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Abstract

 This article presents the basis of construction of diagnostic relations between the technical condition of the object 
and diagnostic symptoms. Terms: “relation” and ”functional relations” describing diagnostic relations were defined. 
Using a one-rotor gas turbine engine as an example, construction of diagnostic relations for chosen operational 
parameters and the state of the engine, described by its power, has been shown. 

Keywords: ships, power plant, gas turbine engine, diagnosis  

1. Introduction 

 The term “relation”, according to Wikipedia, the free encyclopaedia may refer to: a relation - a 
person to whom one is related, a generalization of arithmetic relations, such as "=" and "<", 
international relations and many others [1, 4].  
 The term “diagnostic relations” generally applied in diagnostics refers to relationships between 
the states of an object, X, and parameters of a diagnostic signal, Y. The state of the object may be 
defined as a set of structure parameters (eg. parameters describing operational or regulation tear) 
or in the sense of reliability: fit for use or unfit (faulty). Diagnostic relations can be determined on 
the basis of results from experiments carried out on real object/objects or basing on simulation 
research, when there is a model that well represents chosen states of the objects. 
 The aim of this paper is to study the relations between chosen state parameters and diagnostic 
parameters (signals) of marine gas turbine engines operating in a ship power plant. 

2. Meaning of a relation 

Any subset of a cartesian product of n sets is called a relation with n arguments. These sets 
have to be identical. A relation means a connection between elements of a set. If a relation is 
denoted as , than nXXX ....21 . Relations included in the n-th cartesian power of one 
set are a special case [1, 4]: 
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2.... XXXX ,                                                     (1) 

 In practice one-argument relations, i.e. subsets of the X set, are more common. However the 
most common relations are the binary ones. They are the sets of ordered pairs of the yx,   type. 
If yx,   than we write yx  (where x is in  relation with y). In mathematics one can 
encounter the following special relations: 

– mathematical function, 
– partial ordering, 
– accurate ordering, 
– transitive relation, 
– symmetric relation, 
– ant symmetric relation, 
– equivalence relation, 
– reflexive relation

and many others. Diagnostic relations usually appear in the form of function relations 
(mathematical function). Functions as relations of two sets X (states) and Y (symptoms) are 
defined as in [3]: 
 If a binary relation , fulfils the condition that for each Xx  there is exactly only 
one element Yy , then yx  is called a function. 
 It relates to one element x of the X exactly one element of the Y set, so it is a function reflecting 
the X set into the Y set according to the definition of a function. Moreover the X set (states) and the 
Y set (symptoms) should meet the requirements of equivalence, symmetric and transitive relations 
which allows using in the simulation diagnostic research the reverse task i.e. simulating different 
states of the object and obtaining their symptoms. 
 In technological diagnostics, relations between the states of the object X and the diagnostic 
parameters (symptoms) Y, are most frequently studied using regression. It is a functional relation 
between the random variable X (states as a describing variable) and the variable Y (symptoms as a 
described variable) with the accuracy equal to a random error  whose expected value is zero. 
Formally it is represented in the following way: 

)(XfY ,                                                (2) 
where:

Y – random variable, 
f(X)   – regression function, 
X       – any variable (or a set of variables), 
        – random disturbance,  E( )=0. 

 Regression is used to study the relations between parameters (qualities) X and Y. In diagnostic 
practice a relation between a describing variable X (states) and a described variable Y (diagnostic 
signal) is searched for. To determine the intensity of the relation between real parameters of a 
diagnostic signal Y and the estimated values , a determination coefficient  
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 The determination coefficient, as a standarised measurement of intensity of linear relation 
between the diagnostic signal and the states of units of which the object is comprised, makes the 
basis for the choice of equations. Equations with determination coefficient values closest to one 
should be chosen. A small value of the determination coefficient indicates a poor relation between 
the real parameters of the diagnostic signal, Y and its estimated values, .

3. The object of the research 

 An auxiliary one-rotor gas turbine engine of the GTU-6A type, whose cross-section is shown 
in Fig.1., was chosen as the object of the research. 

Fig. 1. A cross-section of a one-rotor gas turbine engine of the GTU-6A type in an auxiliary power unit 

 The GTU-6A engine, through a planetary reduction gear drives a synchronic generator of the 
MSK 750/1500 type. On a ship there are four engines of this type, placed in separate machine 
compartments, which cooperate with the ship power system through a sectioned bar. Designed 
properties of the GTU-6A gas turbine engine are shown in Tab. 1. 

Tab.1. Designed properties of the GTU-6A gas turbine engine 

Load range Parameter/
Symbol Unit

Idle run 0,5 0,7 0,8 1,0 1,1 

eP kW – 300 430 480 600 660 

3T K 791 870 930 970 1033 1097 

4T K 508-538 608-638   708-738 >793 

C – 3,2-3,5 3,8-4,1   4,1-4,4 5,35 

n min P

-1
P 12150 12150 12150 12150 12150 12150 

fuelp MPa 4,5-5,2 4,8-5,5   5,1-5,8  

oilp MPa 0,28-0,3 0,28-0,3   0,28-0,3  

airm kg/s     6,64  

Synchronous generator Reduction 
gear box

Gas turbine engine
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4. Operational studies 

Operational studies on a one-rotor gas turbine engine were carried out according to a passive 
diagnostic experiment in which engine operational parameters are studied while state parameters 
(structure parameters) are unknown. There is a possibility of regulating the control vector. The 
choice of passive experiment was due to technical considerations connected with the tasks 
performed by the ship during its operation. 
 Specifics of gas turbine engine operation in marine conditions leads to representing the 
diagnosed engine states by discreet sequences of diagnostic signals, recorded in uneven time 
periods. These signals comprise the measurements representing [2]: 

– effective energy flow, 
– energy state of the engine, 
– energy flaxes driving the engine. 

 Operational parameters considered as measurable ones, were the input and output observable 
variables of engine subunits, which due to technical conditions could have been measured and 
recorded during the engine operation. On-line controlled operational parameters of the main and 
auxiliary gas turbine engines in ship power systems of chosen vessels are presented in Tab. 2. 

Tab. 2. Observed operational parameters of auxiliary gas turbine engines of the GTU-6A type 

Subunit  Operational parameter Symbol Accessibility

Atmospheric air pressure 0p 1
Atmospheric air temperature 0T 1Air inlet duct 
Air pressure loss on the filter Fp 1
Rotor speed n 1
Air temperature at the compressor 1T 1Compressor 
Air pressure behind the compressor 2p 1

Combustion chamber Exhaust gas temperature behind the 
combustion chamber 3T 0

Compressor turbine Exhaust gas temperature behind the 
turbine 4T 1

Fuel pressure at the burner burnatfup .. 1

Overflow fuel pressure overflfuelp . 1

Oil pressure behind the regulator ..controlp 1

Fuel pressure behind the supply pump fuelp 1

Control system 

Fuel pressure loss on the filter Ffuelp . 1

Oil pressure at the engine inlet Iengolp .. 1

Oil temperature behind the cooler Iengolt .. 1

Compressor bearing temperature bearingCt 1

Turbine bearing temperature bearingTt 1

Water temperature behind the oil cooler COolwt .. 1

Oil and cooling        
system 

Oil pressure at the reduction gear R.olp 1
1 – measured parameters, 
0 – parameters experimentally inaccessible 
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 Measured and recorded, by the subsystems of the 61 MP “SLAN” control network, were the 
average values of the operational parameters at stationary random energy states of engines. The 
measurements were carried out for random engine loads at the atmospheric air parameters, p B0 B, TB0B

and the relative air humidity, 0 . During one observation, at a single time sequence, from more 
than 10 to over 20 recordings of diagnostic signal parameters were taken, trying to include the 
possibly widest range of loads, from idle run to the possibly biggest powers.

5. Diagnostic relations 

 For the parameters presented in Tab. 2, relations of a function type were established, where for 
the set of states, X, engine power was used (describing variable) and as the set Y (symptoms) the 
measured parameters (Tab. 2) were taken. To determine the relation between the X and Y sets the 
least squares method was applied and as the criterion of the best relation (the strength of the 
relation) RP

2
P. P

PIn Fig. 2. and Fig. 3. exemplary relations for exhaust gas temperature TB3 B and TB4 B and 
fuel mass flow fuelm , supplied to the combustion chamber are given.  
 The presented relations show that there are diagnostic relations between the measured 
operational parameters of marine gas turbine engines and the parameters characterizing their 
technical condition. Such relations allow, after performing the reverse task, to estimate the 
condition of the engine (in this case expressed as the power) basing on the recorded parameters of 
engine operation. 

T3 = 234.84P + 655.71
R2 = 0.9843

T4 = 152.35P + 542.34
R2 = 0.9787
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Fig.  2. Diagnostic relations between the exhaust gas temperature behind the combustion chamber 
 and the turbo-compressor and the engine power 

6. Summary and conclusions 

 This study presents the essence of constructing diagnostic relations between diagnostic 
parameters and state parameters. Basing on literature, the meaning of a relation has been 
presented. Special relations applied in pure mathematics were listed. In diagnostics the term 
“diagnostic relation” means the relation between the states of the object, X, and the parameters of 
the diagnostic signal Y. Example of established diagnostic relations have been presented for 
chosen operational parameters of marine gas turbine engines and their technical condition. 
Diagnostic relations have been constructed applying regression analysis and the least square 
method. 
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mpal = -0.0132P2 + 0.0536P + 0.0405
R2 = 0.986
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Fig. 3. Diagnostic relations between the mass of fuel supplied to the combustion chamber and the engine power 

 The exemplary diagnostic relations presented in this study and the method of constructing such 
relations can be applied to: 
 –   establishing the strength of relations between the state of the object and diagnostic
           parameters, 
 –   the choice of diagnostic parameters which best represent the state of the object, 
 –   diagnosing the object basing on a model. 
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Abstract 

Monitoring operation of grinders of aviation-turbine blades is especially vital for the demanded product quality 
and economic expenses associated with defected products and production stoppages. In technological process of 
grinding, not always even wear of tools occurs and machine tools work definitely in non-stationary conditions. Self-
induced vibrations are often observed. Therefore monitoring system of module structure was designed, dedicated to 
non-stationary signal processing. The system is composed of modules for recording and preliminary hardware signal 
processing, database servers and user’s terminals.  

Keywords: monitoring, diagnostics, grinding machine,  

1 Introduction 

Despite varied production technologies, machining is still commonly applied nowadays. It is 
the result of the fact that it provides a very high accuracy, high efficiency and could be easily 
automated. Perfect examples of devices carrying out machining process are grinding machines for 
aviation turbine blades. 

Problems regarding grinders operations can have various causes. They can be associated with 
machine-tool defect, wear process of a tool or self-induced vibrations [2]. Hence it is advisable to 
diagnose machine-tool condition not only before machining process but also during the actual 
process. The condition of machine tool is vital for the product quality and for continuity of 
production process, the stoppage of which would bring significant economic losses. 

Monitoring systems enable to detect changes in condition or operation parameters of machine 
tools [1]. Based on data collected, it is also possible to project the technical condition, which is 
important for production-process planning. It is of great significance in aviation industry, where 
manufactured elements are of high quality and precision. Therefore their production is expensive 
and loss of the whole batch of product is not acceptable. 

Machine tool condition and machining process characteristics are vitally affected by dynamic 
phenomena. Hence vibration is a basic quantity measured in a monitoring process. Vibration is 
also measurement quantity bringing the most valuable diagnostical information [5]. Monitoring 
tool condition and self-induced vibrations is still an unsolved problem. 

The most significant features, determining functional properties of monitoring systems are 
according to [4]:

purpose (machine tool, machining type), 
type of selected diagnostical signals and their measurement manner, 
signal transformation methods, 
method of determining boundary values, 
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diagnostical inference methods, 
maintenance characteristics, interfaces. 

Having those items in mind, an innovative monitoring system for grinder machine of aviation 
turbine blades has been designed. 

2. Monitoring system

The monitoring system for grinding machine includes methods and algorithms for signals 
acquisition, pre-processing, transmission and data processing and storage. Consequently, the 
whole system consists of the following modules:  

Programmable Unit for Diagnostic (PUD)  
Dedicated Server for data collection and processing 
Dedicated server for data storage with limited access for users. 
External users terminals for diagnostic signals analysis.  
The block diagram of whole system is presented in Fig. 1. 

Fig. 1. The monitoring system block diagram  

Monitoring 
Machine 1 

Monitoring 
Machine 2 

Monitoring 
Machine 3 

Monitoring 
Machine n 

PUD 1 
Signals 
acquisition and 
preprocessing 

Server for data collecting and preprocessing

Data storing and processing server 

User terminal 1 User terminal 2 User terminal 3 User terminal n 

User terminal 1 User terminal 2 User terminal 3 User terminal n 

Signal 
Acquisition 

Data
transmission 

(LAN, Wireless LAN) 

Data Collecting 

Data Distribution 

PUD 2 
Signals acquisition 
and preprocessing  

PUD 3 
Signals 
acquisition and 
preprocessing  

PUD n 
Signals 
acquisition and 
preprocessing 

...

...

...

...

3. Signals acquisition and preprocessing 

Electronic implementations of signals acquisition and preprocessing are often disregarded in 
academic considerations. Nevertheless they often determine the diagnostic procedure and final 
results. Therefore in this section the electronic solutions for high-speed diagnostic devices will be 
considered.

14



Usually three different electronic solutions are considered: 
1) General-purpose processors or digital signal processors (DSP) 
2) Dedicated VLSI chipset – Application Specific Integrated Circuit (ASIC) 
3) Field Programmable Gate Arrays (FPGAs) 

General-purpose processors (e.g. Pentium) or DSPs are very flexible, easy to be programmed 
and relatively cheap, nevertheless the signal sampling frequency and signal processing speed is 
relatively small. Consequently this solution is suitable for relatively slow diagnostic systems, for 
which signal-sampling frequency is roughly below 100kHz. The given threshold frequency differs 
for different algorithm complexity, number of channels, processor computing power and so on, 
therefore it should be regarded only as a rough number.

Dedicated (ASIC) solution is the best solution for mass-production devices for which the 
solved problem and algorithm is stable. This holds as device designing time and initial costs are 
high, but device per unit price is relatively low. Unfortunately, diagnostic devices are usually used 
only by specialists and therefore are produced in low-volume. Besides, the diagnostic algorithms 
are often adapted to different problems. This causes that this solution has rather only historical 
significance.  

 For diagnostic systems for which data sampling frequency is above roughly 100kHz the 
FPGAs (Field Programmable Gate Arrays) solution is the best one. FPGAs can be programmed by 
an end-user in similar way as microprocessors, nevertheless they employ different design 
procedures, which causes that they can be designed only by electronics engineers. For FPGAs, 
sampling frequency is up to roughly 500 MHz; similarly data processing speed is also very high. 

The most important feature of FPGAs is programmability, i.e. logic or arithmetic functions 
performed by FPGAs can be programmed according to user requirements. Therefore FPGAs 
resemble microprocessors. The most important difference is that microprocessors fetch 
instructions from external memory, and FPGAs have built-in configuration memory. 
Consequently, microprocessors waste time for fetching and decoding instructions, which limits 
their speed and level of parallelism; nevertheless the executed program can be relatively easily 
changed. Conversely, FPGAs can execute user functions relatively quickly and in parallel, as they 
do not waste time for fetching and decoding instructions.  

The main disadvantage of FPGAs is that they can execute a limited number of logic 
(instructions) at a time and changing logic functionality (reconfiguring FPGAs) is time consuming. 
For microprocessors, the size of a machine instruction is usually about 1-8 Bytes. Conversely, for 
FPGAs configuration size is e.g. roughly 50 kB (Xilinx XC3S50)  1.5MB (XC3S5000). 
Consequently, FPGAs reconfiguration requires relatively large amount of time (about 10-1000 ms) 
when FPGAs cannot execute any logic. Besides storing many different FPGA configurations is 
also difficult to be obtained because of large memory size.  Summing up, FPGAs execute very 
quickly (in parallel) a limited number of instructions, but branching to another set of instructions 
(reconfiguring the FPGAs) is usually unacceptable. Consequently, it is recommended that FPGA 
perform only instructions that are executed in loop millions of times. Usually this is satisfied for 
data-driven algorithms, for which the same relatively simple algorithm is executed for a great 
number of times for different data. 

Hardware software co-design 

FPGAs and microprocessors complement each other, i.e. usually the most computationally 
intensive algorithms are data-driven algorithms, therefore they can be speed-up by FPGAs. On the 
others hand, program-driven algorithms, i.e. complex algorithms processed a limited number of 
times, cannot be easily implemented in FPGAs. Usually these algorithms are not computationally 
intensive and therefore are well suited for microprocessors. Partitioning an algorithm into software 
part (executed by microprocessors) and hardware part (executed by logic incorporated in FPGAs) 
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is denoted as hardware-software co-design [49]. As hardware-software co-design is very efficient, 
FPGAs are often connected with microprocessors, i.e. two different chips (FPGA and 
microprocessors) are incorporated on the same PCB (Printed Circuit Board). Furthermore, FPGAs 
often incorporate microprocessors in the same chip, therefore combining hardware and software is 
more effortless.  

Embedded Development Kit (EDK) 

FPGA design cycle is relatively difficult and time consuming. Almost every engineer can 
program microprocessors employing C/C++ or other high-level programming languages. 
Unfortunately, FPGAs can be designed only by limited-number of electronic engineers. Besides 
design cycle is difficult, error-prune and time-consuming. And last but not least, finding errors 
(debugging) FPGA designs is a major drawback, which is often overlooked. Therefore a dedicated 
Advance Programmable System Interface (APSI) [26] was employed in the developed system. 

In order to speed-up FPGA design cycle, modular design is often adopted. Modules, denoted as 
Intellectual Property (IP) cores, which functions are well defined and tested, are supplied by 
different vendors and connected with each other. Each module is in charge for different tasks, e.g. 
external SDRAM memory interface, Analog Digit Converter (ADC) interface. To speed-up 
modular design Xilinx Embedded Development Kit  (EDK) was employed. This software packet 
allows connecting different modules graphically. Consequently adding a microprocessor and 
employing hardware/software co-design is significantly quicker and easier. An example of a 
Huffman compression system design in EDK is given in fig. 2. 

Fig. 2. An example of EDK design [27] 

Programmable Diagnostical Unit (PDU) 

Programmable Diagnostical Unit (PDU) is a device which core is FPGA device [6]. The block 
diagram of the PDU is shown in Fig. 3 and it incorporates the following parts: 

Four independent analog / digital modules on separate PCB. 
Two independent SDRAM memory banks, 64MB each, employed to store acquired data from 
analogue / digital modules and other temporal data. 
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CPLD (Xilinx XC95144XL device) – module employed to configure FPGA and to control the 
PUD in power stand-by mode. 
Flash memory (4MB) to store FPGA configuration, MicroBlaze program and other non-volatile 
data.
Hard Disk Drive (HDD) to store high volume data 
LCD display employed to visualise the state of the device and results for acquired data. 
Keyboard – allows user to control the PUD and to start / stop data acquisition. 
PC computer communication by Parallel or Serial Ports.   

Besides, the PDU incorporates some optional devices: Compact Flash memory, VGA display, 
PC keyboard, and Ethernet and Radio Communication modules.  

FPGA

Analog / Digital 
Module 

Analog / Digital 
Module 

Analog / Digital 
Module 

SDRAM SDRAM 

CPLD Flash 
Memory 

LCD 
display 

Power 
Supply 

Keyboard Analog / Digital 
Module 

Fig. 3 Block diagram of the PDU 

The PDU incorporates four independent analog / digital boards. These boards include Analog 
Digital Converters (ADC), input signal amplifiers with digitally controlled level of amplification 
and ICP sensor interface. Each analog board incorporates 2 channels 16-bit 500kS/s each or 4 
channels 16-bit 250kS/s each, consequently up to 8 (16-channels) can be acquired by the PUD. It 
should be noted that changing analog / digital board requires FPGA configuration to be changed. 
Fortunately modular design in EDK significantly reduces designing time. 

Data servers 

To increase data security and to improve data visualization, data are stored on two independent 
servers. On the first server, data coming directly from the signal acquisition unit are collected. 
Then they may be preprocessed in order to decrease the data volume and to select only important 
diagnostic estimates. Then preprocessed data are stored in a local database and are transferred to 
the second server. The main task of the second server is data backup and data distribution as a 
database or by HTTP protocols on WWW. As a result end users can access data by users 
terminals, which need not advance diagnostic programs. This solution allows controlling data 
access to a limited number of users. Besides any data access or modification can be recorded in the 
system.   

In the database apart from acquired signals some additional information, as acquisition time, 
sampling frequency and amplifier settings may be stored. The database allows also storing some 
additional information as an exact place of signals acquisition, grinding machine information and 
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users comments. The database allows to group selected signals as a result of acquisition time, data 
processing type, etc. It allows also to process recorded signals by externals programs such as 
MATLAB.

5. Conclusions 

Application of Programmable Diagnostical Unit into preliminary signal processing system 
enable to record data with high frequency and data hardware processing [7]. Using programmable
FPGAs brought the possibility of non-stationary signal analysis in real time. The applied PDU 
module enabled, apart from measuring diagnostical signals, also to record parameter signals, 
especially rotation speeds of spindles. 

Application of two servers for data collecting and for data distribution separately improved the 
safety of database.

It also gave the vast possibilities of processing (implementing Matlab suite) and surveying of 
collected signals by authorised users. Thanks to this solution, classifying grinding-machine 
condition and diagnosing operational process can be carried out by means of: 

numeral measures, 
functional measures, 
neural networks,  
parametrical models. 
The modular construction of the monitoring system allows the whole system to be easily 

extended or modified to new grinding machines and acquisition points.
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Abstract

The paper has been intended to propose an objective, non-destructive method to assess a degree of overheating of 
gas turbine blades material. The method has been based on the opto-electronic recognition of images of blade surface 
layers to extract characteristics thereof for both overheated and serviceable blades. Any image of a blade surface 
layer is analysed within the Fourier plane by means of a computer-generated version of a matrix of ring-wedge 
detectors. A ring-wedge detector enables good effects when used to assess health/maintenance status of gas turbine 
blades. Results of examining microstructures of both overheated and serviceable blades are the confirmation. 
Findings can give grounds for a method of diagnosing to what degree blades in operation suffer overheating.  

Key words: turbine blade, diagnosing, visual method, microstructure

1. Introduction 

The diagnostic examination is usually aimed at determining health/maintenance status of an 
engineering object. In the case of complex structures, the diagnostics plays an important part in the 
assessment of real time of failure-free operation. Extremely varying operating conditions of 
particular components and sub-assemblies of engineering objects are factors of great importance 
that affect operating conditions. While operating a turbine engine, no matter whether an aircraft, a 
marine or a traction one, various failures to engine assemblies occur. The most common ones are 
the blade’s material overheating and thermal fatigue. Elimination of this kind of failures is always 
carried out as a major engine repair, which results in tremendous cost [1, 5].  

A decision on whether the repair is necessary is taken by a diagnostician who can diagnose 
condition of individual components with a visual method, using e.g. a videoscope (Fig. 1). The 
recorded image of the surface layer of a component under examination gives grounds for the 
assessment of the component’s condition. It is compared to standard images of similar 
components, both fit and unfit for use, e.g. turbine blades.  

This kind of condition assessment proves very subjective, since it depends on the 
diagnostician’s knowledge and vision. Light that falls on the surface is reflected and, therefore, 
objects can be observed. Shapes and colours of surfaces of metal objects become distinguishable. 
Although a skilled and efficient diagnostician can distinguish over a wide range of colours (ones 
within the scope of 400 through 700 nanometers, starting with violet to dark red), any mistake due 
to his subjective assessment can result in acknowledging an unserviceable (overheated) blade for a 
fit-for-use one, and vice versa. In the first case, an engine failure may happen in a short time, in the 
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second one – an expensive major repair of the engine may be effected. Therefore, the 
diagnostician’s decision is verified with a destructive method. The component under examination 
is subjected to analysis of microstructure of the microsection [5, 7].

a) b)

Fig. 1. A commercial videoscope (a), and a jet engine combustor on the videoscope screen (b) 

In the case illustrated with Fig. 2, one cannot explicitly determine whether the surface of at 
least one of the presented blades indicates the material overheating. Furthermore, according to 
criteria in force until now, nothing can be said about the degree of overheating. No objective 
criteria have been determined to explicitly and in a non-destructive way assess the degree of the 
blade’s material overheating [3, 4].  

Fig. 2. A gas turbine with visible changes of colours on blades surfaces [4] 

2. Methods of analysis of light signals reflected from a metallic object’s surface 

Dynamic development of technique of acquiring images, both monochromatic and colour ones, 
facilitates extensive and easier use of information included in recorded images to satisfy needs of 
the diagnostics. From the diagnostician’s point of view, the correct colour assessment proves of 
great significance in many cases [4, 6]. It is often used in numerous diagnostic procedures in areas 
such as cartography, chemical industry, aviation. A decision is made by comparing a standard 
colour with that/those of recorded images. In [12], an advisory system has been suggested to assist 
objective colour assessment as a method to determine petroleum products that affect corrosion of 
metals. In the postulated system, methods of fuzzy logic are used to assess and classify colours. 
Authors of [10 - 12] present also methods of calculating a membership function of the analysed 
point of a colour image to determine colour (area) according to the classification of colours based 
on the CIE chromaticity diagram, the so-called colour triangle.  
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In the present-day diagnostics, integrated image analysers (image matrices) are more and more 
common. They are used in various image recording/analysing techniques aimed at acquisition of 
the quantitative and qualitative information on investigated states and phenomena represented by 
means of images [10]. Among various assisting methods, morphological methods of image 
conversion are of particular interest. They are among the most significant methods in the 
computer-image analysis, since they are a preliminary step to create more complex operations 
connected with analysing shapes of objects and their positioning to each other. 

Images of uniform structures, commonly called ‘textures’, build up a characteristic group. 
They are of great importance in many areas of science and technology, e.g. metallography, 
crystallography, tribology, etc. Extraction of their characteristics (e.g. statistical parameters, 
Haralick’s parameters) would enable to classify them and then to infer on characteristics of 
materials, objects, and processes represented with texture images [9].  

A method that makes use of laser technology [2] is an interesting non-destructive solution to 
assess (diagnose) condition of rotor blades that do not rotate. Properties of laser radiation are used 
in the course of investigation. Examined are differences between the incident and reflected 
radiations. The diagnostic testing work with dynamic excitation engaged provides interferograms 
that determine forms of blade vibration at different resonance frequencies. This is a source of 
information on the blade’s dynamics, and hence, on mechanical properties, design condition, etc. 
of this blade. 

Sarnecki J. [8] applied a ring-wedge detector to recognise images of tribological-wear-effected 
products to diagnose types of wear of bearing systems.  

3. Methodology of image acquisition – of luminance (brightness) and chrominance (colour) 
    of surface layers of gas-turbine blades 

The jet’s gas-turbine rotor blades made of the S6 alloy (Fig. 3) are subject to tests. The blades 
have been covered with alitised layers (consisting of aluminium and other elements) for protection 
against high-temperature gas affecting them.  

1 2 3 4 5 

X

Y

KN

Fig. 3. Surface layers of gas-turbine blades in service (KN – edge of attack) 

Colour and intensity feature light – the visible radiation (a part of the electromagnetic 
spectrum), which are recorded with human organ of sight. In case of a digital camera it is the built-
in optics that focuses light rays and plays a part of the ‘organ of sight’, and the electronics, i.e.  
a light-sensitive sensor. An image in front of the camera lens is mapped against surface of matrix 
provided with detectors furnished with tri-colour RGB filters (RGB – three primary colour 
constituents, i.e. red - R, green - G, blue - B) which enable detection of particular colours. 

To simplify, the acquired information on the intensity of colour distribution in case of colour 
images, and of shades of grey (grey scale) in case of monochromatic images is recorded on 
a memory card in the form of points called pixels, which form an image [9].  

Modern methods of image analysis have found applications in broadly understood technical 
diagnostics. As a primary advantage of this type of diagnosing one should mention the non-
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destructive nature of the method to acquire information on health/maintenance status of a given 
object. The described non-destructive method enables determination of the condition of a given 
surface, i.e. of a surface layer discerned as luminance (brightness) and chrominance (colour) that 
reach a recording device, i.e. a camera.  The photographing and the recording of images were both 
carried out on a test stand (Fig. 4).

Kodak Easy 
Share 7590DX 
on a tripod, at 
40 cm level  

Photographed surfach 
of a specimen

Diaphragms to provide 
uniform light scattering

Light source – 4 milk 
light bulbs (4 x 

250W) 

Conditions of image 
acquisition:  
- light source – light in the 

visible spectrum; 
- angle of incidence of light rays 

- 45º; 
- angle of image detection - 90º; 
- acquistion of images in the 

same resolution and zoom;
-  sensor: matrix 5.360 MPx   
   (effective pixels 4.977 MPx), 
    size CCD 1/2.5’’,   

mask R G B

Fig. 4. Test stand to acquire images of surface layers of turbine blades 

Repeatability of results was proved by photographing blades under the same conditions, with 
suitably matched parameters of the digital camera. Application of diaphragms ensured uniform 
reflection of light from the metal surface to provide uniform light scattering. The diaphragms 
eliminated light reflections that cause over-exposure of obtained images. Identical photographing 
conditions enabled comparisons of changes in colours of surface layers of blades showing different 
health levels. The image recording format was adjusted to satisfy needs of image compression 
according to Exif 2.2 standards. In order to maintain as much information about the recorded 
image as possible, compression was set to the lowest level acceptable. 

