEM cell is a high electricity production efficiency – up to 65% and a 
small amount of heat. An important advantage of PEM cells is good response time of cell systems 
subjected to variable loads and short start-up time. These characteristics result from the low 
temperature reaction occurring in the cell – at 60-100oC. 

AFCs (Alkaline Fuel Cell) use a KOH solution as an electrolyte. The reaction takes place at 
temperatures from 100 to 250°C. The reaction temperature depends on the KOH solution 
concentration, higher reaction temperatures can achieve higher cells electricity and heat generation 
efficiency. AFC cells are sensitive to any contamination and require fuel with a high degree of purity.  

DMFCs (Direct Methanol Fuel Cell) have a polymer membrane, similar to PEM cells. But a 
different structure of the anode, which in DMF cells enables an internal reforming of methanol, and 
creation of hydrogen to feed the cells. DMF cells eliminate the problem of fuel storage and are 
attractive for portable applications due to the low reaction temperature (about 80°C). DMF cell is 
characterized by lower efficiency compared to the PEM cell, at only 40%. 

PAFCs (Phosphoric Acid Fuel Cell) are used to build systems of cogeneration of electricity and 
heat. The efficiency of electricity generation is about 40%, in addition the water vapor produced by 
the cell can be converted to heat. The electrolyte in the PAF cells is phosphoric acid (H3PO4). The 
advantage of these cells is a high tolerance to carbon monoxide, which makes them suitable for multi-
fuel use (desulfurization of fuel is important, however). 

MCFCs (Molten Carbonate Fuel Cell) in which the electrolyte is a molten Li/K carbonate operate 
at high temperatures and are used for the production of electric and thermal power as small and 
medium power sources. Large temperature of the reaction occurring in the fuel cell allows it to use a 
variety of fuels, including natural gas, gasoline, hydrogen, and propane. 

SOFCs (Solid Oxide Fuel Cell) have a membrane made of an oxide ceramic. They operate at high 
temperatures 650-1000oC. This way they reach a high efficiency in electricity and heat cogeneration 
systems, as high as 85%. The disadvantage is the start and shut down time of the cell, which is 
reflected in their use in stationary CHP systems (Cogeneration Heat and Power). SOF cells have a 
high tolerance to fuel contaminants such as carbon monoxide and sulfur compounds, which allows 
them to use multiple fuel types. 

Tab. 2 Fuel cell characteristics comparison [3-5, 8, 13] 
Cell type Fuel Operating 

temp. Eff. 

PEM (Proton Exchange Membrane) Hydrogen 60–100oC 35 – 60% 
AFC (Alkaline Fuel Cell) Hydrogen 100–250oC 50 – 70% 

DMFC (Direct Metanol Fuel Cell) Methanol 
Methanol solution 75oC 35 – 40% 

PAFC (Phosphoric Acid Fuel Cell) Hydrogen 210oC 35 – 50% 

MCFC (Molten Carbonate Fuel Cell) Hydrogen, methanol, 
methane, biogas, LPG 650oC 40 – 50% 

SOFC (Solid Oxide Fuel Cell) Hydrogen, methanol, 
methane, biogas, LPG 650–1000oC 45 – 60% 
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Taking into account the operating parameters of the cells in terms of their use as power supplies 

for vehicle propulsion systems a high efficiency in generating electricity and a short startup and shut 
down times of the cell should be considered the most significant characteristics. Of the presented fuel 
cell types the ones with properties that would make them useful as power sources in future transport 
are the PEM and AFC. Their efficiency in energy generation is in the range between 35 and 70%, and 
the operating temperature for PEM cells is 60-100oC and for AFC cells 100-250oC. These cells are 
fueled with hydrogen, therefore, if methanol is to be used as a fuel cell power supply it would be 
necessary to use additional external reforming systems. Such a system is used in the HDW submarine 
drive Type 216 manufactured by ThyssenKrupp Marine Systems (Fig. 4). The system operates on the 
principle of a steam reformer. 

 

 
 

Fig. 4. Methanol reforming system installed on a HWD type 216 submarine 
 
Primary reforming reaction occurring in the device is as follows: 
 

CH3OH + H2O  3H2 + CO2 
 
During the methanol reforming process a side reaction can also take place in the form of: 

 
CO2 + H2  CO + H2O 

This reaction is undesirable because of reduced efficiency of the hydrogen obtaining process. The 
resulting carbon monoxide fed to the cell impairs its efficiency and reacts with the platinum catalyst 
contained in the cell and can contribute to cell damage. Therefore the process of reforming should be 
implemented with parameters ensuring maximum efficiency in obtaining hydrogen. Therefore the 
choice of catalyst and the process temperature, which may be 160-200oC is pivotal. In the reforming 
process carried out outside the fuel cell, it is important that the reforming temperature is less than the 
cell operating temperature. In this situation, the heat generated in the fuel cell can be used for the 
reforming process.  

 
3. Conclusions 
 

Considering the environmental impact resulting from the combustion of fossil fuels including 
methanol, characterized by the emission of carbon monoxide, hydrocarbons, nitrogen oxides and 
particulate matter, as well as the efficiency of the processes for producing mechanical energy for 
vehicle drive systems, it can be concluded that the use of methanol as a fuel for fuel cells can be a 
good alternative to the currently used conventional fuels. The concept of adopting methanol in a 
function of a hydrogen carrier and storage is interesting from the perspective of ease of transporting 
and storing of fuel. But the key to this concept is the development of methanol reforming systems. 
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With a high efficiency of the realized processes, a high hydrogen production efficiency, and system 
miniaturization, in combination with high efficiency fuel cells, these solutions may find use in the 
means of mass transport such as buses, rail vehicles or various types of sea vessels. Therefore, with 
the currently observed rapid development of fuel cells, action should be taken to focus on the 
development of reforming systems. 
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Abstract 

The use of internal combustion engines as the drive for heavy-duty vehicles (with an unladen weight of over 
3500 kg) forces these engines to be tested on an engine dynamometer. Thus, these engines operate under forced 
conditions, which are significantly different from their actual application. To assess the ecology of such 
vehicles (or more accurately the engine alone) the emission of pollution per unit of work done by the engine 
must be determined. However, obtaining the results of unit emissions (expressed in grams of the compound per 
a unit of performed work) does not give the grounds for determining the mass of pollutants on a given stretch of 
the road traveled by the vehicle. Therefore, there is a need to change the emission value expressed in units 
referenced to the engine work (g/kWh) into a value of road emissions (g/km). The paper presents a 
methodology of determining pollutant emissions of heavy-duty road vehicles on the basis of the unit emissions, 
as well as additional parameters determined on the basis of the algorithm presented in the article. A solution 
was obtained that can be used not only for heavy-duty vehicles, but was also extended to allow use for buses.  

Keywords: pollutant emissions, heavy-duty vehicles 

1. Introduction

The increasing number of vehicles in the world and the environmental pollution lead to rise in the
requirements in terms of exhaust emissions. The problems tackled in this article applies to very 
important aspects in the ecological sense, as a part of the trend of environmental protection. The 
experiment conducted uses the available research potential in the form of mobile gas analyzers, which 
can measure harmful gaseous exhaust components. Use of data from on-board diagnostics system for 
measuring concentrations of toxic compounds for vehicles powered by natural gas enables the 
ecological assessment of means of transport during operation. Determination of the exhaust emission 
components from any vehicle or engine is possible in several ways [3, 4]: 

a) based on engine dynamometer test – determines the concentration of the exhaust gas
components; taking into account – in accordance with the standards – conversion methods with the 
characteristic values for the individual components, and using the measured values of engine power, it 
becomes possible to determine specific emissions (expressed in g/(kWh)) of the given exhaust 
component, 

b) on the basis of tests on a chassis dynamometer – emissions in a particular test are determined,
and also based on the standards and regulations it is possible to determine the road emissions 
(expressed in g/km or g/test) of the given exhaust component, 
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c) on the basis of road tests – the concentration of gaseous components and the weight and
number of particles are determined, and taking into account the exhaust mass flow also the road 
emission of these components. 

Recent research on pollutant emissions under real traffic conditions performed with the use of 
mobile devices [2, 7, 15] reflects the state of ecological vehicles very well. Most attention is paid to 
the possibility of using such tests to calibrate the engines [1], in such a way that allows to reduce 
emissions not only during the engine tests, but also in the entire range of engine operation [6]. 
Comparative studies conducted in laboratories [2] indicate that the emission limits during the 
operation of vehicles with petrol engines are met, while also indicating that vehicles with diesel 
engines far exceed the permissible emission limits of nitrogen oxides [8, 11, 12]. Attention is drawn to 
significant emissions of particulates predominantly in the range of nanoparticles for engines fed with 
alternative fuels (e.g. natural gas) [9, 14] and the dependence of the test results on the terrain 
topography [10]. The results of such studies are currently not separate, but are confirmed by articles 
which relate to several years of research [5] and comprehensive summaries of research on vehicles in 
real traffic conditions [13].  

However, experience in measuring emissions from vehicles shows that it is possible to determine a 
mutual relationship between the obtained values of specific emissions and road emissions, which will 
be complemented by other additional features, characterizing the test engine or characteristics relating 
to the vehicle. 

2. Aim and methodology

The aim of this study was to determine the relation between road pollutant emissions and unit
emissions, as well as the generalization and expansion of the obtained results to other categories of 
vehicles (e.g. urban buses). 

Comparative studies of the presented relations have been performed for a heavy-duty vehicle. The 
vehicle has an emission class of Euro IV and it was fitted with exhaust aftertreatment systems. The 
test route was divided into two main parts: the first – urban, and the second - suburban with elements 
of motorway driving and return in the opposite direction. The character of the tested section of road 
enabled the mapping of the conditions of everyday truck traffic with a maximum mass exceeding 
16,000 kg (i.e. long haul) with the following characteristics: 

– urban conditions – vehicle speed in the range 0–30 km/h,
– suburban conditions – vehicle speed in the range 30–60 km/h,
– motorway conditions – vehicle speed in the range 60–90 km/h.
Dividing the entire test route and all the measurement data obtained on it relations have been 

obtained, which show that 28% of the duration of the test was performed in urban conditions, 35% of 
the duration of the test was performed in suburban conditions and the remainder 37% is motorway 
driving (Fig. 1). 

Fig. 1. Characteristics of the incidence of different traffic conditions for the vehicle 
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Emission measurements were done in real driving conditions; this approach requires the 
installation of the gas sampling apparatus on the vehicle in such a way that ensures its normal 
operation. Therefore a gas sampling system was prepared, which together with the system measuring 
the flow rate of the exhaust gas also performed partial sampling of the flue gas for the analyzers for 
the measurement (Figure 2 shows the wiring schematic of measuring equipment).  

Fig. 2. Schematic diagram of measuring devices used for tests 

For measuring the concentration of harmful substances in the exhaust gas the mobile Semtech DS 
Company Sensors (Sensors Emission Technology) analyzer was used (Table 1). It facilitated the 
measurement of harmful compounds – carbon dioxide, carbon monoxide, hydrocarbons and nitrogen 
oxides. Further data directly transmitted from the vehicle's diagnostic system was sent to the central 
unit of the analyzer and a GPS was used. Information on the results from mobile gas analyzers in 
conjunction with the data recorded with the on-board diagnostic systems confirms the desirability of 
taking the assessment of emissions in real traffic conditions with the use of the measuring apparatus.  

Table 1. Characteristics of mobile analyzer Semtech DS with the data transmission system  

Parameter Measurement method Accuracy
1. Compound concentration in the

exhaust gas
CO 

 HC 
 NOx = NO + NO2 
 CO2 
 O2 

NDIR, range 0–10% 
FID, range 0–10,000 ppm 

NDUV, range 0–3000 ppm 
NDIR, range 0–20% 
PMD, range 0–20% 

±3% of the measurement range 
±2.5% of the measurement range 
±3% of the measurement range 
±3% of the measurement range 
±1% of the measurement range 

2. Gas flow mass flow rate ±2.5% of the measurement range 
3. Warm-up time 900 s 
4. Response time T90 < 1 s 
5. Diagnostic systems SAE 1939 

Exhaust gas 
Semtech DS Measurement of 

CO, CO2, HC, NOx 

AVL 483 MSS Measurement of 
PM = f(t) 

Measurement of 
PN = f(t, D) 

TSI 3090 EEPS 

flo
wm

ete
r 

Exhaust gas 
dilutor 

T, H OBD GPS 
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3. Analysis of the emission results  
 

The analysis of road emissions and unit emissions was done for carbon dioxide, carbon monoxide, 
hydrocarbons and nitrogen oxides. Average values of emission of carbon dioxide in the various 
driving conditions are: 1968 g/km in urban conditions, 908 g/km in suburban conditions and 681 g/km 
in motorway driving (Fig. 3a). Analysis of the unit emissions of carbon dioxide allowed for 
determining the extent of variation: the value ranged from 100 g/kWh to about 800 g/kWh. Average 
unit emission values of carbon dioxide in different driving conditions are: 570 g/kWh in urban 
conditions, 308 g/kWh in suburban conditions and 261 g/kWh during motorway driving (Fig. 3b). 

The instantaneous values of carbon monoxide emission in the various stages of the test exceed 50 
g/km, however, the end values in the individual stages (the ratio of the total weight of the emitted 
compound and the total distance covered) produced significantly smaller values. Average values for 
the emissions of carbon monoxide in various driving conditions are: 5.03 g/km in urban conditions, 
2.16 g/km in suburban conditions, and 1.16 g/km in motorway driving. Emission in motorway driving 
conditions was about 4 times less than in urban driving (Fig. 4a). Average unit value of carbon 
monoxide emissions in the various driving conditions are: 1.46 g/kWh in urban conditions, 0.73 
g/kWh in suburban conditions, and 0.44 g/kWh during motorway driving (Fig. 4b). The resulting unit 
emissions of carbon monoxide are below the limit, which for these vehicles is 4 g/kWh. 
 
a) b) 

  
Fig. 3. Characteristics of carbon dioxide emissions: a) road emissions b) unit emissions 

 
a) b) 

 
Fig. 4. Characteristics of carbon monoxide emissions: a) road emissions b) unit emissions 

The instantaneous values of emission of hydrocarbons in various stages of the test exceed 30 g/km, 
but the end values in individual stages produced significantly smaller values. Average values of 
carbon monoxide emissions in the various driving conditions are: 3.31 g/km in urban conditions, 1.28 
g/km in suburban conditions and 1 g/km in motorway driving. Emission in motorway driving 
conditions were more than 3 times less than in urban driving (Fig. 5a). While the average unit value of 
hydrocarbon emissions in different driving conditions are: 0.96 g/kWh in urban conditions, 0.44 
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g/kWh in suburban conditions and 0.38 g/kWh in motorway driving (Fig. 5b). The obtained values of 
hydrocarbons emissions are lower than the permissible limit (which for these vehicles is 0.55 g/kWh), 
but only for driving in rural and motorway conditions. 