4. Analysis of images of turbine blade surfaces 

1. Image acquisition  

2. Image analysis – selection of ROI 
(region of interest) 

3. Colour  image 

5. Application of a ring-wedge

4. Monochromatic image  
(grey scale)

detector 

6. Examination of usefulness and verification of gained parameters 
that describe the degree of overheating of gas-turbine blades 

Fig. 5. Acquisition, and computer colorimetric and spectral analyses of signals from blade surfaces 
– a diagnostic model 
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Some representative regions of blade surfaces (averaged ROI – regions of interest) were 
chosen to explicitly describe the blades. The RGB colour image is a model that results from 
receptive properties of the human eye and is based on the fact that the sensation of almost all 
colours by the eye can be effected by mixing - in some pre-set proportions – only three selected 
light beams of some suitably matched spectral bandwidths. In the RGB model of colour 
identification there are only three constituents: R - red, G - green, and B - blue. Therefore, it is an 
additive model, where each colour is obtained by means of combining three primary colours. 
Hence, each channel is analysed separately. Colour images were analysed using the Matlab 
software (Image Processing Toolbox).  

A colour image was converted into a monochromatic one, i.e. one, for which information on 
colour distribution is negligible. Using the Matlab software (Image Processing Toolbox), a colour 
image was converted into one representing the grey scale (256 grey levels). It was investigated 
whether the ‘black-and-white’ information is sufficient to describe changes in colours due to high 
temperature affecting the blades.  

A ring-wedge detector was used to analyse images. It is a circle-shaped instrument, which 
comprises two parts: the first one includes concentric-located rings, whereas the second one is 
formed with wedges that join in a common vertex in the middle of the detector. Each of the 
regions is a surface photodetector that transforms intensity of the incident light into a signal 
proportional to intensity of this light. A computer-generated hologram (CGH) shows shape 
identical to that of the ring-wedge detector, and is also composed of areas of rings and wedges. 
Therefore, the CGH acts as an extractor of features (characteristics) from images in the domain of 
frequency. Results of analyses of colour images of turbine blades, and those within the grey scale 
are presented in Fig. 6. Values of rings and wedges for blades no. 4 and 5 evidently stray from 
those for the remaining blades.  

5. Microstructure of turbine blades 

Mechanical and technological properties of any alloy are closely related to its microstructure, 
which in turn strongly depends on the sort of heat treatment applied. Affected with multiple 
temperature fluctuations, the alloy is subject to thermal fatigue. High temperature affects also the 
surface layer. The turbine blades are made of high-temperature nickel-base alloy S6. They are 
covered with alitised layers to increase their high-temperature creep resistance. 

Metallographic microsections of blade specimens were prepared with standard methods to be 
then etched with a reagent of the following chemical composition: 30 g FeCl2 + 1 g CuCl2 + 
0.5 g SnCl2 + 100 ml HCl + 500 ml H2O. The microstructure was observed by means of a light 
microscopy, and SEM - the scanning electron microscopy.  

Examination of microstructures of the alitised layer and the S6 alloy shows that the effect of 
exhaust gas of high temperature on turbine blades under examination resulted in decohesion of the 
alitised layer and modification of the strengthening phase ‘ (Figs 7 and 8). Fig. 7 shows regular 
(correct) structures of the alitised layer and the S6 alloy of turbine blade no. 1 (see Fig. 6), where 
as Fig. 8 shows overheated microstructures of the alitised layer and the S6 alloy of turbine blade 
no. 5 (see Fig. 6). The alitised layer suffered swelling, pop-offs also occurred, and even worse, 
cracks were initiated due to thermal fatigue (Fig. 8a). The image of microstructure of the S6 alloy 
shows secondary precipitates of fine-dispersion phase ‘(Fig. 8b), effected with exhaust gas of 
high temperature. The phase ‘morphology proves that after having exceeded critical temperature, 
the alloy suffers overheating and any turbine blade cannot be considered serviceable (fit for use) 
any more. 
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According to A. Dudzi ski [5] and A. Pozna ska [7], any modification of this kind of the 
strengthening phase ‘ proves susceptibility to brittle cracking. Furthermore, A. Dudzi ski states 
in [5] that any blade made of a very similar alloy EJ-929, subjected to a creeping test should be 
recognised overheated after exceeding temperature 1188 K. The acquired images of microstructure 
of blade no. 5 can give good grounds to assess a degree of overheating of gas-turbine blades made 
of the S6 alloy.

a)      b) 

Fig. 7. Regular (correct) microstructure of a turbine blade: a) of the alitised layer, x 450, and b) the S6 alloy, x 4500 

a)        b) 

Fig. 8. Overheated microstructure of a turbine blade: a) of the alitised layer, x 450, and b) the S6 alloy, x 4500 

6. Summary 

Findings of experimental work on high temperature affecting gas-turbine blades made of the 
S6 alloy have been presented in the paper. The operated blades of aircraft jet engine were subject 

to examination. A ring-wedge detector was used to analyse images of surfaces of blades showing 
different health levels. Results of blade-microstructure examination have entitled a statement that 
blade no. 1 shows regular (correct) structure, whereas blade no. 5 – the overheated one. Comparing 
these results to those of analysing images of blade surfaces, the following can be stated: blades no. 
1 to 3 show correct condition, since values of rings and wedges remain comparable. On the other 
hand, blades no. 4 and 5 are overheated, because values of rings and wedges differ considerably 
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from those for blades mentioned above. Therefore, correlation has been shown between the blade-
surface image and condition of microstructure of turbine blades made of the S6 alloy and covered 
with the alitised layers.  

The intended aim of applying both a visual non-destructive method used in the diagnostics of 
engineering objects and the methodology of analysing blade-surface images acquired in visible 
light spectrum was to gain some cognitive information of great importance. In practice, this 
information could be used to assess changes in the microstructure, i.e. the overheating and thermal 
fatigue of components and sub-assemblies of engineering objects affected with variable high-
temperature heat loads.  
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Abstract

 The paper presents a conception allowing to control the processes of changes of the engine operating states based 
on a diagnostic model of slide bearings. A topological diagnostic model was adopted as a slide bearing model, which 
allows to use fully the lubricating oil as one of the information carriers about the technical state of bearings. 
Presented is also interpretation. of the bearing operation states and it has been found that the slide bearing operation 
state change process is one of important parameters influencing the engine operation state control process. 

Keywords: diagnostics, model, slide bearing 

1. Introduction 

In order to be able to use diagnostic tests for control of the slide bearing operation process, it is 
necessary to build a diagnostic model defining the slide bearing states in the engine operation 
phases.

The paper presents a possibility of using diagnostic tests describing the technical states of slide 
bearings in the compression-ignition engine operation in order to control the changes of their state. 
An optimum engine operation may be effected through controlling those changes of the slide 
bearing state.

At first, the slide bearing principle of operation is presented, with the parameters necessary for 
the bearing technical state diagnostic information. Those diagnostic observations allow to 
construct a transformed topological diagnostic model, taking into account the lubricating oil and 
other diagnostic signals helpful in determining the technical state of a slide bearing.

In the second part, from an interpretation of the operation states of slide bearings [3], an 
example has been worked out of a slide bearing operation state change process in the engine time 
between overhauls.
 Finally, a possibility is shown of the practical application of both models to the slide bearing 
operation control process.

2. Possibilities of identification of the slide bearing states 

In order to be able to construct a diagnostic model, an identification procedure of the slide 
bearing technical and energy state must be known.   

Such a procedure is presented in the diagram of slide bearing, where a continuous flow of 
energy and information as well as diagnostic observation are shown. However, all sorts of 
diagnostic information distortions (interferences) should also be taken into account when a bearing 
state is identified.
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            OF A SLIDE BEARING
                MECHANICAL SYSTEM

         STATICS AND DYNAMICS

               (ENERGY STATE)

USEFUL PRODUCT

- rotational speed,

TECHNICAL STATE

- mechanical energy.

CONCOMITANT PROCESSES
- thermal,
- electrical,
- acoustic,
-other

DESTRUCTIVE FEEDBACK

INTERFERENCE

CONTROL

- decision
- regulation.

FEED

- mass,
- thermal energy,
- pressure energy.

Fig.1. Diagram of a slide bearing as a system with flow of energy and information as well  
as with a possibility of diagnostic observation 

A slide bearing diagnostic model allowing to determine the changes of technical states in the 
main engine operation process can be constructed mainly in connection with parameters of the 
concomitant processes which are an inherent part of the slide bearing operation. These are thermal, 
chemical, electric, acoustic and other processes. Measurements of those parameters allow to 
estimate the technical condition of a slide bearing without dismantling it, during its normal work. 

3. Transformed topological diagnostic model of slide bearings 

The transformed topological model (Fig. 3) allows to present general but more complete 
relations between selected technical states of slide bearings and the distinguishing diagnostic 
parameters. It allows also more precise analysis, by means of the graph theory and the Lorenz 
curve [1], of the technical states determining the slide bearing proper functioning. In the 
operational practice, the change of technical states of a slide bearing is a random process of a 
continuous positive and restrained realization. Discretization of that process leads to        
generating an (adequate to reality) set of technical states S = {s1, s2, s3}, which may be considered 
a set of the stochastic process values {W(t): t 0} with constant intervals and the right-hand-side 
continuous realizations. 

t2 3

s1

2

3s

s

w(t)

1

Fig. 2.. Example of realization of an engine slide bearing {W(t):t 0} process, where: s1 - state of full ability, 
 s2 - state of partial ability, s3 - state of inability;[0, 1), [ 1, 2), [ 2, 3) – state duration intervals. 

As determination of the technical state of a slide bearing is connected with a high level of 
disturbances of the diagnostic signals, the reliability of diagnosis is essential for decision taking.  
Therefore, the diagnostic signals should be treated in the categories of probability and the use of a 
probabilistic diagnostic matrix is advisable. 
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The three-element set of technical states S= {s1, s2, s3} consists of a sum of the following three 
diagnostic matrices: 

State of full ability s1
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where: )1(
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1 k,...,k,k,k - the s1={s11, …, s15} state defining diagnostic parameters. 

 From the probabilistic diagnostic matrix expressed in the form of formula (1) the 
probability of occurrence of states s1i  s1, i = 5,1 , may be determined by means of formula [2]: 
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State of partial ability s2
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where: )2(
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1 k,...,k,k,k - the s2={s21, …, s24} state defining diagnostic parameters. 

 Probability of occurrence of states s2i  s2, i = 4,1 , by means of formula [2]: 
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1k  meaning the existence of state s2j.

State of inability s3
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1 k,...,k,k,k - the s1={s31, …, s33} state defining diagnostic parameters. 
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 Probability of occurrence of states s3l  s3, i = 3,1 , by means of formula [2]: 
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where: )3(
l1k - value of parameter )3(

1k  meaning the existence of state s3l.

 The presented topological model may be treated as a diagnostic model (MD) of slide bearings 
in a compression-ignition engine including a probabilistic diagnostic matrix: 
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Fig.3. Examples of relations necessary to construct a transformed topological diagnostic model, where: 
 k1 – kinematic viscosity; k2 – absolute viscosity; k3 – base number; k15 – thickness of oil film; s1 – state of full ability; 

s2 – state of partial ability; s3 – state of inability, s11  – fresh lubricating oil; s15 – less than admissible bearing 
slackness, the bearing shell and crank pin surfaces without significant traces of wear; s21 – lubricating oil 

 with content of water within the range from admissible to limiting; s24 – lubricating oil with physical and chemical 
properties not worse than those admissible; s31 - excess linear wear, i.e. bearing slackness greater than the limiting 

value;  s33 – lubricating oil with physical and chemical properties not meeting the requirements; p(k1 s11) –  
the probability of a change of the k1 parameter value when the s11 state occurs. 

30



The processes of changes of the slide bearing technical states are closely connected with the 
process of changes of their operational conditions.

4. Process of changes of a slide bearing operational states 

Proper use of a compression-ignition engine with due attention given to the durability and 
reliability of slide bearings means that certain rules and principles have to be observed. An 
example of the interpretation of a slide bearing operational states e1, e2, e3, e4 may be the 
following:

State of an active use (e1)
introducing a constant oil centrifuging process to all the ship compression-ignition 
engine lubricating systems,  
using oil filters of the purifying accuracy corresponding to the bearing bushing type and 
checking those filters in connection with the oil pressure drop value.  

State of non-operation (e2)
turning the crankshafts and lubricating the idle engine bearings at least once a day, 

State of a planned maintenance (e3)
periodic checking of the oil physical and chemical properties, including solid 
impurities, 
periodic checking of journal smoothness and cleanness of the assembly during the 
preventive maintenance services. 

State of forced maintenance (e4)
replacement of damaged crank bearing shells, 
replacement of a damaged lubricating oil pump. 

The set of operation states E={e1, e2, e3, e4}, as well as the set of technical states, may be 
treated as a set of the stochastic process {X(t):t T} values with constant intervals and the right-
hand-side continuous realization.

Fig. 4 presents an example of realization of a process of the slide bearing operation state 
changes in the time between overhauls.  

5 6 t1 3

e

e

e3

2

1

2

e4

4

X(t)

Fig. Example of realization of a slide bearing {X(t): t 0} process  

5. Slide bearing operation process

 Realization of the {W(t):t 0} process (Fig. 2) and the {X(t): t 0} process (Fig. 4) are 
interdependent realizations, therefore, like in [2], a two-dimensional process should be considered 
with the W(t) and X(t) processes as its components. A process in the form of a Cartesian product 
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of the S and E states has been used. The combined use of both sets of states, which may occur 
simultaneously, allows to create a set of the slide bearing operation states: 

)}e,s(),e,s(),e,s(),e,s(),e,s(),e,s{(ESZ 433212312111                               (8) 
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z
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z
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t542 31
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Fig.5. Example of a slide bearing {Y(t): t 0} process realization, where: {Y(t): t T} – the slide bearing  
operation process )e,s(z),e,s(z),e,s(z),e,s(z),e,s(z),e,s(z 436325124313212111

 The slide bearing s1 state will last from 0 = 0 to 3. In the [ 0 = 0, 1) time interval the slide 
bearing was in the e1 state. At the 1 instant the slide bearing found itself in the e2 state (the engine 
stopped) and after restarting the engine it returned to the (s1, e1) state at the 2 instant. Then in the 
[ 2, 4) time interval the bearing was in the e1 state and at the 4 instant it was damaged. Earlier, at 
the 3 instant the slide bearing technical state underwent a change s2 (partial ability) and the engine 
load was not changed, which caused a damage in the [ 3, 4) time interval. At the 4 instant the s3

state (inability) occurred and lasted during the [ 4, 5) time interval, i.e. as long as the e4 operation 
state when the s1 state was restored. 

6. Concluding remarks 

 The analysis presented in this paper suggests that it may be worthwhile to use the transformed 
topological diagnostic model of slide bearings in the combustion engine operation control process.  
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Abstract

In the paper causes of a container ship auxiliary engine turbocharger self damage during its service at sea have 
been analyzed. The damaged turbocharger working elements have been presented. The direct reason of the 
turbocharger damage was its explosion. The damage cause analysis takes into consideration the possibility of stimuli 
accumulation leading to the damage as well as damage causes overlapping and the influence of quality of fuel feeding 
the auxiliary engine. Eventually the turbocharger damage has been attributed to fuel quality. Probability of fuel 
seeping into exhaust manifold and scavenge air receiver due to injector needle suspension as well as ignition and 
combustible properties of fuel feeding the auxiliary engine have been focused on. Injector testing results achieved on 
trial stand and fuel quality analysis carried out by means of FIA-100/3 analyzer have been presented. 

Keywords: marine engine turbocharger, fuel oil quality, combustion properties, stress accumulation, damage 

1. Introduction 

A turbocharger damage cause of a container vessel combustible auxiliary engine during the 
regular engine room service at sea has become the subject of the following analysis. Before the 
damage occurred growing whistle denoting the turbocharger revolutionary speed increase 
significantly exceeding the range of normal revolutionary speeds achieved during its service 
(28 000-34 000 rpm), which was followed by explosion. The turbocharger suffered total 
destruction which made the auxiliary engine further exploitation impossible .There were no 
casualties among the crew members. The engine was stopped and the place protected against 
possible fire.

In Fig.1. basic turbocharger working components after the explosion have been presented ( rest 
of the compressor rotor, turbine rotor and the broken shaft) by means of marking their location in 
the broken turbocharger. The turbocharger shaft got divided into two parts as a result of twisting. 
Its crack occurred near the labyrinthine sealing on the exhaust gas side. 

In Fig. 2. main components condition seen from the turbine side and the compressor side have 
been presented (A - closing cover of  exhaust gas side, B - parts of the turbine rotor wheel, C - the 
gas inlet casing with rest of the nozzle ring of turbine side, D - parts of the compressor casing, 
parts of the compressor wheel, F - the nozzle ring of compressor side). 
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a)
b)

c)

Fig. 1.Rest of the turbocharger working elements after the failure: a) – compressor rotor, 
b) – turbine rotor, c) – propeller shaft, bearings, and labyrinth sealing 

Fig. 2.Damage of working components on both sides of the turbocharger
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The components inspection pointed out fuel accumulation in the outlet installation. The turbine 
casing was covered with a significant amount of carbon deposit and asphalt (Fig. 3.). 

Fig. 3. Carbon deposits / asphalts taken from the exhaust gas outlet casing 

When analyzing the turbocharger failure causes two cases were taken into consideration: 
- -possibility of stimuli accumulation resulting in the damage [5, 6, 7, 18, 21] as well as 

damage  
causes overlapping [9, 10, 12, 13, 16, 17]; 

- -influence of the quality of fuel feeding the auxiliary engine. 

2.Fuel oil quality and the damaged components of the engine 

Physical-chemical fuel oil properties certainly influence correct and failure free working of 
combustible engines [19, 20, 22]. Fuel oil composition may influence faster wear of fuel injection 
systems precise pairs as well as forming of sediment and carbon deposits on the components of 
load exchange system and the engine combustible spaces. Most important characteristics of fuel 
oils and its effects for diesel engine components are given in Tab. 1. 

Combustion quality is an essential indicator for engine fuel oils, however, so far there is no 
common, standard method of combustion evaluation. One of the calculated indexes defining the 
property may be Calculated Carbon Aromaticity Index (CCAI). In the case analyzed above value 
of CCAI was high. It is generally assumed that if CCAI value does not exceed 860 during regular 
service the fuel possesses acceptable combustible quality, there may occur problems with right 
engine exploitation for fuel oils of CCAI between 860-880, exploitation problems including engine 
damage within a short time shall be caused by fuel oils of CCAI beyond 880. Apart from CCAI
sometimes Calculated Ignition Index (CII) is used. CII gives values for residual fuels in the same 
order as the cetane index for distillate fuels. However, it should be pointed out that CCAI as well 
as CII as indicators are calculated on the basis of fuel viscosity and density according to formulas: 

81)85,0log( log141 5015CCAI , (1) 

)7,0log( log708,23565,254)1038,0795,270( 15rTCII , (2) 

where:

15 – density at 15ºC [kg/m3]
50 – viscosity at 50 ºC [cSt] 
 – viscosity at temperature Tr [cSt] 
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Tab. 1. Characteristics of engine fuel oils influencing engine work and fuel systems 

Quality criteria Fuel oil characteristics Main effects 
Combustion 

quality 
Conradson Carbon 

Asphalteness
Ignition ability. 
Combustion condition. 
Fouling of gas ways. 

Impurity content Sulphur Corrosive wear. 
Vanadium 

Sodium 
Formation of deposits on exhaust valves and turbochargers. 
High temperature corrosion. 

Water Disturbance of combustion process. 
Increased heat load of combustion chamber components. 
Fouling of gas ways. 
Mechanical wear and cavitation of fuel 
injection system components.  

Ash
Catalyst fines 

Mechanical and corrosive wear of combustion chamber 
components. 
Formation of deposits. 
Mechanical wear of fuel injection system, cylinder lines 
and piston rings. 

Handling
properties

Viscosity 
Density 

Pour point 

Temperatures, pressures and capacities of fuel oil systems 
for storage, pumping and pre-treatment. 

Flash point Safety requirements. 

These measures may be applied only for initial fuel combustible quality evaluation because the 
indexes do not take into account  the influence of fuel chemical composition on the combustion 
process. In the case above CCAI was 850 which means that it ranged within the recommended 
limits. Combustion process may be defined with the use of combustion analyzers. DNV Petrolium 
Services offers combustion quality tests carried out with the use of FIA-100/3 analyzer [11]. FIA – 
100/3 establishes the ignition quality of diesel engine fuel oils based on an ignition delay measured 
on an actually measured ignition delay. A fuel oil sample that is injected into the combustion 
chamber of FIA-100/3, self ignites and burns as in real engine. Start of Main Combustion process 
is used in order to establish the ignition quality of a fuel oil tested as a FIA CN (Cetane Number). 
For heavy fuel oils the ignition properties are typically ranging from CN=18.7 to above CN=40.
Fuel ignition quality depends on FIA CN for different fuel oils is given in Tab. 2. 

Tab. 2. Ignition quality of the fuel oil tested as a FIA Cetane Number (FIA CN) 
(Depends on engine type, engine condition and load) [11] 

FIA Cetane Number Heavy Fuel Oil Marine Diesel Oil 
< 20 to 25 Very bad ignition properties Unfit for use 

25  FIA CN <28 Bad ignition properties Very bad ignition properties 
28  FIA CN <35 Acceptable ignition properties Bad ignition properties 
35  FIA CN <40 Good ignition properties Acceptable ignition properties 
40  FIA CN <45 Very good ignition properties Good ignition properties 

FIA CN  45 Very good ignition properties Very good ignition properties 

The basis for FIA CN is a reference curve for the instrument in question, showing the ignition 
properties for mixtures between the reference fuels U15 and T22 from Phillips Petroleum 
International. On the basis of these data the mean value for ignition delay, start of main 
combustion, pressure trace, FIA CN and Rate of Heat Release (ROHR) are established  
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After the turbocharger had broken down fuel combustible properties were tested by DNV 
Petroleum Services. For the case in question the fuel analysis results obtained with the use of FIA–
100/3 analyzer have been presented in Fig.4. 

Fig. 4. Combustion tests results carried out by FIA 

Value of the CCAI being 850, the Fuel Ignition Analyzer test results indicate a fuel with very 
bad ignition quality, FIA CN<<18.7. Combustion properties of this fuel are very poor, being below 
the values of an average intermediate fuel oil. Fuel oils with poor combustion and ignition 
properties are likely to contribute to high pressure peaks and thermal overload of combustion 
chamber. 
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3.Consolidation

The analysis of the described turbocharger damage points out that the main cause of its 
explosion was leak and not burnt fuel oil accumulated in exhaust manifold and/or scavenge air 
receiver. The fuel may have leaked into the mentioned spaces due to injection needle suspension, 
which may have been caused by the adverse effect of sodium contained in the fuel. Then the fuel 
ignition took place which caused blow-by of vast amount of exhaust gases into the turbine and 
eventually led to its damage. This cause, however, seems to be unlikely and it has not been 
explicitly confirmed. 

Another cause may have been poor ignition properties and poor combustion quality of the 
applied fuel. Generally fuel with high CCAI ignites very late after injecting it into the combustion 
chamber and in extreme cases self ignition may not take place at all. Then the not burnt fuel leaks 
into the charging air spaces and exhaust manifold, and after some time it burns leaving a thick 
layer of coke. The coke as well as the fuel may cause jamming of valve stems in guides which 
helps fuel to enter the described spaces. 

After testing the injectors of the engine in question performed on the trial stand the first cause 
was eliminated. Exhaust valves were jammed on two cylinder systems of the engine in question 
and left in open position during the whole cycle of the engine work. This fact confirms the latter 
mentioned causes. Presumably the series of events leading to serious damage [1,2,3,4] of auxiliary 
engine components most probably took place due to very poor combustible property of fuel which 
was later confirmed by combustion quality tests.  

In the discussed above case an engine room fire did not take place, which often happens in 
such situations (e.g. 13.09.1999 on a Singapore container vessel X-Press Jaya the fire broke out as 
a result of main engine turbocharger explosion [15]. 
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Abstract

The significance of existence train communication network  for diagnostic purpose  is described in this paper. It 
provides background for modern stand for power transmission system in diesel locomotives implemented at the 
beginning of  2006. Diagram of  diagnostic stand for diesel-locomotive is  presented.  The main diagnostic tests are 
listed.   Tests are divided in two groups: no-load tests and under-load of  current aggregate.  The last part of paper 
characterizes software specially created for described object and divided in three parts: software for control of  test 
running, database software and auxiliary software.  

Keywords: diagnostics, current generating aggregate, diesel locomotives

1. Introduction 

Railway manufacturers who are in possession of modern railway vehicles largely avail 
themselves of on-board diagnostics, due to the actual technical state recognition.  

In majority vehicles are provided with the network TCN( Train Communication Network) 
which consists of two control buses: train bus – WTB ( Wire Train Bus) and vehicle one – MVB 
(Multifunction Vehicle Bus), connected through Gateway (GW) of structure as on fig.1.

Fig. 1.  Basic device of  networks communication in UIC Trains. 

Presence of these two buses is normalized accordingly to the charter of UIC – the organization 
of the majority of carries by train in Europe and also in US, China and Japan.

The vehicle network MVB has connectivity up to 255 separate controllers and 4095 individual 
measurements points.  Thus continuous watching performance of all main vehicle units is possible. 
Presence of diagnostic-oriented controllers allows to record probable action errors or worsening 
work parameters.
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Fig. 2  MVB - Standard communication interface for all kind of on-board equipment in locomotive 

Unfortunately, the situation in Poland is quite different for complete lack of rolling-stock 
electronization.

The whole diagnostics has to be founded on periodical surveying effected on Railway Rolling 
Stock Works. Stand testing has to ensure the determination of technical condition for main vehicle 
units. In case of diesel locomotives the base block configuration of the vehicle is shown in fig. 3. 
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Fig 3. Block diagram of diesel-locomotive, SS1..4 - Motor contactors 
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2. Stand for power transmission system test 

The idea of diagnostic stand testing of diesel locomotives consists in disconnecting electrical 
driving motors and switching on the water resistor with power selected accordingly. Changes of a 
resistance of the water resistor allow to vary a quantity of load for current-generating aggregate 
which is the basic element of power transmission system being examined. 

2.1. Stand construction 

In this paper one presents the stand being PKP CARGO property located on ground of  
Railway Rolling Stock Works in Warsaw. The stand is designed for diagnostic testing and 
adjustment of diesel locomotives. 

With the object to make diagnostic investigations, driving motor contactors are disconnected. 
Instead, load leads are connected through high voltage cubicle and joined to the water resistor. 
Beside this a locomotive is equipped with additional sensors which allow to measure a number of 
nonelectric quantities. 

Current-generating
aggregate

High voltage 
cubicle Water-resistor 

      Multiplexer 
Low voltage 
cubicle

Computer control-
measuring system 

…

Fig.4. Diagram of diagnostic stand for diesel-locomotive 

The sensors are multiplexed by a portable auxiliary cubicle and then directly joined to the 
measuring system. The sensors indicate, among other things, values of temperature of : ex-haust 
gas in cylinder, water, oil, fuel; rotational speed of : diesel engine shaft, turbo-compressor, fan; 
position of  fuel charge controller, fuel charge quantity. For proper state evaluation, command of a 
number of electric quantities is required.

These quantities are first of all the following ones: main generator current and voltage, 
excitation current of main generator, exciter voltage, voltage of Woodward regulator.  

Main parameters of data processing system are presented in tab.1 
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Tab. 1. Main parameters of computer measuring system 

Computer measuring system
Number of analog channels 80
AD converter resolution 16 bits 
Maximal frequency 250 kS 
Insulation voltage  5 kV 

Measuring converters 
Number of voltage channels 4

Producer of converter  Knick Varitrans  
Model of converter  P27000 

Number of current channels 12
Producer of converter  LEM
Model of converter  PR 20, 200, 2000 

Number of pressure channels 32
Producer of converter  ZEPWN 
Model of converter  CL1, CL5 

Number of temperature  channels 19
Producer of converter  ZEPWN 
Model of converter  CL61, CL62 

Number of  displacement  channels 2
Producer of converter  ZEPWN 
Model of converter  CL70 

Number of  rotational speed  channels 3
Producer of converter  OPTOM 
Model of converter  S50-PA-5C01-PP (PNP) 

2.2. Diagnostic tests

The basic task of diagnostic station software is to regulate the diagnostic test run. However 
because of practical considerations the station acts also as a regulation stand. In the case of 
unsuitable work detection of system,  as for as it is possible, setting correction of regulating 
elements is done.  
Locomotive tests are divided into following groups: 

No-load tests 
a) control of main generator excitation 
b) control of stepping excitation 
c) control of disconnected-motor voltage 

Under-load tests: 
a) outer characteristic control 
b) shunter characteristic work control 
c) regulation of shunting control
d) overload relay control 
e) earth fault relay control 
f) transient state characteristic 
g) cooling system control regulation 
h) diesel engine starting test 
i) compression pressure measurement 
j) fuel injection measurement 
k) peak firing pressure measurement 
l) measurement of exhaust gas emission 
m) motive-power battery evaluation 
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Before carrying out proper tests of power transmission system it is necessary to check the 
excitation of main generator; no-load test units provide this purpose. 

Among the under-load tests the most important are (a) and (f). If improper characteristics or 
suspicious as to wrong diesel engine work are found then tests (j) and (k) are concluded. The 
residual tests are conducted in purpose to see  auxiliary locomotive systems work properly. 

2.3. Database software 

Test execution should be proceeded by the vehicle and test files. In this purpose station diary is 
kept.  The diary contains general data about the vehicle, and service staff. During basic data input 
it is possible to reload vehicle data with results of “hand-made” measurements scheduled for 
periodical surveying. Exemplary of such data are: results of insulation resistance measurement of 
main circuit and generator R15 and R60, also standard required R15/R60 coefficient. Moreover, with 
the purpose of recording, one loads data of water and oil analyses. 

2.4. Auxiliary Software 

Measuring computer system takes out data from sensor units in voltage form and processes 
them with analog-to-digital converters. In the object to demanded accuracy assurance it is possible 
to calibrate respective measuring channels by change of voltage gain and also characteristic shift 
in zero.  For this purpose, unit of program aid of calibration was built up in system. For servicing 
and screen display it is possible to make configuration of particular channels, in the meaning of 
availability, during measuring processes.  

Protocol listing of particular tests is necessary element of investigation. Formatting procedure 
is determined in pattern sheets modified by system administrator.  

Because of importance of measuring data operating, process has to be protected against 
unauthorized access with the aid of individual passwords for each system operator and 
administrator.  

3. Summary 

The presented system was implemented at the beginning of 2006. It is modern treatment and 
allows to improve operating quality of diesel locomotives. Precise control of power transmission 
systems permits to obtain significant economical effects in fuel consumption.  
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Abstract

The paper has been intended to discuss an application of a diagnostic method based on measurements and 
analyses of frequency modulation.  

The method has been developed at Instytut Techniczny Wojsk Lotniczych – ITWL (Air Force Institute of 
Technology, Warszawa, Poland). It has been based on measurements of pulse-frequency modulation of a DC 
generator or that of an AC alternator. The method has been intended to determine the usual wear-and-tear of 
a subassembly under examination and to locate defects, both of them in the course of normal operation of an aircraft 
power plant. The diagnostic system is connected to any terminal supplied with DC1 or AC2 voltage. 

Results of performance tests of the turbine engine have been presented. An airborne D.C. generator and a three-
phase rate A.C. alternator were used as generators-observers.  

Subsequent stages of the wear-and-tear of rolling bearings, the turbine unbalance, and the misalignment were 
observed while taking measurements during both flight and bench tests. What was observed first was some increase in 
the amplitude of braking the bearing induced by the increasing resistance to motion due to the wear-and-tear of the 
bearing’s components. Then, the amplitude was observed to decrease due to the wearing-in of the bearing’s 
components. At the beginning of operation, the rolling-friction coefficient was 0.4, then this value kept increasing with 
time until some rapid decrease beyond any mathematical meaning. This decrease resulted from the extension of radial 
clearances.

Such being the case, the bearing’s operation had to be stopped to avoid intense destructive effects. 

Key words: distortion, frequency, modulation, characteristic set, power-plant diagnosing 

1. Introduction 

Power plants often suffer premature wear-and-tear, which means complications to the 
operational-use/maintenance schedule and sometimes even a real hazard to human life.  

Most maintenance systems in Poland have been based on calendar/hourly-rated schedules. In 
case of repairs/overhauls within such systems, it quite often appears that a given power plant under 
treatment doesn’t, in fact, require any renewal and can be operated further on to the benefit of its 
operator. The on-condition maintenance enables, with reliable technical means and methods 
employed, the monitoring of any item’s health/maintenance status and the withdrawing it from 
operation as soon as the recorded symptoms prove the object may be hazardous. 

In the Author’s opinion, the presented FAM-C method can become a precious tool of the 
interference-free monitoring of health/maintenance status of power plants for example turbine 

                                                          
1 The method has been labelled ‘FDM-A’ (F - frequency, M - modulation, D - direct current, A - level of the method’s 
advance) 
2 The method has been labelled ‘FAM-C’ (F - frequency, M - modulation, A - alternating current, C - level of the 
method’s advance, here: C means that the system finds application as an automatic tester) 
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engine’s ball bearings. Some applications discussed further on have already proved some 
maintenance-dedicated advantages of this method. These are as follows: 

- no need to use any sensors – a regular built-in alternator assembly plays this role, 
- measurements can be taken at any point of the electric network, even far away from the 

object under examination, 
- easy automation of the diagnostic process, 
- high speed of acquiring diagnostic information. 

The FAM-C method has been based on measuring the alternator’s frequency modulation. It has 
been used for many years in aviation to diagnose, e.g.: one-way clutches, motor-generator sets, 
gear boxes, etc. 

2. Description of the FAM-C diagnostic method 

The method was thoroughly described in [2,6÷13]. However for better understanding the 
subject’s context some its more important elements are highlighted below. 

With every assembling or wear fault e.g. skew of transmission splined couplings, a modulation 
of the output rotational speed is associated. Period of the modulation is proved to be a 
characteristic parameter for the fault type and rated rotational speed of a given kinematic pair. 
Where as the modulation amplitude is proportional to size of a given fault. The modulation effects 
are transferred through the transmission system to the rotor of the alternator. The aircraft 
alternator, being a synchronous machine, reflects changes of the instantaneous angular speed as 
a modulation of the output voltage frequency. By measuring the time increments between 
successive zero-level crossing points and applying the inverses of their doubled values on the 
plane of the rectangular coordinates (t , fi) a set can be obtained which reflects, in a discrete way, 
a course of speed changes of the alternator’s rotor. Two parameters can be assigned to every i-th
deviation, as follows: 
- the deviation time ti,
- the deviation amplitude Fi.

The deviation time ti can be replaced with the process frequency fp according to the formula: 

fpi = 1/(2 ti)                                                             (1) 

Every such deviation can be represented on the plane (fp , F). During many investigations it 
was observed that the set of such points tends to gather into clusters. They were called the 
characteristic sets as they characterised wear state of particular subassemblies. 
It was observed that they had different shapes, heights and locations relative to the abscissa axis. 
It was also stated that the greater the fault magnitude the greater height of a given cluster, 
{/ Fmax+ Fmin/}, and the bound accommodated by the cluster relative to the abscissa axis 0-fp was 
characteristic for a given subassembly type. During many applications of the method it was stated 
that the representations realised in the form of the characteristic sets have been applicable for 
a thoroughly recognised object, i.e. that of known relations between change of magnitude of 
a mechanical fault and that of depth of modulation amplitude. Use of such representations has 
many advantages: 
- easiness of diagnostic process automation, 
- easiness of observation, on one plane, of arbitrarily long time courses, which is especially 

important in the case of occurrence of stochastic signals, 
- easiness of pulse component separation out of highly modulated signals, free from drawbacks 

of partial Fourier’s analysis. 
However, in spite of the advantages of the representation method in question, its use is not 

recommended for the objects not recognised in the earlier given sense, and direct using the 
functional courses fi = f(t) is instead advised for diagnostic purposes. The experienced 
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diagnostician is able to make use of it effectively for assessment of technical state of an object, 
however in a more time consuming way. 

3. Description of the diagnose object as well as the meter circuit 

The single-shaft turbine engine has been an object of examinination (Fig. 1). The motion shaft 
has been sectional (compresor’s shaft turbine’s shaft) and connected in the centre by means of 
a splined coupling. It has been supported on three rolling bearins. The fore bearing had 12 rolling 
components. The central (midle) and rear bearings had 22 components. Their charcteristic sets 
have been easily distingnished by means of FAM-C method. The central bearing is pressed into 
a spring sleeve, which is fastoned by its splines with engine frame. Sometimes during engine’s 
overhauls the traces of bearing’s circut rotation in the sleeve (slides) become visible. The craks of 
the sleeve also occur. 

The internal bearing’s ring is pressed on the compressor’s pin. The tear of that point is in 
danger of crash, because it causes the tear of link with the power turbine – stops drives of pomps 
and other units nesessary for running of engine. The point is submitted multivector stresses. Skews 
often arise in that point. They introduce dynamic load. Additional forces arise in that point.They 
are caused by bearing’s assembly errors and radial clearances. Distinct levels under small radial 
clerance of the central support are dangerous from point of view of the pin’s loads – strong loads 
occur and bend the pin. Slides of internal ring of the bearing on the pin are the most threatening 
operating conditions. They cause dynamic excesses and increase the level of thermal field.  

Considering engine construction it is very important to secure the bearing mountings to be 
coaxial. Theoreticaly, all three bearings should be in one axis with small tolerance. Changes in the 
coaxial geometry lead to troubles in bearing operation.

 Condition of the bearing separator, which separates bearing’s rolling components, is very 
important component of every bearing. Smothness of bearing montion ensures corrctness of 
reeling rolling components. 

1

2 3 

4

5

Fig. 1. Investigated turbine engine: 1 – fore bearing, 2 – central bearing, the point of coupling both parts of the shaft 
(turbine’s shaft, compressor’ shaft), 3 – rear bearing, 4 – turbine, 5 - compressor 

The investigation has been executed differently – Fig.. 2. Signals from the genrator DC and the 
three-phase rate generator AC have been used for the investigation. Both channels have been 
complementary to one another.  

The three-phase rate generator AC “has afforded” information about faults relevant to the 
slowly unstable processes: 
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a) technical condition of the gear box, 
b) unbalance of the main motion shaft (with compressor and turbine) as well as the size of the 

radial clerance in bearing support (Fig. 3), 
c) skew of the main shft – it can be evaluated, if skew of the compressor’s shaft increases. It 

can be also evaluated, if the skew does not exceed permissible value specified by 
manufacturer of the bearing, 

d) crack of the sleeve fastering the control bearing. 

Generator DC “has afforded” information about fast – changing processes. The fallowing can 
be observed and diagnosed: 

a) the main shaft co-operation with the vibration damper of the lateral vibration (central 
support) - Fig. 5, 

b) extended friction force of the force bearing caused by longitudinal montion of the 
compressor’s shaft (h  12 , ps 0,4),

c) blocking of the front bearing separator – 12 th harmonic of the rotational speed of the main 
shaft appers (h=12), 

d) blocking of the central bearing separator – 22 nd harmonic of the rotational speed of the 
main shaft appers (h=22) - Fig. 6, 

e) total level of the wear of the wear of the bearing kinematic pair. 

4. Succeeding typical stages of the wear of bearings by means of FAM-C method

According to the bibliography there are three succeeding stages of the wear of bearing [5]: 
noisy, vibrating, thermal. 

In the subject engine bearing separator is covered with the galvanic layer of silver. In the first 
period of operating (i.e. noisy) spalling of the silver follows. In this cause more heavy operation of 
bearings is observed. This height of characteristic sets (Fig. 3) of bearings systematical increases – 
Fig. 4. The coefficient3 of reeling of the central bearing, which is determined from the proportion 
of total band with frequency of N harmonic (where N – number of rolling components, also 
increases during this time – bearing separator rotates with difficulty. 

In the second stage – vibrating – the height of characteristic sets systematically decreases – in 
view of coming to an end of spalling of galvanic layer and rinsing out previous spalling products 
by circulation of lubricating oil. The coefficient of reeling also decreases. In this stage 
considerable clerances in the bearing occur. The process of wear goes on, but the wear is a result 
of dynamic forces influencing moveable components of the bearing in the environment of 
increasing clerances. During the investigation value of the reeling coefficient below mathematical 
sense has been mentioned. It can mean, that not all-rolling components of the bearing reel 
themselves on the bearing race. In the stage of vibrating wear cracks of the sleeve which fastens 
the external bearing race with the engine’s frame. This crac has been detected in the circuit of the 
three-phase rate generator by means of the first harmonic of the main shaft for all rotational 
speeds, except the speed approximate maximal decreases almost – 10 times – Fig. 7. Sometimes 
symptoms of a mechanical resonance occur characteristic set or sets decrease of their frequency 
band. Sometimes the height of characteristic set increases – so-called mechanical quality factor of 
a kinematics pair increases (Fig. 3 – point 2). This stages, as it appears from experiences of 
authors, sometimes signal advanced level of kinematics pair destruction (Fig. 7). 

                                                          
3 the bearing factor – a proportion of an average angular velocity of the main symmetry axis of the bearing component 
and a velocity of the main shaft 
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Fig. 2. The method of gaining of diagnostic signal from the engine investigated by means of FAM-C method 
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During intensifying of occurrence of rolling components reeling along the bearing race, total 
disappearance of rotation of most rolling components – the stage of thermal wear begins. 
Considerable amount of heat emits in the bearing. By now oil circulation does not secure an off 
take of heat in the bearing. As a result of increased temperature a reduction of strengths of material 
structure of bearing’s components follows (e.g. intensive working of window width in the bearing 
separator even an interruption of separation – Fig. 7). Groups of pulses which number is 
proportional to number of interrupted windows are generated. The shape and parameters of 
generated groups are repeated. As a result of direct action of rolling components, groups of pulses 
can be observed in alternating current channel for a momentary frequency in time fi = f (t).
Simultaneously a pulsation amplitude increased from level about 10% to 160%. As a result of 
increased temperature a thermal deformation of central bearing’s ring follows. The bearing loses a 
clamp on the pin and slides. Using FAM-C method in a direct current DC generator channel, an 
angle of those slides as well as their frequency can be precisely defined. To this and a duration as 
well as a repeat time of dissipated pulses of the momentary frequency in time fi = f (t).

5. Assembly errors observing by means of FAM-C method 

Assembly errors of bearing supports should be distinguished independently on wear processes. 
They can influence acceleration or deceleration of the duration of particular wear stages. Errors are 
as follows: 

- radial clearances particular bearings, 
- increased backlashes, 
- coaxial error of three bearing supports – Fig.8, 
- unbalance error of the turbine or the compressor, 
- ovalization error of the bearing mounting, 
- skew error of couplings of both parts of shafts, 
- perpendicularity error of the compressor pin, 

Increased radial clearances appear as a increase of the characteristic set amplitude (presentation of 
F = f(fp) central bearing for the channel generator. The increase of circuit clearances in the 

channel of AC generator appear as a particular undercuts of diagram fi = f(t).

Fig. 3 Characteristic sets obtained from DC generator channel 
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Fig. 5. The cracked sleeve fastening the internal bearing race to the engine frame:  
1 – the component protecting the sleeve against rotation, 2 – the point of sleeve crack 
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Fig. 6 Changes of the characteristic sets height of the first harmonic after the crack of the sleeve fastening internal 
bearing race to the engine frame: 1 – after the crack of the sleeve, 2 – before the crack of the sleeve 
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1

Fig. 7. The damaged central bearing diagnosed by means of FAM-C method:  
1- interrupted ring of the spacer-separator 

Generally all characteristics of reeling coefficient are inversely proportional to rotational speed. 
Increased hydrodynamic forces can easily explain it with decrease resistance of rolling friction. 
Long- drown observations supported by mechanical measurements have enabled a statement, that 
if minimum appears on the reeling characteristic, considerable value of non-coaxial bearing 
supports occurs. 

An unbalance error of the turbine or the compressor appears as a increase of the characteristic 
set amplitude in the channel of AC generator (presentation F = f(fp) first harmonic of rotational 
speed of the main shaft as well as an extension of the band width). If the error of an ovalization of 
the bearing mounting appears the characteristic set disintegrates as a two vertical characteristic 
sets. A skew of the coupling of both shaft parts appears as a increase of the characteristic sets 
height of the first subharmonic. 

Fig. 8. Diagram of the coefficient changes of reeling of central support bearing: 
– top diagram – under negative coaxial, 
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A perpendicularity error of the compressor’s pin can be determined by means of a measurement 
of amplitude modulation depth on the presentation fi= f(t).

Summary

In the paper theory and application of the diagnostic FAM-C method have been described. This 
method is based on analysis of frequency modulation parameters of output voltage used for 
diagnosis of technical condition of turbine engines bearing supports. The application of FAM-C 
method enables prior detection of subassembly failure, before the failure is danger for flight safety. 
It is possible to detect various assembly errors as well as monitor of wears effects occurring in 
bearing supports. 

Bibliography

[1] Abramov, B. I., Waddle wheel with tooth primary form, Charków, 1968 
[2] Biarda, D., Falkowski, P., G bura, A., Kowalczyk, A., Opis patentowy PL 175664B1. Sposób 

diagnozowania technicznego elementów sprz gaj cych silnik, a zw aszcza lotniczy silnik 
spalinowy, z pr dnic  pr du przemiennego, Zg oszenie 08.07.1996, udzielenie patentu 
29.01.1999

[3] Borgo , J., Stukonis, M., Szymczak, J., Czy uszkodzenia po cze  wielowypustowych w 
silnikach lotniczych mog  spowodowa  wypadki lotnicze, Informator wewn. ITWL nr 311/93, 
[w:] Materia y konferencji "Techniczne problemy eksploatacji i niezawodno ci wojskowych 
statków powietrznych", Kiekrz 1993 

[4] Bu gakow, E.B., Ga obanow, W.W., Klimow, A.W., Informacionno -izmieritielnaia sistiema 
kontrolia sostojania aviacionnych i obszcziemaszinostroitielnych rieduktorov, privodov i 
korobok pieriedacz „Informacionnyj matieria ”, Centralny Lotniczy Instytut Konstrukcji 
Nap dów im. P. I. Baranowa, Moskwa 1990 

[5] Cempel, C., Podstawy wibroakustycznej diagnostyki maszyn, WNT, Warszawa 1982 
[6] G bura A., Falkowski P., Kowalczyk A, Lindstedt P., Diagnozowanie skrzy  nap dowych,

Zagadnienia Eksploatacji Maszyn, zeszyt 4/97(120) 
[7] G bura, A., Falkowski, P., Kowalczyk, A., Airborne generators as diagnostic sensors of a 

power transmission system, 5-th International Conference Aircraft and Helicopters Diagnostic 
AIRDIAG’97, Warsaw 1997

[8] G bura, A., Zwi zki modulacji cz stotliwo ci napi cia wyj ciowego pr dnicy z wybranymi 
wadami uk adu nap dowego, [w:] monografia pod redakcj  naukow  prof. M. Orkisza p.t. 
„Turbinowe silniki lotnicze w uj ciu problemowym”; Polskie Naukowo-Techniczne 
Towarzystwo Eksploatacyjne, Lublin 2000, ss. 75-93 

[9] G bura, A., Przekoszenia po cze  wielowypustowych a modulacja cz stotliwo ci pr dnic,
Zagadnienia Eksploatacji Maszyn, zeszyt 4/99(120) 

[10] G bura, A., Diagnostic of aircraft power transmission track based on the analisys of 
generator’s frequency, Journal of Technical Physics, No. 1/2002 

[11] G bura, A., Rado , T., Tokarski, T., Diagnozowanie zespo ów nap dowych na podstawie 
obserwacji zmian cz stotliwo ci napi cia wyj ciowego pr dnic, II Mi dzynarodowa
Konferencja N-T „Explo-Diesel&Gas Turbine’01”, Gda sk-Mi dzyzdroje-Kopenhaga 2001 

[12] G bura, A., Pulsacje napi cia wyj ciowego pr dnicy pok adowej pr du sta ego ród em
informacji diagnostycznej o stanie uk adu nap dowego, Zagadnienia Eksploatacji Maszyn, 
zeszyt 1 (133) 2003 

[13] G bura, A., Possibilities of FAM-C method in diagnosting ship power plants, Polish Maritime 
Research No 2 (36) 2003 Vol 10 

55



56



STATISTIC AND PROBABILISTIC MEASURES  
OF DIAGNOSIS LIKELIHOOD ON THE STATE OF SELF-IGNITION 

COMBUSTION ENGINES 

Jerzy Girtler 

Politechnika Gda ska
Wydzia  Oceanotechniki i Okr townictwa
80-951 Gda sk, ul. G. Narutowicza 11/12 

tel. +48 58 347-2430,  tel./fax: +48 58 347-1981,  fax: +48 58 341-47-12 
e-mail: jgirtl@pg.gda.pl;  sek4oce@pg.gda.pl 

Abstract

The paper presents the reasons for the need to differ the notions of: diagnosis likelihood and diagnosis rightness 
at making operating decisions. The formula of probability for formulating the right diagnosis, as the measure of 
diagnosis likelihood, has been herein derived. For deriving this formula the theory  of semi-Markov processes and the 
Bayes’ formula of conditional probability have been applied. Other probabilistic measures of diagnosis likelihood 
have also been provided. These measures have been referred to technical state of such important systems as e.g. main 
engines of sea-going ships. However, they can be useful  for determining the technical state of other transport means. 

1. Introduction 

The diagnostic inference [1] enables, in the stochastic decision situation, formulating a 
diagnosis at determined likelihood. The knowledge of the diagnosis likelihood is necessary for 
taking a rational operating decision – this is such operating decision which has been worked out  
by using the optimum calculus [4, 7]. It is also known that each arbitrary decision should be taken 
only after analyzing the results of its performance. Deciding of which the result is the decision, 
should be understood as making a non-random choose at work, although, up to the moment of 
taking the decision, there are used probabilistic and stochastic measures of phenomena, events and 
processes which occur in the phase of operating the self-ignition combustion engines as e.g. main 
engines of sea-going ships, and measures of  the diagnosis likelihood, too [3, 4, 5].  These 
measures are necessary to work out decision information which enables making the decision, e.g. 
the decision on whether determined self-ignition combustion engines such as main engines of sea-
going ships can be used to realize a given task or whether their states need prior renovation after 
which they can be used to realize the task.

The diagnosis likelihood is determined in different ways [5]. It can be accepted that the 
diagnosis likelihood is: 

in the descriptive meaning, a characteristic of a diagnosis which describes the degree of 
identification of the real (past, actual, future) state (technical, energy – more generally, 
operating) of a self-ignition combustion engine acting as a diagnosed system (DNS), made 
by a diagnosing system (DGS). 
 in the valuing meaning, a characteristic of a diagnosis which is determined by values of 
essential, in particular cases, indexes that describe the degree of identification of  the  state 
of a the self-ignition combustion engine (DNS) by the DGS. 
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 The identification consists in that the DGS classifies the real state of DNS to the known class 
of diagnostic model states. Such action equals taking a diagnostic decision and in consequence of 
that – an operating decision. 

The indexes that describe the degree of identification of the state of self-ignition combustion 
engines (DNS), are: 

probability of taking the right diagnostic decision (DG), 
ratio of the expected number of identified (in the fixed time) states of the DNS by the DGS 
to the expected number of really occurred DNS’ states of the same kind (in the same time 
interval), 
expected value of relative frequencies of working the right diagnosis out. 

Accepting that the essential index describing (determining) the degree of identification of the 
real state of the DNS by the DGS is the mentioned probability of working the right DG out, the 
diagnosis likelihood can be defined (in the value meaning) as follows: “diagnosis reliability” is 
the probability of formulating a right diagnostic decision (the probability of formulating the right 
diagnosis), so the probability of classifying the supposed real state of the DNS (the state being 
identified by the DGS) to  the class of model diagnostic states,  which this real state belongs to and 
which it should be classified  by the DGS to.

2. Formulating the problem

In the operating practice, decisions concerning the operation of self-ignition combustion 
engines as main engines of sea-going ships are taken by a user of a diagnosis (a decision-maker ) 
during different phases of the process of diagnosing. This  results from the work of the DGS 
which, in case of the same type of self-ignition combustion engines, can be differently fitted to 
diagnostic inference. Among operated diagnosing systems (DGS), that are fitted to diagnosed self-
ignition combustion engines (DNS) there are such ones which can be named: complex and local 
[5]. In the both cases the diagnostic inference consists of measuring, symptomatic, structural and 
operating inferences [1]. In each kind of the inference there are made mistakes which influence the 
diagnosis likelihood negatively.

From the mentioned reasons it follows that after making n-diagnostic tests and inferences with 
formulated n-diagnoses on the state of self-ignition combustion engines  (e.g. the technical state) 
by using the proper DGS, the right diagnoses can be obtained (so, it can be rightly stated that the 
state of the supposed self-ignition combustion engine is the same as its real state or belongs to the 
given class of the model states) in the quantity: m < n.  The other quantity: k = n - m tells that the 
diagnoses are not right. It means that the measure of formulating right diagnosis (the measure of 
likelihood), can be accepted as the following quantity: 

h
m
n

k
n

1       (1) 

Considering that at the known number n of expected (planned) diagnostic tests and inferences 
value taken by m is unknown, that’s why the randomness of receiving the right diagnosis about the 
state of the self-ignition combustion engines should be taken into account while determining the 
likelihood. Therefore, it can be admitted that elaborating of the right diagnosis is a random event 
because during realization of a test and the diagnostic inference in determined conditions it may 
appear but it doesn’t have to. When the event of formulating the right diagnosis was often 
observed in the past, one can assume that it exists a great chance of appearing it in the future (in 
the same conditions). This chance can be defined with help of the probability of taking the right 
diagnostic decision (formulating the right diagnosis) which can be, therefore, accepted as a 
measure of the diagnosis likelihood. 
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Considering the possibility of formulating the right diagnosis on the state of self-ignition 
combustion engines in the time interval [0, t] there can be tested two random variables: N(t) which 
determines the number of possible-to-perform tests and diagnostic inferences, and M(t) which 
determines the number of possible-to-formulate right diagnoses. 

In case of such tests the expected values E{N(t)} and E{M(t)} can be defined, as well. Thus, 
the measure of the diagnosis likelihood can be also the quantity which can be called a likelihood 
index and defined by the formula:  

w
E M t
E N t

( )
( )

      (2) 

The presented measures of the diagnosis likelihood do not reflect clearly the fact that 
identification of the state S of the self-ignition combustion engines by the DGS is done in the 
consequence of observing the adequate vector K of values of diagnostic parameters – being 
generated by the self-ignition combustion engines acting as DNS. They also do not reflect the fact 
that the DGS can, just like the DNS, be in different states which the diagnosis likelihood depends 
on. Thus, such a formula determining the probability P(S/K), should be derived in way that would 
reflect these mentioned facts. 

3. Solving the problem. 

The process of using the diagnosing system (DGS) is the process {W(t): t  0} of which the 
values can be the elements of the set: 

D d d d1 2 3, ,       (3) 

with interpretations as follows: 
d1  state of active using (u) of the DGS (the state of this system’s work), which is when the DGS 

is in the state of the full ability (s1), thus, d1 means diagnosing of the DNS state with the help 
of the DGS when the DGS is in the state s1, so d1 = (u, s1);

d2  state of active using (u) of the DGS, which is when the DGS does not stay in the state s1,
but in the state ~ s1, so in the state of partial ability (s2) or in the state of disability (s3),
that means the state which makes formulating the right diagnosis impossible, so the state d2
= (u, ~s1);

d3  state of active using (u) of the DGS, which is when the DGS stays in the state s1 and in the 
same time it occurs the state s0 of the self-ignition combustion engines (DNS), which has not 
been considered during diagnostic task performance, so it is the state which cannot be 
identified by the DGS, so d3 = (u, s1, s0).

It can be accepted that the work time of a DGS being in arbitrary state di D (i = 1, 2, 3) is a 
random variable with the distribution Fi(t) = P{T < t), continuous density fi(t) and positive 
expected value E(Ti). It can be assumed that variables Ti = (i = 1, 2, 3) are mutually independent 
[5]. In the time T1 the DGS stays in the state d1 from which, after finishing the time T12, it can 
transform to the state d2 at the probability p12 or after finishing the time T13 – to the state d3 at the 
probability p13. The state d2 exists in the time T2 and d3 – in T3. The diagnosing system (DGS) can 
change the state d2 into the state d1 in the case when a user finds that the DGS is damaged and 
immediately makes repairing on it. This change follows after the end of the time T21  at the 
probability p21. The DGS can change from the state d3 into the state d1 when a user finds 
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occurrence of the state s0 of the self-ignition combustion engines as DNS (not identified earlier by 
the DGS) and immediately makes repairing on it. This change follows after the end of the time T31

at the probability p31. In the time of the process {W(t): t  0}realization different random variables 
can be observed, that determine the moments 0 = 0, 1, 2 ..., in which changes of the states of the 
process take place. At the known state of the process {W(t): t  0} in the moment n (n = 1, 2, ...), 
the time of lasting the current state and the state occurring in the moment n+1 can be identified as 
stochastically independent from the process states appeared in the moments 0, 1, 2, ... n-1  and of 
the time intervals of their duration.  

Therefore the process {W(t): t  0} can be accepted as the semi-Markov process.   
According to [3]: 

P1 = E(T1)M-1      (4) 

in which: M = E(T1) + p12E(T2) + p13E(T3)

where:

pij  probability of changing the process {W(t): t  0} from the state di into the state dj  (di, dj D;
i, j = 1, 2, 3; i j),
E(Tj) expected value of duration of the state dj D(j = 1, 2, 3).

The probability P1 is of the following interpretation: 

P P W t
t1 d1lim { ( ) }     (5) 

The probability P1 can be considered as the probability of occurring the event A1 which 
determines using a diagnosing system (DGS) in the time of lasting the state d1 of the process 
{W(t): t  0}, so P1 = P(A1); A1 = {d1}.

Any state of self-ignition combustion engines  (which belongs to the set of the states enclosed 
in a diagnostic task) can be identified by the DGS when: 

the event A1 occurs, being the event: when “the state d1 of the process {W(t): t  0}is 
lasting”;
the event K occurs, which determines appearing of a vector of values of diagnostic 
parameters; 
occurrence of the event K is a consequence of occurrence of the event S which determines 
occurrence of an important (for a user) state of self-ignition combustion engines, enclosed 
in the diagnostic task and should be classified to the class of the model diagnostic states 

Therefore, the diagnosis likelihood can be defined by the probability of occurrence of the 
events: A1, S, K in the same time, according to the following dependences [5]: 

P(A1 S K) = P(A1)P(S A1)P(K A1 S)    (6) 

P(A1 S K) = P(K)P(S K)P(A1 K S)    (7) 

From the equations: (6) and (7) it results that the probability P(S/K) as a diagnosis likelihood 
measure, can take the following form: 

P S K
P A P S A P K A S

P K P A K S
( )

( ) ( ) ( )
( ) ( )

1 1 1

1
       (8) 
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Occurrence of the event A1 doesn’t influence the probability of occurring the event S, what is 
obvious because the events: S and A1 are independent. That means: P(S A1) = P(S). If the DGS is 
reliable (if the process {W(t): t  0} is always in the state d1  D), it  always occurs the event 
which  consists in occurring the event K, at the assumption that the event A1 had occurred. In this 
situation the dependence: P(K/A1 S) = P(K S) is obtained. Apart from that, having reliable DGS, 
the event A1 can be always observed at the assumption that the events: K and S have occurred at 
the same time. Therefore, it becomes obvious that, in the case of reliable DGS (such the DGS for 
which P(A1) = 1) it should be taken into account, that P(A K S) = 1 and P(K A1 S) = P(K S).
Thus, at the assumption that P(A1) = 1, the formula (8) can be reduced  to the following form: 

P S K
P S P S K

P K
( )

( ) ( )
( )

        (9) 

what brings the diagnosis likelihood measure [2]. 
Assuming that the diagnosing system (DGS) worked without any failure while diagnosing the 

states of self-ignition combustion engines being diagnosed systems (DNS), the diagnosis 
likelihood measures can be also expressed by quantities of dependences: (1), (2) and (8). 