The instantaneous values of nitrogen oxides emission in the various stages of the vehicle exceed 
100 g/km, but the end values in the individual stages produced smaller results. Average values for 
carbon monoxide emissions in the various driving conditions include: 14.36 g/km in urban conditions, 
5.37 g/km in suburban conditions, and 2.05 g/km in motorway driving. Emission of nitrogen oxides in 
highway driving conditions was approximately 7 times lower than in urban driving (Fig. 6a). While 
the average unit value of nitrogen oxide emissions in the various driving conditions are: 4.16 g/kWh 
in urban conditions, 1.82 g/kWh in suburban conditions, and 0.787 g/kWh in motorway driving (Fig. 
6b). The values of hydrocarbons emission are lower than the permissible limit (which for these 
vehicles is 2 g/kWh), but only for driving in rural and motorway conditions. 

a) b)

Fig. 5 Characteristics of hydrocarbons emissions: a) road emissions b) unit emissions 

a) b)

Fig. 6. Characteristics of nitrogen oxides emissions: a) road emissions b) unit emissions 

The summary of the obtained research results are the average emissions generated for the entire 
test route, which are equal to (Fig. 7): 

 for road emissions: carbon dioxide – 848 g/km, carbon monoxide – 1.77 g/km, hydrocarbons – 
1.26 g/km and nitrogen oxides – 4.06 g/km, 

 for unit emissions: carbon dioxide – 305 g/kWh, carbon monoxide – 0.64 g/kWh, hydrocarbons 
– 0.45 g/kWh, nitrogen oxides – 1.46 g/kWh.
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Fig. 7. The obtained average values of road emissions and unit emissions in the performed tests      

(the values for the entire route) 
 
Expressing the obtained emission values of the road (bd) and unit (ej) emissions throughout the 

study (in various stages and also taking into account the end values), a ratio in the form of road 
emissions to unit emissions (bd/ej) of the given exhaust emission was determined (Fig. 8). A 
characteristic feature of the results is a constant value of this ratio for the various test route stages and 
their similarity as to the nature and value. Determining the relationship between the considered 
parameters (the road and unit emissions), the equation bd = 3.164 ej was defined (Fig. 9) on the basis 
of which the value of unit emissions can be determined knowing the value of road emissions (or vice 
versa). 
 

 
Fig. 8. The ratio of the values of road and unit emissions in various test route stages 
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Fig. 9. Dependence of road emissions as a function of emission of pollutants in various stages          
of research 

This relationship is valid for the conducted research (one case), but the resulting high value of the 
determination coefficient (0.986), hints on the nature of similarity between the work performed by the 
vehicle and the distance traveled. By plotting this dependence (Fig. 10), showing the impact of the 
distance travelled and the work done by the vehicle engine a linear relationship was obtained between 
the two quantities. The determination coefficient obtained with this relation is 0.993, therefore, it can 
be considered that the values of the road and unit emissions of pollutants are related. 

Fig. 10. Relation between road emissions as a function of unit emission of pollutants in various 
stages of research 

The obtained results cannot be applied to tests of all types of heavy-duty vehicles. Therefore, the 
attempt to generalize these results to a larger group of heavy-duty vehicles. 12 tests were performed in 
various driving conditions, yielding the data presented in Table 2. These values are obtained for urban 
buses with different types of engines (SI and CI), varying maximum power and displacement, as well 
as different sizes (total weight range of 11,000–26,000 kg) and emission class. 

The relationships between different values shown in Table 2 and the ratio of bd/ej, which reflects 
the relationship between road emissions and unit emissions of pollutants was investigated. The 
following relations were investigated: 
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– the impact of the maximum vehicle power on the ratio bd/ej: 

 )( ejd Nfeb  (1) 

– the impact of the engine displacement on the ratio bd/ej: 

 )( sjd Vfeb  (2) 

– the impact of the total mass of the vehicle on the ratio bd/ej: 

 )(mfeb jd  (3) 

In the first step the relations between the ratio bd/ej and the maximum power (Fig. 11), the engine 
displacement (Fig. 12) and the mass of the vehicle (Fig. 13) were prepared. Maximum power affects 
the value of the work done by the engine, so the unit emission of pollutants will depend on the vehicle 
engine power.  

 

Table 2. Example of data used to determine the relationship between the road emissions (bd)            
and unit emissions (ej) of heavy-duty vehicles 

Test 
No.  

bd/ej  
[(g/km)/(g/kWh)] 

Ne  
[kW] 

Vs  
[dm3] 

m  
[kg] 

1 2.56 230 9.2 25,000 
2 2.01 192 6.9 24,000 
3 2.95 213 9.2 26,000 
4 3.16 412 15.6 35,000 
5 1.89 192 6.9 20,000 
6 1.51 230 9.2 20,000 
7 1,31 230 9.2 18,000 
8 2.67 209 9.2 26,000 
9 2.61 221 9.2 26,000 

10 2.31 221 9.2 25,000 
11 1.30 176 10.2 13,000 
12 1.39 123 10.2 11,000 

 

 
Fig. 11. The relation between the ratio of road to unit emissions and the maximum engine power       

of the vehicle  
 

Equation (1) is characterized by a low value of the coefficient of determination (0.36), but the 
analysis of Figure 10 shows that this factor must be taken into account in further analysis (it has a 
clear impact). The impact of engine displacement on emissions can be assessed under the assumption 
that with increasing displacement the value of the road emission of pollutants (bd) increases, while the 
respective value of unit emission may be unchanged. Generally speaking, an increase in engine 
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displacement affects the value of the road emission, but not necessarily the value of the unit emission 
(Fig. 12). 

The situation is similar with equation (2), where the resulting coefficient of determination value of 
0.82, leads to the conclusion that this value can be used in the further analysis. Vehicle mass is a value 
with a significant impact on the value of the ratio bd/ej (Fig. 13).  

Fig. 12. The relation between the ratio of road to unit emissions and the engine displacement           
of the heavy-duty vehicle  

Fig. 13. The relation between the ratio of road to unit emissions and the total vehicle mass 

Further steps were to use the obtained relations which was to result in a generalized equation, that 
could be used as a conversion method between the road emissions of pollutants and the unit 
emissions. The influence of the parameters previously taken for analysis was determined: 

– the impact of the ratio of total vehicle mass and the engine displacement on the value of bd/ej:

)( sjd Vmfeb (4)

– the impact of the ratio of total vehicle mass and the maximum engine power on the value of bd/ej:

)( ejd Nmfeb (5)

Equation (4) shown in Fig. 14, has a lower coefficient of determination (0.57), than the ratio bd/ej 
= f(m), but higher than for the ratio bd/ej = f(Vs). There is a significant range of the results of the 
product (m·V), which leads to the conclusion that other parameters presented in Table 2 should also be 
taken into account. 
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For equation (5) presented in Fig. 15 a coefficient of determination equal to 0.354 was obtained – a 
value close to the value of the coefficient of determination obtained for the relation bd/ej =  
= f(Ne), and less than for the relation bd/ej = f(m). 

 

 
Fig. 14. The relation between the ratio of road to unit emissions and the ratio of total vehicle mass     

to the engine displacement 
 

 
Fig. 15. The relation between the ratio of road to unit emissions and the ratio of total vehicle mass    

to the maximum engine power  
 
The results presented in Fig. 14 and 15, allow for using these values to determine the relationship, 

which combines both of these values. The generalized solution can be written as: 

 )( esjd NVmfeb  (6) 

Equation (6) has been shown graphically in Fig. 16, which has a coefficient of determination equal 
to 0.81, which is a very high value, given the small range of individual deviating points. 

 

y = 0.0044x + 1.17
R² = 0.57

0.0

1.0

2.0

3.0

4.0

0 100 200 300 400 500 600

b d
/e

j[
(g

/k
m

)/(
g/

kW
h)

]

3]

y = 0.021x - 0.012
R² = 0.354

0.0

1.0

2.0

3.0

4.0

0 20 40 60 80 100 120 140

b d
/e

j[
(g

/k
m

)/(
g/

kW
h)

]

m/Ne [kg/kW]

148



Fig. 16. The relation between the ratio of road to unit emissions and the ratio of total vehicle mass    
to the maximum engine power  

The relationship shown in Fig. 16 can be expressed as: 

81.008.3
e

s
jd N

Vmeb (7)

and then convert to an expression that describes the relationship bd = f(ej): 

j
e

s
d e

N
Vmb 81.008.3 (8)

Equation (8) does not have a physical significance, and the units given are only used for the 
conversion of road emissions and unit emissions. The equation presented above is not final and may 
require further work, which will result in an increase in the number of parameters resulting in an 
increase in the accuracy of the data obtained. This procedure should be carried out for heavy-duty 
vehicles and buses with different operating parameters (including different vehicle mileage). 
However, this relationship can be used to convert the road and unit emissions, by utilizing the factors 
described earlier. 

4. Conclusions

The method that reflects the real emissions of harmful compounds into the environment consists of
studies of vehicles that are conducted in real driving conditions. Road emission testing of vehicles are 
considered innovative and necessary around the world. The main advantage of these tests is the 
measurement of the emissions and fuel consumption of the vehicle in real driving conditions, rather 
than on the test bench, with well specified and controlled conditions. The most critical in terms of 
emissions and fuel consumption are the conditions for transient operation of the vehicle (engine) as 
well as driving vehicles at maximum speeds. These elements of the test drive determine the load of the 
drive unit and the share of transient phases in the total time of engine operation. In addition, points of 
operation of the engine, i.e. the load range and speed of the engine crankshaft during actual operation, 
are significantly different from the operating points of the engine during the certification test. 
Moreover, in the case of real driving research, any route of travel and load of the test vehicle can be 
chosen. For these reasons, it seems necessary to develop an algorithm that allows for the conversion 
of road emission values and unit emissions.  
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1. Introduction

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. 

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. 

For many years now the solutions to power plant technical systems that would increase their 
thermodynamic efficiency have been sought. In almost 80% of cases thermal power stations fuelled 
with solid and liquid or gas fuels involve systems with turbines driving power generators (in the case 
of high capacity power plants). [20] 

The issue of a large amount of noxious substances emitted by conventional power plants to the 
atmosphere and extensive plaster dumps 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 
floating platform, such a solution would provide for the generation of electric energy in a so-called 
distributed generation system. 

Energy generated in a distributed system, also called distributed generation, involves the 
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production 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 between: 

 small distributed generation (units of capacity between 1 kW and 5 MW); 
 medium-sized distributed generation (units of capacity between 5 MW and 50 MW); 
 large distributed generation (units of capacity between 50 MW and 150 MW); 

The aim of the paper is to describe the characteristics of pollution and legal regulations governing 
investment projects affecting the environment. As a result, the most important issues will be 
determined that should be stressed during the execution of investment projects. Furthermore, the 
benefits derived from using a combined system and the advantages in an offshore floating power plant 
in view of the environmental friendliness of the plant will be analysed. 

The paper discusses the possibility of constructing a floating power plant involving combined 
systems, Wartsila 9RTA96C and MAN Diesel & Turbo 9K98MC-C7.1-TII compression ignition 
engines and a steam turbine for the load of 90% CMCR (Contract Maximum Continuous Rating), 
placed on an offshore platform in the Baltic Sea area, as well as other areas as in the map shown in 
Fig. 1. 
 

 

 1   
 
 
 

 
 
 
The Baltic Sea is a small, shallow-water (average depth of 53 m) inland sea connected to the North 

Sea by narrow and shallow straits. Annually, less than 4% of the Baltic Sea waters is naturally 
replaced with ocean waters through the straits. Complete regeneration of the sea takes approximately a 
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quarter of a century, which negatively affects the purity of the sea waters and reduces its self-
purifying capacity. 

In accordance with a definition provided in the Helsinki Convention, a “ ” means a vessel of 
any type whatsoever operating in the marine environment and includes hydrofoil boats, air-cushion 
vehicles, submersibles, floating craft and fixed or floating platforms.[21] 
That is why this paper lists all pollutants as for ships. 

2. Pollution characteristics

Each entity running a business activity performs periodic analyses aimed at verifying whether the
goals that were set for it have been met, taking into account environmental protection. This task is 
becoming more and more difficult for the management of such entities, because complex 
environmental impact analyses are required. 

Environmental pollution may be defined and classified in a number of ways. In accordance with 
the Environmental Protection Act of 17 January 1980 with subsequent amendments (1994), 
environmental pollution involves the introduction of solids, liquids, gases or energy into the 
environment in such an amount or of such composition that may negatively affect human health, 
climate, nature, soil, water or cause other environmental changes. 

Literature dealing with environmental protection provides different definitions of pollution. Here 
are three such definitions: 

pollution is defined as the presence of foreign components in an element of a system that do
not belong in it and corrupt its properties,
environmental pollution is a situation in which the concentration of substances considered
harmful, unnecessary or foreign exceeds their average content in a balanced (“pure”)
environment or exceeds permissible norms,
environmental pollution involves the accumulation of substances that may result in adverse
changes in the environment on the surface of the Earth.

Considering the different types of pollutants, the following classification may also be recognised: 
material pollutants: solids, liquids and gases,
non-material pollutants: thermal pollutants, sound, radioactive and electromagnetic radiation
and vibrations.

Considering the elements affected by pollution, the following types of pollution may be recognised: 
air pollution,
water pollution,
soil pollution.

Polish law does not explicitly define the marine environment pollution. Only the Water Law Act 
of 14 October 1974 generally describes the term of water pollution that “involves physical, chemical, 
biological and other changes in water that result in it not being suitable for the purposes of people or 
the national economy and cause harmful environmental changes.” 

3. Legal regulations concerning environmental pollution

Literature devoted to the marine environment protection most often refers to a definition given by
the Intergovernmental Oceanographic Commission (ICO) saying that marine pollution involves the 
human introduction into the marine environment of substances and energy harmful to the living 
resources of the sea and posing a threat to human health, hindering sea-involving activities (including 
fishery) and impairing the quality of sea water from the point of view of its usability and reducing the 
recreational value of the sea. 

The fundamental standards of the European Communities regarding the protection of sea waters 
include, above all: 

1. It is a framework
directive that provides for the elimination or reduction of inland, coastal and territorial waters
pollution, in particular caused by hazardous substances, using separate “derivative directives”
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specifying the permissible values of hazardous substances emission. Six derivative directives 
were adopted which specify permissible emission values and quality indicators with respect 
to water for substances from list I (Council Directives 82/176/EEC, 83/513/EEC, 
84/156/EEC, 84/49/EEC, 86/280/EEC, 90/415/EEC). 

2. It concerns five areas of activity related with 
combating oil spills at sea or larger inland water regions, a list of national and common plans 
to combat pollution caused by marine oil spills, an inventory of measures for combating oils 
spills at sea and other. [14] 

The register of protected areas required under Article 6 contains the following types of protected 
areas:[22] 

 areas designated for the abstraction of water intended for human consumption under Article 7; 
 areas designated for the protection of economically significant aquatic species; 
 bodies of water designated as recreational waters, including areas designated as bathing waters 

under Directive 76/160/EEC; 
 nutrient-sensitive areas, including areas designated as vulnerable zones under Directive 

91/676/EEC and areas designated as sensitive areas under Directive 91/271/EEC; 
 areas designated for the protection of habitats or species where the maintenance or 

improvement of the status of water is an important factor in their protection, including relevant 
Natura 2000 sites designated under Directive 92/43/EEC and Directive 79/409/EEC. 

H  
The first Convention on the Protection of the Marine Environment of the Baltic Sea Area was 

signed on 22 March 1974 in Helsinki. It entered into force on 3 May 1980. It covers the entire surface 
area of the Baltic Sea with the Danish straits and requires all of the Baltic countries to: 

 prevent pollution from ships, 
 prevent pollution from the land, 
 prevent waste dumping, 
 prevent pollution through the atmosphere, 
 organise patrolling and spills combating services, 
 seek scientific and technical cooperation, 

 
The International Convention for the Prevention of Pollution from Ships referred to as the 

MARPOL (Marine Pollution) 73/38 Convention is a global convention covering all sea areas. Poland 
is a party to the convention. The convention only deals with pollution from ships. It divides sea areas 
into two categories: 

 special areas, 
 other areas. 

The convention does not cover naval vessels nor national service ships (Maritime Search and 
Rescue Service, Border Guard, Police, Customs Offices, research ships, training ships and vessels of 
Maritime Offices). 

The Marine Environment Protection Committee (MEPC) is one of the 5 committees of the IMO 
(International Maritime Organization). The Centre for IMO Affairs operates within the Polish Register 
of Ships and includes the national section of the MEPC. 

The actions of the maritime administration of Poland arising from the MARPOL 73/78 Convention 
include: 

1. enforcement of the convention requirements through national regulations based on the 
MARPOL 73/78 Convention (Act on Areas of Poland and Maritime Administration of 1991, 
Act on the Prevention of Sea Pollution by Ships of 1995, Port Regulations of 1994), 

2. conducting ships inspections as regards the fulfilment of marine environment protection 
requirements, 

3. conducting investigations in cases of the MARPOL 73/78 Convention provisions infringement 
and penalising the perpetrators, 

4. mandatory annual reporting to the IMO as regards the imposed fines, apprehended ships and 
results of conducted inspections, 
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5. mandatory providing of the ports with equipment collecting waste from ships,
6. participation of maritime administration representatives in the sessions of the IMO's Marine

Environment Protection Committee and in working groups,
7. required ship documentation is issued by the Polish Register of Ships in the name of the

maritime administration of Poland.
Other common conventions: 

1. International Convention Relating to Intervention on the High Seas in Cases of Oil Pollution
Casualties, 1969,

2. International Convention on Civil Liability for Oil Pollution Damage, 1969,
3. International Convention on the Establishment of an International Fund for Compensation for

Oil Pollution Damage, 1971,
4. Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter,

1972, 
5. Protocol Relating to Intervention on the High Seas in Cases of Pollution by Substances other

Regional conventions and agreements: 
1. The Agreement for Cooperation in Dealing with Pollution of the North Sea by Oil, 1969, was

signed by all of the North Sea states,
2. The Agreement Concerning Cooperation in Taking Measures Against Pollution of the Sea by

Oil, 1971, was signed by Denmark, Finland, Norway and Sweden,
3. Convention for the Prevention of Marine Pollution by Dumping from Ships and Aircraft, 1972,
4. Convention for the Prevention of Marine Pollution from Land, 1974,
5. Convention for Protection of the Mediterranean Sea against Pollution, 1976,
6. Agreement between Denmark and Sweden on the Protection of the Øresund Area Against

Pollution, 1974.

Conclusions 

It must be kept in mind that the issue of marine environment protection against oil-derivative 
pollution is only a part of the actions attempted at preventing environmental degradation all over the 
world. The approaches towards those environmental issues that can only be resolved on a worldwide 
scale are greatly differentiated. Highly developed countries are already interested in protection in a 
broad sense of the word. Other countries, depending on the level of environmental degradation and 
similarly urgent social and economic challenges, are treating this issue more or less prospectively. 

Aspects of environmental protection in Polish maritime economy are becoming more and more 
urgent both due to the level of the Baltic Sea pollution, as well as the requirements imposed by 
international conventions signed by Poland. Positive changes are taking place in Poland as regards 
legal regulations of marine environment protection, since many relevant, important legal acts have 
been adopted. As a marine state, Poland should also devote considerable effort to bring about the 
ratification of international conventions whose ratification is hindered due to their restrictive nature. 

Actions aimed at protecting the marine environment would provide future generations with clean 
air, unpolluted beaches and the opportunity for learning about the biological life of the Baltic Sea 
whose existence is more and more threatened. 

The proposed concept of power generation in floating power plants has the following advantages: 
a. in view of environmental protection:

reduced CO2, NOx 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 SOx
emissions due to the application of sulphur-recovery systems,
diversification of primary energy sources that reduces coal consumption and increases
liquid fuels consumption,
lack of slag and ash,
lack of complications related with water cooling the condenser, minor impact on the
environment related with water management,
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b. other: 
 increased generation of power in the north of Poland, 
 shorter construction time, when compared to a conventional power plant, and the 

possibility of gradual launching. First, the compression ignition engine is put into 
operation, then, during its operation, a combined system with a steam turbine is 
constructed, 

 mobile possibilities – a floating platform. 
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Abstract 

This paper describes the two methods of determining the time constant of type K thermocouple, 
for two construction solutions: the exposed weld and the mantle fillet weld. This is an important 
parameter indicating the response time of the thermocouple on the recorded signal. The first method 
consists of determining the value of  in the way of numerical simulation of heat exchange between the 
thermocouple and the current of gas [2] for the parameters adopted for the gas and for the known 
construction of the  temperature sensor. The second method is a graphical determination of these 
parameters on the basis of the sequence of high frequency temperature of gas. The study was 
conducted to determine the position of the dynamic properties of thermocouples [3]. Based on these 
results was made the choice of the thermocouple with the best dynamic properties, which helped 
during the tests on the reciprocating compressor [4]. On the basis of the sequence of high frequency 
temperature and gas pressure was determined the response of the thermocouple on the sine excitation 
of gas temperature (the phase and amplitude displacement of the sequence) [5]. The used method of 
signal correction was rated and its suitability for diagnostic testing of piston machines was 
determined. 

Keywords: piston compressor, gas temperature measurement, diagnostics, time constant of the thermocouple. 

1. Introduction

Parametric diagnostic of piston machines is an important subject of modern engineering. 
Aiming to create a method of diagnosing the workspace of these instruments during their usage (using 
the measurements of high frequency temperatures) it is necessary to create a tool which serves to 
process and interprete the signals acquired during the research. Determining the constant time value is 
a tool which allows the appropriate choice to be made for given measurement conditions [2]. 
Depending on the parameters of the flowing gas (e.g. temperature, speed, chemical constitution) and 
on the required measuring accuracy (  between a few and a few dozen ms), an optimal choice should 
be made. Determining the actual sequence of gas temperature using the phase and amplitude shift of 
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the thermocouple signal, allows the correct interpretation of the received research results, which 
ultimately leads to defining the diagnostic method. 

2. Determining the time constant of type K thermocouple 
 
2.1 Determining the time constant by way of numerical simulation 
 

A numeric simulation of heat exchange between a diagnostic weld and the gas (air) circulating 
it was conducted for two constructional solutions for type K thermocouple. Considered in the 
calculations were thermocouple with an exposed weld in a ceramic casing (fig. 1) and thermocouple 
with a mantle fillet weld in a inconell casing (fig. 2). Time constant values were determined for both 
thermocouples, with the calculations using the input data presented in tables 1 and 2. The full 
algorhythm of these calculations was covered in [2] article, and as such only dependencies used to 
calculate the time constant values were presented. 

 

  termoelektrody

 MgO

spoina pomiarowa

 

Fig. 1 The view and schematic of type K thermocouple with an exposed weld 

 
 

   termoelektrody
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Fig. 2 The view and schematic of type K thermocouple with a mantle fillet weld 

 
Time constant for a thermocouple with an exposed weld:  
 

][s
A

C

wpnicr

nicr                                                          (1) 

where:  Cnicr – thermal capacity of the measuring junction [J/K] 

 Anicr – surface of the measuring junction [m2] 

 wp – convenctive heat-transfer coefficient [W/m2K] 
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Tab. 1 The values adopted for the calculation of the time constant of the thermocouple with
an exposed weld 

1. Given values:
c=1m/s – gas velocity

tpow=140oC – gas temperature (average)

d=0,0002m – diameter of the measurement weld

l=0,02m – length of the thermocouple

dchar= 0,0002m – characteristic dimension
2. Table values:
Air data: 

pow=0,854 kg/m3 – density of air

pow=0,0000237 kg/m s – absolute viscosity of air

cpow=1013 J/kg K – specific heat of air

pow= 0,0349 W/m K – heat conductivity of air
Weld material data: 
cpnicr=444 J/kg K – specific heat of NiCr

nicr=8666 kg/m3 – density of NiCr

Time constant for a thermocouple with a mantle fillet weld:  

][s
A

C

wpzp

p (2) 

where: Cp – thermal capacity of inconell [J/K]

Azp – surface of the mantle [m2]

wp – convective heat-tranfer coefficient [W/m2K]

Tab. 2  The values adopted for the calculation of the time constant of the thermocouple with  
a mantle fillet weld 

1. Given values:

c=1m/s – air velocity

tpow=325oC – air temperature

l=0,02m – length of thermocouple

dzew=0,0005m – outer diameter of the mantle of the
thermocouple 
dwew=0,0003m – inside diameter of the mantle of the
thermocouple  
dchar= 0,00075m – characteristic dimension
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2. Table values: 
Air data: 

pow=0,591 kg/m3 – density of air 

pow=0,00003055 kg/m s – absolute viscosity of air 

cpow=1053 J/kg K – specific heat of air 

pow= 0,0574 W/m K – heat conductivity of air 
Mantle material data: inconell 600 alloy: 
cpin=461 J/kg K – specific heat of inconell 

in=8510 kg/m3 – density of inconell 
 

 
Based on the input data presented in tables 1 and 2 (respectively for thermocouples with an 

exposed weld with a ceramic casing and for thermocouples with a mantle fillet weld made of inconell) 
and the known calculation algorithm [2] the time constant values were determined for both the heat 
sensors. The results of these calculations are presented in table 3 of this article, and the conclusions 
pertaining to the time constant values are presented in section 2.3. 
 

2.2 Determining the time constant based on the results of empirical research 
 

2.2.1 Research station  
 

In order to determine time constant values for both the construction solutions for the 
thermocouple, empirical research was conducted on a station which resembled a simplified physical 
model of the exhaust phase of a compression-ignition engine. The station was built as a part of the 
doctorate of the author of this article, in order to research the dynamic qualities of thermocouples. The 
view of the station is presented in figure 3 while the details of its build and performance are elaborated 
on in the [3] article. 
 

 

Fig. 3 Research station for the dynamic qualities of thermocouples [3] 
 
 On the station research was conducted using both thermocouples described previously in 
section 2.1, with the goal of comparing the time constant values for both the sensors and, 
consequently, choosing the solution with the best dynamic qualities. 
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2.2.2 Time constant calculations 

 After conducting the empirical research on the test station (fig. 3), high frequency temperature 
profiles in a time function were designated for both thermocouples. Based on those profiles were 
determined the time constants which align with the algorithm described below. Fragments of the 
profiles were depicted in graphic form (shown in figures 5 and 6) and used for determining the time 
constants. 

Consistent with the interpretation of the time constant being the time in which the excess heat 
of the sensor exceeds the initial temperature by 0.632 of the initial excess temperature [5], it is 
possible to determine it in a graphical way (fig. 4): 

Fig. 4 The response of the heat sensor whose parameters are focused on a step function  
and the interpretation of the time constant  [5] 
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exposed weld, stressing the temperature T0,5 used for determining the time constant of the 

thermocouple 

161



310

315

320

325

330

335

340

7,1
7

7,1
7

7,1
8

7,1
8

7,1
8

7,1
9

7,1
9

7,1
9

7,2
0

7,2
0

7,2
0

7,2
1

7,2
1

7,2
1

7,2
2

7,2
2

czas [s]

te
m

pe
ra

tu
ra

 [o
C

]

temperatura [oC] T 0,5
 

Fig. 6 Gas temperature profile obtained during the measurement using the thermocouple with a 
mantle fillet weld, stressing the temperature T0,5 used for determining the time constant          

of the thermocouple 
 

Another possibility to determine the time constant is to determine the time t0.5 of half-value 
after which the sensor reaches the excess temperature equal to half of the starting excess. This method 
was used during the determination of the time constant from pre-existing high frequency temperature 
profiles. The time constant is then calculated using the following correlation [5]: 
 

693,02ln
5,05,0 tt

                                                                  (3) 

 
The time constant values for both thermocouples determined using the described test method is 

presented in table 3 of this article, while the findings pertaining to the choice of the thermocouple used 
in subsequent research is presented in section 2.3. 
 

2.3 The choice of the thermocouple used in subsequent research, based on the results of 
calculations 

 
In table 3 presented are the time constant values determined using the aforementioned 

methods. As a result of the simulatory calculations based on the method using the heat exchange 
between the measuring junction and the flowing gas, it was proven that the time constant of the 
thermocouple with the exposed weld has a lower value than the time constant of the isolated weld 
thermocouple. It is a dependency true to the available data, pointing to a shorter reaction time of the 
thermocouple whose measuring element is exposed. In the case of the laboratory station research, the 
resulting correlation was reversed, which might have been caused by several factors, including, e.g.: 
varying conditions of measurement (gas temperature, gas flow velocity, measurement conditions, etc.) 
or a higher measuring error than in the case of the first method. The value of the time constant is also 
noticeably higher using the simulatory method, compared to what was established using the 
theoretical research (despite the input values being similar in both cases). This discrepancy may be the 
result of varying input parameter values – parameters of the gas defined in the simulation may diverge 
from those of the fluid tested at the research station. This inclines further development of both of the 
measuring methods for the time constant values of type K thermocouples. 
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Tab. 3 Time constant values determined using the two methods for varying constructional solutions of 
the thermocouple 

Time constant - research 
[ms] 

Time constant – simulation
[ms] 

Exposed weld thermocouple 58 215 
Fillet weld thermocouple 31 272 

Despite the ambiguous results of the time constant calculations, decision was made to use the 
exposed weld thermocouple for subsequent research. According to both literature [5] and the 
numerical simulation results, it demonstrates a stronger dynamic (smaller reaction time to temperature 
changes) as well as satisfactory durability (the weld is exposed, however its diameter is high enough 
to resist damage during tests using a piston compressor and a CI engine). 

3. Defining the response of the thermocouple to sine excitation of gas temperature

3.1 The method of defining the response of the thermocouple 

Considering the dynamic of the measurement of the high-frequency gas temperature, the 
inertness of the entire data transmission system (transistor, measurement card, etc.) should be taken 
into account. Applying the appropriate calculation formulae [5] makes it possible to indicate the phase 
shift of temperature changes registered by the thermocouple, in comparison to the actual temperature 
changes of the exhaust gas [1]. 

Fig. 7 The response of the temperature sensor whose parameters are focused on the sine excitation of 
the fluid temperature. (To – starting temperature of the sensor, Ta – temperature change

amplitude of the sensor, Tpa – temperature change amplitude of the medium, Tpo – starting
temperature of the fluid (for Tpo=const – average temperature))

A vital element during the appraisal of the dynamic properties of the thermocouple is to define 
the response of the thermocouple (treated as a dynamic member with focused parameters) on the sine 
excitation of the gas temperature – the phase shift as well as the temperature change amplitude 
registered by the thermocouple in relation to the forced, actual changes of the gas temperature – fig. 7. 