3. Diagnostic inference and diagnosis likelihood

In the operating practice it exists the necessity of formulating diagnoses on the states of self-
ignition combustion engines (e.g. main engines of sea-going ships), as inferences which can be 
logically deduced from the premises being the values of diagnostic parameters which create the 
vector K, are recorded by the diagnosing system (DGS) and suggest existing (or just occurrence 
of) the state S of the mentioned self-ignition combustion engines being diagnosed systems (DNSs). 
This kind of inference (diagnostic inference) is called the non-deductive inference. Thus, 
significant becomes the answer to the questions: in what degree can one trust the inferences being 
results of a non-deductive inference?, in what degree such inferences can be accepted as reliable 
and used for taking  operating decisions?

During formulation of the diagnosis (inference) on the state S of the DNS the sentence K is 
taken for a completely reliable premise. The sentence says that not any other but this vector (in this 
case, the vector K) of values of diagnostic parameters was recorded by the DGS. The sentence S
says that that not any other but this DNS state (in this case, the state S),  is the inference 
formulated on the basis of the sentence K, being the result of the finished non-deductive inference. 
In that case, the inference is the reductive one [5] which runs in the following schematic way: if 
the implication S  K is true and its direct successor (K) is true, direct predecessor (S) of the 
implication is also true. It means that the presumed state of the DNS is taken for S because the 
vector K of values of diagnostic  parameters has been recorded by the DGS. 

In case, when the sentence S is the inference formulated on the basis of the sentence K
(considered as a completely granted presume) in the process of the non-deduction inference it can 
be accepted that the sentence S is made probable by the sentence K. The measure of the probability 
can be the logical probability [8] of the sentence S for the sake of the sentence K. Accepting the 
sentence K*(n) as the following sentence: K* is the set of n – results of tests and diagnostic 
inferences of the state S of a  diagnosed system, and S*(m) -  as the sentence: S* is confirmed by 
m- results of tests and diagnostic inferences, the logical probability of the state S, considering the 
vector K, can be determined as: 

P S K
m
n

h m nL ( ) ;        (10) 
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One can easily noticed that the formula (10) is the same as the formula (1) which determines 
the frequency of a random event. From the formula (12) it results that the degree of likelihood at 
which the diagnosis is accepted as reliable, can be bigger than the value of the logical probability h
of the inference saying that the DNS is in the state S on the basis of the presume which is the 
observed vector K taken for completely right because of occurrence of (or existing) the state S. In 
case when n  , the determined by the formula (1) frequency of a random event tends to the 
statistic probability [8] that. in this case, can be determined by the formula: 

P S K
m
nS n

S( ) lim         (11) 

Determining the both probabilities: logical (PL) and statistic (PS), it should be taken into 
consideration that they concern the repeating events: S (that the state S has appeared) and K (that 
the vector K has appeared), which can occur only together. It means that, it is assumed, that the 
event S appears only when K occurs. 

From the considerations above it results that the frequency h determined by the formula (1), 
can be considered as the logical probability (PL) when the tests and diagnostic inferences are 
repeated many times, and when lots of tests and inferences (in the theory n ) are made it can 
be considered as the statistical probability (PS).

Formulating the diagnosis about the state S of the SDN, the sentence S (which says that the 
DNS is in the state S) is a hypothesis and the sentence K is a result of a diagnostic test. The 
sentence K* is the set of sentences K (the set of results of diagnostic tests), from which all are the 
tests confirming m – times or not confirming (falsifying) n–m - times the hypothesis S. The 
hypothesis about the state of the DNS can be, in this case, formulated in the following way: the 
SDN is in the state S because the vector K of values of diagnostic parameters is observed.

The suggested measures of the diagnosis likelihood are objective. When the measures cannot 
be applied because of different reasons (e.g. technical, economic, organizing) the diagnosis 
likelihood can be determined with the help of a psychological (subjective) probability [8]. The 
probability determines the degree of conviction (certainty) of the user of the diagnosis about the 
chances of coming such expectations true, that the state of the DNS, according to the formula 
included in the diagnosis, is the state S. Acceptance of the diagnosis as a reliable or not reliable 
one, by using this probability, is subjective because depends on the knowledge of the person who 
formulates  (works out ) the diagnosis. It differs from the objective probability at the fact that it 
reflects the subjective estimation of the SDN state, according to the relation: this state of the DNS 
is more probable than each other one or – this state of the DNS is the most probable, or it is the 
most probable that DNS stays in the state S, etc. The probability is indeed graduated but deprived 
of number measures which would determine the particular degree of acceptation. The diagnosis on 
the state S of the DNS can be considered only as more or less reliable. Therefore, the 
psychological probability (subjective) is not a good measure of diagnosis likelihood. From this 
reason, for operating practice, this should be of a limited application in case of technical kinds of 
transport, just like sea-going ships and aircrafts. 

4. Summary

Occurrence of the event A1 = {d1} is the necessary (but not sufficient) condition  to be able to 
identify the state S of the given DNS. In case of using a complex DGS, the all states which the 
SDN can be in are considered at the diagnostic task and then A1 = { d1, d3}. Thus in the practice, 
the diagnosis likelihood  (in case of employing the local DGS) can be bigger than P(A1) = P1 < 1, 
what follows from the formula (4). 
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The formula (8) which enables determining the diagnosis likelihood, has been formed by using 
the limiting distribution of the semi-Markov process {W(t): t  0} and the Bayes’ formula. 

The presented semi-Markov model of the process {W(t): t  0} is of the essential practical 
meaning because of the easiness of determining estimators of the probability pij as well as simply 
estimation of expected values E(Tj) of random variables Tj, stating for the time of state duration  dj

D (j = 1, 2, 3) [7]. 
The presented measures of diagnosis likelihood are readable because in the extreme cases they 

can be assigned to by: 
 the value 1 when the diagnosis is completely reliable, 
 the value 0 when the diagnosis is completely unreliable. 

In the cases, when it can be only stated that the diagnosis is reliable at a certain degree, this 
degree is needed to be précised by assigning a value from the non-negative real numbers interval 
R+ = (0, 1) to its likelihood. 
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Abstract

The most of research works with reference to piston engines with the direct fuel injection concentrate on two basic 
systems . One system is a homogeneous system and refers to high engine loads both from the point of view of torque 
and rotational engine speed. The second system refers to small loads and rotational engine speeds which usually do 
not exceed 50 % of the maximum allowable loads and the rotational speed.  
These systems were an object of the analysis and research with use of the laser-equipment , mostly the PDPA and 
LDV. For the comparison only the PIV research were brought over. In brought over analysis one returned the special 
attention on stratified combustion, homogeneous combustion, water injection and water fuel emulsions, heat 
exchange.

In particular research injectors, the combustion space of the constant of the volume with 3D laser equipment 
(PDPA, LDV), results of researches of fuel spray concerning droplet diameters, results of researches of fuel spray 
concerning droplet distribution of lineal and volume, and dependences Rosin-Rammler, results of researches of fuel 
spray concerning distribution of 3D droplet velocity, results of the analysis of combustion rate and impulse for fuel 
spray are presented in the paper. The obtainment of small droplet dimensions is possible in the way increasing of the 
injection pressure. However high increasing of the pressure unfavourably bears on life of fuel equipment. From other 
methods one can mention methods mechanical improvements of spraying of the fuel. One of mechanical methods 
stayed put-upon in research of the ignition process. 

Keywords: combustion engines, direct fuel injection , mixture preparation processes , homogeneous strategy , 
heterogeneous strategy, laser-methods 

1. Introduction
The most of research works with reference to piston engines with the direct fuel injection 

concentrate on two basic systems . One system is a homogeneous system and refers to high engine 
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loads both from the point of view of torque and rotational engine speed. The second system refers 
to small loads and rotational engine speeds which usually do not exceed 50 % of the maximum 
allowable loads and the rotational speed (Fig. 1). This system is a heterogeneous system. Ideas 
relating to two names are speculative ideas and Ideas relating to two names are speculative ideas 
and essential conditions occurring in an engine significant differ from homogeneous conditions 
and heterogeneous ones, where also homogeneous areas are visible.  

The first system, the homogeneous system, is also characterized that it can be applied both with 
reference to Diesel and a spark-ignition engines. This system is characterized with the early fuel 
injection, usually during the intake stroke. So there is a lot of time for proper (homogeneous) 
preparation combustion mixture which should be homogeneous. However even uniform 
distribution of the fuel in combustion chamber does not give the full view of qualitative and 
quantitative preparation of the mixture. The quality of injected fuel spray has a very big meaning 
for obtainment of correct work parameters of the engine referring to torque, fuel consumption and 
emission level of exhaust gases. Preliminary researches showed that the quality of injected fuel 
spray having very essential importance for the obtainment of suitable parameters engine work was 
name only homogeneous spray, and practically her homogeneity refers to the macro scale. Such 
approach for the problem is a strong simplification. Such approach for the problem is a large 
reduction, if the accepted name of the homogeneous charge has to be applied. Uniform fuel 
distribution in combustion chamber differs only this system from second one, where fuel can be not 
uniform distributed in combustion chamber and can also appear areas where there is not fuel at all. 

In the second work system, the heterogeneous system, fuel is heterogeneously distributed in 
combustion chamber. In this system of engine work, fuel injection occurs close to end-point phase 
of compression stroke. So, there is a little time for combustion mixture preparation . However in 
the zone of the mixture ignition should be homogeneous, and fuel spray should be characterized 
with small dimensions of fuel droplets. This refers especially for so called "the cold" ignition 
which at the heterogeneous mixture can not appear or miss fire will appear, what negatively affects 
on engine economic parameters and emission level of exhaust gases. In this second system the 
exchange and thermal conditions have essential influence on the correct process run of the 
combustion and emission level of exhaust gases. 

Stratified Charge 

RPM

Lo
ad

Homogenous Charge 

Fig. 1. Two strategies of the power supply of with the spark-ignition engines with the direct-injection: the stratified 
charge at small loads and rotational speeds and the homogeneous charge at big loads and rotational speeds of 

the engine 
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The heat flux passes from charge across a boundary layer of thermal resistance on the wall of 
combustion chambers (cylinder liner, cylinder head and piston crown), itself wall, the boundary 
layer of thermal resistance on the outer side of combustion chamber to cooling fluid cylinder wall 
and head, and on a other piston side, an oil-layer from a oil sump. Heat lost in cooling system of 
the walls is the row of 15 - 20 % heat supplied in fuel, and with reference to the rated power of the 
engine it takes out of 40 - 50 % and even more. The temperature on boundary surfaces of the 
layers spreads according to thermal resistances of these layers. From the point of view of the cycle 
of the highest efficiency, the charge temperature should be the maximal (but on the walls not 
higher than acceptable one of the wall material; novel materials, eg. ceramic, let on application of 
high temperatures). On the other side the temperature cooling fluid is settled automatically on 
several degrees below boiling heats cooling fluid. The barrier layer of cool charge on internal 
walls of combustion chambers is so advantageous from point of view of engine efficiency. Charge 
is swirled, what provides charge exchange and restore of the barrier layer. Too intensive swirl 
influences however unfavorably on combustion processes and besides the high temperature bears 
on the NOx emission level. On conditions of heat exchange in combustion chamber of the piston-
engine, and what to these is going run of combustion processes, engine performance and level 
emission of combustion gases influences the water injection and exhaust gases recirculation 
(EGR), what one ought to take into account in analysis of present-day combustion engines. 

Explored experimental included derivation of homogeneous fuel spray for the homogeneous 
system , estimation of the fuel spray homogeneity by means of special analytical methods, the 
mathematical description of experimental data by means of different dependences, and 
determination of the best description of the fuel spray quality. In reference to different fuel sprays, 
the best qualitative description according to brought over research has been obtained by means of 
the Herdan diameter (D43).

2. Stratified combustion 
In ideal case the engine is operated without throttle and with lean overall mixture. The direct 

injection for SI engines with stratified operation combines the improvement of charge cycle and 
thermal efficiency (Fig. 2.). Therewith the direct injection is the most promising engine-related 
measure regarding fuel efficiency. However stratified operation in early stages was limited on a 
small area in the engine map. The stratified engine map is limited to small engine speeds and low 
loads because of the dependency of the mixture process on the piston position and because of 
unreliable inflammation under some conditions. Consequently the benefit in fuel consumption is 
limited on this small engine map which is hardly used in the real drive cycle. Further the fuel 
consumption benefits are reduced by extended wall wetting on the piston surface leading to 
considerable energy loss. Another difficulty of all lean burn engines is the exhaust gas 
aftertreatment with regard to the reduction of NOx emissions. Therefore the NOx storage catalysts 
are used mostly in combination with an intermittent lean-rich engine operation. While the engine is 
running lean the NOx is stored in the catalyst until the storage capacity is reached. Then the engine 
is switched to rich operation to enable a regeneration of the catalyst. Especially at higher loads 
high NOx raw emissions occur at stratified operation so that switching from stratified to 
homogeneous mode achieves a higher overall efficiency. To allow a reduction of the regeneration 
frequency of the catalyst and to enable stratified operation at higher loads, the engine development 
should be focused on the reduction of the NOx emissions. These engines achieve a benefit in fuel 
efficiency mainly by downsizing effects while using the very efficient 3-way catalyst technology. 
A lot of investigations shown that the stratified operation map may be larger for the next 
generation of direct injection engines. These engines are realized with a spray guided idea. Due to 
a narrow arrangement between spark plug and injector the mixture process is not supported by the 
piston surface. The mixture process is nearly independent of the piston motion. This leads to a 
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significant reduction of piston wall wetting. Further the ignition and combustion timing can be 
adjusted regarding thermal efficiency concerns instead of mixture process requirements. 

Fig. 2. The strategy of the power supply of engines with 
the spark-ignition direct-injection: the stratified 
charge at small loads and rotational speeds of 

the engine 

Fig. 3. The strategy of the power supply of engines with 
the spark-ignition and direct-injection: the 

homogeneous charge at big loads and rotational 
speeds of the engine

The advantage is that no defined charge motion is required to enable the mixture transport as 
necessary for air-guided concepts. Consequently charge motion strategies can be involved to 
support the combustion and fuel evaporation specifically. The advantages of the spray guided 
combustion concept can be enhanced further with the combination of turbo charging and increased 
injection pressure. Further the direct injection allows a comparatively high compression ratio even 
for turbocharged engines because the knock tendency is reduced. Compared to natural aspirated 
engines the increased air-mass in case of the turbocharged engines allows an extension of the 
stratified engine map leading to a benefit in fuel economy. Another advantage of turbo charging is 
the increase in power at full load operation.  

3. Homogeneous combustion 
The homogenous combustion strategy has potential to reduce NOx, PM emissions and improve 

part load engine efficiency. It is suitable for a variety of fuel types (Fig. 3.). However, to achieve a 
successful application, problems such as control of ignition timing and heat release rate over the 
entire engine operation range, have to be solved. Homogenous combustion needs an essential 
ignition temperature. The methods used to achieve such a temperature have to be able to manage 
the rate of heat release followed by ignition and avoid extreme sharp pressure increases. 

The results obtained from experimental investigations and theoretical simulation studies have 
indicated that the control over homogenous combustion can be achieved with lean mixtures in a 
limited range ( >2) by using various engine control strategies and air/fuel mixture modifications. 
Variable Compression Ratio and valve timing technologies are potential control technologies for 
homogenous combustion. Late fuel in cylinder direct injection can be an ideal strategy for 
homogenous combustion with heavy fuels, such as diesel at low loads. Since the main ignition of 
homogenous combustion occurs at a certain temperature, which is independent of fuel types, 
modification of the air/fuel mixture by fuel blending or using various additives can only control 
homogenous combustion via their effects on the heat release rate during first stage ignition. The 
selection of additives should be in agreement with the fuel type and its octane number. 

Future experimental investigations should focus on variable valve timing, late in-cylinder 
injection for heavy fuel in particular, and supercharging. These potential technologies can be 
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applied individually or combined in various forms. Most calculations have so far been done using 
closed cycles. The impact between intake and exhaust flows has serious effects upon the 
temperature time history of the charge inside the combustion chamber. Therefore, it is anticipated 
that such an impact may have a serious effect on homogenous combustion as well, since 
homogenous combustion is very sensitive to charge temperature time history. Using a lean air/fuel 
mixture or diluting a richer mixture largely with EGR can control the heat release rate of 
homogenous combustion, but it will result in poor power output. SI offers a high power output 
density. A hybrid homogenous-SI strategy can therefore operate the engine with homogenous at 
low loads to improve emission and efficiency, without sacrificing the high load performance 
where SI strategy can be used. For engines utilising heavy fuels, homogenous has the potential to 
significantly reduce PM and NOx emissions without sacrificing fuel efficiency. However, this 
benefit can only be considered when the engine load is low. At high load, fuel enrichment would 
largely increase the heat release rate of homogenous combustion and result in an extremely high 
cylinder pressure increase, due to the nature of simultaneous combustion throughout the entire 
combustion chamber. At high load, conventional Diesel engine may still have to be employed.  
Compared to SI, high compression ratios are preferred by CAI combustion due to its self-ignition 
nature. Therefore a higher thermal efficiency can be obtained. Values of CR may reach 21:1 for 
Diesel engine and 12:1 for SI engine. Fuel rich zones are the main source of PM emissions in 
conventional Diesel engine. However, with CAI strategy, air and fuel mixture are premixed before 
combustion starts, and thus very low PM emissions can be achieved.  

Homogenous combustion is a combustion process which utilises homogeneous air/fuel 
mixture, but combustion is initiated by fuel self-ignition. It therefore combines features of both SI 
and Diesel engine combustion. During the compression process, different parts of the charge 
mixture have different heat capacities due to local in-homogeneities which results in non-unified 
temperature distribution throughout the combustion chamber. When the hotter parts overcome 
their threshold energies, ignition of these zones is initiated. The energy exothermal warms and 
compresses the remainder of the charge, increasing the temperature, until full-scale ignition is 
established after a short time delay. Therefore, homogenous combustion is a thermal environment 
related auto-ignition process, but ignition itself is controlled by the chemical kinetics of the 
mixture with relatively little influence of turbulence and mixing. 

4. Water injection 
Water can be incorporated into diesel fuels in two forms: micro emulsions (10-10 m) and macro 

emulsions (10-6 m). Micro emulsions are especially suitable for if the fuel stability and 
acceptability by the distribution system. However, they require higher surfactant concentrations 
and consequently they have a cost/effectiveness challenge, especially at high water concentrations. 
On the other hand, macro emulsions are specially suited for applications where fuel cost 
acceptance is a major consideration, since they require lower surfactant concentrations for 
preparation. Macro emulsions, however, have a white distinctive color because water is distributed 
in micron range droplets. This characteristic also poses a stability challenge, because water tends 
to settle over time, when the fuel is kept quiescent.

Water introduction causes NOx reduction, PM reduction, variability of the addition of water, 
effects on cold start, lubricating oil dilution, and expenditure. As the main portion of NOx is 
formed by highly temperature-dependent reactions, it has been tried for a long time to utilize the 
heat of vaporization of water for reducing the combustion chamber temperatures. For that reason 
but not only there is a good idea to apply of exhaust gases recalculations (EGR). Other methods 
are: water injection into the inlet manifold, water injection directly into the combustion chamber 
by means of a separate nozzle, injection of a pre-mixed diesel fuel-water emulsion, injection of a 
diesel fuel-water-diesel fuel sequence by means of a particularly modified nozzle. For obtaining a 
maximum NOx reduction from a minimum of water, it has to be brought to the right spot at the 
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right time, namely to those spaces in the combustion chamber where the highest temperatures 
prevail for considerable periods of time, i.e. the post flame areas. For this reason it is essential to 
introduce the water by help of the nozzle used for injecting the diesel fuel, as is the case when 
diesel fuel-water emulsions are injected as well as with the stratified diesel fuel-water. In this 
regard, the other methods, namely inlet manifold water injection and direct water injection with a 
separate nozzle, are unfavourable as they supply water also to areas where it is ineffective or even 
harmful in other respects. Thus, the amount of water required for a certain NOx reduction is twice 
as great as with water injection by means of the diesel fuel injection nozzle. This excessive 
quantity of water reduces the temperature level all over the combustion chamber to the extent that 
soot oxidation is impeded and HC emission increased, resulting in an increased PM emission. In 
addition, lubricating oil dilution corrosion, and increased wear are observed with these methods. 
Inlet manifold water injection yielded NOx reduction rates of 30 percent, in combination with EGR 
up to 50 percent. Next method, diesel fuel-water emulsion, which lowers the combustion 
temperatures, which is undesirable at the beginning and end of combustion and results in increased 
ignition delay, engine noise, and retarded combustion. Thus, at the beginning and end of injection 
only diesel fuel is introduced into the combustion chamber, to the effect that the aforementioned 
disadvantages are prevented. In this way, 15 percent lower NOx emissions are measured when the 
same amount of fuel as with diesel fuel-water emulsion is introduced. Compared to the use of 
diesel fuel water emulsions, the most import property of the DWD system is that the amount of 
water injected can be quickly varied dependent on engine load and speed, which is of highest 
importance in view of transient operating conditions and cold start. The exhaust gas opacity is 
considerably reduced with diesel fuel-water emulsions too, reportedly by 80 percent. Improved 
mixture formation due to the increased injection quantity and, therefore, higher injection pressure 
as well as micro explosions may play a part, and the same might apply to improved soot oxidation 
by H. and OH. Radicals resulting from partial dissociation of the water. When using diesel fuel-
water emulsions, the opacity reduction does not correspond to a comparably large PM reduction, 
as this is affected by a marked increase in HC emission.
5. Laser researches 

Experimental laser researches (PDPA, LDV, PIV) allowed to determine basic spray parameters 
of atomized fuel including droplet dimensions and velocity field. The view of research injectors 
for SI engines for research of atomization process, from left worked out injector research with air 
assist is presented in Fig. 4 and view of combustion chamber of the constant volume with laser 
equipment 3D (2 transducers and 1 receiver) - in Fig. 5.

Fig. 4. Research injectors, on the left experimental 
injector with air assist 

Fig. 5. The combustion space of the 
constant of the volume with 3D laser 

equipment (PDPA, LDV)

Researches were concentrated on measurement of droplet dimensions, their dispersion in spray 
by determination their substitutive diameters and velocity fields in combustion chamber of 
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constant volume. The substitutive diameter is definite by the general dependence expressed by 
equation:

max
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D
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)D( ,                       (1)

where:
Dab – substitutive diameter of droplets in spray order a+b, 

  D – diameter of droplet in spray, 

  Do – minimum-diameter of droplet in spray, 

  Dmax – maximum-diameter of droplet in spray, 

  i – droplet number. 

If the spray is homogeneous with reference to droplet dimensions , then all kinds of diameters 
are equal. Thus a measure of the homogeneity of fuel spray are differences among each diameters. 
Self-evident is that clear homogeneous spray are possible only theoretically. 

The modelling spray fuel dispersion o is possible with many dependences. A most widespread 
method is the method Rosin-Rammler d described by dependence: 

1 – Q = exp {- (D / X)q},                          (2) 

where:
Q –volume droplet part of smaller diameter than D, 

  D – droplet diameter, 

  X – parameter describing stipulated droplet diameter,  

  q – parameter describing degree of droplet dispersion. 

Results of laser researches are presented in Fig. 6, 7 and 8. 
In Fig. 9 data for determining of the relative velocity of combustion in constant chamber volume 
and impulse charge are presented 

6. Conclusions 
The obtainment of small droplet dimensions is possible in the way increasing of the injection 

pressure. However high increasing of the pressure unfavourably bears on life of fuel equipment. 
From other methods one can mention methods mechanical improvements of spraying of the fuel. 
One of mechanical methods stayed put-upon in research of the ignition process. 
Similar connected results with increasing of the pressure one can obtain by means of other 
methods from which most known is air assist for the process of fuel atomization. This method has 
however certain due limitations with the necessity of usage of the air-compressor. Other methods 
concerning improvements of the process of spraying are an object of numerous research works, in 
this also carried by authors of the paper. 
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Fig. 6. Results of researches of fuel spray concerning droplet diameters for two kinds of principle dimensions small 
within the range about 10 m and greater - within the range about 50 m

Fig. 7. Results of researches of fuel spray concerning droplet distribution of lineal and volume, and dependences 
Rosin-Rammler for two kinds of principle dimensions small within the range about 10 m and greater - within the 

range about 50 m

72



Fig. 8. Results of researches of fuel spray concerning distribution of 3D droplet velocity for two kinds of principle 
dimensions small within the range about 10 m and greater - within the range about 50 m
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Fig. 9. Results of the analysis of combustion rate and impulse for fuel spray of D43 28,8 m, =2,8 

Fig. 10. Run of the combustion process in constant volume chamber for the heterogeneous fuel spray ( =2,5) 

Applied fuels can differ with the value viscosity and the surface tension what can have the 
essential influence at additives for fuels having different proprieties than gasoline (ethanol). It 
leads for considerable differences in process of the fuel/air mixture preparation. 
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The PIV research method lets on definition of the structure and distribution of velocity in stream. 
It lets on quality rather evaluation than quantity one. Laser-methods PDPA and LDV let on the 
qualification of diameters of droplets, their velocities and dispersion.
From brought over research the combustion process in the constant volume chamber about the 
constant of the volume results that the ignition and the correct combustion are possible, when the 
fuel spray is characterized with small measurements of the diameter D43 which does not exceed 
the value of 30 m

If in the fuel spray she appears droplets of dimensions exceeding 30 m, but also the sufficient 
number small droplets of the D43 diameter of 30 m, is the ignition and the combustion are also 
possible, though the combustion be characterized with different rate during durations of the all 
process.

During research of the ignition process of the and the combustion at higher pressure in the 
constant chamber volume (for the value of 1 MPa) appointed that, at large dimensions of droplets, 
when D43 is greater than 30 m the ignition is not possible, even at the essential growth of the 
pressure in combustion chamber. Critical influence on the ignition in conditions of the cold 
combustion chamber has a fuel atomization. 

The essential atomization of the fuel influences favourably on the emission level of toxic 
components of exhaust fumes gases, in this especially on the level the emission of hydrocarbons 
because of eliminating of misfires and on the level the emission of nitrous oxides on account the 
short time staying droplet of the fuel in burning zone.

The PDPA laser method can be prosperously applied for the diagnostics of the injection's 
apparatus of engines with the spark-ignition, diesel, as well as of turbine-engines. 

Most injurious are drops in the stream of the fuel about large dimensions. Even several such 
droplets firmly change the process of the combustion and the emission of components of toxic 
combustion gases, mostly (NOx). The process of spraying from the point of view processes of 
combustion and ignition, as well as of the level the emission characterizes the best supplementary 
diameter D43 which the value is nearing for the volume median. 
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Abstract

 A model of a three-state system has been considered in the work. The system can pass from the state of full ability 
into the state of safety unreliability (irreversible state) or into the state of efficiency unreliability (reversible state). 
From this state the system can also pass to the state of safety unreliability. To the system’s modeling Ko mogorov-
Chapman differential equation  has been used. The obtained results have been presented with an example. Analysis 
with the obtained equations has been done. 

Keywords: Systems reliability, restorable systems, restorable state, nonefficiency failure rate, danger failure rate, 
recurrence rate 

1. Introduction 

The contemporary systems are characterized by a large surplus in the reliability sense. The 
failures of such systems cause not very important effects for the realization of a task, but the 
effects for safety are of course very important. Then the analysis of the system must take into 
account the safety factors. The author considered problem of safety in many works devoted to 
models of un restorable systems. 
In this paper I would like to present a model of restorable system in safety aspects. 

The system in which two kinds of failures can occur. The first kind of failures causes system 
efficiency unreliability and in this case the system is restorable. This restoration can be dangerous 
and the system can pass to safety unreliability. The second kind  of failures causes system safety 
unreliability. In this case I assume that the system is not restorable.  

To describe such models of the systems, the reliability and safety factors will be formulated. 

2. Basic concepts and definitions

Taking into account that this field of knowledge is very young and the terminology is not fully 
unificated, that is up to now the object of discussion. 
Due to limited length of this paper, only basic concepts used in this work, are presented. 
R(t) - Function of the system reliability - the probability of fulfilling requirements from the 

point of view of safety and reliability of the system; 
QB(t) - Function of the system safety unreliability - the probability of occurrence of event causing 

a dangerous situation. 
B

QS(t) - Function of the system efficiency unreliability - the probability of occurrence of event 
causing an unreliable inefficient work of the system. 
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 Of course for all these quantities both the exploitation conditions (in a broad sense) and 
exploitation time interval must be strictly defined. 
In practice we have most often dealt with systems which can be in the fitness-for-use state or in the 
efficiency unreliability state or in the safety unreliability state, In the case when the system passes 
to the efficiency unreliability state, it is restorable but can be dangerous. 
 Let us denote the additional reliability factors as follows: 

S - intensity of the passing from the ability state to the unreliable efficiency state; 
B - intensity of the passing from the ability state to the safety unreliability state; B

S  - intensity of the passing from the state of efficiency unreliability to the ability state; 
B - intensity of the passing from the unreliability efficiency state to the unreliability of the safety 

state.
B

3. The system with restorable state of efficiency unreliability

The graph of the system is shown in fig. 1. 