True to the above statement, the actual gas temperature is: 

]sin[ tTTT apo (4) 

t

Tpo

T
FLUID 

SENSOR
Tpa
Ta

To 
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The temperature change amplitude of the sensor is: 
 

221
pa

a

T
T                                                                (5) 

 
While the phase shift of the temperature changes of the sensor, in relation to the temperature changes 
of the medium is: 
 

)(arctg                                                                (6) 
 
where: 
t – time 
T – sensor temperature (actual) 
Ta – temperature change amplitude of the sensor 
Tpa – temperature change amplitude of the medium 
Tpo – starting temperature of fluid (for Tpo=const – average temperature) 
 – time constant 
 – fluctuation of temperature 

 
 3.2 Determining of the actual course of the high-frequency temperature changes of gas 
 
  3.2.1 Research station 
   

 In order to gain diagnostic information about the technical state of the construction elements 
which restrict the workspace of the air compressor, a laboratory station was built to research the 
thermal flow processes in piston machines [4]. The main element of the station is a piston, two-stage 
air compressor, Espholin H3S with an intercooler. The station was modernized by decreasing the 
diameter of the belt pulley on the electric motor, in order to decrease the rate of rotation of the air 
compressor. As a result of the modernization, the accuracy of the acquired high-frequency temperature 
data using the available measuring apparatus has increased. The most significant parameters of the 
compressor run are compiled in table 4 while the view of the station is shown in figure 8. 

 
Tab. 4 The parameters of the Espholin H3S air compressor 

PARAMETER VALUE 
Rate of rotation 12,5 s-1 / 5 s-1 (after modernization) 
Volumetric efficiency 425 dm3/min (0,00708 m3/s) 
Effective production output 305 dm3/min (0,00508 m3/s) 
Electric motor power 5500 W 
Outer circumference of the internal 

thread 0,5” 
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Fig. 8 Research station of the piston compressor before and after the modernization – the change of
the drive wheel of the electric motor 

Fig. 9 Diagram of the piston compressor station highlighting the gas temperature  
and pressure measuring point 

 To measure the temperature, type K thermocouple with an exposed weld (described in section 
2.1 of this paper) as well as pressure sensor (Optrand) were used. As seen in figure 9, the pressure and 
temperature measurement takes place in the same point of the measuring flume, directly behind the 
second stage of compression, in order to minimalize the impact of outside factors on the result of the 
tests. Both of the sensors are connected to the data transmission system, allowing for the registration 
and subsequent handling of the measurement results. 

3.2.2 Determined gas temperature profile 

 During the tests conducted on the research station described in section 3.2.1, the course of 
temperature and pressure was acquired, as shown in figure 10. A considerable deceleration of the 
temperature signal in relation to the pressure is visible, which is the response of the thermocouple on 
the excitation of the gas temperature. The next step was to define the time constant of the employed 
thermocouple for the existing measuring conditions, using the method described in section 2.2.2. The 
time constant was 19.24ms. Next, the course of the gas temperature was determined, taking into 
account the phase shift and temperature change amplitude registered by the thermocouple in relation 
to the forced, actual changes of gas temperature, following the algorithm depicted below (fig. 11). 
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Fig. 10 The course of temperature shown by the temperature sensor and pressure in time function 
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Fig. 11 The course of temperature shown by the temperature sensor and the actual temperature 
 of fluid and pressure in time function 

 
4. Conclusions regarding the research and calculation results 

 
From the results of the time constant calculations for both of measuring methods employed 

during the research, it can be concluded that the thermocouple using the exposed weld is characterised 
by greater dynamic properties (which is in line with the literature [5]). It is also evident that the 
delayed registration of the thermal signal in relation to pressure, measured at the same point of the 
discharge channel behind the second stage of compression inside of the piston air compressor. This 
delay is a result of the thermocouple response on the sine excitation of the gas temperature, mentioned 
above. Using the applied method to offset the signal received from the thermocouple, it was possible 
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to determine the amplitude and phase shift of the temperature recorded by the thermocouple in terms 
of actual gas temperature. The temperature profile is similar to the actual pressure signal, but the 
profiles do not overlap, indicating a limitation of the applicability of the algorithm used. In 
conclusion, the method requires further development before it can be recognized as sufficient for 
future diagnostic research on the workspace of piston machines. 

5. Summary

 The applied methods of defining the time constant – both as a form of numerical simulation, 
when the only known properties are those of the thermocouple and the gas washing over the 
thermocouple, as well as the high-frequency temperature profile acquired during the empirical 
research – can be concluded as correct and useful in defining of dynamic properties of thermocouples. 
Also the method of determination of the actual temperature of the gas, taking into account the phase 
and amplitude of a signal received from a thermocouple, is appropriate, however, it requires further 
work to allow its use in conducted research. All of these methods can be used as tools for interpreting 
and processing the signals received during testing workspaces of piston machines (compressors and 
motors), where the high-frequency temperature measured in the gas discharge channel is treated as a 
diagnostic parameter. This allows for further planning of empirical research seeking to develop a 
method of diagnosing the workspaces of piston machines in operation by measuring high-frequency 
temperatures of exhaust gases by the author of this paper. 
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1. Introduction

During operation of many mechanical devices ( including ship power plant devices) it was many 
times stated that their correct operation time is not a unique measure of their wear [ 6], [ 7], [ 9], [ 
10].  

Therefore the following hypothesis can be considered correct : „ O  

in  tn 0 < t1 < ... < tm
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The hypothesis explains the fact observed in practice , which consists in the predicting of correct 
operation time of devices, sufficiently good for  practice , by knowing only their current technical 
state and conditions of fulfilling the tasks , as well as energy and material resources.  

The operational decision- making is hence carried out in the situation in which it is necessary to 
introduce ,in the random variable form,  at least one of the parameters of decision-making model.  It 
more completely reflects operational reality although it leads exclusively to more or less probable 
conclusions , that results from the fact that not only one value of criterion function but many values 
which occur with different probabilities, are assigned to particular values of decision variables.     

Among the probabilistic decision models usually applied in practice , can be found those in which 
an expected value of decision-making consequences is principally taken into account in selecting an 
optimum value of decision variable [3, 8 ]. 

In this situation , from the formal point of view it is more favourable to present decision-making 
procedure  in one of the most often used structural form : i.e.  the decision tree or decision table.  

A decision tree is generally presented as shown in Fig. 1. 

Fig. 1  n – i j – 
occurrence pr i  dj j i – 

i in   dj 

For the presented tree the criterion function is to maximize the expected value of consequences 
c(dj, si), which , for particular tree nodes symbolizing event of making the decision dj , can be 
determined as follows [ 1]: 
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,...,2,1,...,2,1,/)/( (1)

And, it should be observed that , in spite of inclusion of  occurrence probabilities of the state si 
(i = 1,2, …, k) under condition of making the decision dj (i = 1,2, …, n) , the situation is 
deterministic as it consists in choosing only one decision  out of n possible to be done.  

Application of the decision procedure presented in Fig. 1, to operational process requires, apart 
from determination of a set of decisions possible to be taken , also to have knowledge which make it 
possible to do :  

a) specification of distinguished states ( state classes) of the process ,
b) determination of values of the relative probabilities p(si)/dj,
c) estimation of the consequences c(dj, si).

Even if to omit the points a) and c) in this work , which are separate and broad problems , the 
making of the simplest operational decision requires to determine occurrence probabilities of 
concrete, distinguished classes of operational process states. Taking into account the earlier 
mentioned hypothesis, for determination of their values one is able to use reliability models in the 
form of Markov and semi-Markov processes. 

2. Reliability – functional models of technical objects

The using of the theory of stochastic processes makes it possible to resign from the assumption on 
two-state process of technical states changes and the splitting of the space S of possible states into a 
countable and limited number of subspaces differently distant from extreme set of states of  a new 
object [39]. Therefore the multi-state character of the object constitutes a crucial assumption for 
forming reliability –functional models. It results in possible selection , within the distinguished set , 
series of states of different degrees of serviceability , as well as series of non-serviceability states , 
moreover ( in contrast to majority of classical models) it makes it possible to include renewability- 
the important feature which characterizes machines and mechanical devices - into the model. This is 
especially important in case of complex technical objects which , being objects of a high-degree 
complexity, may suffer failures of various modes with different probabilities and consequences for 
fulfilling their tasks.   

 In functional approach,  operational process is that of simultaneous changes in technical and 
operational states , which - being mutually depending - simultaneously occur in phase of operation 
[6]. 

In this case the process model of changes in the technical state significant from the reliability 
and durability point of view, belongs to stochastic processes of discrete set of distinguished states 
and continuous time of their duration. Elements of the set of distinguished technical states,  S={si; 
i=1, 2, 3, ..., I} , are values of the process {W(t): t > 0} which is consisted of the states si S , one-
by-one following and mutually depending on each other [6, 7].  

 In investigations of complex technical objects has been first of all used so far the theory of 
semi-Markov stochastic processes as well as ,in special cases, that of Markov processes.  

3. Assumptions for the performed analysis

To perform the comparative analysis in question the following assumptions were taken: 
Simulation investigations will be aimed at a hypothetical object simple in the sense of
reliability. 
Realizations of random variables which describe duration time of staying in distinguished
states, will be generated by using a pseudo-random numbers generator , and point 
estimation of theoretical parameters of the considered random variables will be then made.  
Permissibility of application of selected theoretical distributions will be verified by using
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the procedure of testing non-parametric hypotheses , employing the test 2.  
 The reliability model produced with the use of semi-Markov processes (the process 

t  0}) , can be presented by means of  the graph of states and transitions , shown in Fig. 2.  
 

 
Fig. 2  0}: u1 – 2 – 

non-  u3 – full non- ij – 
uj 

pij – pr ui  uj i – 
ui, 

 

The functional matrix of the considered process takes hence the following form ( see 
the graph)  [ 7]: 

00)(

)()](1[0)()](1[
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0
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dxxFxFdxxFxF

  (2) 

By using the relation : 
)()( tFptQ ijijij      (3) 

where: 
pij – probability of transition from the state si to the state sj  of the Markov chain 
inserted into the semi-Markov process, (i, j = 1, 2, 3  i j), 
Fij(t) – cumulative distribution function of the random variable Tij which describes the 
duration time ui  of the process state, under condition that the following will be the 
state uj , 
it is possible to determine functional forms of particular elements of the process core.  

 The object reliability model produced with the use of the Markov processes (the process 
{W’  0}) , can be presented by means of the graph of states and transitions , shown in 
Fig. 3. 
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Fig. 3 Gra T}. u’1– 2–
- 3– full non- ik – in

ui under condition that  uk  

Determination of probabilities of object staying in particular states requires to form a 
set of Kolmogorov equations for the assumed model of state changes. To this end, 
instead of the transition probabilities pij (Fig. 3), are applied the transition intensities ik   
(i, k = 1, 2,  3; i  k) of  the following interpretation [10, 11] : 

ik (t) = iutW )(/u)W(tP
lim j

0
    (4) 

In practice,  a favourable and credible estimation of the above given quantity may be 
determined on the basis of experiments or technical documentation and producer’s 
recommendations, as follows :  

ikik
ik TTE

1
)(

1 ,        

where: 
E(Tik) – expected value of random variable which describes duration time of the state 
u’i under condition that the next will be the state u’k, 

ikT - average time of staying in the state u’i under condition that the next will be the 
state u’k  - on the basis of experiments or/and technical documentation and producer’s 
recommendations. 

 For carrying out the comparative analysis in question, the following reliability indices 
calculated on the basis of the considered models , will be taken into account :  

o The instantaneous distribution of the process Pj(t), which stands for probability of
finding itself the process in the state sj, in the instant t. 

o Limit distribution of the process pk = 
t
lim P{W(t) = uk}

4. Calculation example
4.1. Semi- Markov reliability model  

In line with the made assumptions, in 1st phase  1000 realizations of random variables which 
describe  time of staying the object in the distinguished states : u1, u2, u3 , were generated with the 
use of the generator of pseudo-random numbers. 

Next, also in a random way , subsequent changes of states of the process  0}  were 
simulated , and, as a result its subsequent realizations were reached. Graphical illustration of a part 
of process run is presented in Fig. 4. 

u'2

u'1 u'3

21

12
23

31

13
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Fig. 4 - ra {W’  T}. u’1 –  

 
In the considered reliability – functional model it was next assumed that the process of changes 

in reliability states of objects of the investigated type is the semi-Markov process {W(t): t  0} of the 
set of states S = {u1, u2, u3}, whose graphical form ( graph of transitions ) was presented in Fig. 2. 
From the graph form results the form of the process core determined by Eq. 2 , and , the initial 
distribution of the process {W(t): t  0} can be presented as follows : 
 

p1 = P{W (0) = s1} = 1,pi  = P{W (0) = si} = 0  dla i = 2, 3.     (6) 
 

Eq.( 3) was used to determine functional forms of particular elements of the process core. In 
order to make use of Eq. (2) and (3) , realizations of the particular random variables Tij were 
determined on the basis of an analysis of the generated data set , and, an analysis of the considered 
process of technical state changes was performed to determine sequence and number of the transitions 
of the process from the state ui to the state uj (i, j  S, i  j) , nij. Tab.1 shows results of the analysis.  
 

Tab. 1 Number of the  nij  i j  
 

n12 355 
 n1j 474 

n13 119 

n21 303 
 n2j 355 

n23 52 

n31 171  n3j 171 
 
In the next phase , the estimation of parameters of cumulative distribution functions of the random 
variables Tij was performed and then verification of the hypothesis on conformity of the assumed 
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theoretical distributions with empirical results, was done. The verification was carried out with the use 
of the test of goodness of fit, 2 , and , in order to select out the true hypothesis H0, i.e. that which is 
taken true as there is no basis to reject it , the following principle of accepting the hypotheses was 
used : 

if g0  g  for  = 0,05 then H0 should be rejected;
if g0 < g  for  = 0,10 then H0 should be accepted;
if g0 < g  for  = 0,05 and for   = 0,10  g0  g   then correctness of H0 is dubious and
tests should be continued ;

where : 
g0 – test characteristic value determined on the basis of experimental results;
g  - limit value for the significance level , i.e. -order quantile value of selected statistics .

The applied test made it possible to state that there is no basis for rejection of subsequent hypotheses 
H0 on conformity between the considered variables Tik and  gamma - distribution as well as 
exponential one - in the case of the random variable T31 ; this way they were accepted to be true.  

Tab. 2  Ti j. 

Random variable Distribution type Distribution parameters 

T12 gamma g = 1,29 b = 0,010 [h-1] 

T13 gamma g = 0,74 b = 0,007 [h-1] 

T21 gamma g = 1,29 b = 0,027 [h-1] 

T23 gamma g = 1,32 b = 0,023 [h-1] 

T31 exponential  = 0,17 [h-1] 

Therefore : 

)010,0exp(
)29,1(

010,0)( 29,0
29,1

0
12 tttF

t

 (7) 

)007,0exp(
)74,0(

007,0)( 26,0
74,0

0
13 tttF

t

(8) 

)027,0exp(
)29,1(

027,0)( 29,0
29,1

0
21 tttF

t

 (9) 

)023,0exp(
)32,1(

023,0)( 32,0
32,1

0
23 tttF

t

 (10) 

)17,0exp(1)(31 ttF (11) 
To estimate the particular probabilities pij the following quantity was used [?]: 

j
ij

ij
ij n

np* (12) 

where : 
nij – number of transitions of the process from the state ui to the state uj  (Tab. 2). 

Values of the statistics described by Eq. (12) are as follows : 
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np = 0, 750      (13) 
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13 nn

np = 0,250      (14) 

22128
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21 nn

np = 0,853      (15) 
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23 nn

np = 0,147      (16) 
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np = 1,000       (17) 

hence : 

00
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3131

23232121

13131212
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FpFp
FpFp

   (18) 

This way the considered semi-Markov process of changes in technical states of the considered type of 
engines was determined. The produced model makes it possible to determine all reliability 
characteristics necessary to further analysis.   
a. The relative probabilities Pij(t) – transition probabilities .  