B

S

S

R(t)

QS(t)

QB(t)

B

Fig. 1. The graph of the system with restorable efficiency unreliability state with regard  
to the safety unreliability with the restorable state 

 The system may be described by the Ko mogorov-Chapman differential equation set: 
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The Laplace transforms of equation set (1)  are: 
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where:

BS ,

BSBSA ,

BBBSBSB .

Solving the equation: 
, (5) 02 BpAp

we obtain: 
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BAC 42 . (7) 

Taking Laplace reciprocal transforms, after simple modifications we have got formulae as follows: 
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 The mean time of work of the system to the occurrence of its safety unreliability is given by the 
formula: 

BBSBBS

S

p

B
B dp

pQpdT
0

~
. (11) 

Example  
In fig. 2 the relation of the mean time of  work TB has been shown to the occurrence of the safety 
unreliability state from the intensity 

B

S at different values of BB=0, 0.1, 0.2, 0.5; S=0.1; B=0.01.B
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Fig. 2. Diagram of relation of SB fT  for the three state restorable system
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The following conclusions result from the presented graph: 
- when B  = 0 - then with the increase of S , TB decreases;
- when 0B - then with the increase of S , TB  increases and with the increase of B  - 

TB decreases.

The equivalent danger failure rate of the whole system is given by: 

tQtR
tQtRt

S

SBB
B . (12) 

Taking into account (8) and (9) we can determine tB . Analysing this function  we can show 
that:

BB 0

S

SBB
Bt x

xt
1

1lim . (13) 

We can see that in consequence, tB  is the decreasing function and the time BT  depends on the 
ratio SS / .

4. Conclusion 

 A dangerous restoration can essentially reduce the system’s safety.  
 To apply in practice safety and reliability factors proposed in this paper, the investigations to 
obtain credible data for their calculation are necessary. 
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Abstract

     The process of automotive vehicles maintenance requires thorough assessment of the state of the vehicle and its 
systems. This is necessary for every day monitoring of changes of the vehicle technical state which, in turn, is the basis 
for scheduling and performing necessary operations involving repair or replacement of the parts whose fatigue life 
have come to an end. Detection of the reasons of inefficient operation of interacting systems and subsystems is also of 
great importance. Traditional methods and tools are often ineffective for providing the right diagnosis. The author 
discusses the possibilities of endoscopy and thermovision when used for assessment of the vehicle technical state  

1. Technical Endoscopy

1.1. Introduction

      Endoscope is an optical tool used for examining closed, inner spaces. Endoscopy technique 
developed, first of all, for medical purposes, where its application is undoubtedly irreplaceable ( 
avoidance of use of  invasive therapy and diagnostic methods) In case of technical objects this 
technique, involving introduction of the endoscope end into the cylinder through an opening left 
after unscrewed sparkling plug  or an injector, allows examinations of the engine working surfaces 
( valves, cylinder bearing surface, combustion chamber, an assembly of crankshaft piston and 
connecting rods, and the piston bottom)  thanks to very bright halogen lighting. 
Two kinds of endoscopes find practical application: stiff –probe made in the form of a metal rod 
[1] and elastic ones making use of a beam of fibers. The elastic probe is featured by much better 
capabilities of reaching hardly available places. The stiff probe is characterized by certain 
restrictions in reaching these hardly available places. However, the latter one has a picture of 
higher quality, and a lower price. The basic assumption of the tool operation is the possibility of 
diagnosing the vehicle technical state without a necessity to disassemble (no invasion) its 
structure, thereby not causing any damage or change of the object. All examination methods 
involving accompanying assemble-dissemble methods introduce hazard of disruption in machine 
parts cooperation which, in turn, may appear to be very costly and time consuming. These 
disruptions result from disarrangement of elements and seals, which often involves a necessity of 
running them in, again. Simple workshop endoscopes of American make have been available on 
the Polish market since 2005. These are endoscopes with a high picture resolution 7500 pixels. 
They are capable of remembering the shape, and an attachment enabling observation at an angle. 
The discussed endoscopes can be purchased at the price below 200 PLN. Therefore, it is possible 
for car service stations, associations of experts, and even private persons to buy these devices.
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1.2. Practical Aspects of Using Endoscopy in Engineering 

As far as evaluation of diagnostic susceptibility of automotive vehicles is concerned, it should 
be noted that they are not adjusted to being examined with the use of endoscopy. Constructors did 
not design appropriate ways of access to basic engine subassemblies or drive systems of vehicles. 
In practice only openings designed for the sparkling plug and injectors are used, this being the 
only way to see the head from the side of the cylinder, the piston surface or the valve head. Fig.1 
presents a view of an open exhaust valve recorded by means of an endoscope (carbon deposit 
visible on the valve walls).

Fig. 1 View of an open exhaust valve recorded by an 
endoscope ( carbon deposit visible on the walls   of 
the valve) 

    As for the remaining sets of automotive vehicles assemblies, apart from applicability for  
identification of the engine and chassis numbers it can be widely employed  for assessment of the 
vehicle body state using its technological openings. It is the only way of looking into closed 
profiles as well as exposure and assessment of the metal plate corrosive wear. (fig.2). 

Fig. 2 View recorded by an endoscope: corroded surface 
of metal plate  of a closed profile of an automotive 
vehicle door 

Possibilities that are provided by endoscopy could be largely extended if constructors took into 
consideration design of proper ways of access to ‘inner organs’ of an engine. This refers mainly to 
the valve system and the assembly of crankshaft piston connecting rods (fig.3). 
In order to demonstrate the possibilities of  endoscopy, when applied in vehicle technical service, 
we can refer to one case when a transport company applied with a request to explain some 
unserviceability. It was about finding reasons of inefficient work of an engine. The symptoms 
were: difficulties to start the engine, decreased power, black exhaust fumes and knocks coming 
from the crankshaft-piston area.  
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Fig.3 proposed places of the endoscope access to the 
engine inside: 1-opening of the injector or the ignition 
spark, 2- blinded opening in the valve cover, 3- bayonet 
opening of the oil level meter, 4- opening for introducing 
endoscope  in order to assess the state of the crankshaft -
piston system  

After getting familiar with the engine maintenance course (work cards, damage register, service 
register) a measurement of compression pressure was carried out in particular chambers of the 
engine in question.
The measurement result (fig.4) showed unmistakably too low compression pressure in one of the 
cylinders. Before having this measurement performed the owner of the car had made several 
attempts to repair it, including injection pump regulation, replacement of fuel filters and high 
pressure cycle.

Fig 4 Results of compression pressure measurement in 
cylinders 

Fig.5 Comparative cycle of a self ignition engine 
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Before starting activities connected with disassembly of the engine, an attempt was made to 
determine analytically real parameters characterizing the engine in question. Thus, the pressure at 
the end of the compression weld p2 can be calculated [4] from the dependence: 

12 pp                                                                                     ( 1) 

hence, the compression degree value  n
p
p

1

2  . Using the calculated compression degree value 

the temperature of the compressed air, in point 2 of the comparative cycle, was determined from 
the formula: 

1
12

nTT                                                                            ( 2) 

Calculation results are set up in Table 1. 

Table 1 Setting up of calculations of compression degrees and temperatures 
                             

Specification Compression 
degree

Temperature at the end of the 
compression stroke

Cylinder II…VI 21,8 947
I cylinder 14,1 780

As the calculations show the compression degree in cylinder 1 varies significantly from the values 
in the remaining cylinders. 
In result of decreased compression pressure at the end of the compression stroke, temperature in 
cylinder 1 did not reach the required value of about 900 K [4]. It was the cause of disruption of the 
combustion process in this cylinder which resulted in inducing less power and black exhaust 
fumes. In result of carried out disassembly it was revealed that the cause of the problem was a 
twisted connecting rod, and in consequence damage of the cylinder sleeve in cylinder 1 (fig.6). 

Fig. 6 View of damaged: a) connecting rod, b) cylinder sleeve 

A conclusion can be drawn that reasons of the engine inefficiency could be found out much earlier 
if there had been possibilities of using an endoscope for examinations of the crankcase  interior. 
Also, the costs connected with the vehicle demurrage and other indispensable service activities.  
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2. Using Thermography in the Process of Vehicle State Monitoring  

2.1. Introduction 

Each body with temperature higher than absolute zero is the source of radiation in the band of 
infrared IR, and its intensity depends on the body surface temperature and features. Thermovisual 
apparatus is a variety of television sensitive to a fragment of infrared radiation range. Creation of a 
thermo-visual picture consist in recording radiation emitted by a given object by a camera, and 
next processing it into a colored map of temperatures. While measuring infrared radiation emitted 
by a given body also the body temperature is being measured in an indirect way. For a perfectly 
black body the correlation of temperature with infrared radiation intensity is presented in the 
following way:

1004

O

O

C
E

T                                                                        ( 3) 

where:

Eo - thermal radiation intensity, W/m2 

Co- radiation constant of a perfectly black body is equal to 5.77 42 Km
W

T – absolute temperature of K surface.  

Thermovision system enables measurement of temperature in a non contact way, and in many 
points at the same time. However, it must be remembered that temperatures can be compared 
directly only within one material. The body radiation power depends on its temperature, therefore, 
warmer places are brighter in the visible picture. Thermovion measurement of temperature makes 
it possible to define distribution of temperatures on the whole surface of the examined object. 
Thermovision  examination results can be used for assessment of heat losses from power 
engineering devices and other objects as well as for localization of their occurrences.  

Thermovisual measurements enable detection of potential hazards early enough to schedule  
service and repair activities, thereby, avoiding costs connected with demurrage or unexpected 
failures. Application of thermovision in scientific research improves significantly the quality of 
gained information on thermodynamic processes, heat exchange or cooling conditions.

2.2. Practical  aspects of thermo-vision in the process of vehicle maintenance  

Thanks to the fact that this kind of examination enables making a temperature map of the 
whole engine, the analysis of values for particular components of thermal balance for different 
fuels and parameters of the engine work has become easier. As it is known [4] the heat gained 
from fuel combustion can not be exchanged fully into mechanical work. In the combustion engine 
the amount of heat exchanged into practical work is equal merely to 25-40% of the heat generated 
in result of fuel combustion. The remaining heat, in the amount of 60-75 %, escapes with exhaust 
gases, or is carried away by a cooling factor or is included in other thermal losses. In order to 
assess utilization of the heat supplied to the engine a thermal balance is made.  
General equation of the outer balance has the form: 

h
JQQQQQQ rnwche ,                                            ( 4) 

where:
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Q  -  heat supplied to the engine in J/h 
Qe-   usable heat (changed into usable work) in J/h 
Qch- cooling losses  
Qw –outlet losses in J/h 
Qn – losses of incomplete combustion in J/h 
Qr –  the rest of balance in J/h 

Energy losses increase the temperature of the engine parts and elements After reaching  proper 
temperature of the engine work, the cooling and lubrication systems carry away the excess of 
thermal energy. The amount of carried away energy can not be too big. This is supposed to 
maintain the engine temperature within the required range. High temperature is also very 
dangerous for the engine and here thermo-vision makes it possible to reveal this fact early 
including the cause of such a situation. In turn, in result of too low temperature of the engine the 
process of fuel combustion and evaporation is disturbed. Part of not combusted fuel goes to the 
exhaust system where frequently occurs its firing accompanied by increase in temperature of the 
exhaust system elements which is also recorded by the thermovision camera.  

In the Department  of Thermal Technology and Metrology initial  thermographic examinations 
of a combustion engine were performed with the use of thermograph V-20. The examined object 
was a high-pressure, four-stroke, 6-cylinder combustion engine S-359M.The engine is cooled by a 
liquid with a cycle forced by a pump. Thermograph V-20 (thermo-graphic camera) that was used, 
is a device designed for non contact representation of the temperature distribution on the examined 
area, on the basis of infrared radiation power measurement emitted by particular elements of this 
surface.

Fig.7 Thermo-graphic camera V-20 

Results of the measurement are presented in the form of a colored  thermogram  Thermographic 
pictures  were obtained in result of scanning the engine heated surfaces.. Some of them are 
presented in this article.(fig.8, 9,10). The engine heads, exhaust collector, exhaust pipe, the engine 
body, oil sump - right after starting and after a certain time of work, were important places to 
examine. It allowed evaluation of the engine rise dynamics, during its work both without and with 
service load.  
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Fig.8 Thermograph of exhaust collector of an engine without service load made after 5 min. from the engine start 

Fig. 9. Thermograph of an exhaust collector of an engine working without service load made 
 after 20 min. from the start 

Fig.10. Thermographic picture of an engine radiator made after 40 min. from the engine start. 
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On the basis of observation of thermographs of water coolers (fig.10) it can be seen that bright 
colors on the cooler liquid inlet transform into cold colors on the outlet, which means sufficient 
cooling of the coolant . 
   As the information gained from the analysis of the thermographs shows,  examinations of an 
engine by a thermovision camera should be recognized as one of diagnostic methods. This method 
makes it possible to obtain information about the examined object in a non invasive way, that is, 
without a necessity of its disassembly. Undoubtedly, a big advantage of this method is a possibility 
of examining the engine working with and without service load. Thermographic analysis provides 
information on temperature distribution on the whole surface of the examined object, in a given 
moment, thanks to which it gains advantage over other diagnostic methods. Using equations of 
thermal balance and additional measurements  concerning masses and  flow of media ( liquid, gas ) 
as well as tests results from the engine test house, one can venture to make a complex evaluation 
of the examined object thermal balance, its efficiency, and indication of areas where temperature 
anomaly  occur which can be the cause of the engine failures. 

3. Summary

Due to the publisher’s restrictions  the article presents only some aspects of application of 
endoscopy and thermography in assessment of the vehicle technical state. It should be emphasized 
that some objective obstacles resulting from high purchase costs have been overcome recently, and 
currently thermographs can be purchased at the price of about 40 thousand pln, whereas, 
endoscopes for 1200 thousand pln. 
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Abstract

Within this paper there have been presented selected issues concerning the endoscopic diagnostics of cylinder 
liners of marine diesel engines. The considerations have been focused on theoretical bases of normal wear and tear 
process of the cylinder liners in the aspect of identification, localization and genesis of the well known and 
recognizable operational unserviceable states. There have been also demonstrated selected results of endoscopic 
exams carried out on marine engines operated on the Polish Navy warships, concerning cylinder liners’ failures.  

Keywords: marine diesel engines, cylinder liners, operational wear and tear process, endoscopic diagnostics 

1. Introduction 

A rational operation of a marine diesel engine requires precise knowledge of the degradation 
process’s course within construction structure of functional systems. The process intensity is 
determined, among the others, with an alteration character of mechanical and thermal stresses in 
structural of the engine become during conversion of the chemical and thermal energy into 
mechanical work. The product of mean effective pressure and average piston’s velocity represents 
a measure of dynamical stresses. The higher is the product’s value the earlier an acceleration of the 
wear and tear process of the engine structural elements is expected [9]. The engine lifespan and 
reliability being expressed with, respectively: time and time’s probability of the work correctness.  

Many research workers all over the world and our country deal with the issue of wear and tear 
kinetics of the structural elements during engine usage [1,4,6,7]. The achievements in this domain 
of L. Piaseczny are well known in the environment of diesel engines engineers. He published 
widely results of operational examinations of the limiting and permissible wear and tear of the 
structural elements and an impact of operation condition in the very wide meaning [5]. Research 
elaborations of A. Niewczas and A Sitnik are also very vital from the point of of marine diesel 
engine operation. The elaborations are concentrating on mathematical modeling the wear and tear 
kinetics of combustion engine elements [4,6].  

A very important conclusion results from the worked out reliability examinations. The usage 
potential of the contemporary marine engines is determined with limited wear and tear of 
crankshaft and its bearings as well as structural elements of the piston-cylinder system, timing gear 
system of the working medium and precise pairs of the fuel fed system. A process of the structural 
elements wearing for all the above mentioned systems represents a complex physical-chemistry 
process considering fricion, impact of high and quick changeable pressures and temperatures, non-
uniform temperature distribution, considerable velocities of mutual movement of the friction pairs 
and changeable lubrication conditions [9]. 

The main aim of diagnostic research taken over by the author is to determine a dominant form 
of the wear for the vulnerable structural elements of the marine engines operated in the Polish 
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Navy. More than twenty years of operational examinations confirm that cylinder liners of medium 
and high speed engines are characterized with considerable intensity of wear and tear as well as 
occurrence of failures [11]. The application of endoscopic methods for their searching and 
recognition prevents further development of serious secondary failures of the engine’s functional 
systems leading usually to the engine’s total operational unserviceability.

2. Forming mechanism of cylinder liners’ failures 

During valve’s running its structural elements are subject to the considerable mechanical and 
thermal loads talking about a value and changeability in terms of time. The mechanical stresses 
caused by gas forces becoming as a result of thermodynamic processes worked out in cylinders as 
well as inertial forces of the masses of a piston-crank system’s elements carrying out rotational and 
reciprocating motion, are especially essential from the kinetic cylinder liner wear’s point of view.

Taking into consideration the forces’ system reacting on the cylinder liner sliding surface 
during cooperation between the liner, piston and piston rings there could be concluded that a 
dominant wear and tear process would be the non-reversible wear of the abrasive elements making 
by normal forces (crosswise) on the liner’s sliding surface as well as friction forces occurring in 
the contact points of the sliding surface and piston rings. There also must be considered a fact the 
system represents the dynamical forces’ system where a load changes in constant way. The 
proceeded processes of micromachining metal particles loosening (as a result of multiple plastic 
strain) as well as a deep pulling metal particles caused by the friction connection (so called friction 
welding) are mainly dependent on intensity (conditions) of the cylinder liner lubrication in the way 
of piston’s moving. The loss of required surface state and geometric shape as well as required 
dimensions of internal liner diameter represent the consequences of cylinder liner sliding surface’s 
wear. A defection research carried out on four-stroke engines shows that the biggest intensity of a 
wear takes place at the upper parts of a cylinder liner in the plane of crank’s rotation – fig. 1a [5,9]. 
As a consequence, a characteristically shaped, elliptic wear threshold occurs, mostly in the top 
dead centre (TDC) in the region of contact between the cylinder liner sliding surface and the first 
two sealing piston’s rings – fig. 6d. This is usually caused by a friction action of the carbon 
deposits layering on the walls of the combustion chamber, as a result of incomplete fuel burning. 
Carbon particles, getting into radial clearance between a cylinder liner and piston, disturb a layer 
of lube oil, causing an intensive attrition of the tip layer in the places of their biggest 
concentration. Besides carbon deposits other deposits occur on the walls of internal spaces of a 
cylinder liner. They have the form of lake layer of the dense and viscous substance getting into 
points piston gas rings and making difficult their free movement in the piston’s grooves. It is also 
possible rings “hanging up” in the grooves. This phenomenon remains typical lengthwise attrition 
traces on the cylinder liner sliding surface – fig. 7f. Other reasons deepening destructing effects of 
friction and enlarged intensity of a wear of the cylinder liner sliding surface on the upper parts are 
mentioned below:  

high unitary pressure in the space limited with the first pair of piston’s gas rings and 
cylinder walls, while the piston takes position of TDC at the end of compression stroke and 
beginning of discharge stroke – compressed air and gaseous combustion products being 
forced through ring clearances in the pistons grooves cause rings’ expanding, what 
increases a side thrust on the sliding surface; 
high temperature of the combustion chamber walls – during engine running a temperature 
of the upper part of a cylinder liner achieves 523 – 533 K [1,9]. Hence, metal particles of 
cylinder liner’s material demonstrate increasing mobility. This phenomenon is loaded in 
favour of a plastic deformation of the tip layer because of friction forces’ reaction; 
unfavourable lubrication conditions – in the close vicinity of the combustion chamber lube 
oil evaporates and burns out making hard carbon particles along with combustion products; 
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corrosion impact of the combustion products on the cylinder liner sliding surface at high 
temperature. 
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Fig.1. Wear and tear of IC engine’s cylinder liner: a) four-stroke engine, b) two-stroke engine 
1 – wear curie in the plane of crank’s rotation, 2 – wear curie in the plane walking through the crank shaft axis 

Defect research has shown that threshold occurs on the upper part of cylinder liners of the 
marine engines M400 type made of nitroalloy steel after working lifespan hours guaranteed by the 
producer. This is tightly connected with the considerable decreasing a thickness and hardness of 
the nitric layer [1]. Additionally observed defect of the cylinder liner sliding surface resulting from 
the loss of plasticity of the tip layer (nitrided) consists in its spalling in the form of characteristic 
areas close-fulfilled with minute erosion pits, so calle “rush” – fig. 5a. The producer of M400 
engines adjusts a limiting value on the cylinder liner sliding surface on the level of 0,4 mm. After 
its exceeding, because of an inadmissible, critical decrease of nitric layer. There might be expected 
the accelerated, very intensive abrasive wear and tear process of the liner [1].  

There also might be concluded, on the basis of numerical data presenting the wear character of 
two-stroke engines’ cylinder liners (fig. 1b) that the application of louver timing gear introduces 
some singularities into this process [9]. Well, there might be observed that an intensity of the wear 
of the cylinder liner sliding surface in the vicinity of outlet louvers increases and in the extreme 
case a wear might exceed the wear in the liner’s upper part. Such a specifity of the wear character 
explains following factors: 

corrosion impact of the hot outlet exhaust gas, 
high temperature of the cylinder liner’s walls which are not cooled in this areas, 
unfavourable lubrication conditions of the cylinder liner sliding surface, 
cylinder liner’s deformation. 

Very practical, operational conclusions result from statistic data of the defect research have been 
carried out. Well, an average wear of the cylinder liner sliding surface of the marine medium and 
high speed engines achieves 0,02 – 0,21 mm per 1000 running hours, depending on achieved 
speeding and intracylinder pressures [1]. But the number of carried out start-up processes and 
transient processes has got a deciding significance for the wear intensity of cylinder liners. In such 
processes a chemical corrosion, activated with acid vapors as well as unsteady process of hit 
exchange and associated with – thermal deformation of cylinder liner’s walls represent the main 
factors [1]. The corrosion appears as a consequence of vapors condensation on the cylinder liner’s 
walls at the temperature below the daw point. 
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 The loss of required surface smoothness caused by the piston attrition in the cylinder liner 
stands for other failure of the cylinder liner which is met very often in the engines’ operation. In 
the extreme situation it is also possible the piston’s material rolling on the cylinder liner sliding 
surface. This phenomenon usually leads to total piston’s seizing in the cylinder liner and self lay-
out process of the engine [5,9]. During routine endoscopic examinations of the marine diesel 
engines the alterations within the “honing” structure of the cylinder liner sliding surface (a depth 
of “honing” scratches equals from 0,01 mm up to 0,1 mm depending on the diameter and structural 
material of the cylinder liner) and presence and depth of corrosion-erosion defects as well as 
surface scratches (admissible depth is 0,5 mm, width – 1,0 mm and length – not more than 80 – 
100 mm, depending on the engine’s type) [5]. The overall level of a cylinder liners’ degradation, 
intensity of the cylinder liner sliding surface’s wear as well as a trend of its development are 
evaluated on the basis of the research, endoscopic results [1]. 
 Cylinder liner’s cracks are the most dangerous failures for the engine’s reliability. They are 
usually caused by exceeded mechanical and thermal stresses occurring within the walls creating 
the combustion chamber – fig 7c and 7d. The covering cylinder liner’s external walls with boiler 
scale disturbing hit abstraction from cylinder liners and pistons represents the most frequent reason 
of the cracks existence for the cylinder liners cooled with water. As a consequence the 
considerable thermal gradients within cylinder walls and excessive thermal deformations occur. 
Additionally, lubrication conditions get worse what causes cracks of structural material [5]. 
Thermal deformations of cylinder liner in the vicinity of TDC achieve more than 100μm [8]. 
 Strength features weakening of the applied structural material and even its perforation caused 
by intensive erosion and corrosion processes of the cylinder liner’s external surface represent other 
reason of cylinder liners’ cracks, which quite usually occur during marine diesel engines operation. 
This kind of primary failures develop very quickly and being not detected in the right time usually 
lead to so called water hammers in the engine’s cylinders, endangering widespread destructions.

3. Cylinder liners’ examinations of the marine engines in operation

Modern diagnostic examination methods are more and more common in marine diesel engines 
operation. Endoscopy, earlier used only in medical practise, dynamically develops and represents 
very useful and even irreplaceable diagnostic tool for assessing the technical state of marine 
machines.  
 Endoscopy is a disassembling – free method of visual – optical examination of internal spaces 
of machines and facilities with the use of speculum devices called endoscopes. 
 In order to carry out endoscopic examinations of the engines operated in the warships of the 
Polish Navy the endoscopic equipment is provided. The equipment  consists of OLYMPUS 
IF8D4-15 fiberoscope and boroscope set that differs each other with the length, diameter and 
observation angel of the optics: 90cm/8mm/900, 55cm/8mm/900, 45cm/8mm/900, 50cm/6mm/900,
30cm/4mm/00, 30cm/10mm/1200 - fig. 2. This apparatus enables visual inspection and working out 
fotodocumentation internal engine’s parts through the inspection holes at the diameter more than 5 
mm. A special digital OLYMPUS photo camera Camedia C 2500L typ is applied to perform 
dimension analysis of the detected failures, their visualization and storage in the computer data 
base. This camera is connected to the boroscopes and fiberoscope by means of special adapters 
(couplings).
 The fiberoscope can be introduced through the inspection holes of the diameter greater than 8 
mm. Its elastic light-pipe is 1500 mm long. It has the replaceable ends, which enable observation 
within 600 and 800 face sectors and 800 side sectors. Thanks to this features the manual 
possibilities of the inspection, through the internal spaces of the air and exhaust flow passages 
within the engine and turbocharger, considerably increase.  
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 Boroscopes having different length of the stiff lens system enable carrying out observation at 
side and face sectors, within wide range of visual angle alterations. The optics of 
30cm/10mm/1200 represents especially useful tool in diagnostic investigations of the engines’ 
combustion chambers in the region of valve seats mounted on the low board of the cylinder’s 
head. Boroscopes are also very useful tool during inspections of the guide and rotor blades’ edges 
of the turbocharger. In order to perform inspection every one of rotor blades, the inspection should 
be carried out simultaneously with turning the rotor around – by hand or by means of compressed. 

Fig. 2. OLYMPUS diagnostic endoscope set: 1 – boroscope set, 2 – fiberoscope, 
3 – light sources, 4 - photo camera, 4 – light source, 5 – photo printer 

 In figure 3 there is presented the way of performing diagnostic examinations of the marine 
engine’s cylinder systems by means of boroscopes and fiberoscope. Figure 4 demonstrates how to 
get access and introduce optics through the inspection holes into internal spaces of the cylinder 
liner during endoscopic inspections of the marine engines M401A-1(2) and Detroit Diesel 
16V149TI type. 

a)

b)
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Fig. 3. The way of introducing boroscope and fiberoscope endings into cylinder space 
a) M401A-1 engine- through the holes after removing fuel injectors, 

b) Detroit Diesel engine 16V149TI type – through the inlet air slots on the cylinder liner. 

 A fiberoscope (boroscope), after fuel valve removing, gives an operator opportunity to look 
trough the flexible optic system on the piston crown, cylinder liner, cylinder head and other parts 
within one, such as fuel valve nozzle, inlet and exhaust valves, starting air valves and others (fig. 
4). This method plays important part in multi-block and multicylinder engines. For example in 
“star-shape” engines M503A and M520A series, lower monoblocks and lower parts of reduction-
reversing gear are not easy accessible in small ship’s compartments. So, during overhauls engines 
together with gears must be uncoupled with propeller shaft, bind up, take up and sometimes even 
turn up in engine room to get access to the first or seventh monoblock. From our operation 
experiences results that a fiberoscope with elastic and long enough optic system allows avoiding 
some of these difficult and dangerous inconveniences hence, allows saving time and money even 
by 25-30% [7].

Access to the internal 
surface of the cylinder 
liner,  piston and valve

b)

a)

Fig. 4. Endoscopic examinations of the marine engine – access to the internal spaces of 
the cylinder liner: a) Detroit Diesel engine 16V149TI type b) M401A-1(2) engine 

4. Failures of the marine engines’ cylinder liners 

The systematic periodical endoscopic investigations of the engines operated in the Polish Navy 
should be carried out in the following situations: 

during prophylactic surveys (at least once a year), 
during assessment of engine technical state when extension of between – repair period is 
necessary,
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in the case of excessive vibrations, metal filings detected in lube oil, deviations of the trend 
line of the average indicated pressure’s values (indicated power) from the cylinder, 
excessive exhaust temperature, drop of power, excessive smoking, etc., when 
disassembling the engine heads is difficult and time consuming. 