Basing on [7] one is able to obtain unknown transforms of the function Pij(t) by solving the set of 
equations: 

)(~)(~))(~(1)(~ PqgIP     (19) 

where : 
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)(~)(~)(~
)(~)(~)(~

)(~

333231
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,   (20) 
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00

00
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The relative probabilities Pij(t) make it possible to determine the distribution Pj (t) : 

SjtWPtP jj ,)()(      (23) 
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On the basis of the expression for total probability [43] , as well as for the assumed initial distribution 
of the process {W(t): t  0}, the distribution in question is as follows : 

)()( 1 tPtP jj  (24) 

The probabilities Pj (t) constitute elements of the first row of the matrix : 

)()( tPtP ij (25) 

The probabilities are presented in Fig. 5. 
The assumed initial distribution of the process {W(t): t  0} is justified when the engine, before 

starting to execute its task, is in the state s1. In this case it is important to analyze the probabilities: P11 
(t) = P1 (t), P12 (t) = P2 (t) and P13 (t) = P3 (t), which for t  may be interpreted as follows : P11 (t) = 
P1 (t), P12 (t) = P2 (t) i P13 (t) = P3 (t), (they stand for the probabilities of finding itself the object in the 
states : u1, u2, and u3, respectively, under condition that the state u1 was initial.). 

Fig. 5 P11 12 13  

4.2. Markov reliability model  
In the case of application of Markov processes , to determine probabilities of staying the system in 

particular states is possible by solving the set of Kolmogorov equations. 
By taking into account the graph of changes in states of the process {W’(t) : t  0} and its initial 

distribution for the case in question the set of equations is formed as follows : 

)()()()(

)()()()(

)()()()()(

223113331
3

11222321
2

33122111312
1

tPtPtP
dt

tdP

tPtP
dt

tdP

tPtPtP
dt

tdP

(26)

Empirical distributions of the random variables Tik were used to verify statistical hypotheses on 
their conformity with exponential distribution , and, it was assumed that the values ik

ˆ  determined in 
compliance with Eq. (5) may serve as estimators of parameters of these distributions, ik . The values 
are given in Tab. 3.   
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Tab. 3. Ti and
Tik 

Random variable 
ˆ   

[h-1] 
T12 0,0078 
T21 0,0210 
T23 0,0170 
T13 0,0094 
T31 0,1700 

 
The verification was performed with the use of the test of goodness of fit,  2 , with applying the 

earlier described inference rules. The applied test made it possible to state  that there is no basis for 
rejecting the subsequent hypotheses H0 on conformity of the considered variables Tik with 
exponential distribution; therefore they were taken to be true. 

By making use of Laplace transform [2], initial distribution of the process {W(t) : t  0} and the 
values ik

ˆ  , the following set of linear equations in the domain of transforms was obtained for solving 
the set of equation (26):  

)(17,0)(017,0)(0094,0)(

)()017,0021,0()(0078,0)(

)(17,0)(021,0)()0094,00078,0(1)(
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*
1

*
1

PPPP
PPP

PPPP
  (27) 

The solution of the presented set of equations and execution of Laplace converse transform made 
it possible to find the instantaneous distribution of the process pj(t) = P{W’(t) = u’j}. Fig. 6 shows the 
solution in the graphical form.  

 
Fig. 6. tion p1 ’ 

u’1 i   P{W  u’i} for  
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5. Summary

Fig. 7 shows the results obtained with the use of the presented models for one set of the data which 
represent simulated results of empirical tests , and Fig. 8 presents graphical illustration of relative 
 error ( under assumption that the semi-Markov model serves as basic one ). 

Fig. 7. -
  

Fig. 8.  
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The analysis of Fig. 7 and 8 leads to the following conclusions: 
Application of the semi-Markov model results in obtaining lower values of probability of
staying the object in full serviceability state , that leads in practice to making more
cautious decisions;
Relative error in estimating the probability of staying the object in full serviceability state
is negligible and , in the considered case , it amounted to about 4% ;
Therefore it should be considered if the complex mathematical tool (Eq. 19 through 22) is
worth to be applied in concrete situations as it is known that one of the conditions of
practical usability of the models based on semi-Markov processes is its relatively not
complicated mathematically, functional matrix Q(t)., apart from its moderate complexity
in the sense of the lowest  necessary number of distinguished state classes. The condition
is crucial in the case of calculation of the instantaneous distribution of process states pk(t).
The distribution can be calculated [7] if only initial distribution of the process and the
function pij(t) is known. Calculating the probability pij(t) consists in solving the set of
Volterra equations of 2nd type , in which the functions Qij(t) - the elements of  the process
functional matrix Q(t) - are known quantities.  In case when number of process states is
low and the process functional matrix not complicated , the set in question can be solved
by means of operators – applying  Laplace transforms. On the other hand , when number
of process states is high or if its functional matrix ( process core ) is very complex, then
only an approximate solution of the set of equations may be achieved. The solution
(numerical one) does not provide possibility of determining values of occurrence
probabilities of particular process states when t is of large value (theoretically t  ).
Such numerical solution does not give any answer for the question which is very
important for operational practice : how are probabilities of states of semi-Markov process
changing when t is large ? As results from the theory of semi-Markov processes the
probabilities, in case of ergodic semi-Markov processes, tend along with time to strictly
determined , constant numbers [7, 13]. The numbers are called the limit probabilities of
states, and , sequence of the numbers produce limit distribution of the process. The
distribution can be calculated much more easily than instantaneous distribution, moreover
it makes it possible to define the availability coefficient for an engine, as well as profit or
cost per unit of time of operation. The quantities may serve as criterion functions in
solving optimization issues of engine operational processes.
In case of a rather complex graph of states and transitions an additional possibility of
estimating values of the probability appears namely by producing a model of the process
{W(t) : t  0} in the form of Markov process {W’(t) : t  0}. Such models constitute a
simplification of  semi-Markov models. Markov process differs from semi-Markov one by
that unconditional duration time intervals of staying the process in particular states as well
as duration time intervals of a given state of the process , under condition that the next will
be one of the remaining states in which it may find itself , are random variables of
exponential distribution [4, 5]. For this reason, application of such processes is restricted,
however in the case of the above described difficulties associated with producing the
semi-Markov model or also when  random variables under consideration have unknown
distributions,   the obtained results may be assumed to be the first approximation. Use of
exponential distributions makes it possible to achieve very simple relationships which
constitute distribution of the process in question.
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This paper presents the possibility of practical use of the adsorption cooling method in the 
shipbuilding technology allowing for the conversion of low temperature waste heat (at approx. 60°C) 
coming from e.g. main engine cooling water. This work describes the construction and operation of 
such a device, the characteristics of typical adsorbent-adsorbate combinations, the advantages of 
such solution and the mathematical model. 
Keywords: Adsorption cooling 

 
adsm  adsorbentkg  - the mass of adsorbent in a single absorber 

w  adsorbate

adsorbent

kg
kg

- level of adsorption 

pac J
kg K

 - the specific heat of adsorption 

pgc J
kg K

 - the specific heat of adsorbate (working fluid in the adsorbed phase) 

pvc J
kg K

 - the specific heat of adsorbate  (working fluid in vapour phase) 

H
adsorbate

J
kg

 - entalpy of adsorption 

skrr
adsorbate

J
kg

 - heat of condensation 

parr
adsorbate

J
kg

 - heat of vaporization 

skrT K  - condensation temperature 

parT K  - evaporation temperature 
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1.

The need to save energy resources, improve the energy balance of ships, ocean environment 
protection and  improvement of waste heat economy on the ship are the current engineering problems 
of modern shipbuilding. In order to meet these challenges and possesses a considerable interest of 
ship-owners is heat recovery technology based on heat of adsorption effect. Due to environmental 
concerns and the strict requirements of the MARPOL Convention (Appendix VI) [1] relating to the 
harmful substances issue, adsorption cooling is an attractive field for research compared with 
traditional systems using undesirable substances (eg. CFCs). Working fluids used in adsorption 
cooling devices (e.g. Water, methanol) are environmentally friendly and do not damage the marine 
environment or the earth's ozone layer. A characteristic feature of adsorption cooling devices is their 
simple design, allowing for ease of use and maintenance, no moving parts (except circulating pumps 
for cooling/heating or electro valves) which affects practically no vibration, no use of hazardous 
materials and practical no corrosiveness. The main disadvantages of adsorption cooling is 
discontinuous operation, high design requirements for maintaining a high vacuum, large size and 
weight compared to conventional cooling devices and low values of the coefficient of performance 
COP. Because of the low COP these installations are preferably powered by waste heat [2]. Research 
on adsorption cooling devices have helped to significantly increase the efficiency of their work. 
Application of new sets of adsorbent-adsorbate and modifications to the design of these devices cause 
the continuous improvement of their efficiency [3], [4]. 

2.

The absorption chiller consists of 4 main components: evaporator, fields filled with adsorbent, the 
condenser and the throttle valve. The principle of operation of the adsorption refrigeration apparatus 
will be described using an example of a simple device constructed of two adsorbers (Figure 1)[5]. 
Operation of the system can be shown also by the thermodynamic state of absorbers presented in the 
Clapeyron diagram (Figure 2) [2, 3, 6, 7, 8]. Full cycle consists of four stages: heating the bed, 
desorption and regeneration, cooling, adsorption. During the heating stage (A-B) adsorber with bed is 
heated with saturated adsorbate (e.g. waste heat of cooling water coming from the main engine) 
resulting in increased pressure and temperature. After reaching the condensing pressure (point B) 
starts desorption process. When the bed is completely regenerated (point C) this stage is completed. In 
a next step  (C-D) the adsorber is cooled, that results decrease of temperature and pressure. When the 
pressure drops to the evaporation pressure (point D), begins the adsorption process accompanied by 
release of the heat Qa. 

Adsorbate vapor formed by the evaporation of the working fluid in the evaporator connected to the 
adsorber. Evaporation results in liquid that evaporates lowering the temperature, thereby obtaining a 
cooling effect. The ratio of the amount of heat received by the evaporation of the amount of heat 
supplied to the heating step and the desorption of bed coefficient of performance COP [2]: 

p

o d

Q
Q Q

      (1) 

where Qp – heat of vaporization, Qo – heat rejected , Qd – heat supplied. 
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Fig. 1. Absorption refrigeration chiller with two adsorbers: 1 - adsorber, 2 - adsorber, 3 - condenser, 
4 - throttle, 5 - evaporator [5] 

Fig. 2 The adsorption cooling cycle [2, 3, 6, 7, 8] 

3.

 Inside the adsorption cooling apparatus many different processes occurs. Knowing the 
relationship between them and the properties of the substance (absorber) can be described in 
mathematical method behaviour of the device. In the paper presents a generalized mathematical model 
based upon the model Cacciola and Restuccia and  Grzebielec [5, 9]. The model illustrates the heat 
balance of the adsorption cooling apparatus with a uniform temperature in the bed of adsorbents at a 
point in time. 
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3.1. -B-  

max

B

A

T

diz ads pa pg
T

Q m c T c T w dt (1) 

min
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w

ddes ads
w

Q m H w dw (2) 

C

B

T

dog ads pa
T

Q m c T dT (3) 

C

B

T

dogg ads pg
T

Q m c T w T dT (4) 

d diz ddes dog doggQ Q Q Q Q (5) 

where: 

Qdiz  – heat from isosteric part of the process (curve A-B on Fig. 2) 

Qddes  – desorption of working fluid (curve B-C on Fig. 2) 

Qdog  – heat required for heating the adsorbent from TB to TC (curve B-C on Fig. 2) 
Qdogg  – heat required for heating the adsorbate from TB to TC (curve B-C on Fig. 2) 

Qd  – value of the heat supplied to the absorber 1 in the transition from state A to state C. 

3.2.  

min maxsskr ads skrQ m w w r (6) 

min

max ( )

skrTw

sob ads pv
w T w

Q m c T dTdw (7) 

s sskr sobQ Q Q (8) 

Gdzie: 

Qsskr  – condensation of working fluid 

Qsob  – reducing the temperature of vapor to a condensation 

Qs  – heat rejected in the condenser 

3.3.  

max minp ads parQ m w w r (9) 

Where: 

Qp  – heat received by the evaporator 

3.4. -D-  
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Q m H w dw (11) 

A
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Q m c T dT (12) 
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D
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Q m c T w T dT (13) 
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( )
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w T w

ob ads pv
w T

Q m c T dTdw (14) 

a ads aads aob aobg abQ Q Q Q Q Q (15) 

Where: 

Qaiz  – heat from isosteric part of the process (curve C-D on Fig. 2) 

Qaads  – absorption of working fluid (curve D-A on Fig. 2); 

Qaob  – heat rejected while lowering the temperature of the adsorbent (curve D-A on Fig. 2); 

Qaobg – heat rejected while lowering the temperature of the adsorbate (curve D-A on Fig. 2) 

Qob  – heat used to change temperature f the gas from evaporation temperature to adsorption 

temperature (curve D-A on Fig. 2) 

Qa – heat rejected from absorber no 2 during the transition from the state C to state A. 

4. -

Proper operation of the absorption cooling apparatus depends primarily on the adsorbate-adsorbent 
sets used. Well-designed and efficient cooling unit should have a large adsorption capacity and its 
large temperatures change. Adsorbent should have the ability to adsorb large quantities of the 
adsorbate at low temperatures, and to the effective desorption by an increase in temperature. Its 
properties should not change in time and repeated use. Adsorbate should have low evaporation 
temperature and low saturation pressure (1-5 atm) in a normal operating temperature, high evaporation 
heat, small size particles, chemical stability, non-flammability, non-toxicity and corrosivity. The 
choice of a set of adsorbate-adsorbate affect the cost and availability in the market. The most common 
systems are: active carbon-methanol, active carbon fibers-methanol, activated carbon-ammonia, 
water-zeolites, silica gel-water, calcium chloride-ammonia, adsorbents composite – ammonia [2]. 

5.

In the shipbuilding industry we are dealing with significant amounts of waste heat, you may reflect 
on use of plant waste heat driven eg. cooling water main engine. The advantages of adsorption 
refrigeration include simplicity of design with no moving parts, shock resistance, quiet operation, no 
problems with corrosion. no dangerous gases or materials, no dangerous pressures, very low power 
consumption (circulating pumps only), automatic operation by very simple units (no computer 
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needed) pro eco operation improves energy balance of the ship. Cold water can be used for cooling 
accommodation rooms, server rooms, kitchens, fridge rooms, and cargo. 

 

 

[1] www.imo.org.  
[2] Gwadera, M., Kupiec K.:  
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[4] Wang D. C., Li, Y. H., Li D. Xia Y. Z., Zhang J. P.: A  review  on  adsorption refrigeration 

technology and adsorption deterioration in physical adsorption systems, Renewable & 
Sustainable Energy Reviews 14, 344, 2010 
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theory: Energy Conversion and Management, Vol. 45, 1279-1295, 2004. 

[9] Cacciola, G., Restuccia, G., Reversible adsorption heat pump: a thermodynamic model, 
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1.

Energy requirements of maritime transport arising from their operational needs related to the
function of the movement of the vessel and their existential functions has long been carried out by 
using mainly internal combustion piston engines.  

In the case of gas turbine engines, depending on the destination of the vessel and energy needs, 
power units and marine power plant with steam turbines are used in cases where nuclear power plants 
and systems with the so-called gas turbines in the form of gas turbine engines are used.  