 On the basis of perennial endoscopic examinations of the marine engines there have been 
elaborated methods of the technical state evaluation in the operation conditions. The methods 
include the range and chronology of the performing internal space inspections enabling defects 
detection of the engine functional systems’ parts. There have been also elaborated detailed 
guidelines for the diagnostic research performance with the usage of fiberoscope and boroscope 
set. The detected defects are photographically recorded to file them in a computer data base and 
establish their trends. The most frequent defects of the cylinder liners of the examined marine 
diesel engines are presented in fig. 5, 6 and 7 [2,3,11].

a) Cylinder liner sliding surface of four-stroke 3516 
CATERPILLAR engine – erosion pits so called „rush” 

on the nitric layer in the TDC

b) Cylinder liner sliding surface of four-stroke high-
speed M503A ZVEZDA engine – cylinder liner cracks

b) Cylinder liner sliding surface of four-stroke 
6AR25/30 SULZER engine – insignificant friction wear 

traces, clear visible “honing” boundary

b) Cylinder liner sliding surface of two-stroke low-
speed 6TD48 SULZER ( WI TOCHOWICE)  engine 

– a local corrosion source
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e) Outlet louver of timing gear system of two-stroke low-
speed 6TD48 SULZER ( WI TOCHOWICE) engine – 
material dent on the louver’s edge as well as visible  
friction traces  

f) Cylinder liner’s lower part of two-stroke low-speed 
6TD48 SULZER ( WI TOCHOWICE) engine, in the 
vicinity of timing gear louvers – clearly visible 
friction traces on the cylinder liner sliding surface  

Fig. 5. Marine engines’ cylinder liner defects identified during endoscopic inspections 

a) Cylinder liner sliding surface (enlarged piece) of two-
stroke low-speed 6TD48 SULZER ( WI TOCHO-WICE) 
engine – remained products of friction wear (leading 
rings made of copper alloy), rubbed into „honing” traces 

b) Cylinder liner sliding surface (enlarged piece) of two-
stroke low-speed 6TD48 SULZER ( WI TO-CHOWICE) 
engine in the upper part – deep scratch in the plane of 
crank’s rotation

c) Cylinder liner sliding surface of four-strokeM401A2 
ZWIEZDA engine e- traces of piston’s seizing in the 
cylinder liner 

b) Cylinder liner sliding surface (enlarged piece) of two-
stroke low-speed 6TD48 SULZER ( WI TOCHO-WICE)
engine in the upper part –piston ring wear traces
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e) Cylinder liner sliding surface of four-stroke 
4.400E/ESC NANNI DIESEL engine – local corrosion sources  

f) Cylinder liner sliding surface of four-stroke 6ATL25/30 
SULZER engine – corrosion and erosion scars  

Fig. 6. Marine engines’ cylinder liner defects identified during endoscopic inspections 

a) Cylinder liner sliding surface – 216 NOHAB POLAR 
engine – catastrophic friction traces 

b) Cylinder liner sliding surface two-stroke 16V149TI 
DETROIT DIESEL engine in the vicinity of air louvers – 
the wane of “honing” traces 

c) Cylinder liner sliding surface of four-strokeM401A2 
ZWIEZDA engine – a presence of water drops testifying 
the cylinder liner’s crack 

d) Cylinder liner sliding surface of four-stroke M401A2 
ZWIEZDA engine – cracked cylinder liner 
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e) Cylinder liner sliding surface of four-strokeM401A2 
ZWIEZDA engine – visible friction wear traces 

f) Cylinder liner sliding surface of four-strokeM401A2 
ZWIEZDA engine – a lengthwise friction wear trace 
originated by the piston ring being “hung up” in groove

Fig. 7. Marine engines’ cylinder liner defects identified during endoscopic inspections 

5. Conclusions

The endoscopic investigations carried out during almost 15 years periodical prophylactic 
surveys of naval diesel engines demonstrated that the method was very effective and usage of the 
applied instruments was relatively easy. Many material defects of the structural elements, which 
could be dangerous for the engine in the case of their uncontrolled growing, were identified in 
result of the examinations. Detail description of the detected defects can be found in the relevant 
annual reports [11]. 

The wane of the “honing” traces on the cylinder liner sliding surface represents the observable 
symptom of the marine diesel engines’ wear and tear process. Endoscopic methods being 
introduced into routine diagnostic examinations of the engines operated in the Polish Navy give 
the possibility of wear and tear intensity evaluation and prognosis as well as failures’ detection 
within combustion chambers (cylinder sets) in advance (in due time) which threaten the engine 
with a break-down. This advantage enables the engine’s operator an efficient planning the usage 
according to the engine’s actual shape, at considerable costs’ diminishing even by 25-30%. 
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Abstract

 There are many various sources of dissipated information supporting design of ship power plant from a safety 
point of view. As a rule, they have diverse forms and scopes and their use makes design of the operator’s safety 
difficult for designers. Therefore, it is reasonable to collect and integrate all developing and existing design rules, 
taking into consideration the operator’s safety, into one coherent system. This paper deals with the computer-aided 
system supporting design of the most dangerous zones for machinery operators. Its first module compares selected 
hazard zones from a danger point of view for operators. In depends on the obtained dangerous degree, the second 
module proposes various design strategies for the considered zones for example: withdrawing operators to more safe 
places, selection of suitable design features for machines, installations and their layouts, etc. In this paper, the 
examples of such strategies are presented as well. 

Keywords: ship power plant, computer-aided system, safety, hazard zone, design strategies  

1. Introduction 

Effective ship power plant design that satisfies functional requirements and can be easily 
operated and maintained requires a vast amount of knowledge. Design, in turn, mainly depends on 
skills and possibilities of designers. As a rule, they specialize in designing different design proper-
ties (reliability, manufacturability, etc.) and they can apply design solutions proved in practice at 
the final design stage or present their proposals during so-called design reviews. More complexity 
of current ship power plants contests effectiveness of such design methods. This issue concerns 
such a design property like a safety as well.

One of the possible solutions for increasing the effectiveness of the design process is to build a 
computer-aided system supporting design process of safe ship power plants. Such the system has 
been developing in Gdynia Maritime University. It consists of two main modules: 

- a system of hazard zones identification in ship power plants on a base of a their preliminary 
design,

- an expert system aiding design of the most dangerous zones from a safety point of view.  
The main task of the first module is to compare selected hazard zones from a danger point of 

view for operators. The second module task is to propose detailed design solutions decreasing the 
impact of dangerous and harmful factors for operators of ship machinery. The concept of the first 
system is presented in [5]. The proposed paper deals with the second system that is the computer-
aided system supporting design of the most dangerous zones from a safety point of view. 
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2. Assumptions of computer-aided system supporting the design of safe ship power plants 

In the developed computer-aided system supporting a design process of ship power plants that 
should be safe for their operators, we have taken into consideration the following assumptions:
1. Design solutions taking into account the operator’s safety can be ‘built-in’ into a ship power 

plant at any phases of the design process.
2. Scale of these solutions depends on the considered design phase of according to the rule: the 

earlier design phase, the more general design solutions.
3. Potential hazards appearing for operators of a ship power plant can came into being when the 

operators will be carried out any operational or maintenance activity involving the ship 
machinery. 

4. The eventual design solutions have to be related to such ship power plant zones, in which can 
appear potential hazard situations for operators. 

5. Identification of such hazard situations is carried out based on: 
- information concerning factors influenced the operator’s safety can be received based on 

analysis of the design documentation developed for a given design phase of a ship power 
plant,

- knowledge acquired from experts in the field of ship power plant design, operation and 
maintenance. 

6. The set of operator’s safety design strategies can be developed for each of the related design 
phases.

7. Such design strategies should allow to develop a set of detailed design solutions related to the 
related design phases. 
The last two assumptions mean that we should not ‘build-in’ the detailed design solutions at 

the initial design phases and the general design solutions at the final design phases. 

3. Design strategies increasing the safety of ship power plants operators 

The first module of the developed computer-aided system makes possible carrying out the 
assessment of the potential hazard situations according to the rule: the earlier design phase, the 
assessment more general. In this assessment, both types of information distinguished in point 5 of 
assumptions are used. In depends on results of such assessment, we can take various design 
strategies into account during design of the considered zone with the potential hazard situations.

In order to develop such design strategies, we taken into account of so-called the operator’s 
activity chain [7], which consisted of the following elements: 

- an operator,
- an engine room component (part, unit, installation, etc), 
- an operator’s operational activity.
Combinations of these elements set up so-called the elementary hazard zones considered in the 

first module of the mentioned system. Moreover, they are potential sources of hazards for 
operators carrying operational or maintenance activities involving the ship machinery. Therefore, 
we can state that each of such elementary hazard zones can be more or less dangerous for the 
operators. Based on this statement, we could formulate the crucial design rules for the safety of 
ship power plant operators:

- to minimize time of carrying out operational or maintenance tasks by operators in the 
machinery room, 

- to minimize impact of sources triggering hazards for operators carrying out operational or 
maintenance activities in the machinery room. 

Next, to obtain a set of design strategies we associated all elements of operator’s activity chain 
with the crucial design rules mentioned above. This way, we obtained a kind of a matrix contained 
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design strategies allowing to increase the safety of ship power plant operators. Such design 
strategies set up a kind of framework making possible to develop the detailed design rules, which 
could be used in design of the operator’s safety. This framework is presented in Tab. 1.  

In our opinion, the developed design strategies presented in Tab. 1 make possible to develop 
the detailed design rules, which could be used in design of the operator’s safety. It is obvious that 
such design rules, taking into account the operator’s safety, are applied in the most of design 
solutions in ship power plants of new built ships. However, the sources of information concerned 
these rules are dissipated. 

Tab.1. The framework supporting to develop design strategies 

Elements of operator’s chain activity Crucial design rules increasing the 
safety of ship power plant operators Operator Activity Engine room 

component 
Exclusion of an 

operator from the 
machinery room 

hazard zone 

Automation of 
operational or 
maintenance

activities

Remote control of 
operational or 
maintenance

activities

Withdrawing of 
engine room 

components to other 
zone
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Decreasing of time of 
operator’s being in 
the machinery room 

hazard zone 

Mechanization and 
grouping of 

operational or 
maintenance

activities

Increasing of a 
maintainability level 

in the machinery 
room hazard zone 

Exclusion of hazard 
sources from the 
machinery room 

hazard zone 
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Decreasing of impact 
of hazard sources 

from the machinery 
room hazard zone 

Reallocating of
operational or 
maintenance

activities to one 
zone with the less 

hazard level 

Change of design 
properties of 

components situated 
in the machinery 
room hazard zone 

Many of such rules can be found in domain books, for example in [1,6,8], in guidelines issued 
by International Maritime Organization (IMO) and classification societies, for instance [2,3]. 
Moreover, in many of new built ship power plants are applied design solutions taking into 
consideration the mentioned rules without any relations to the mentioned information sources [4]. 
In our opinion, the knowledge, intuition and experience of the designers have been employed in 
such cases. Therefore, it is reasonable to collect and integrate all developing and existing design 
rules, taking into consideration the operator’s safety, into one coherent system. Such an approach 
does not exclude the possibility of devising and developing new design rules for the operator’s 
safety. In order to do it, we could apply the presented fundamental design strategies increasing the 
operator’s safety of ship power plants. 

4. Survey of chosen design strategies increasing operator’s safety in machinery room 

4.1. Automation of operational or maintenance activities 

Exclusion of an operator from the machinery room hazard zone can be carried out, for example 
by automation of: 

- complement of cooling medium in gravity tanks, 
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- drainage of engine room bilges, 
- activating boiler sootblowers (Fig. 1). 

Fig.1. Automation of auxiliary boiler sootblowers

4.2. Remote control of operational or maintenance activities 

In this design strategy, operators are withdrawing from hazard zones and their activities are 
carried out from a zone with the less hazard level by remote-controlled devices, for example: 

- remote control of bilge, ballast or fuel valves (such control is realized most often by 
hydraulic power pack located in safety place in engine room) – of course the valves, 
besides the remote control, must have possibility of local control (Fig. 2a), 

- remote control of fire dampers in ventilation systems (Fig. 2b). 

a) b)

Fig. 2. Remote control of valves and fire dampers 

4.3. Withdrawing of engine room components to other zone 

In this design strategy, minimization of time of operational or maintenance tasks carried out by 
operators is realized by reallocating engine room components to machinery zones with the less 
hazards, for example grouping of engine room components in the separated spaces with the less 
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hazard level. It concerns systems like: hydrophore station of sanitary water, sewage treatment plant 
(Fig. 3), air condition plant, etc. 

Fig. 3. Reallocating engine room components to machinery zones with the less hazards 

4.4. Mechanization and grouping of operational or maintenance activities 

In this design strategy, decreasing of time of operator’s being in the machinery room hazard 
zone is realized by design of the compact manipulation spaces. Such spaces are presented in Fig. 4. 

Fig. 4. Decreasing of time of operator s being in the machinery room by design of the compact manipulation spaces 

4.5. Increasing of a maintainability level in the machinery room hazard zone 

This strategy is realized by increasing of a maintainability level in the machinery room hazard 
zone, for example: increasing of operator’s accessibility to places where is carried out a given 
operational or maintenance activity (Fig. 5). 
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Fig. 5. A boiler fuel oil module with the high maintainability level 

4.6. Postponing of carrying out the required operations until the operational stages   
      of ship and/or her machinery permit their execution

In this strategy, decreasing of impact of hazard sources from the machinery room hazard zone 
is realized by applying of functional redundancy for ship machinery (pumps, heaters – Fig. 4, 5, 
coolers, tanks, compressors – Fig. 6, etc.).  

Fig. 6. Decreasing of impact of hazard sources by applying of functional redundancy 

4.7. Reallocating operational or maintenance activities to one zone with the less hazard level 

In this strategy, decreasing of impact of hazard sources from the machinery room hazard zone 
is realized by reallocating of operational or maintenance activities to one zone with the less hazard 
level (Fig. 7). 
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Fig. 7. Taking of water samples for the analyzing purpose from one place  

4.8. Change of design properties of components situated in the machinery room hazard zone  

In this strategy, decreasing of impact of hazard sources from the machinery room hazard zone 
is realized by changing of design properties of components situated in the machinery room hazard 
zone, for example: 

- applying of thermal, acoustic and vibration isolations, 
- applying of prevention screen, etc. 

An example of thermal isolation of valves and pipes in the steam distributor is presented in Fig. 8. 

Fig. 8. Thermal isolation of valves and pipes in the steam distributor 
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5. Conclusion 

The discussion about the information sources and the brief survey of chosen design strategies 
increasing operator’s safety in machinery room allow us to state that: 

- there are many various sources of dissipated information having diverse forms and scopes, 
- their use makes design of the operator’s safety difficult for designers of ship power plants. 
Therefore, it is reasonable to collect and integrate all developing and existing design rules, 

taking into consideration the operator’s safety, into one coherent system. Such an approach does 
not exclude the possibility of devising and developing new design rules for the operator’s safety. 
In order to do it, we could apply the presented fundamental design strategies increasing the 
operator’s safety of ship power plants. 

In our opinion, the second module of the presented computer-aided system, that is an expert 
system aiding design of the most dangerous zones from a safety point of view, should meet such a 
requirement. As it was mentioned, such a system is developing in Gdynia Maritime University as 
the project funded by the Polish financial resources for scientific research. 
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Abstract

In the paper an analysis of pipe bend erosion was conducted. This erosion was compared to the erosion 
of flat samples. The function of particle velocity change: v/vo=e- f was assessed and contact stress caused 
by the centrifugal force of inertia of solid particles (diameter d < 0,1 mm) in the bend material was 
calculated.

Keywords: erosion, pipe bend, contact stress

1. Introduction

 The contact of the jet of solid particles with the material surface causes its erosion. 
The magnitude of loss depends on three primary factors: 1) properties of the material exposed to 
erosion, 2) abrasive material, 3) the environment in which the erosion takes place. As far as 
erosion wear is concerned, only the material exposed to the impact of the particles is the subject of 
the analysis. In industrial practice, it concerns machine elements and installations that transport 
granular material. These are mainly: pump impellers, fans, turbines and pipe bends as well as 
Diesel engine elements [1]. General cause of the losses is common to all installations but each 
erosion case has its own characteristics. The magnitude of material loss may be different for 
different values of kinetic energy, glancing angles, shape, hardness and strength of granules of the 
abrasive material. The environment of the pipe bend is the most suitable for analyzing different 
glancing angles of impacting particles. 
 In this paper an analysis of erosion losses in the bend pipe covered with protection layer of 
polyurethane rubber was made

2. Analysis of particle motion in a pipe bend

 The particle of the abrasive material slides on the surface of the bend. During this process 
friction force Ft influences the particle. The value of this force depends on the pressure of 
centrifugal force Fb and friction factor f, i.e.: 

Fb= R
vm

2
,   Ft= f

R
vm

2
, (1)  

where: m – mass of the particle. The resulting action of the force Ft is the decrease of the particle 
velocity. The friction force performs the work, which for elementary displacement ds, equals 
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dA = Ftds = f
R
vm

2
ds. (2) 

 Particle velocity on the way ds changes from value v up to (v+dv) and kinetic energy from 
mv2/2 to m(v+dv)2/2. The change of kinetic energy is equal to friction force Ft

ds
R

mvf
2

dv)m(v
2

mv 222
. (3) 

 After taking into account that ds = v dt and value of (dv)2 is negligibly small, equation (3) may 
be presented as follows: 

td
R

fvdv
2

 (4) 

 After integration with the initial conditions t = 0 , v = v0 particle velocity is equal to 

R
tfv

1

v
v

0

0 . (5) 

 Derivative v/ t=at describes tangential deceleration of the particles which can be calculated 
from the equation 

20

0
2

t
)

R
tfv

(1

f
R

va . (6) 

The path of the particle in the bend was calculated on the basis of equation (5) after its integration. 
Having taken into account the initial conditions of motion s(t=0) = 0, the following equations was 
obtained

.)
R

tfv
ln(1

f
Rs 0  (7) 

Particle position in the bend in time t is described with angle :

)
R

tfv
ln(1

f
1

R
s 0  . (8)

Equations describing velocity and tangential acceleration were obtained after eliminating of the 
variable t from equation (5) and (6) 

,f
0evv f2

nf2

2
0

t fea
e

f
R

v
a . (9) 

 The decrease of relative velocity v/v0 was calculated for several types of particles and different 
friction factor f on the distance  = /2. The decrease values are as follows: 
- quartz sand (f = 0,2), v/vo = 0,73, 
- wood (f = 0,5), v/vo = 0,45, 
- wood with sand impurity (f = 0,3), v/vo = 0,62. 
The time which the particle remained in the bend (  = /2), was calculated from equation (8) 
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.1)(e
fv
Rt f

0

 (10) 

For R = 1,1 m, v0 = 100 m/s, tsand = 0,0094 s, twood = 0,011 s, tsand+wood = 0,0097 s. The change 
v/vo( ) and at/an( ) is also presented in Fig. 1. 

 a) b)
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Fig. 1.  Dependence between angle distance of the quartz particles (A), blend of quartz and wood 
 particles (B), wood particles (C) :  relative velocity v/vo,  b) acceleration at/an ( )

Several conclusions can be drawn from the analysis of Fig 1a. From the practical point of 
view, materials which guarantee large values of deceleration of the particles – i.e. materials with 
large friction factor – should be used in cyclones. On the other hand, the lowest possible velocity 
losses  are required if pneumatic conveying is considered. Therefore, materials with very low 
friction factor are used in this case. 
 Erosion caused by particle impact, after which the particle rebounds, is another possible 
version of the erosion in the pipe bend. This mechanism concerning erosion of ventilator rotor 
blades is presented in [2,3] papers. Coefficient of velocity restitution after impact plays significant 
role in this wear mechanism [4].

3. Contact stress caused by inertia

 Particle radius is very small compared to bend radius. Therefore a load model of sphere 
pressure on a flat surface was assumed for stress calculations [2]. In this case contact stress H is 
equal to

3 2
2

21
3

2

212

2
3

2

212
0

H v
E
1

E
1

R
r

E
1

E
1

Rr

mv0.62
E
1

E
1

r

F
0.62 , (11) 

where: F0 – centrifugal force of inertia, E1, E2 – Young's modulus of the particle and bend 
material, r – particle radius, m – particle mass. 

 In the case when the sand particle  (r = 0,2 mm, E1 = 400 GPa, density  = 4 g/cm3) slides on 
the surface of a bend made of steel (E1 = 208 GPa, R = 1,1 m) the value of contact stress is as 
follows: 
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Particle radius is much smaller r* = 1/20 r when particle has feather edges (even if the mass 
remained unchanged). In that case contact stress increases to H

* = 3 400 H = 3787 MPa. This 
value of the stress can cause plastic strain and shearing in the upper layer of the material. 

4. Bend and flat sample erosion 

 The analysis of the progressing wear of the pipe bend presented in Fig. 1 shows that the losses 
of protection layer started at point C described with the angle  = 15°. The shape and size of the 
crater changed during the experiment. The glancing angle of impacting particles at the edge of the 
crater approached 0, whereas at the bottom of the crater it approached 90 (point L). Curve CL in 
Fig. 1b shows the progressing erosion inside the material layer. The protection layer was 
completely destroyed in the place where  = 20° (point L in Fig. 2b). Particles impacting different 
parts of the pipe bend may fall at the angle 0 max. Contact angles correspond to points M 
and N (Fig. 2a) [1]. For the point N: 

cos max = (R - d)/R; max 66 .

A question arises why the erosion occurred in a particular place and not on the whole  area of the 
bend. To answer the question, a research was conducted in order to show how different glancing 
angles effected the loss protection layer in the flat samples. The material analyzed was 
polyurethane PU-01. The experimental conditions were as follows: air pressure p = 0,5 MPa, 
intensity of flow of the particle abrasive amounted to 630 g/min, particles diameter r = 0,1 mm. 
The experiment was conducted on three samples.. 

a) b)

Fig. 2.The diagram of flow of the abrasive granules in pipe bend: a) max – maximum glancing angle of 
impacting particles on the pipe bend wall, b) location of forming losses in the layer of polyurethane rubber

 The loss was measured in one minute intervals for each glancing angle of impacting particles. 
The obtained results were approximated with straight lines y = ax, presented in Fig. 3a. Fig. 3b 
shows the magnitude of wear of the polyurethane depending on the glancing angle of the abrasive. 
The most significant wear of the material was obtained for the angle which amounted to approx 
15O. This fact can be confirmed by analyzing the wear of the same material in the pipe bend 
(Fig. 2). 
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a) b)

Fig. 3.  Erosion of polyurethane PU-01 under the influence of abrasive jet depending on: 
a) time for different glancing angles, b) glancing angle. 

 As it is presented in Fig 2 and 3, maximal erosion velocity in a pipe bend and a flat sample is 
recorded at this same glancing angle of particles impacting on a flat sample and the angle formed 
by stream of particles and tangent to a pipe bend. Erosion is located only at this point which means 
that the particles rebound after they strike into a pipe wall. Rebounded particles protect further part 
of the bend from erosion. This mechanism leads to inventing a new bend construction [5] 
presented in Fig. 4. The pipe bend (7) has a caving (4) filled by material (3). This material can be 
easily replaced and refilled using a hole (5) in the bottom part of the caving. A stream of particles 
moving near the wall reduces velocity after impacting the material (3) and constitutes protection 
layer for other parts of the bend after it leaves the caving (6). 

Fig. 4.  Diagram of pipe bend construction with a replaceable element that is subject to erosion

5. Conclusions 

1. Decrease of the particle velocity caused by centrifugal force of inertia depends on friction 
factor. Particle deceleration decreases with angular distance. Initially the deceleration is the 
greater the higher values of the friction factor there exist. After angular distance of /2  the 
deceleration is practically independent of the friction factor. 
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2. Contact stress caused by centrifugal force of inertia of the particles may lead to plastic strain 
and shearing in the upper layer of the material

3. Maximum erosion velocity in a pipe bend and a flat sample takes place at the same glancing 
angle of impacting particles and the angle formed by a stream of particles and tangent to a pipe 
bend.
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Abstract 

Procedure of Linear Decimation (PLD) has many practical implementations. The hardware implementation in 
FPGA (Field Programmable Gate Arrays) of the PLD significantly shortens computation time and allows increasing 
signal sampling frequency.  As a result real-time signal analysis can be obtained which allows for e.g. rotating 
machine diagnostic during run-up phase. Examples of practical results for the PLD and novel Short-Time PLD are 
presented.

Keywords: diagnostics, non-stationary signal, synchronism, decimation, 

1. Introduction 

Diagnosing rotary-machine states in variable real-time conditions is vital for their operation 
safety. Early detection of conditions of incorrect operational processes, as well as of arising 
damage development can often prevent from failures or serious accidents. The Procedure of Linear 
Decimation (PLD) [4, 5, 8, 9] has been successfully tested in diagnostic systems for non-stationary 
cyclical machines. Appling the PLD offers the possibility to increase the energy contributions of 
time- and frequency- symptomatic components of the signal. 

Early detection of failure is determined not solely by a proper detection procedure but also by 
electronic implementation of diagnostical device. Since the latter may significantly lengthen the 
calculation time, the failure-detection time may not be achieved within acceptable limits. 
Consequently, FPGAs (Filed Programmable Gate Arrays) implementation of the PLD is adapted. 
Hardware (FPGA) implementation of the PLD compared to microprocessors or Digital Signal 
Processors (DSP) can significantly reduce the calculations time. Furthermore, FPGA 
implementation of the PLD allows increasing signal sampling frequency, which results in more 
accurate spectra selectivity.  

2. Procedure of Linear Decimation (PLD) 

Procedure of Linear Decimation involves the dynamic signal resampling in accordance with 
rotation speed variations [2]. It assumes linear approximation of cycle variations curbed by values 
representing its beginning cycle time p and its end cycle time k. In other words, it involves the 
deletion of sample-cluster variations proportional to the cycle and maintaining the constant 
sample-per-cycle number. The resampling process is shown in fig.1  

The key element is to define decimation coefficient DcK. This coefficient characterizes the 
increment of signal resampling [1]. It changes in accordance with the increase or decrease of the 
rotation speed, i.e. with the cycle variations. By adapting the final decimation coefficient we can 
determine its variations in accordance with linear signal trend.  Selecting final decimation 
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coefficient enables to reduce the signal to the stationary form in the observation window for the 
last cycle, which is very convenient in real-time analysis. 

N(n) 

p k

L( )

Dcp DckDcj

t( )

Fig. 1.  Procedure of Linear Decimation:   - cycle time,( )  - observation time, N(n) - primary sample-cluster 
 in the observation window , L( )  -  secondary sample-cluster in the observation window (after LDP), 

 Dcp   -  initial decimation coefficient, Dck   -  final decimation coefficient 

By selecting a final-decimation-coefficient DCk, and assuming linear approximation of cycle 
variations, the decimation coefficient DCn for n-th sample can be obtained by the fallowing 
formula: 

)( pk
Dkk

p
kn DcDc

n
n

N
N

DcDc .                                        (1) 

By applying the above formula, the secondary vector of the signal representing the constant 
number of samples-per-cycle is given by the formula: 

)()()( nuDcnuw nDkk (2)

where:

u(n) – primary vector, 
w( )– secondary vector (after resampling). 

Fig.2 contains non-stationary signal representing the run-up phase for gear transmission. Cycle 
change and its linear approximation is shown in Fig. 3. Unfortunately for the given example, the 
linear approximation error equals 5.1%. Fig. 4 presents signal after applying the PLD. It features 
the significant improvement of spectrum quality in rotation frequency band. Unfortunately, 
distinct stripe selectivity in the frequency band of gear meshing and its harmonics was not 
achieved. It brings the conclusion that approximation by a linear function in the observation 
window is suitable only for signals with linear cycle-change trend. This made the authors search 
for new solutions extending the PLD abilities. For this purpose a Programmable Unit for 
Diagnostic (PUD) was constructed [6]. The PUD is dedicated to non-stationary signal analysis by 
means of the signal resampling method with a variable increment corresponding with reference 
cycle changes. 
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Fig. 2. Amplitude spectrum of vibration velocity of gear-meshing. Average rotational speed increase 0.38 % per cycle 
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Fig. 4. Amplitude spectrum of vibration velocity of gear-meshing after applying of PLD. 
Average rotational speed increase - 0.38 % per cycle.

3. Hardware implementation  

Electronic implementations of diagnostical procedures are often disregarded in academic 
discussions. Nevertheless, they can often determine a diagnostic procedure and final results. 

The hardware implementation of the PLD can be divided into three separate tasks: 
Marker logic – rotation period indicator, 
Anti-aliasing filter,
Linear decimation. 

3.1 Marker Logic 

One ADC channel is dedicated to marker logic (denoted also as rotation period indicator) 
whose purpose is to synchronise the acquired data with shaft rotation angle. Marker channel is a 
digital (binary) channel: the marker is detected or not. Nevertheless, the marker signal is usually 
acquired and transferred to memory as a standard ADC channel e.g. 14-bit channel. This results in 
inadequate utilization of the resources. Furthermore, in the PLD, the crucial information is not the 
state of the marker but time-slots between two successive markers. Calculating time periods in a 
software manner requires significant amount of time, firstly for reading marker state in the external 
memory and secondly for calculating the time slots by means of microprocessor. This would 
require tens of clock cycles per marker sample. As a result, dedicated (hardware) marker logic was 
designed in FPGA, consequently marker states are not transferred to external memory at all. The 
dedicated marker logic detects markers, then calculates and writes to external memory only time 
periods between two successive markers. 
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Fig. 5.  Block diagram of the marker logic

The block diagram of the marker logic is given in Fig. 5. The input signal from ADC is 
compared with programmable comparison level (usually middle ADC range) to obtain the binary 
signal. An alternative solution is that the input signal is already binary, therefore the comparator 
can be skipped. The binary input is recommended as the number of analog ADC channels is often 
limited, and marker signal is binary by origin. Then the binary signal may be negated in a XOR 
gate to detect either rising or falling edge of the marker. Then a special time-hysteresis logic is 
employed to eliminate input signal glitches. The noise in the input signal is especially destructive 
when the input signal crosses the comparison level. The hysteresis logic is implemented as a 
simple up / down counter with saturation. The counter size (the maximum time of eliminated 
glitches) is programmable. After hysteresis logic, the input signal passes the edge detection logic 
which produces one clock impulse for every rising edge of the input signal. This impulse initialise 
the internal or external memory write. 

3.2. Finite Impulse Response Filter 

One of most remarkable example of employing FPGAs for Digital Signal Processing (DSP) is 
a FIR filter. Block diagram of FIR filter implemented in FPGAs is given in Fig 6.  