As a result of smaller energy efficiency and the resulting higher fuel consumption, gas turbine 
engines for marine use are being replaced by piston engines and represent only a few percent share in 
the total population of marine internal combustion engines. However, gas turbine engines have one 
significant advantage - they are characterized by a high concentration of power expressed as           a 
ratio obtained under the terms of the weight of the engine. In comparison, the vessels power must take 
into account not only the weight but the mass of the entire engine propulsion unit, since the use of the 
gas turbine engine requires the use of additional reduction of gear rotational speed of the motor drive 
shaft to the desired speed of the vessel propulsion. The list compares power, economic and technical 
parameters conducted for piston and gas turbine engines used for main propulsion and the validity of 
the use of gas turbine engines for propulsion of warships is achieved.  
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In connection with a significant quantitative predominance of marine internal combustion piston 
engines of the vessel's gas turbine engines, legal regulations concerning the emission of harmful 
exhaust gases of marine engines are mainly with regard to piston engines (Tab. 1). One of these acts is 
the International Convention for the Prevention of Pollution from Ships of 1973, Signed in London on 
2 November 1973 as amended by the Protocol compiled in London on 17 February 1978 (Journal of 
Laws of 1987 No. 17, item 101) and by the Protocol done at London on 26 September 1997 (Journal 
of Laws of 2000 No. 202, item 1679), hereinafter known as the „MARPOL Convention”.  
All engines used on warships are exempt from compliance with standards of emission of harmful 
exhaust gases. It should be noted that the percentage of the population of gas turbine engines installed 
on warships is several times higher in comparison to the civil fleet. However, governments with 
warship fleets seek to implement the provisions relating to the protection of the marine environment 
(e.g. MARPOL) on warships as far as it is possible. 

-
  

Emission 
level Year of validity

NOx emission limits [g/(kWh)]  
depending on the nominal engine speed n [rpm] 

Low Speed Engine 
n < 130 

Medium Speed Engine 
 

High Speed Engine 
 

I 2000 17,0 * -0,2 * 9,8 * 

II 2011 14,4 ** -0,23 ** 7,7 ** 

III 2016 3,4 *** -0,2 *** 2,0 *** 
* these values apply to vessels built or those that have undergone modernization after 1 January,

2000 and before 1 January, 2011,
** these values apply to any vessel built after 1 January, 2011, 
*** these values apply to any vessel built after 1 January 2016. and sailing in the North 

American Emission Control Area or Area in the Caribbean Sea of the United States. 

Ever increasing emission of exhaust gases from marine engines implemented have necessitated the 
development of new construction concepts of marine power plant of civilian ships and warships. 
Increasingly, it contemplates the use of gas turbine engines in marine power plant focused on the 
production of electricity used by electric motors vessel propulsions. In the case of gas turbine engines, 
the disadvantage is lower efficiency of electricity generation, as evidenced by the high value of the 
specific fuel consumption (Fig. 1), but the important advantage is the high concentration of generated 
energy in the unit occupied by the combustion power system volume. The advantage of using gas 
turbine systems is the ability to supply these motors with so-called light fuels with low sulfur 
compounds, alternate fuels such as vegetable oil esters, methanol, ethanol, methane and gaseous fuels 
such as natural gas and propane-butane. 

The use of natural gas to supply the drive marine power plant may be particularly advantageous in 
LNG transportation ships with this type of fuel. The argument for the use of systems of turbine 
generators of electricity is the possibility to increase cargo space (Fig. 2) which improves the cost-
effectiveness ratio of vessel shipment, eliminating the lower overall efficiency of gas turbine engines. 
It is especially the preferred solution of using light and alternative fuels such as natural gas, propane-
butane, vegetable oil esters, methanol or ethanol. 
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-   

 -  

The concepts of using gas turbine engines is associated with the necessity of accepting higher 
specific fuel consumption resulting from lower engine efficiency, but also to contribute to obtaining 
the improvement of ecological indicators in the form of lower emission of harmful fume emissions. 
Assessment of the real benefits of using gas turbine engines for marine propulsion, obtained under the 
operating and environmental parameters requires a number of studies and analyzes, some of which are 
presented in this article. 
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2.

The authors therefore undertake to try to determine the emission of harmful exhaust gases in
marine turbine engine, used in the drive system of guided missile frigate class of warship (Fig. 3). 

  

The propulsion system unit consists of a power unit equipped with two gas turbine engines from 
General Electric LM 2500 (Fig. 4), a cumulative drive reduction gear ratio of 1/20, one line shaft and 
adjusting screw. The power of the drive is about 30 000 kW at a maximum turbine propulsion speed 
of nTN = 3600 rpm. 

Gas turbine engines used in the propulsion system of frigates consist of two rotor units. The basis 
of engine design is the exhaust gas generator in which the sixteen-axial compressor is driven by a two-
stage high-pressure turbine. The first six stages of the compressor are equipped with an adjustable 
steering blades operating in the range of the -30o – +30o angular position with an accuracy of 10'.
Setting the steering is dependent on the pressure of fuel supplied to the injectors, the rotor speed of the 
gas generator and the air temperature in the inlet section of the engine. This solution enables the 
extension of the stable operation of the compressor, especially in transition processes. The continuous 
combustion process takes place in an annular combustion chamber supplied with fuel through the 
thirty-two injectors. Six level separate turbine propulsion co-operates with the exhaust gas generator 
which constitutes a source of mechanical energy for the vessel propulsion system. The engine is 
entirely located in a casing isolating it from the rest of the power system. This solution was adopted 
for reasons of fire safety and for reducing noise propagation inside the power system. The exhaust 

TURBINE 
COMPRESSOR 

GAS GENERATOR 

 
GAS 

GENERATOR 
TURBINE 
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system has a length of a several meter vertical channel with a diameter of two meters, ending in 
narrowing to a diameter of about a meter. 

3.  

Measurements of thermal gas-dynamic parameters of the working medium made in specific
sections of the engine control are an important source of diagnostic information about the state of the 
structure of construction part of the flow. The schematic diagram of the LM 2500 engine (Fig. 5) 
presented with marked control flow sections enables visualization of the distribution points. The 
measured values and calculation of individual parameters of the engine and the measurement range 
expressed in units of force in the power system of vessels is summarized in Tab. 2. 

 

Name parameter, designation, unit Measurement 
range 

Barometric pressure po [hPa] 800 – 1040 
Ambient temperature to [oC] -40 – +40 
The rotational speed of the gas generator shaft nGG [rpm] 0 – 12000 
The rotational speed of the power turbine shaft  nPT [rpm] 0 – 5000 
The inlet air temperature to the engine t  [oF] -40 – +150 
The inlet air total pressure to the engine p*  [psig] 0 – 16 
Air pressure on the outlet compressor p2 [psig] 0 – 300 
The temperature of the exhaust stream before the power turbine t4.2  [oF]  0 – 2000 
Total pressure of the exhaust stream before the power turbine p*4.2 [psig] 0 – 75 
Temperature exhaust gas T [oF]   0 – 1000 
The fuel temperature before engine Tf [oF] 0 – 100 
Pressure fuel injectors before pf [psig]  0 – 1500 
Torque (calculated) on the power turbine shaft MPT [LB FT]   0 – 50000 
Power on the power turbine shaft P  [KM] 0 – 25000 
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The location of the turbine engine in the engine room requires the assurance of supply to the inlet 
of the corresponding mass flow of air and exhaust mass derivation generated from the engine exhaust. 
Vertical air intake channels and exhaust gas outlet channels (Fig. 6) of about 15 m have been designed 
for Oliver Hazard Perry class missile frigate equipped with two LM 2500 turbine engines. The air 
from the manifold is directed mostly to the inlet of the engine. A small portion of air from the intake 
side channel is collected and is fed to the interior of the container assembly for the engine in order to 
ensure a proper exchange of air and the temperature around the running engine. Air flowing from the 
outer parts of the engine in the container housing is ultimately directed into the exhaust duct to be 
mixed with the gases generated by the turbine engine. Depending on the need to ensure the 
appropriate parameters, air flowing from the outside of the engine is suitably prepared by an 
appropriate temperature using the cooling system and the heaters and the flow rate of the respective 
container inside the housing, controlled by using a fan. 

 
 

4.

The idea of operating an internal combustion engine is directed in order to achieve the operational 
performance which translates into propulsion operation. The flow of the exhaust stream generating 
torque of the power turbine is important for the turbine shaft which eventually results in the drive 
shaft receiving power from the engine. Exhaust gas values generated by the so-called generator 
exhaust - part of the turbine engine generating exhaust gases are responsible for the turbine shaft 
engines for the operating parameters obtained from the drive shaft. These parameters include mass 
flow of exhaust gases and the energy described by the temperature and the flow rate at various stages 
of the turbine. The resulting thermodynamic parameters of the exhaust gas as a working medium are 
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directly dependent on the conditions in the combustion chamber, which are closely related to the 
operating parameters resulting from the energy requirements. Therefore, there is a relationship 
between the operating parameters and the conditions of the combustion process occurring in the 
combustion chamber and the emission of pollutants in the exhaust gas which was generated in order to 
obtain the required mechanical energy on the drive shaft of the motor. 

According to these interdependencies, the emissions contaminants contained in the generated 
exhaust gases can be evaluated depending on engine load energy. For this purpose, it is necessary to 
specify the mass flow of generated exhaust gases as a function of engine load and concentrations of 
harmful compounds contained in them. It is necessary to obtain emission characteristics of the engine 
as a function of load. The issue is familiar and is presented many more studies [3, 4, 6, 9]; however, 
studies of high power turbine engines require an individual approach, so much so that the issue of the 
assessment of gas emission from turbine engines is carried out under static conditions at a few 
selected points of the study and for certification purposes of the engine. In contrast, the evaluation of 
pollutant emissions, carried out by the authors, in the exhaust gases of the turbine engine shaft used at 
sea is focused on the evaluation of the operating conditions of the vessel during the voyage being 
undertaken.  

In order to determine the characteristics of the LM 2500 engine emission, it is necessary to 
estimate the generated mass flow of exhaust gases. The mass flow of exhaust gases is the total flow of 
air and fuel supplied to the engine. Therefore, it is necessary to designate the mass flow of air and the 
mass flow of fuel. When available, the possible measured values of engine operating parameters LM 
2500 can be troublesome. Therefore, the calculation of one of these values and measuring the excess 
air ratio for the engine carried out in the combustion process using a broadband oxygen sensor is a 
necessary condition. By knowing the ratio of the air-fuel consumption, the air or engine fuel according 
to which the value is obtained from the measurement can be established. Establishing the exhaust gas 
mass can be linked to the value of concentrations of harmful compounds, thus obtaining the emission 
of pollutants in the exhaust gases. In carrying out the emission characteristics of the engine as a 
function of load, it is necessary to obtain the dependent equation that can be used in the algorithm for 
determining the instantaneous emission engine operating conditions. Examples of the emission 
characteristics have been developed by the authors on the basis of the GTD-350 turbine engine shaft 
[7] and the resulting equations describe the changes of the concentration of the individual compounds 
as a function of load (Fig. 7). The distribution of received values and dependencies should be 
considered as an example of a distribution of received values of described equations are a feature of 
its own motor. Therefore, it is necessary to determine the emission for the engine, for which 
assessment of emission standards in operating conditions shall be undertaken in the subsequent stage. 
It is necessary to associate the obtained dependencies on the operating parameters of the engine in 
order to make such evaluation, i.e. the engine-generated power, the speed of rotation of the shaft gas 
generator, the rotational speed of the turbine shaft drive, rotational speed settings of the propeller of 
the ship and the sailing speed of the vessel and the parameters of the course as a further step. 

Given the available sizes monitored in engine room,  the following one can be used: 
 rotor speed of gas generator, 
 the rotational speed of the separate power turbine, 
 the temperature of the inlet air to the engine, 
 the total pressure of the inlet air to the engine, 
 the temperature of the exhaust gas stream before the turbine engine, 
 the total pressure of the exhaust gas stream upstream of the turbine engine, 
 output torque of the power turbine, 
 power on the power turbine shaft. 

Other information should be obtained using the measurement system of excess air, and using 
apparatus for testing the concentration of pollutants in the exhaust gas.
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The analysis of the monitored operating parameters in the engine room the  Oliver Hazard Perry 
guided missile frigate class which is in the service of the Polish Navy, highlighting the need for 
additional equipment and mathematical algorithms to determine the level of performance necessary to 
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assess pollutant exhaust gas generated by the turbine engine shaft of the main drive. This evaluation 
requires earlier studies related to obtaining emission characteristics of the engine for all of its 
operations. However, the supplemented characteristics of the algorithm determine the mass flow of 
exhaust allow it to derive the emission of harmful compounds in the operating conditions of the 
vessel.
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Abstract

The paper presents the formation steps to the mathematical model of the gas-dynamic processes 
occurring in the cylinders of the marine diesel engine driving a synchronous generator. All steps have 
been illustrated by charts of the modeled parameters as a function of the crankshaft angle. In 
addition, the paper presents the problem that occurs during modeling quasi-stationary dynamic 
processes. 

Keywords: energetic processes, marine diesel engine, mathematical model

List of the most important markings 

a – linear acceleration R – individual gas constant
c – carbon mass s – mass fraction of sulfur

cp – specific heat S – cross sectional area
d – diameter of the valve t – time step
D – diameter of the cylinder T – temperature
g – gravitational acceleration w – linear velocity
h – mass fraction of hydrogen / valve lift x – route
K – bulk modulus W – calorific value
l – rod length V – volume / capacity
L – vaporization heat of fuel α – crankshaft angle 
L0 – theoretical air requirement κ – heat capacity ratio
Lr – actual air requirement λ – excess air ratio
m – mass – outflow/inflow ratio

– mass flow ρ – density
n – mass fraction of nitrogen τ – the amount of fuel supplied to the air cylinder unit
p – pressure – angular velocity
Q – heat
r – crank radius of the crankshaft 
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Applied indexes 

cyl – applies to the cylinder
dol – applies to the intake
ks – applies  to the combustion chamber
pal – applies to the fuel
wtr – applies to the injection
wyl – applies to the outlet
w – applies heat used for heating fuel
zaw – applies to the valves

1. Introduction 

Gas-dynamic processes occurring in the 4-stroke cylinder of the marine diesel engines of 
compression ignition is an extremely complicated issue. Therefore, most researchers use ready-made, 
commercial computer tools such as KIVA or FLUENT which allows to conduct the analysis of 
processes in engines [1, 2, 3]. This software was developed for the design of internal combustion 
engines, therefore using it in order to assess the technical condition of existing engines is problematic. 
This is due to the fact that each modelling change in the structure design of the engine (corresponding 
to its degradation) involves the need of modifying the complex elements of the grid. Expenditure of 
time necessary to carry out the calculations and the amount of work with model modifications 
seriously hampers the use of such applications for diagnostic purposes.  

It is reasonable to develop a specialized diagnostic model allowing for relatively simple modifying 
parameters of the engine structure for simulation purposes for technical fault conditions. It should also 
allows the analysis of  the impact of a given set of unsuitability on the key parameters of the engine 
such as pressure and temperature inside the cylinder, the rotational speed of the crankshaft, the speed 
of air flow into the cylinder, the flow rate of the exhaust gas from the cylinder, etc.  

The authors had focused on the development of such model and computer program based on 
equations used during the model description . 

2. Modeling of piston movement in the cylinder 

The first stage of model development of the marine diesel engine is to determine the course of 
change in the volume of the engine cylinder as a function of crankshaft angle. The mathematical 
description of movement of the piston in the engine has been in details described in the literature [6, 
7].  