Fig. 6.  Block diagram of FIR filter 

In Fig. 6, the element z-1 denotes one clock delay element and is realized as a flip-flop. 
Multiplier (n n-bit) occupies less than n2 Logic Elements (LE) of FPGA, for constant coefficient 
multipliers the number of occupied resources can be significantly reduced  [7]. For example, 
Xilinx XC3S1500 contains 30 000 LEs. Besides FPGAs incorporate dedicated multipliers, e.g. 
XC3S1500 contains 32 18 18-bit dedicated multipliers. A n-bit adder occupies less than n LE. 
Consequently for symmetric (linear phase) FIR filters with constant coefficient multipliers (for 
constant FIR filter characteristic) and 12-bit inputs, the number of filter taps is larger than 1000 

z-1 z-1

h(2) h(1) h(0)

Input x(i)  x(i-1)  x(i-2)

+ Output y(i)
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[7], which means that at least 1000 multiplications are carried out in a single clock cycle. Typical 
FPGA clock frequency is 50 400MHz, which is roughly 10 times smaller than for 
microprocessors. Nevertheless, the number of operations carried out in parallel is significantly 
larger than that for microprocessors. Summing up, for selected operations, computation power of 
FPGAs is 10 1000 (or even more) times greater than for microprocessors. 

The above paragraph considered parallel FIR filters implementation which computation power 
is often far beyond required. Besides, great number of FPGAs resources is occupied by this 
parallel implementation, and FPGA should also carry out other functions. For example, for analog-
digital converter sampling frequency fS= 100kS/s, employing parallel FIR filter which can be 
clocked by f= 100MHz would be inefficient. In this case serial FIR architecture is recommended. 

For serial FIR architecture only a single multiplication is carried out in a single clock cycle  – a 
similar algorithm as for microprocessors is adopted (see Listing 1). Therefore, N clock cycles are 
required to calculate a single output value (where N - the number of filter taps). Consequently, 
serial architecture clocked by frequency f= N*fS is equivalent in achievements to parallel 
architecture clocked by frequency f=fS. Nevertheless, the former occupies only a single multiplier 
– N times less than the parallel counterpart.  

BRAM 
filter coefficients  

memory 

external 
memory 

FIFO 
or

cache 

*+z-1 

counters 
& control logic 

accumulator 

Fig. 7  Block diagram of serial FIR architecture

3.3. Decimation Procedure 

 In the first approximation, the PLD is a standard decimation procedure for which decimation 
ratio D is not constant. The crucial feature of PLD implementation is high decimation ratio D that 
is roughly D 1000.

In order to eliminate aliasing effect, a FIR filter is employed before decimation. Unfortunately, 
the number of the filter taps N must be several times greater than the decimation ratio D in order to 
properly filter the input signal. Implementation of such a large filter would require significant 
FPGA resources. Fortunately for FIR filters, filter calculations may be carried out only for output 
samples that are not ignored during decimation. This significantly reduces the calculation cost for 
such a large decimation ratio and is significant advantage of FIR filters over IIR filters.  

The FIR filter is implemented employing serial architecture given in Fig. 7. The filter size and 
filter coefficients are programmable and can be easily changed.  The FIR filter employs direct 
memory access (DMA) to read input data from external memory and to write the resultant data 
after decimation. 

In PLD the decimation ratio D linearly increases / decreases as follows: 

D= D0 + c  s       (3) 
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where:

D0 – initial decimation ratio,  
s – index of the input sample,
c – a constant value derived from the marker time slots. 

The decimation ratio D is updated according to eq. (3) after each output sample (after 
decimation). The eq. (3) similarly like filter logic is calculated in hardware, without any co-
operation with microprocessors. The microprocessor is only required to calculate values: D0, c,
and the total number of input samples. These values are then written to the hardware control
registers.

4. Short-Time PLD 

With the application of PUD and 10 MS/s sampling, the implementation of the method was 
created capable of adapting to non-stationary conditions. Furthermore, hardware signal processing 
enabled the real-time analysis of great number of samples.
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Fig. 8. Amplitude spectrum of vibration velocity gear-meshing after applying Short-Time PLD. 
Average rotational speed increase 0.38 % per cycle

After taking before-mentioned properties of newly designed device into consideration, a 
modified PLD was developed, also referred to as Short-Time PLD. Implementation results of the 
novel method involving the approximation adapting to cycle changes is shown in Fig. 8. 

121



5. Conclusions 

Hardware realisation of linear decimation procedure based on FPGA programmable systems 
gives the possibility of diagnosing cyclical machines at variable operating conditions in real time. 

The benefit of applying the method of parallel signal processing is much shorter analysis time 
that with the processor implementations. It gives great advantage with filtration of signals of great 
number of samples (millions).  

Designed and constructed device (PUD) contains analog-to-digital converters with sampling 
frequency of 10 MS/s, which enabled to test the developed procedures in high-frequency band at 
great variations of rotational frequencies. It should be noted that high sampling frequency is 
crucial for high-speed rotating machines, e.g. gas-turbine machines. 

A novel Short-Time PLD method was developed, enabling to adapt the approximation to the 
cycle changes. This methods solves the problem of non-linear trend change and minimized the 
error resulted from the original PLD assumption of linear cycle trend in the observation window. 

This solution has brought the method nearer to the order analysis without the necessity of 
applying interpolation filters. 
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Abstract

The future strategy of operating engineering objects such as turbine engines could be sought in combining various 
strategies of operational use of engines with consideration to the issues of reliability, safety, and effectiveness. The 
strategy has been based upon tracking of variations in adequate parameters of reliability, safety, and effectiveness, 
where account is also taken of the risk to fail performing the assigned missions (operational tasks).  

Keywords: operation, reliability, engine, safety

1. Introduction 

The strategy of technical equipment operation requires permanent tracking of relevant 
parameters related to reliability, flight safety and performance effectiveness. This is the future-
oriented strategy as it needs extremely high reliability level of subassemblies and structural 
components with the probability of fault-free operation nearly as high as one (1) over the entire 
lifetime of the equipment. 

In order to select the adequate strategy for operation of such sophisticated technical object as 
turbine engines one has to be familiar with the following issues: 

- methods and criteria for assessment of technical conditions for specific units,
- shape of the curve for the function of technical condition or the area where the curve runs 

with the presumed probability,  
- interrelations between frequency and “depth” (overall scope) of prophylactic and 

maintenance operations on one hand and reliability and safety issues on the other one,
- interrelations between the historical records for the equipment exploitation and the stream 

of faults that is generated by the specific object (a set of objects) with consideration to the 
effects of these faults, 

- physical phenomena that serve as reasons for alteration of technical condition, symptoms 
of defects and states that directly precede catastrophic breakdowns,

- interconnections between reasons and results where alterations to technical condition 
components and subassemblies lead to definition of the entire object operability.  

- progress of destructive processes (1st, 2nd, 3rd and 4th degree [4]) alterations to technical 
condition of components and subassemblies as a function of operational condition, total 
time of service, schedule of maintenance operations, external disturbances, etc.,

- risk factors that may occur during exploitation of the equipment and that are conductive to 
defects and failures 
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2. The problem of reliability  

The method of estimating the maximum permissible probability of extending the parameter 
value beyond the established thresholds with respect to the parameter that quantifies the adopted 
exploitation strategy is reduced to checking the reliability-related parameters that vary during the 
service lifetime (the value vs. time functions). A series of reliability factors can be used for that 
purpose, including the number of recorded failures (defects), numbers of components or 
subassemblies exchange operations, number of recorded so called specific cases of failures (that 
sometimes can be spontaneously converted into breakdowns or catastrophic disasters), etc. For a 
defined parameter, e.g. number of recorded failures, where the maximum value of the parameter is 

, the maximum acceptable probability of the parameter value can be expressed by the formula 
[7]: 
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where:

    – intensity of the stream of faults, 
T     – number of operation hours for the technical object (operation lifetime), 
a     – number of units under test, 

dn    – number of failures that is allowed for the unit under test with no exceeding of adjustment 
limits for working parameters.  

Monitoring of the reliability level with permanent checking of such threshold level when 
individual parts or subassemblies reveal symptoms of hazardous failures requires thorough 
examination of the entire population of such components under real operational conditions. Such 
examination makes it possible to be in control of the manufacturing process quality and tune up 
quality of the maintenance, repair and overhaul processes in order to achieve goals of efficient 
prophylactic for the equipment exploitation. 

The parameters that are most frequently used for reliability analyses include the mean time to 
the first failure MTTF1 and the mean time to the first exchange MTTE2. However, estimation of 
those parameters is quite difficult during the initial period of new aircraft exploitation. 
Trustworthiness of these parameters’ estimation increases only as the lifetime of the equipment 
goes by. That is why during the initial period of technical equipment operation other reliability-
related parameters are used as well, including probability of fault-free operation P(t), fault 
intensity (t), probability of the need for restoration (exchange, repair, overhaul) POd(t), restoration 
intensity Od(t), the gamma-percent resource T . The analysis is carried out for the specified time 
interval t, which is defined as ti = ti – ti-1 for the series of products (parts, subassemblies) NS(ti)
that exhibit the time of fault-free operation t  ti. For such presumptions the reliability indices can 
be calculated by means of the following formulas:  
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1 MTTF : Mean Time To Failures. 
2 MTTE : Mean Time To Exchange. 
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where:

ms ( ti)  –  number of products that had to be exchanged due to prophylactic reasons, 
ns ( ti)  –  number of products that exhibited failures during the time period of ti, starting from 
the moment when the equipment was put into operation, counted by the calendar time of tests.  

 = [t =0 to t =ti].      (7) 

Product
storage

Fig. 1. Binomial process of the product operation time when the equipment is in service 
t – operation time of the product;  – calendar time; w – moment when the product is put into operation  
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The above deliberations and analyses assume that the parameter of calendar time  increases in 
a discrete manner with a specific increment and adopts the values of 1, 2, … r. In general, 
variations of both ti and r are subject to random changes. In such a case they can be associated 
with the functions of densities ft ( ) and  (t ) that are shown on the example of the binomial 
process of the product operation when the equipment is in service (Fig. 1) [4]. 

3. Problem of safety

Basic safety parameters for the adopted strategy of the equipment exploitation include the 
safety untrustworthiness factor QB and the safety trustworthiness factor RB BB along with the factor of 
transition (event) intensity for the system untrustworthiness B, expressed asB

B
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d .      (8) 

The formula (8) can be transformed to calculate the following form of the RB factor: B

t

BBOB RtR
0

dexp  .    (9) 

The next two safety indices are represented by the leading distribution function of safety 
untrustworthiness  and the expected value (mathematical expectation) for the system lifetime 
until its transition to the state with untrustworthy safety E(T
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where:

TB    – the random variable of the system operation time until its transition to the state with 
 untrustworthy safety. 

4. Problem of effectiveness 

The aircraft exploitation practices show that failures can occur during a flight and are detected 
either at flight or during earth maintenance but the failure occurrence does not interrupt progress of 
the assigned task. Alternatively, failures can both occur and be detected on the earth and the total 
effect thereof is proportional to the sum of flight intervals. For the above presumptions one of the 
methods dedicated to selection of efficiency indices takes account for the following postulations: 

an aircraft is in operation until its limit (terminal) state occurs,  
purchase costs of the aircraft are taken into account,  
operational downtime periods result from aircraft failures,  
every failure is immediately repaired, just after it has occurred,  
duration of each repair is a direct result of the totalized time of repair operations,  
aircraft downtime due to the lack of the need to its use is also considered,
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every aircraft can only be in one of the following operational states: operable or non-
operable,
operational effect due to the equipment exploitation is totalized for its entire lifetime, 
failures of an aircraft and related operational downtime lead to the loss caused by the lack 
of expected effects as well as connected with rectification of faults and indirect results 
thereof,

Therefore, the relation (12) is justified for the model of operation under the above conditions 
as it expresses the expected value of performance effectiveness [2, 3]. 

During the process of exploitation any technical object switches between various exploitation 
states with different operational and maintenance parameters. Let us assume that Pi denotes 
probability that the object is in the ith state of a complex Markov chain whereas Ti - the 
mathematical expectation for time duration when the object remains in the ith exploitation state 
with probabilities of P(ti), POd(ti) and fault intensities (t), Od(t). Thus the system reaches the 
values of performance effectiveness equal to ai (ai can adopt both positive and negative values) for 
individual states of exploitation. The average performance effectiveness per unit of exploitation 
time for a specific technical object (a set of objects) fE  is defined by the following formula: 
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aTP
E ,      (12) 

where:

S –  set of exploitation states for the specific object. 

4. Conclusion 

The described strategy of technical equipment operation requires conjunctive tracking of 
relevant parameters related to reliability, flight safety and performance effectiveness (formulas 
1÷6 and 8÷11). The parameters can be calculated on the basis of historical information stored in 
data banks [7, 8]. However, estimation of the risk associated with the adopted strategy [5] and 
untrustworthiness limits [1] still remains an essential and a very difficult problem.  

Wykonano w ramach granatu 4T12C02727.
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Abstract

 Influence of redundancy and ship machinery crew manning on reliability of typical lubricating oil system for the 
MC – type diesel engine has been considered. The results of reliability calculations for the system with redundancy 
and without redundancy have been presented. Moreover, three training levels of crew have been taken account in 
those calculations: high, average and low.     

Keywords: reliability, redundancy, manning,  lubricating system, diesel engine 

1. Introduction 

Reliability of the main engine is extremely important for ship’s safety. That’s why the Ship 
Classification Societies like: Lloyd Register of Shipping, Det Norske Veritas, Germanischer 
Lloyd, American Bureau of Shipping, Polish Register of Shipping etc. require redundancy in the 
most important systems on ships. One of them is the lubricating oil system. In practical 
applications pumps and filters are doubled.  

Lloyd Register of Shipping rules for lubricating oil pumps are [1]: 
“Where lubricating oil for the main engine(s) is circulated under pressure, a standby lubricating 
oil pump is to be provided where the following conditions apply:
(a). The lubricating oil pump is independently driven and the total output of the main engine(s) 
exceeds 370 kW(500 shp).
(b). One main engine with its own pump is fitted and the output of the engine exceeds 370 kW   
(500 shp).  
(c). More than one main engine each with its own lubricating oil pump is fitted and the output of 
each engine exceeds 370 kW (500 shp).
8.2.2. The standby pump is to be of sufficient capacity to maintain the supply of oil for normal 
conditions with any one pump out of action. The pump is to be fitted and connected ready for 
immediate use, except that where the conditions referred to in (c) apply a complete spare pump 
may be accepted. In all cases satisfactory lubrication of the engines is to be ensured while starting 
and manoeuvring.”

For lubricating oil filters [1]: 
“Where the lubricating oil for main propelling engines is circulated under pressure, provision is to 
be made for the efficient filtration of the oil. The filters are to be capable of being cleaned without 
stopping the engine or reducing the supply of filtered oil to the engine. Proposals for an automatic 
by-pass for emergency purposes in high speed engines are to be submitted for special 
consideration.”
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The human element is also one of the most important contributory aspects to the causation and 
avoidance of system failures, and as the result of those failures - accidents. To produce valid 
results in reliability analysis it is necessary to assess the contribution of the human element to 
system failure. This contribution can be assessed using human reliability analysis (HRA) [2].  

In a light of the above statement, the author decided to make approach to human reliability 
analysis in investigations. 

2. Lubricating oil system for the MC – type diesel engine 

The considered lubricating oil system, typical for the MC – type diesel engines, is shown on 
Fig. 1. Lubrication of engine bearings, camshaft bearings and piston cooling is carried out by the 
uni – lubricating oil system. Cylinder liners are lubricated by a separate cylinder lubricating oil 
system [3].  
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Fig. 1. Lubricating oil system for the MC – type diesel engine: 1 - diesel engine; 2a, 2b – cylinder lubricating  oil 
transfer pumps; 3a, 3b -  lubricating oil pumps; 4a, 4b – camshaft lubricating oil booster pumps; 5 – lubricating oil 
cooler; 6a, 6b – lubricating oil duplex filter;  T1 – cylinder lubricating oil storage tank; T2 – cylinder lubricating oil 

service tank; T3 – lubricating oil bottom tank; TV1 – thermostatic valve; V… – valves; F… –  suction filters

All the lubricating oil pups are of the screw wheel type. The lubricating oil cooler is of the 
plate type heat exchanger.  The duplex lubricating oil filter is installed. It has sufficient capacity to 
allow the specified full amount of oil to flow through each side of the filter. The oil temperature 
control system can, by means of a three – way valve unit, by – pass the cooler totally or partly [3]. 
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Only the external lubricating oil system is shown on Fig. 1. The rest of the system is supplied 
with the engine and is called the internal lubricating oil system. Treatment of the lubricating oil for 
bearings is carried out by self cleaning separators. 

3. Reliability model of the lubricating oil system 

Reliability of the lubricating oil system is the probability that the system will function properly. 
The continuous work of the diesel engine will be possible. The reliability is a function of time, 
beginning at zero time. To assess the reliability of the system the fault tree method and the 
minimal cut sets method have been used. The minimal cut sets method is a simplified method, so 
the results of calculations are approximate. This method gives the lower boundary of the system 
reliability.

The required reliability data for technical items have been adopted from [4, 5]. The data - 
failure rates of selected technical items  [ ] are given in Tab. 1.1h

Tab. 1. Failure rates of technical items 

Symbol Item Failure mode Failure rate 
 [ ]1h

1 Diesel engine - -
2a, 2b 
3a, 3b 
4a,4b 

Cylinder lubricating oil transfer pumps, 
Lubricating oil pump, 
Camshaft lubricating oil booster pumps 

_1 - low output, 
_2 - fail while running, 
_3 - fail to start, 
_4 - critical leakage, 

5.87E-6 
55.34E-6 
26.66E-6 
3.46E-6 

5 Lubricating oil cooler _1 - critical leakage, 
_2 - insufficient cooling, 

0.46E-6 
~0E-6 

6a,6b Lubricating oil duplex filter _1 - inadmissible pressure drop, 
_2 - damaged mesh, 
_3 - critical leakage, 

4.53E-6 
0.12E-6 
0.19E-6 

T1
T2
T3

Cylinder lubricating oil storage tank, 
Cylinder lubricating oil service tank, 
Lubricating oil bottom tank, 

_1 - critical leakage, 2.34E-6 

TV1 Thermostatic valve _1 - critical leakage, 
_2 - insufficient temp. control, 

0.76E-6 
2.43E-6 

F1a, F1b 
F2a, F2b 
F3a, F3b 

Suction filters _1 - inadmissible pressure drop, 
_2 - damaged mesh,  
_3 - critical leakage, 

4.53E-6 
0.12E-6 
0.16E-6 

V11, V19 Regulating valves _1 - critical leakage, 
_2 - insufficient pressure control, 

0.76E-6 
0.16E-6 

V4a, V4b 
V9a, V9b 
V17a, V17b 

Safety valves _1 - critical leakage, 
_2 - fail to open, 
_3 - opens under to low pressure, 

0.76E-6 
0.16E-6 
2.02E-6 

V1, V2 
V6, V7 
V12, V13 
V3a, V3b 
V8a, V8b 
V16a, V16b 

Stop valves _1 - critical leakage, 
_2 - plugged in open/close position, 

0.76E-6 
0.56E-6 

V5a, V5b 
V10a, V10b 
V18a, V18b 

Non - return stop valves _1 - critical leakage, 
_2 - plugged in open/close position, 
_3 - back flow, 

0.76E-6 
0.56E-6 
2.02E-6 

V14, V15 Three way valves _1 - critical leakage, 
_2 - plugged, 

0.76E-6 
0.56E-6 

Pl Pipeline including sealing  _1 - critical leakage, 9E-6

131



The failure rates, given above, refer to calendar time. For redundant items it is necessary to take 
account that their active working time is only a part of the time (approximately 50 %). 

The statistical reliability data in Tab.1. are mostly adopted from offshore installations. They are 
not fully representative for ship systems. The data have been used  because it is extremely hard to 
get such data for ships. The achieved results of calculations based on the data are then of tentative 
character. Due to the data character - the exponential distribution has been used in the reliability 
calculations. 

Technical state of system (reliability of the system) depends on human behavior. Avoiding of 
the machinery systems failures, especially in the sea, is a machinery crew task. Unfortunately a 
human being makes mistakes. That is why we should take into account a human error probability 
(HEP) in system reliability analysis. 

Human Reliability Analysis (HRA) was developed primarily for the nuclear industry. Using 
HRA in other industries requires that the techniques be appropriately adapted. For example, 
because the nuclear industry has many built-in automatic protection systems, consideration of the 
human element can be legitimately delayed until after consideration of the overall system 
performance. Onboard ships, the human has more degrees of freedom to disrupt system 
performance. Therefore, a high-level task analysis needs to be considered at the outset of an 
Formal Safety Assessment (FSA). There are two main HRA quantitative techniques (HEART and 
THERP). As the data from all of these sources are based on non-marine industries, they need to be 
used with caution. A good alternative is to use expert judgement and one technique for doing this 
is Absolute Probability Judgement (APJ) [2]. 

The above mentioned techniques are very advanced. The preliminary human error probability 
assessment can be made using a very simple method ASEP - HRAP (Accident Sequence 
Evaluation Program - Human Reliability Analysis Procedure) published in 1987 by Swain [6]. 
Adaptation of the method in shipping one can find in [7]. The same method has been used in this 
study.

In the ASEP - HRAP technique the Basis Human Error Probability (BHEP) equals 0.03. BHEP 
contains both: human error of omission and human error of commission. If a potential for the error 
to be recovered exists, then the value of BHEP is multiplied by so called recovery factor (f) 
(mostly equals 0.1 or 0.01 depending on situation) [7]. Human error probabilities, taken account in 
model of lubricating oil system reliability, are shown in Tab. 2.: 

Tab. 2. Human error probabilities in the lubricating oil system manning 

Symbol Human error Human error 
probability 

HEP_1 - no reaction or to late reaction to stop degrade of the system elements 0.03 
HEP_2 - no reaction or to late reaction to an inadmissible pressure drop on a filter,

  (equipped with a pressure drop alarm device)  
~ 0 

HEP_3 - no reaction or to late reaction to inadmissible pressure drop on a filter, 
  (not equipped with a pressure drop alarm device)  

0.03 

HEP_4 - no reaction or to late reaction to oil level low in a tank, 
  (equipped with a level low alarm device) 

~ 0 

Three levels of crew qualification have been assumed in the model: high, average and low. 
According to TESEO (it. Tecnica Empirica Stima Errori Operatori) method [8, 9] the following 
assumptions have been made:  

- for high crew qualification level the probability of human error equals 50 % of the value  
given in Tab. 2., 

- for low crew qualification level the probability of human error is three times higher then 
the value given in Tab. 2. 
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Additional assumptions to the model: 
- the electric power supply is provided, 
- the lubricating oil treatment system is efficient, 
- all stop valves and non - return stop valves are opened (except V2, V7), 
- all tanks are equipped with level low alarm devices, 
- the lubricating oil duplex filter is equipped with a high pressure drop alarm device, 
- all suction filters are not equipped with high pressure drop alarm devices, 
- critical leakage means the engine has to be stopped immediately. 

Lubricating oil system reliability with redundancy can be expressed as follows: 

Rr (t) = 1 – { HEP_4T1 + {[1-exp(- V2_1·t)] + [1-exp(- T1_1·t)]}·HEP_1 + HEP_4T2 + {[1-exp(- V7_1·t)]   
+ [1-exp(- T2_1·t)]}·HEP_1 + [1-exp(- V6_1·t)] · HEP_1 + {[1-exp(- V3a_1·t)] + [1-exp(- V3b_1·t)] +   
[1-exp(- V5a_1·t)] + [1-exp(- V5b_1·t)]} · HEP_1 + {[1-exp(- F1a_1·t)] · HEP_3 + [1-exp(- 2a_1·t)] · HEP_1  
+ [1-exp(- 2a_2·t)] · HEP_1  + [1-exp(- V4a_3·t)] · HEP_1} · {[1-exp(- F1b_1·t)] · HEP_3 + [1-exp(- 2b_1·t)] 
· HEP_1  + [1-exp(- 2b_2·t)] · HEP_1 + [1-exp(- 2b_3·t)] · HEP_1  + [1-exp(- V4b_3·t)] · HEP_1} +   
{[1-exp(- F1a_3·t)] · HEP_1 + [1-exp(- V4a_1·t)] · HEP_1  + [1-exp(- 2a_4·t)] · HEP_1 } · {[1-exp(- V3a_2·t)] 
· HEP_1  + [1-exp(- V5a_3·t)] · HEP_1} + {[1-exp(- F1b_3·t)] · HEP_1 + [1-exp(- V4b_1·t)] · HEP_1  +   
[1-exp(- 2b_4·t)] · HEP_1 } · {[1-exp(- V3b_2·t)] · HEP_1  + [1-exp(- V5b_3·t)] · HEP_1 } + HEP_4T3 +
[1-exp(- T3_1·t)] ·HEP_1 + {[1-exp(- V11_1·t)] + [1-exp(- V11_2·t)]} · HEP_1 + {[1-exp(- V19_1·t)] +   
[1-exp(- V19_2·t)]} · HEP_1 + {[1-exp(- F2a_1·t)] · HEP_3 + [1-exp(- 3a_1·t)] · HEP_1 + [1-exp(- 3a_2·t)] · 
HEP_1  + [1-exp(- V9a_3·t)] · HEP_1} · {[1-exp(- F2b_1·t)] · HEP_3 + [1-exp(- 3b_1·t)] · HEP_1 +   
[1-exp(- 3b_2·t)] · HEP_1 + [1-exp(- 3b_3·t)] · HEP_1  + [1-exp(- V9b_3·t)] · HEP_1} +{[1-exp(- F2a_3·t)] · 
HEP_1 + [1-exp(- V9a_1·t)] · HEP_1  + [1-exp(- 3a_4·t)] · HEP_1 } · {[1-exp(- V8a_2·t)] · HEP_1  +   
[1-exp(- V10a_3·t)] · HEP_1} + {[1-exp(- F2b_3·t)] · HEP_1 + [1-exp(- V9b_1·t)] · HEP_1  +   
[1-exp(- 3b_4·t)] · HEP_1 } · {[1-exp(- V8b_2·t)] · HEP_1  + [1-exp(- V10b_3·t)] · HEP_1} +   
{[1-exp(- F3a_1·t)] · HEP_3 +   [1-exp(- 4a_1·t)] · HEP_1 + [1-exp(- 4a_2·t)] · HEP_1 + [1-exp(- V17a_3·t)] · 
HEP_1} · {[1-exp(- F3b_1·t)] · HEP_3 + [1-exp(- 4b_1·t)] · HEP_1 + [1-exp(- 4b_2·t)] · HEP_1 +   
[1-exp(- 4b_3·t) · HEP_1] + [1-exp(- V17b_3·t)] · HEP_1} + {[1-exp(- F3a_3·t)] · HEP_1 +   
[1-exp(- V17a_1·t)] · HEP_1  + [1-exp(- 4a_4·t)] · HEP_1 } · {[1-exp(- V16a_2·t)] · HEP_1  +   
[1-exp(- V18a_3·t)] · HEP_1} + {[1-exp(- F3b_3·t)] · HEP_1  + [1-exp(- V17b_1·t)] · HEP_1  +   
[1-exp(- 4b_4·t)] · HEP_1 } · {[1-exp(- V16b_2·t)] · HEP_1 + [1-exp(- V18b_3·t)] · HEP_1} +   
{[1-exp(- V12_1·t)] + [1-exp(- V13_1·t)] + [1-exp(- 5_1·t)] + [1-exp(- 5_2·t)] }· HEP_1 + {[1-exp(- TV1_1·t)] 
+ [1-exp(- TV1_2·t)]} · HEP_1 +{[1-exp(- V14_1·t)] + [1-exp(- V15_1·t)]} · HEP_1 + {[1-exp(- 6a_1·t)] · 
HEP_2  + [1-exp(- 6a_2·t)] · HEP_1 + [1-exp(- 6a_3·t)] · HEP_1} · {[1-exp(- 6b_1·t)] · HEP_2  +   
[1-exp(- 6b_2·t)] · HEP_1 + [1-exp(- 6b_3·t)] · HEP_1 + [1-exp(- V14_2·t)] · HEP_1 + [1-exp(- V15_2·t)] · 
HEP 1} + [1-exp(- Pl 1·t)] · HEP 1 },

(1)

Lubricating oil system reliability without redundancy can be expressed as follows: 

Rs (t) = 1 – { HEP_4T1 + {[1-exp(- V2_1·t)] + [1-exp(- T1_1·t)]}·HEP_1 + HEP_4T2 + {[1-exp(- V7_1·t)]   
+ [1-exp(- T2_1·t)]}·HEP_1 + [1-exp(- V6_1·t)] · HEP_1 + {[1-exp(- V3a_1·t)] + [1-exp(- V5a_1·t)]} · HEP_1 
+ [1-exp(- F1a_1·t)] · HEP_3 + {[1-exp(- 2a_1·t)] + [1-exp(- 2a_2·t)] + [1-exp(- V4a_3·t)]} · HEP_1 +   
{[1-exp(- F1a_3·t)] + [1-exp(- V4a_1·t)] + [1-exp(- 2a_4·t)]} · HEP_1 + HEP_4T3 + [1-exp(- T3_1·t)] ·HEP_1 
+ {[1-exp(- V11_1·t)] + [1-exp(- V11_2·t)]} · HEP_1 + {[1-exp(- V19_1·t)] + [1-exp(- V19_2·t)]} · HEP_1 
+[1-exp(- F2a_1·t)] · HEP_3 +{[1-exp(- 3a_1·t)] + [1-exp(- 3a_2·t)] + [1-exp(- V9a_3·t)]} · HEP_1 +   
{[1-exp(- F2a_3·t)] + [1-exp(- V9a_1·t)] + [1-exp(- 3a_4·t)]} · HEP_1 + [1-exp(- F3a_1·t)] · HEP_3 +   
{[1-exp(- 4a_1·t)] + [1-exp(- 4a_2·t)] + [1-exp(- V17a_3·t)]} · HEP_1 + {[1-exp(- F3a_3·t)] +   
[1-exp(- V17a_1·t)] + [1-exp(- 4a_4·t)]} · HEP_1 + {[1-exp(- V12_1·t)] + [1-exp(- V13_1·t)] + [1-exp(- 5_1·t)] 
+ [1-exp(- 5_2·t)]}· HEP_1 + {[1-exp(- TV1_1·t)] + [1-exp(- TV1_2·t)]} · HEP_1 + {[1-exp(- V14_1·t)] +   
[1-exp(- V15_1·t)]} · HEP_1 + {[1-exp(- 6a_1·t)] · HEP_2  + [1-exp(- 6a_2·t)] · HEP_1 + [1-exp(- 6a_3·t)] · 
HEP_1} + [1-exp(- Pl_1·t)] · HEP_1 },

(2)

where:

t [h] - time, 
 [h-1]  - failure rates according to Tab.1., 

HEP - human error probabilities according to Tab. 2. 
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3. Results of the model investigations 

Reliability values of lubricating oil system with and without redundancy of pumps and filters 
have been calculated in function of time and crew qualification levels. The results are shown on 
Fig. 2., Fig. 3., Fig. 4.