Firstly, it is necessary to enter the parameters describing the geometry of the crank-piston 
mechanism i.e.: 
rod length l, 
crank radius of the crankshaft r. 
On this basis, it is possible to calculate the length of the path of the piston (displacement)  
as a function of the crankshaft revolution angle: 

, (1)

In equation (1) is the value of the angle of rotation of the crankshaft , variable with each 
iteration of every 0,10 OWK. In the case of multi-cylinder engines, angles which shift between the 
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cylinders should be included. The length of piston as a function of crankshaft revolution angle is 
based on the calculated value of the equation 1.

The value of the instantaneous velocity of the piston as a function of crankshaft revolution angle is 
described in the formula: 

, (2)

where: 

However, the acceleration of the piston is described by the equation: 

, (3)

3. Modeling of gas-dynamic processes in the engine cylinder without taking into account the
exchange process of the medium

Knowing the value of piston displacement as a function of crankshaft angle calculated according 
to the formula (1)  the capacitance change of the cylinder as a function of crankshaft revolution angle 
can be calculated (equation 4).

, (4)

Having changes in the course of the combustion chamber volume, it is possible to calculate the 
weight of the medium contained in the cylinder for the first iteration. The medium mass was 
calculated according to the formula:  

, (5)

assuming that Vcyl  is equal to the maximum capacity of the cylinder defined by the equation (4), 
where xcyl is equal to twice the length of the crank, it has been assumed that the air density is =1,2 

.
In the initial phase of model development it was assumed that the thermodynamic medium is only 

compressed and expanded (the inflow and outflow of the cylinders of the engine is not taken into 
account and does not include fuel injection). Having the mass medium, it was possible to calculate the 
temperature and pressure inside the cylinder according to the formula: 

, (6)

and: 

, (7)
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In order to use equations (6 and 7) it was necessary to determine the value of the individual gas 
constant Rcyl for the medium contained within a cylinder and the adiabatic exponent , which is 
calculated from the dependence (8).

, (8)

where:
pal – the amount of fuel supplied to the cylinder per unit of air (in the first iteration of was zero),

Tcyl-1 – the temperature of the medium inside the cylinder of the previous iteration (the first iteration 
assumes that it is 293 K).
  
Whereas the value of the individual gas constant is calculated from (9).

, (9)

The value of the individual gas constant for the medium if the fuel injection amount is not taken into 
account is: 287 .

The value of the coefficient of excess air λ for the intake and compression stroke reaches an 
infinitely high value; however, during the injection of infinite value, it changes to the value adopted 
for the type of engine and torque load. At the early stage of modeling, if fuel injection is not included 
into the cylinders of the engine, the air excess ratio is treated as infinitely large. Theoretical air 
consumption L0 occurring in the equation (9), is described by the dependence:

, (10)

where: the mass share value of carbon c and hydrogen h depend on the type of fuel used. 
Knowing the mass of air in the cylinder, it is possible to calculate the parameters inside the 

cylinder such as temperature and pressure. The temperature was calculated based on equation (7) 
which, after transformation, took the form [4]: 

,
(11)

after substituting the equation (6) the form of: 

,
(12)

The fluid pressure within the cylinder is calculated from the dependence: 

, (13)

Its course is carried out as a function of crankshaft angle illustrated in Figure 1 (the inflow and 
outflow medium from the cylinder and fuel injection was not taken into account).
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Fig. 1. Course of pressure change within a cylinder as a function of crankshaft angle 

4. Modeling the process of air intake and outlet medium from the cylinder

The next step in the construction of the model was to consider the possibility of air intake and

exhaust of the medium. It was necessary to know the opening and closing angles of the intake and 

exhaust valves. In model, data of the engine Sulzer type 6 AL 20/24 had been used. Engine is installed 

in the Laboratory of Marine Power Plant Operation of the Polish Naval Academy. Apart from the 

opening and closing angles of the valves, information regarding the change of the active cross 

sectional area of the valve as a function of crankshaft angle was also necessary. When the valves are 

closed, the active cross-sectional area of the valves is zero, whereas when the valves are open, the 

active cross-sectional area is calculated according to the following equation [8]: 

, (14)

where markings were adopted as shown on Figure 2.

A

B

D

h

d

d

Fig. 2. Scheme of valve used in the calculation of the active cross-sectional area of refrigerant flow [8] 

To use the equation (14) it was necessary to be familiar with the course of changes in the value of 
raising the valve as a function of crankshaft angle. In most of the models proposed in the literature, 
this value is determined as a two-state, i.e. when the valve is closed, the value of valve lift is equal h = 
0 and when the valve is open h is equal to the average amount of valve lift [7]. This approach of 
modeling the changes in the field of the cross section area of the exhaust valve is illustrated 
in Figure 3. This simplification assumes that the area denoted by A must be equal to the area B.  

h

Cranshaft angle [deg]

A
B

hmax

o

Fig. 3. Diagram of the actual (A) and theoretical (B) lift of the exhaust valve 
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Due to the need to develop a model, it was found that binary model is insufficient and it was 

decided to model the operation of the valve according to the According to the lack of knowledge of 

the geometry of the cam in the timing system, it was decided to simplify the assumption that the valve 

lift is changed in accordance with a second power function, whose characteristic points are: the h=0 

value for the angle of opening and closing the valve, and the value of h=max for the angle 

corresponding to half the angle of opening the valve [10]. The method of determining the valve lift is 

presented on Figure 4. 

h max

h [m]

Crankshaft angle [deg]

A (   ,0)1 B (   ,0)2

C (   ,h    )3 max

Fig. 4. The method of determining the course of valve lift as a function of crankshaft revolution angle 

Changes in the lift value of the intake valves for the engine with firing order 1-5-3-6-2-4 was shown 
in Figure 5 a, while the waveforms of the active change of the sectional areas of the intake valves as a 
function of crankshaft angle was shown in Figure 5 b.

Fig. 5. Change diagram a) the intake valve lift, the change of the active sectional area of the intake 
valve as a function of engine crankshaft revolution angle 

If we dispose of the course of the active sectional area of the intake valve, the value of the internal 
pressure of the cylinder, the air supply pressure of the cylinder and counter pressure of exhaust gas, it 
is possible to calculate the flux of the medium flowing through the intake and exhaust valves. The flux 
value and inlet medium flowing out of the cylinder describes the equation: 

(15)

The density of the medium can be calculated using the equation: 
(16)

While the velocity of flow of the medium is determined from the de Saint-Venant equation [4]: 

a) b) 
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, (17)

In the case of air flow into the cylinder, the parameters of index 1 relate to inflow air, whereas index 2 
relates to the parameters inside the cylinder. Index 1 shows the performance index within the cylinder 
for gas outflow via the exhaust valves whereas index 2 relates to a exhaust gas in the outlet channel. 

Masses flow suppling cylinders could be calculated on the basis of equation 15 as a and the 
medium leaving the cylinders as a . In order to calculate the increase in mass in the cylinder, it is 
necessary to incorporate the inflowing mass with air into the cylinders, which is described by the
equation:

, (18)

while the medium flow mass is described by the equation: 

, (19)

The mass in the cylinder is calculated based on the equation: 

, (20)

The course of changes in the mass in the engine cylinder after taking into account the inflow and 
outflow medium for the intake and outlet valves is shown in Figure 6. 

Fig. 6. Course of mass changes in the engine cylinder as a function of crankshaft revolution angle 

5. Modeling the process of fuel supply into the engine cylinder

The inclusion of fuel injection into the cylinder was a further step in creating the model. The basic
problem was to determine the amount of fuel injected into the cylinder during implementation of 
engine operating cycle. It was determined on the basis excess air ratio λ. As far as the value of 
coefficient λ is known it is possible to calculate the mass of air requirement L0 for consuming 1 kg of 
fuel, which has been described in dependence 10. At the same time the actual air mass Lr needed to 
consume 1 kg of fuel, can be calculated from the dependence [5]:

, (21)

Hence the mass of the fuel injected into the cylinder during one cycle of the engine is calculated from 
the equation: 

, (22)
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where: 
m – air mass in the cylinder (calculated in the first iteration).

The opening angle of the injector is known, the angle of the closure remains to be calculated. In 
order to determine it, it is necessary to calculate the mass flow of fuel flowing from the injector. If the 
fuel dose attributable to the operating cycle is known, it is possible to calculate the duration of fuel 
injection. The duration of the fuel injection can be determined degrees of crankshaft angle for a given 
engine speed. Initially, it was attempted to determine the flow rate of fuel on the basis of the Bernoulli 
equation: 

, (23)

which took the form: 

, (24)

The calculations are compared with the speed of sound in the fuel, calculated according to the 
formula: 

,
(25)

where: 
K – bulk modulus for the fuel amounting to Pa [5, 6] 

Calculations have shown that the duration of the fuel injection flow rate is significantly higher than 
the speed of sound, and therefore assumed that the fuel outflow injector takes place at  
a speed equal to the speed of sound wcylkr. Additionally, a series of simulations in which the influence 
of injection pressure on the speed of sound in the fuel was determined. Studies have shown that this 
effect is small - the value of the speed of sound is in the range of 1290 m/s with a pressure of 20 MPa 
to 1350 m/s to 90 MPa. Therefore, it was reasonable to adopt an average fuel flow rate, equal to the 
average sound velocity of 1320 m/s. The flow of fuel was calculated on the basis of the speed of fuel 
injection into the cylinder: 

, (26)

Mass gain in the cylinder caused by the fuel injection is calculated according to the formula: 

, (27)

In contrast, mass in the cylinder: 

, (28)
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Aside from the mass of fuel supplied to the cylinder, it is necessary to determine the amount of heat 
supplied with the fuel. This value is increased by the heat medium contained in the cylinder which can 
be calculated from the formula: 

, (29)

where the calorific value is calculated from the dependence [9]: 

, (30)

where c, h, n, s – are the mass shares of the individual elements contained in the composition of the 
fuel, and determines the moisture content of the fuel.

At the same time, it is necessary to consider the required amount of heat supplied to the fuel. This 
value is described in the dependence:

, (31)

where: 

Qw – heat used to warm the fuel to the evaporation temperature, 

m – mass of injected fuel, 

L –vaporization heat of fuel,

cp – specific heat of fuel vapors, 

Tcyl – medium temperature in the engine cylinder, 

Tpal – temperature of fuel. 

Besides the heat supplied to the medium with fuel and consumed for its evaporation, it is 
necessary to take into account the heat transferred by the medium  inside the cylinder to the engine 
cooling system . The engine cylinder is treated as the three surfaces penetrated by heat: the 
surface of the cylinder liner, piston and cylinder head. (Fig. 7a).
The heat penetrating through the surface of the cylinder liner was calculated according to the formula: 

, (32)

Equation 32 is the sum of the height of the combustion chamber and piston travel. In each iteration, 
piston travel in the cylinder is changed according to dependence 1. Indications used in dependence 32 
are shown in Figure 7 b. 

The heat penetrating through the piston head and the cylinder head is calculated according to the 
formula: 

, (33)
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Where markings were adopted as shown in Figure 8.
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Fig. 8. Figure for calculating the amount of heat penetrating the piston head 

In order to calculate the heat flow given to the cylinder walls, it is necessary to sum up the heat 
flows transmitted to the walls of the cylinder liner, piston and cylinder head. This could  be written 
using the equation:

, (34)

Having the heat input value of the fuel, the heat collected at its heating and evaporation and heat 
transferred to the walls of the cylinder, it is possible to calculate the temperature of the medium in the 
cylinder from the dependence: 

, (35)

The specific heat of the thermodynamic medium in the cylinder calculated from the dependence: 
, (36)

The pressure of the working medium is calculated from the equation 13. The course of cylinder 
pressure variation as a function of crankshaft angle is shown in Figure 9. 

a) b) 
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Fig. 9. The pressure profile within the cylinder as a function of crankshaft revolution angle 

6. Summary

The mathematical model of physical processes in the cylinders of marine diesel engine described 
in the article is a fragment of the constructed model of the marine engine. The authors plan to develop 
this model by enriching it with a gas-dynamic phenomena occurring in the air intake and exhaust duct. 
In addition, it is planned to take into account the inertia forces of mases carrying out rotational, 
reciprocating and complex movement. In principle, it will allow to modeling fluctuation of the angular 
velocity during engine operation cycle. This will determine the impact of a possible change to 
simulate the technical condition of the engine on measurable waveforms of diagnostic parameters.  

The results obtained from the model at the stage of its creation are verified with tests conducted on 
real objects. The great versatility of the model can allow it to be used for the study of the phenomena 
did not into consideration at the stage of construction, such as analysis of the impact of changes in 
engine load on the emission of toxic compounds, etc.
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Abstract 

The change of some of the engine’s structural parameters affects the change of toxic compound emission 
in exhaust gases. It mainly applies to the damage sustained by the charge exchange system as well as the fuel 
system and the engine supercharging system. These changes are definitely higher during dynamic states and 
the related transient states. As such, it is possible to speak of a diverse sensitivity of the diagnostic parameters 
on the exact same excitations which come from the structure of the engine but are realized in other states of 
load. Presented in the paper is the diagnostic model of an engine, based on the theory of multi-equation 
models, in which the diagnostic symptoms are the indices and characteristics of exhaust gas compound 
emissions. For the sake of this paper, the modal value of the structure parameters was assumed to be the 
change in the angle of the fuel injection advancement. The diagnostic model of the engine was supplemented 
with the results of research conducted on a station equipped with a single cylinder CI test engine. In previous 
works of the author, the information capacity index method (the Hellwig method) was suggested for the 
measurement of sensitivity of a diagnostic parameter. Based on this method, a ranking of diagnostic 
parameters can be created, which divides the set of diagnostic transients into stimulators, destimulators and 
nominants. This normalization of the set seems to be helpful while making a diagnostic decision. 

Keywords: diagnostic, marine diesel engine, exhaust gas toxicity, multi-equation models 

1. Introduction

Nonstationary states are particular states of the combustion engine operation. It should be
explained by stating that the nonstationary states disrupt the thermodynamic equilibrium of the 
cylinder which is present during the stationary loads. It disrupts the flow of the combustion process 
through momentary changes of the stream of fresh load delivered to the cylinder, as well as the 
amount of delivered fuel. As such, the ratio of fuel-air is temporarily changed, resulting in the shift of 
the combustion air factor, which leads to the increased emission of combustion products created 
through the local deficiency of oxygen. Further consequence of the increased amount of carbon oxide 
CO and unburned hydrocarbons HC is the decrease in the combustion temperature, which dictates the 
lowered emission of nitric oxide NOx. 
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As such, the deciding factor for the value of toxic compound emissions originating from the 
nonstationary states is, above all else, the value of excitations which trigger these states. It is not, 
however, the only factor. Another factor shaping the value of toxic compound emissions originating 
from the nonstationary states which should be taken into consideration is the technical state of the 
engine. This state, described using the structure parameters, undergoes constant changes throughout 
the operation of the engine, which changes are responsible for the wear process. This intensifies the 
changes in the development of the toxic compounds during the nonstationary states because the 
processes, while momentary, are dynamic enough to result in the CI concentrations by far exceed the 
values of the stationary states. Thus it should be expected that the engine with its structural parameters 
changed through wear will be more sensitive to the influence of nonstationary states and determining 
its technical state will be easier. At the same time, a problem of unique identification arises, not for 
the diagnostic parameters, but for their sensitivity. It is especially vital in the cases with large 
quantities of the tested material as well as with large variations in the operation of the nonstationary 
states. The aforementioned sensitivity of the diagnostic parameter can be defined as an information 
capacity and used further to specify the parameters that best describe the given phenomenon [2]. 

The basic parameter deciding the correctness of the course of combustion inside of the CI engines 
is the angle of advance of fuel injection. Even a small deviation of this angle results in substantial 
changes in the main indices of the engine operation, including the indices of exhaust emission. In the 
case of classic engine design, the “spontaneous” change in the angle of advance of fuel injection is 
unlikely. On the other hand, in the modern engine design, where the majority of the regulatory 
parameters is electronically controlled, it is possible for a situation to occur where it results in damage 
being done to the control system and the change of the angle of advance of fuel injection. 

This paper is a continuation of the problem published by the author in [6]. Currently, the author 
concentrates on defining and researching of the information capacity of the diagnostic parameter, 
which, as mentioned before, are the indices and characteristics of the exhaust gas compound 
emissions. 

2. Tests of toxic compound concentration sensitivity as the diagnostic parameter during the
dynamic processes 

The tests were conducted on an engine fuel supply system (angle of advance of fuel injection) of a 
single cylinder test engine 1-SB, installed inside of the Laboratory of Marine Plant Exploitation of 
Polish Maritime Academy [3]. The experimental material was gathered using a developed trivalent 
complete plan. The realization of separate measurement systems (measurement points) of the 
aforementioned plan of experiment was achieved by using a programmable controller which allowed 
for getting a high repeatability of the dynamic processes. The duration of the dynamic process was 
assumed as the period between the introduction of the new injection system setting and the recurring 
stabilization of the output quantities. This time was chosen through experimentation and it amounts to 
about 106 seconds. 

In order to identify the impact of the technical state of the fuel system on the power parameters of 
the engine during the dynamic processes, determined were ranges of input quantities (preset 
parameters) and output quantities (observed parameters). 
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To the needs of this paper, the size of the input quantities X was limited to three elements, i.e.: x1 – 
engine speed n [r/min]; x2 – engine torque Ttq [N m]; x3 – angle of advance of fuel injection ww 
[ºOWK]. The research was conducted according to the adopted complete plan for the three engine 
speed values, i.e.: 850, 950, 1100 [r/min]. For each of the engine speed values the torque Ttq was 
increased, resulting in nonstationary states for the following loads: 10, 20, 30, 50, 70 [Nm]. In the case 
of the rotational speed of 850 r/min, out of concern for overworking the engine, loads of 50 and 70 
Nm were omitted. Similarly treated was the speed of 950 r/min with the load of 70 Nm. The angle of 
advancement of fuel injection was changed by ±5ºOWK, resulting in three values, i.e.: nominal value 
– N, accelerated angle – W, delayed angle – P. Using this method resulted in 36 repeated
nonstationary states. The model scheme of the functional test subject was represented in fig. 1. 

Similarly treated was the range of output values Y, the number of its elements reduced to only the 
basic toxic compounds in the exhaust manifold: y1 – condensation of carbon dioxide in the exhaust 
manifold CCO [ppm]; y2 – condensation of hydrocarbons in the exhaust manifold CHC(k) [ppm]; y3 – 
condensation of nitric oxides in the exhaust manifold CNOx [ppm]; y4 – temperature of the exhaust 
gases tsp [°C]; y5 – excess air number . 

As mentioned before, the observed data gathered during the active experiment, as well as the 
multiequation model [3, 4, 5, 6] based off of it, were used for the detailed analysis of the dynamic 
processes. 

The statistical identification of both the empiric data and the model data was conducted using the 
GRETL software [1]. The estimation of the equation factors of the specific output variables was 
conducted with the help of the least squares method, and its purpose was the verification of the 
significance of its parameters and, in effect, the discarding of insubstantial values, which, 
consequently, helped to greatly simplify the models. As a measure of the strength and the direction of 
the correlation between the observed variables (Y, X), the linear correlation coefficient of Pearson was 
adopted. 

Correlation coefficients  between the variable Y and the variables Xk make up a vector of 
correlation coefficients R0, while, between individual illustrative variables, correlation coefficients 

 make up a matrix of correlation coefficients R (1) of the following form: 

Fig. 1. Quantities characterizing the test subject 
x – input quantities, y – output quantities, z – disturbances, 

 c – constant quantities 
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,    (1) 

In the presented analysis of the test results, a substantial merit of the multiequation models comes 
into view – that is the possibility of a multi-criteria evaluation of the output quantities in the case 
where these quantities remain in a mutual correlation. Despite their unquestionable advantages, 
multiequation models do not directly provide the information on the quality of changes, which, in the 
given situation, are the changes in condensation of individual toxic compounds based on the shifts of 
the angle of fuel injection advance.  Only after compiling the courses of the experiment, or analyzing 
the produced models, does the image of the phenomenon come into view. Individual correlations 
along with the fitting of the model to the values received from the experiments held on the engine are 
presented in further detail in works [5, 6]. 

As mentioned before, the values of condensations of individual condensations of toxic compounds 
derived from the nonstationary states are characterized by a particular regularity and repeatability. In 
no way does it make the analysis easier, considering the notable similarity, independent from the 
values of the excitations of nonstationary state courses. As such, a tool had to be found, which would 
be able to describe with relative accuracy and objectivity the character of the changes in the toxic 
compound concentrations. Using this method allows to describe the correlation of the researched 
nonstationary state with the nonstationary state adopted as the standard describing the given 
phenomenon. The analysis of the correlation function makes it possible to define the level of 
correlation as well as its character. Analyzing the components of a function lets us deduce the 
aforementioned character of the nonstationary state, i.e. the involvement and intensity of its individual 
phases. 

One of the selection methods for illustrative variables (input quantities of the plan of the 
experiment) for the model, based on the values of the correlation coefficients, is the information 
capacity index method of Hellwig [6]. This method relies on the choice of a combination of 
illustrative variables for which the information capacity is the biggest, and all of the potential 
illustrative variables are considered as information carriers. The experiment scheme itself imposes a 
suitable number of available combinations, which, in the given case, with the three input values being 
K = 3 (x1 – engine speed n [r/min]; x2 – engine torque Ttq [N m]; x3 – angle of fuel injection advance 

ww [ºOWK]), is as follows: 

 (2) 

Thus created are (for each of the illustrated – output – variables) the following combinations: 
 one-element: C1 = {X1}, C2 = {X2}, C3 = {X3}, 
 two-element: C4 = {X1, X2}, C5 = {X1, X3}, C6 = {X2, X3}, 
 three-element: C7 = {X1, X2, X3}.  

For each of the combinations mentioned above, an individual information capacity index  for 
the variable Xk in the mth variable combination must be defined:  

(3) 

where:  
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 – correlation coefficient between the illustrated variable Y and the illustrative variable Xk 
(correlation coefficient matrix R0), 
  – correlation coefficient between the illustrative variables (correlation coefficient matrix R), 
m – number of combinations, 
k – number of illustrative variable Xk, for which the individual information capacity index  is 
being calculated. 

The next step in the Hellwig analysis is calculating for each of the combinations the integral 
information capacity index Hm 

 (4) 

The highest value for this index makes up for the criterion for the choice of the suitable 
combination between the illustrative variables. Of course, taking into consideration the goal of this 
analysis, i.e.: the identification of the sensitivity of diagnostic parameters, which are the 
concentrations of the individual gas components of exhausts on the changes of parameters of the 
structure that was the angle of fuel injection advance, particular care was taken during the analysis of 
the input parameter combinations. These systems were C3, C5, C6 and C7. 

Considering that the majority of the gathered empirical material and the limited form of this paper, 
the analysis of the information capacity index’s variability was limited to one engine speed only, i.e.: 
n = 1100 [r/min] as well as only one toxic compound, i.e.: hydrocarbon concentration HC [ppm]. The 
choice of unburned hydrocarbons was made due to the highest values of the Hm index were observed 
for the excess air number  and the unburned hydrocarbons HC [x]. The lowest values of Hm were 
present for nitric oxides NOx. 

The highest values of the Hm index are present mainly in the C5 combination, which binds together 
the rotation speed (x1) and the structure parameter of the engine, which was the changed angle of fuel 
injection advance (x3), for both the accelerated and the delayed fuel injection. The insignificantly 
lower values of the Hm index are present in the C7 combination, which binds together three input 
quantities of the experiment scheme (fig. 2). 

The analysis of the integral information capacity index value Hm gives us not only the possibility of 
an accurate estimation of the model (which is its intended use) but also, thanks to this analysis, it is 
possible to define, from a vast pool of data, the conditions in which the impact on the researched 
subject is the greatest. Nevertheless, the values of the Hm index, relatively close to each other in 
numbers, are making difficult the deduction of which of the experiment plans wields the maximum 
information value, especially when they are only referring to one parameter or one combination of 
said parameters. 

In the above mentioned situation, using a parameter ranking seems to be a helpful option, as a 
ranking reflecting the multi-criteria evaluations (which includes all of the parameters and their 
combinations) is one of the main premises of making accurate diagnostic decisions. 
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3. Building a ranking

Taking into account the large quantities of the research material as well as the need of an objective
indication of the most favorable diagnostic parameter, considering its sensitivity, a ranking was built 
on the basis of the zero unitization method. Because earlier each of the illustrative variables for the 
experiment scheme was run through the Hellwig’s information capacity index method analysis, in the 
early stages of the creation of the ranking it was assumed that the diagnostic variables of the 
individual illustrative variables will be taken from the Hellwig’s index values. These values, for the 
individual systems and input parameter combinations, are shown in table 1. 

The first step to building the ranking was the division of the diagnostic variable set into three 
subsets: S, D i N, i.e.: 

(5) 

where: S – subset of diagnostic variables called the stimulators, 

          D – subset of diagnostic variables called the destimulators, 

          N – subset of diagnostic variables called the nominants. 

Tab. 1. Numerical values of the diagnostic variables 

Plan system C1 C2 C3 C4 C5 C6 C7 
1 2 3 4 5 6 7 8 

1100P(50-70) 0,2318 0,0416 0,0586 0,2583 0,2001 0,0826 0,2217 
1100P(30-50) 0,3350 0,0004 0,1351 0,0956 0,3060 0,1009 0,3412 
1100P(20-30) 0,1236 0,0392 0,0665 0,1532 0,1412 0,0944 0,1664 
1100P(10-20) 0,0053 0,0024 0,0049 0,0076 0,0075 0,0058 0,0087 
1100W(50-70) 0,0027 0,0015 0,0087 0,0036 0,0084 0,0098 0,0092 
1100W(30-50) 0,4545 0,0471 0,1570 0,3458 0,4768 0,1734 0,3988 
1100W(20-30) 0,1059 0,0037 0,1252 0,0989 0,1835 0,1261 0,1784 
1100W(10-20) 0,0304 0,0130 0,0456 0,0144 0,1086 0,0536 0,0414 
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Fig.2. Values of the information capacity index Hm for HC and the nonstationary state at n = 1100 
r/min and a change of load from Ttq = 0 Nm to Ttq = 70 Nm: P – delayed angle of injection advance; 

W – accelerated angle of injection advance; C1 – C7 – combinations of illustrative variables 
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The transformation of stimulants into the normalized form was calculated using the correlation: 

, (6) 

respectively, the correlation used for destimulants: 

(7) 

Chosen as the stimulants, that is, the diagnostic variables whose growth should be associated with 
an increase, while the drop with a decrease of the evaluation of a complex phenomenon, were the 
combinations of illustrated variables C1, C3, C4, C5, C7. While the chosen destimulants, that is, the 
diagnostic variables whose growth is associated with a decrease, while the drop with an increase of 
the complex phenomenon, were the combinations C2 i C6. 

In the case of building a ranking which reflects the mutual interactions of individual exhaust 
components (which is the case presented in this paper) as well as a ranking which reflects the changes 
of the structure parameters (changed angle of fuel injection advance), the parameter should be added 
to the subset of nominants, whose normalization should proceed as follows: 

(8) 

      The following step was the creation of the diagnostic characteristic normalization. This step is 
essential as it allows for receiving a linked multi-criteria evaluation of the analyzed subject. The 
linked evaluation is reached through aggregation, i.e., setting an aggregate (synthetic) variable Qi. 

(9) 

Knowledge of the variable Q allows building a ranking relative to the non-increasing Qi values. As 
expected, the order of the ranking will be determined by the value of the synthetic variable Qi, which 
is presented in table 2. 

Tab. 2.Normalized values of diagnostic variables and value of the synthetic variable 

Plan system zi1 zi2 zi3 zi4 zi5 zi6 zi7 Qi

1 2 3 4 5 6 7 8 9 
1100P(50-70) 0,5071 0,1178 0,3531 0,7443 0,4104 0,5418 0,5460 3,2205 
1100P(30-50) 0,7355 1 0,8560 0,2688 0,6361 0,4326 0,8523 4,7813 
1100P(20-30) 0,2676 0,1692 0,4050 0,4372 0,2849 0,4714 0,4043 2,4396 
1100P(10-20) 0,0058 0,9571 0 0,0117 0 1 0 1,9746 
1100W(50-70) 0 0,9764 0,0250 0 0,0020 0,9761 0,0013 1,9808 
1100W(30-50) 1 0 1 1 1 0 1 5,0 
1100W(20-30) 0,2284 0,9293 0,7909 0,2785 0,3750 0,2822 0,4350 3,3193 
1100W(10-20) 0,0613 0,7302 0,2676 0,0316 0,2154 0,7148 0,0838 2,1047 
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By analyzing table 2 it can be noted that the highest values are achieved in the plan system of the 
1100W (30-50) experiment, which is the nonstationary state accomplished with the rotational speed of 
1100 r/min, with the load change from 30 to 50 Nm and for the accelerated angle of fuel injection 
which was 30 °OWK. It may indicate that this system carries the greatest information values. The next 
system in the information value ranking (not far behind the first entry), considering the changes of the 
structure parameters of the fuel supply system, will be the 1100P (30-50) system. It should be noted 
that in both cases they are not the systems with the highest moment load value. To mind comes the 
assumption that during the creation of the diagnostic tests, measuring systems with average loads 
might play a vital role. Only the third system in the ranking is a system which is realized using the 
maximum moment load. 

5. Summary.
The numerically similar values of the Hm index do not provide answers as to which of the

experiment plan systems carry the maximum information value, considering the changes in the test 
subject structure, especially when they only adhere to one parameter or one combination of said 
parameters. However, a ranking reflecting multi-criteria evaluations (encompassing all of the 
parameters and their combinations) is easily one of the fundamental premises of making accurate 
diagnostic decisions. Of course, it is viable to build a more in-depth ranking, taking into consideration, 
for example, a nominant diagnostic variable and its subset of nominal values, which will mirror the 
state of the engine in its full aptitude. It is also possible to create a more complex set of illustrative and 
illustrated variables so that the ranking could encompass all of the toxic compound parameters 
registered during the course of the testing, including the excess air number .  

Directly regarding the results of the ranking, a regularity should be noted. The higher values of 
synthetic variable Qi were observed, except for the very highest value, for the delayed angle of fuel 
injection (22 °OWK), which has its substantial justification, as the delayed angle of injection 
unfavorably influences the change in the combustion conditions. At first the value of the excess air 
number lowers, which causes the creation of incomplete combustion products, i.e., an increase of HC 
concentration, which comprised the main subject of this analysis. 
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