Fig. 2. Reliability function of lubricating oil system with redundancy Rr (t) and without redundancy Rs (t),  
crew qualification level is high 

Fig. 3. Reliability function of lubricating oil system with redundancy Rr (t) and without redundancy Rs (t),  
crew qualification level is average 
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Fig. 4. Reliability function of lubricating oil system with redundancy Rr (t) and without redundancy Rs (t),  
crew qualification level is low 

4. Conclusions derived from the model investigations 

Reliability of the lubricating oil system obviously depends on the reliability of relevant 
technical elements as well as on the crew qualification level – the reliability of human 
operator. 

The greater reliability of technical elements and human reliability the greater reliability 
of the system. 

Redundancy brings about the increase in the reliability of the lubricating oil system. 

The lower crew qualification level and lower reliability of technical elements the greater 
effect of redundancy to the reliability of the system. 

Application of such models, like this one, is closely associated with data on reliability of 
technical elements used in shipbuilding. However they are unavailable in Poland. Perhaps they are 
saved in databases of classification societies like Det Norske Veritas or Lloyd Register. The other 
problem to solve is human error probabilities assessment. The first steps towards to deal with the 
problem have been already made by the author in [10]. 
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Abstract

 While operation a gas turbine engine more modest method of research are brought into effect. But one of a basic 
method of estimate a technical condition of gas turbine engines bearing is oil analysis. To estimate a technical 
condition of gas turbine engines bearing systems on the basis of oil research on, an x-ray method of radio-isotope 
fluorescence was used. This method has been also satisfactorily used in aircraft engine diagnosis.
 This paper presents the method of diagnosis bearings of marine gas turbines on the basis of studies of mechanical 
contamination in oil. Results of mechanical contamination research in oil vs time of engine work are presented. On 
the basis of experiments results the analytical function that makes calculating the future value of a process possible 
was chosen.  

Keywords: friction heat, operation, bearing, friction work, oil system, gas turbine engine 

1. Introduction 

The looking for a new solution of propulsion system  for the fast warship have conducted to 
apply in the power ships gas turbine engine. Such positive factors like a small mass and overall 
dimensions, a big power and a start speed have been used on warships of various classes. Gas 
turbine engines on warships operate in very difficult conditions. Exploitation of that propulsion 
systems in the sea condition need an ability to continue their operate during roll continues of ship. 
Results of influences on the gas turbine engine many outside and inside factors, technical 
condition of engine are changed, which uncontrolled develop can cause their destroy [3]. Their 
reliability depending to a great extent on oil installation ability. Throughout exploitation some 
friction elements including bearings whose consumption products are oil transported get worn and 
torn. Majority damages of ball-bearings of gas turbine engine depend on the conditions of oil 
system. Damages and get worn and torn of bearings during exploitation are showed grow of 
contents molecules of roll elements in the oil. Emitting of metallic parties by gas turbine friction 
elements give an overall view of these elements technical condition [6]. 

While operation a ship’s gas turbine engine friction elements like engine bearings play a main 
role in. The good technical condition of bearings has influence on the reliability of the engine and 
a warship’s combat readiness.    

The reason of an engine’s failures are very often bearings damage whose products are gathered 
in oil. The example of damaged bearings of gas turbine engines are shown in the Fig.1. 

The direct reason of tribological system wear acceleration is always bad quality of lubricate. 
Hence a change of both physical and chemical characteristic of oil and concentration of 
mechanical contamination (a size and a morphology foreign body substance) included in oil can be  
index of the assessment of the oil useful characteristic. Therefore oil is a very valuable carrier of 
information about wear reasons and processes of both, the engine  tribological system and oil. 
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Fig. 1.The examples of bearings damage [7]

On the basis of the analysis  of the chemical  composition oil samples from the oil system, the 
monitor   a change of mechanical contaminants  and conduct assessment of the technical state of 
interact  engine parts is possible. 

2. The method of oil experimental research on 

 Using up of technical condition of bearings during exploitation is a continue process. The 
systematically control of mediation appears  as the quantity metallic contamination in oil can 
estimate technical condition of bearings and find diagnostic symptoms which characterise damage 
threat of engine. The information of friction processes proceed include bearings or actual technical 
condition of elements are obtained from research of consumption products in oil. 

The detection of  the state before the damage of interact tribological system parts of gas turbine 
engine or an index of oil wear is possible on the basis of permanent or temporary contamination 
detection include in oil. The mechanical parts discharged from the engine  tribological system 
gives the information about their technical state. The moving of both oil and contaminants  can 
detect these contaminants  direct in oil system or  at the laboratory after taking oil sample from the 
engine. The research on contaminants in oil are conducted at the laboratory of The Naval 
Academy. 

The X-ray radioisotope fluorescent method was used to estimate a quantity change of  
mechanical contaminants in oil. Thanks to induce and measurement  of the characteristic  intensity 
radiation, of this method, the chemical  composition of oil samples was analyzed. The quantity 

138



analysis, it means identification of element, was conducted  on the basis of measurement energy 
radiation this element but quantity estimate was led  on the basis of  the intensity radiation  energy 
line.
 The characteristic radiation measurements are made by measuring system shown in the Fig. 2. 

Fig. 2.  XRF measuring device scheme:1 - filter, 2 - isotopic radiation source, 3 - Al or Co filter, 
4 – detectors window, 5 – detector

 There are filters used to reduce the influence of other elements on the results of the analysis: 
  - cobalt (Co) filters for determining of iron quantity, 
  - aluminium (Al) filters for determining of copper quantity. 

3. Methodology of estimating the oil contamination

 Oil samples for the analysis are collected after every return the ship from the sea. The scheme 
of the stand for mechanical impurities in oil analysis is shown in the Fig. 3. 
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Fig. 3.  The scheme of the stand for mechanical impurities in oil analysis 

 Two methods were adopted to determine quantity and quality of wear products in oil samples 
in the basic diagnostic system of marine gas turbine engines:  

- stereoscopic microscopy,  
- x-ray radioizotopic fluorescence. 

 Oil collected from the ship was filtered in filtering device EB-1M/ITWI using filters „coli-5”. 
After twenty four hours it was watched under the stereoscopic microscope MST-3. Owing to that 
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types and sizes of wear particles and changes in their quantity were determined with high 
precision. Optical examination allows to estimate the contamination  of oil with water, graphite 
and makes it possible to identify the type and place of wear arising. The photo of the contaminant 
in a oil drain is shown in the Fig. 4. 

Fig. 4. The microscope view of the contaminant on the oil sample 
.

The microscope observation of  both a shape and a structure of contaminant element shows that 
majority part of contaminants from oil have a dimension  to 5 m with the shape like a grain of 
sand. Against the fine background  there are some single and bigger particles with irregular shape. 
These particles have usually sharp edges and their dimension measurement approximately 30-50 

m but sometimes event to 100 m. The majority of them are stopped by the oil filter. 
Adding up the total number of particles on filter is very difficult. Therefore x-ray radioisotopic 

fluorescence (XRF) method was used to determine the quantitative changes. To determine the 
mechanical impurities concentration in oil the fluorescence spectrometer ZBZ-93 was used. It is 
appropriate to determine Fe and Cu concentrations in oil, which are the characteristic products  of 
bearing wear process. The fluorescence spectrometer ZBZ-93 is presented below in the Fig. 5. 

Fig.5. The fluorescence spectrometer ZBZ-93 
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The iron and the copper concentrations changing process, which is necessary to estimate 
engine bearings technical condition, was followed by analysing the chemical composition of 
periodically collected and properly prepared oil samples.  
  Each oil samples was researched  on X-ray radioisotope fluorescent method three time to 
increase a rescue credibility and precision. The average rescue value of contaminants Fe and Cu 
each oil sample was given the content – related analysis.   

The oil samples were taken from the  four engines type LM 2500 which are propulsion of two 
warships.

Example of the results of  Fe and Cu concentration changes in function of time of  engine work 
is shown in the Fig. 6.  Analysing the run of changes in Fe and Cu concentrations we can see that it 
is typical  for attrition wear. 
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Fig.6.  The graph of Fe and Cu impurities in oil in function of time of engine work 

The methodology used to the assessment oil contaminants makes possible of changes following 
Fe and Cu concentration but it do not inform about the impurities value generated from the 
individual source. Therefore, the choice of the place to take oil samples from the oil system was 
the important stage of the research. After the  carefully analysis of the oil system construction and 
take into consideration the possibility of bearings technical condition estimate two places were 
chosen:
-  the bearings oil supply; from the oil supply filter,   
- the bearings scavenge oil; from the oil pomp.  

 The scheme shown below in the Fig.7 presents the engine oil system with chosen places to take 
oil samples. 

 The value of Fe and Cu concentration in oil samples taken from marked places is shown as the 
form of graph in the Fig. 8. 
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Fig.7. The lube oil system block diagram with the marked places to take oil samples; 
1 – the oil tank; 2-the lube supply  filters; 3-the oil pump; 4-the scavenge  filters; 5-the gas turbine engine. 
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Fig. 8. The graph of Fe and Cu impurities in oil taken from chosen places of oil system: 
1- oil sample taken from the lube supply  filter, 2 –  oil samples taken from the oil pump. 

On the basis of the received results we can  conclude that the main source of contaminants 
generation to oil are the engine’s bearings. Hence, to estimate a technical condition of gas turbine 
engines bearings we should to observe a difference of both,  Fe and Cu  value, in the oil samples 
taken from the oil supply filter and the oil pomp. This difference marked as X parameter and 
calculated from the mathematical formula (1) can be the diagnosis measure of the gas turbine 
engine  bearing system [5]. 

X=X1 – X2                                                                             (1) 
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where:

X1- the Fe and Cu concentration in oil taken from the lube supply filter; 
X2- the Fe and Cu concentration in oil taken from the pomp. 

 On the basis of the research on Fe and Cu concentration in oil sample the example of X
parameter calculated according the mathematical formula (1) is shown in  the Fig. 9. 

0,1

0,2

0,3

0,4

0,5

0,6

0,7

80 175 260

t [hours]

X
 [g

/t] XFe

XCu

Fig. 9. The graph of X parameters 

To receive diagnosis results of engines bearings, contaminants oil research on ought to led on 
the basis of oil samples taken from the oil supply filter and oil pump. The observation of change of 
the diagnosis measure X of gas turbine engine bearings, while exploitation the engines process, 
enables the assessment  of technical condition its bearings. On the basis of experiments’ results the 
analytical function that makes calculating the future value of a process possible can be worked out.

The conclusions 

 The results of experimental research confirmed the accuracy of measuring the Fe and Cu 
impurities concentrations levels in oil for diagnosis of marine gas turbine engines bearings. 
 The analysis of concentration of wear products in grease oil samples by x-ray radioisotopic 
fluorescence (xrf) enables the control of wearing away the rubbing parts of an engine smeared with 
oil.
 The worked out mathematical formula of X parameter changes properly corresponds to a run 
of wearing processes taking place in bearings. It enables to forecast the failures of the bearings. 

 The worked out methods compared with traditional methods make possible to estimate the 
technical condition of marine gas turbine engines bearings without with drawl of ships from 
exploitation and without disassembly of the engines. 
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Abstract

The paper presents results of operational research on the of reliability of pistons, which have bee often been  
subjected to critical damage, sudden and gradual. The low-speed marine diesel engines type 6RLB66 have been 
produced under Sulzer licence and used for main propulsion of bulk carriers (type B542). Sudden failures of pistons 
have caused bad operating troubles and large economic losses. Analysis of failures and wear was based on 
investigation of records ship’s document, computer records and on observation of engines and their of sub-assemblies 
during ships’ stays in ports and shipyards Selected functional and numerical coefficients of reliability were estimated 
by determining the relations between time of correct work and failures of combustion engines pistons.  

Keywords: marine engines, pistons, wear, sudden and gradual failures 

1. Introduction 

The paper presents an analysis of failures of pistons of low-speed engines, type 6RLB66, used 
as the main propulsion of bulk carriers. In these engines pistons have been often [2, 3, 4]. Sudden 
failures of pistons, which eliminated engines from operation, are troublesome for shipowners. 
When the is a piston failure, it should be exchanged, piston rings replaced by spare ones or 
sometimes the engine runs with its speed reduced [2, 3, 5]. Such failures cause large economic 
losses due to the costs of a new piston, costs of delivering the spare piston and costs of the ship 
being not in operation.

The investigations of engines have been performed in the actual operating conditions, on the 
basis of collected information. The results of investigations should contribute to decreased 
frequency of failure occurrence and improvement of the readiness, effectiveness and reliability of 
marine engine units and subassemblies. 

2. Object of researches 

Investigated engines type 6RLB66 one manufactured under Sulzer licence in 1984 and 1985 
years. They served for main propulsion of bulk carrier’s type B-542, which have been 
manufactured by home shipyard in 1985 and 1986 year. Characteristic particulars of engines 
6RLB66:
 diameter of cylinders  660 mm, 
 stroke  1400 mm, 
 horse power at 124 r. p. m.  8160 kW. 

The RL series engine is a single-acting, reversible two-stroke marine diesel engine with 
exhaust-gas turbocharging and loopscavenging for direct propeller drive. The cylinder jackets and 
frames are bolted onto the bedplate by means of tie rods.  

The continuous part of the scavenge-air receiver serves as scavenging duct. The inner part is 
subdivided according to of the cylinders by transverse partitions. Small center longitudinal duct 
leads the air supplied by the auxiliary blower into the scavenging spaces of the cylinders. 
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The cylinder jackets, cylinder covers, turbocharger, pistons and fuel injection valves are cooled 
by fresh water. The scavenge-air cooler can either be supplied by sea or fresh water. The engine 
drives neither the lubricating oil nor the cooling water pumps. 
 The piston consists of the piston crown, the piston skirt and the piston rod. These three main 
parts are fastened together by waisted studs and their nits. The waisted bolt nuts are secured 
against slackening by locking discs.
 The pistons crown, which contains the grooves for the compression rings is exposed to the 
highs temperature of the combustion gases and must therefore be cooled. The cooling of the piston 
crown is effected by fresh water enters and leaves trough telescoping pipes.
 In the center of the piston crown a tapped hole is provided for fastening the piston suspension 
device. The lower three-compression piston ring grooves are chromed on one side the upper two 
ring grooves are hard chrome plated on both sides. 
 The piston skirt serves to guide in the cylinder liner and to keep the exhaust ports closed over 
turbocharger. It is equipped with bronze wearing rings, which are required particularly during the 
running in period, of the initial service. 
 The piston rod widens out at its upper end into a flange. Onto this flange the piston waisted 
trough studs and their nuts fasten skirt and crown. 

3. Results of investigations 

The paper formulates the following statement: damage and wear of pistons and piston rings do 
depend on their working time.

Type 6RLB66 engines has been examined: abrupt and gradual failures of pistons that had been 
replaced (Fig. 1). Such failures were signalled by the temperature rise of cooling water at the outlet 
from cylinder liners, leaks or loss of cooling water, fall of the peak firing pressure or compression 
pressure and knocks in cylinders. Some non-signalled failures were observed during periodical 
surveys, or special survey in a shipyard or by visual inspection. Same failures were not signalled 
because signalling aids were damaged.

In the investigation engines type 6RLB66 has been researched abrupt and gradual damages of 
pistons, which have been replaced (fig. 1). Such failures were signalled: temperature rise of 
cooling water on the departure from cylinder liner, leaks or loss of cooling water, fall of peak 
firing pressure or compression pressure and knocks in cylinder. Some not signalled failures have 
been stated during periodical survey, special survey in shipyard or visual inspection. Same failures 
have been not signalled because was damaged signalling aids.  

Fig 1. View of a cracked of piston skirt 
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Fig. 2 shows that most of the failures were signalled by the values of compression pressure, 
maximum combustion pressure means and outlet temperature.  

a)                                                                                      b) 
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Fig. 2. Values of compression pressure and maximum combustion pressure a) and outlet temperature Tsp engine 
b) RLB66 at engine speed 188 rpm and load 76%: p  pressure 

Figure 2 shows that in cylinders 3 and 4 there were low values of compression pressure and 
high values of outlet temperature of the engine. After a disassembly of pistons it was found that all 
piston rings suffered excessive wear over the limit values and there leakages of cooling water. 

Three conditions of examined engines were distinguished: state of full ability, state of partial 
ability and state of disabilitto be operated. Investigations followed the plan (n, R, t), which 
embraced n = 61 pistons and n = 41 sets of piston rings. Damaged pistons were repaired (R), and 
the research was finished as soon as the correct time of piston reached the value t. Failures of 
pistons occurred mostly together with damage to cylinder liners. 

The moment of failure one identified with his result, that is to say with consequently of state of 
unfitness, with exchange or with repair of piston. The well-ordered realisations of the correct time 
of work to instant failure of examined pistons are shown in Figure 3. Figure 4, in turn, shows well-
ordered realizations of restoration time for the examined pistons. In the examined engine most 
pistons were exchanged on account of cracks in the piston skirt or piston crown. There were 
mostly long cracks of piston skirts. 
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Fig. 3. Well-ordered realizations of time to failure of examined pistons engines, type 6RRLB66 
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Fig. 4. Well-ordered realizations of time of restorations of examined pistons 

The research also included the wear of pistons and piston rings. Changes in dimensions of 
pistons and pistons rings were determined by geometrical measurements. The sizes of pistons and 
piston rings are shown in Figures 5 7.
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Figures 5 7 imply that the wear of piston and piston rings is intensive in its top part. 
From the available data quantitative coefficients of reliability were calculated for the 

examined; the compatibility between empirical and theoretical distributions were examined, too. 
 For renewable objects the basic functional characteristic of reliability is failure flux parameter 

*(t):

tn
rt)(*

where:

r  number of failures in researched sample in time <t, t + t>,
t  length of partition of time of research.

The results of calculations are given in Figure 8. 
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Fig. 8. Diagram of the flux failures parameter *(t) of pistons of engines type 6RLB66 

The average durability of investigated pistons is described by this equation:  

n

i
itn

t
1

1                                       (2)  

where:

ti  time of work i of piston (piston rings) to instant of failure, 
n  number of pistons (piston rings) damaged. 
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Standard deviation time of correct work to the instant of failure is calculated from this formula: 

n

i
iT tt

n 1

2* )(
1

1                                    (3)  

  The average value of correct work time to failures of investigated engine pistons was 12 109 h 
with a standard deviation of 9 308 h. The durability of piston rings amounted to 5 392 h of work 
with a standard deviation of 2 469 h. 

4. Conclusions

 In 65% of cases piston and cylinder liner damage were found in one unit. In 70% of failures of 
pistons wear or seizures of pistons rings were ascertained to cause blow-by of exhaust gases, 
increase of temperature and deterioration of lubrication conditions.
 In 39% of cases defective injector valves were the cause of deposit formation: carbon deposits, 
lakes and cokes. In 70% of cases it was found that pistons suffered damage in the time interval  
3500  10 000 working hours. In the process of piston wear at first a decrease of sizes of pistons 
and piston rings was noted, then the operating time increase. It was a result of processes of 
adhesive wear and formed carbon deposits. 
 The durability of examined pistons was low and its scatter resulted from different conditions of 
operating and different trading regions. 
 The construction of examined pistons and cylinder liners with loop scavenging after 
modernisation is far from perfect. The producer of RLB engines has attempted recently to 
modernize the construction and production technologies and changes in the operational methods 
were introduced to minimize failures. Honing is used in final step of cylinder liner manufacturing. 
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Abstract

This paper presents possible applications of the theory of semi-Markovian processes to determination of 
reliability characteristics of complex propulsion systems of a given degree of redundancy. Based on a selected 
example system, a reliability model has been proposed in the form of a stochastic process of discrete states and  
continuous with time . On the basis of the limit distribution of the process practical aspects of using the reliability 
indices obtained from the model in question are shown. 

Keywords: reliability, redundancy, semi-Markovian processes, ship power plant 

1. Introduction 

Regardless of the reliability level of every power plant, planned in its design stage and 
achieved in its manufacturing stage, various  external and internal factors affect its functional 
subsystems ; the factors cause irreversible degradation processes which result in  technical state 
changing and usually in gradual worsening operational characteristics. Hence in the subsystems 
failures of their components will appear, moreover the process of occurrence of the failures cannot 
be precisely described as the affecting factors are of random character [1, 2]. 

In the case of sea-going ship the above mentioned such change of technical state into that 
belonging to one of the subsets of unwanted states may cause a hazard not only to the power plant 
but also the whole ship which  may meet with a serious casualty including sinkage - in the extreme 
case of loss of ability to motion and  course-keeping in heavy weather conditions   [3]. 

Intensive development of sea shipping, growing number of ships and ship traffic rate as well as 
variety of tasks performed  by them  create real hazards to man and the environment.  

Scale of the hazards and trends in that domain can be observed in various reports and analyses 
published by special organizations worldwide. The institutions first of all deal with the entities a 
risk to which defined as [6]: 

RI =  FR  CSQ,           (1) 

where:

RI – risk, 
FR - the frequency of a potential undesirable event is expressed as events per unit time, usually per 
year,
CSQ - consequence can be expressed as the number of people affected (injured or killed), property 
damaged, amount of spill, area affected, outage time, mission delay, dollars lost, etc. 

is the greatest. 
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Many statistical reports published by IMO  show that a great number of ship accidents take 
place , e.g. 119 accidents, including  26 serious ones,  of passenger ships occurred in the years 
1999 – 2006 [9] ; however the shipping of oil and its products seems to be the crucial issue today.  

It can be exemplified by the reports of ITOPF Ltd (The International Tanker Owners Pollution 
Federation) dealing with the above mentioned problems on tankers. The data presented by the 
ITOPF (Fig. 1), which concern oil pollution from tankers , show that during about 30 years  the 
average number of large spills decreased almost seven times, however the situation can be hardly 
deemed satisfactory 

Fig. 1. Numbers of Spills over 700 tonnes [10] 

Analyzing the causes of tanker accidents (Fig. 2) one can observe that about 20% of accidents 
have been still caused by power plant failures  in spite of the obtained technological development. 
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Fig. 2. Incidence of tankers by Causes [10]

The situation resulted in that ship classification societies  introduced many stricter 
requirements for design solutions of propulsion systems on sea-going ships , which result - on the 
one hand - in risk lowering  by decreasing occurrence probability of  ship’s disability, and - on the 
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other hand - in appearance of unusual design solutions of propulsion systems on ships of a given 
class.

2. Propulsion systems of a given redundancy degree 

Tankers exemplify the type of ships to which the above described tendencies relate especially 
distinctly.

On tankers  the direct propulsion system with one slow-speed  diesel engine is most often 
applied. Most ships of the kind are still so built as to comply with a minimum of the requirements 
of legal acts  in force ( a.o. MARPOL 73/78 Convention), which first of all  results from 
economical reasons [7].  

However in recent years, often and often appear real and conceptual technical solutions in 
which the above presented principle is not obeyed any longer.  It can be observed very distinctly in 
the case of propulsion systems on shuttle tankers. Their operation specificity consisting first of all 
in precise positioning the ship during oil loading operation at open sea, resulted in that multi-
engine propulsion systems became prevailing design solution on such ships.

An example of the evolution of design solutions of propulsion systems on tankers is the unique 
solution applied on the VLCC tankers of STENA V-MAX type [8].  The propulsion system of the 
tanker of  333 m in length  and design deadweight of  269 000 t is composed of  two identical 
propulsion units located in separate engine rooms. The schematic diagram of the system is 
presented in Fig. 3. 

123

Fig. 3 Schematic diagram of the propulsion system of the crude oil tanker  STENA V-MAX : 1 –7S60ME-C MAN B&W 
main engines, 2- shaft lines, 3 – screw propellers 

Another example of the presented approach is the propulsion system installed on a series of 
tankers intended for operating in Arctic conditions, ordered by the Sovcomflot, a Russian 
shipowner, in the South Korean shipyard Samsung Heavy Industries Shipbuilding & Offshore 
Division [11].

Design solution of the propulsion system to be installed on each of 5 tankers of 257 m in 
length and design deadweight of 70000 t (presented in Fig. 4) is the typical diesel - electric 
propulsion system which consists of 4 electric generating sets and two azimuthing podded 
propellers developing 20 MW output power in total.

The design solution following that on the ships to which safety requirements are much more 
stringent, e.g.  passenger cruisers or ice breakers , confirms the existing trends  indirectly. 
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Fig. 4 Schematic diagram of the  diesel-electric propulsion system on shuttle tanker [11]

3. Reliability analysis of redundant propulsion systems

Analysis of redundant propulsion systems becomes especially useful and effective when 
functional reliability models based on the theory of stochastic processes is applied.

Use of the theory of stochastic processes  makes it possible to resign from the assumption on 
two-state character of the process of technical state changing of propulsion system’s subsystems 
and elements , and on the splitting of the space S of possible states into a countable and finite 
number of subspaces differently distant from the extreme set of initial states [4].

Therefore the assumption on multi-state character is crucial in building functional reliability 
models. It makes it possible to separate , within the set of distinguished states,  several states of 
different degree of serviceability as well as several unserviceability states ( in contrast to most 
classical models) and to attribute renewability, an important feature which characterizes machines 
and mechanical devices, to the model . 

It is specially important in the case of ship propulsion system of a given degree of redundancy 
as, being a complex technical object, it may fail in many ways, at different probability values and 
with various consequences corresponding with a given operational reliability. 

In functional aspect the process of operation constitutes that of simultaneous changing both 
technical and operational states  which, being mutually dependent, simultaneously occurr during 
phase of  operation [2]. 

 In that case the stochastic processes having discrete set of distinguished states and 
continuous duration time are suitable to model the technical state changing, crucial from the point 
of view of reliability and durability. 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 formed by the successively 
occurring states si S, being in mutual cause-effect relationship [4].  

Elaboration of a functional reliability model makes it possible to determine probabilistic 
characteristics of real reliability features of practical importance, e.g. for operational decision 
making with the use of statistical theory of decisions [2]. 
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The above presented example of the shuttle tanker’s propulsion system, shown in Fig. 4,  has 
been  taken into consideration in this work. Its simplified functional diagram is presented in Fig. 5. 
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Fig. 5 Functional diagram of the diesel-electric propulsion system on shuttle tanker: 1 – electric power plant together 
with power transmission system, 2 – electric energy distribution system, 3 – units of  podded  azimuthing propellers

In can be assumed that for the presented propulsion system a model of technical state changing 
process – crucial for power plant reliability and durability - can be the stochastic process 

 of discrete set and continuous duration time and of the following successively 
occurring distinguished states: 

TttW :)(

S = {si ; i = 1, 2, 3, 4, 5, 6, 7}         (2) 

which can be interpreted as follows: 

s1 – full serviceability state of the system; 
s2 – partial serviceability state of the system due to not quite full serviceability of electric power 
plant ( e.g. full unserviceability of one out of four electric generating sets); 
s3 – task unserviceability state of the system due to full unserviceability of electric power plant 
(full unserviceability of all four electric generating sets); 
s4 – partial serviceability state of the system due to not quite full serviceability of electric 
distribution system ( e.g. full unserviceability of one out of two main switchboards); 
s5 – task unserviceability state of the system due to full unserviceability of electric power 
distribution system (full unserviceability of both main switchboards);  
s6 – partial serviceability state of the system due to not quite full serviceability of podded 
propellers system ( e.g. full unserviceability of one out of two frequency converters); 
s7 – task unserviceability state of the system due to full unserviceability of podded propellers 
system (full unserviceability of both podded propellers). 

The initial distribution of the process, pi

pi = P{W(0) = si}, si S; i=1, 2, 3         (3) 

should be represented  as follows: 

p1 = P{W (0) = s1} = 1,  pi  = P{W (0) = si} = 0  dla i = 2, 3,…, 7     (4) 

as assumed that at the initial instant of operation (t = 0) the system in question being a functional 
subsystem of the ship , has to be in the state s1.
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Since certain redundancy is applied to the system in question it can be assumed that from 
practical point of view the process of passing in one step from the full serviceability state s1 to any 
of the distinguished states of full unserviceability, s3, s5 or s7 , is not possible. Hence the functional 
matrix of the process , Q(t), whose elements are conditional probabilities of passing the process 
from the state i to state j during time not longer than t [4] can be expressed as follows: 
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In the case of ship main engine, for the above presented set of state classes, the graph of 
changing the states of the process {W(t): t  T} can be drawn, as follows: 
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Fig. 6 The graph of changing the states of the process {W(t): t  T}

The use of the relation [4]: 
)()( tFptQ ijijij           (6) 

where:
pij – probability of passing from the state si to the state sj  of Markovian chain inserted into semi-
Markovian process, ( i , j = 1, 2, …, 7  i j ), whereas to assess the particular probabilities pij, is the 
most convenient to take the following value of the statistic  ( on the basis of empirical 
investigations ): 

*
ijP
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ij

ij
ij n

np*             (7) 

where:

nij – number of transitions of the process from  the state si to the state sj  (i, j  S, i  j),
Fij(t) – cumulative distribution function of the random variable Tij  which represents duration time 
of the process state si  provided that the state sj will be next one;
makes it possible to determine analytical function forms of particular elements of the functional 
matrix (5) of the process.  Fulfillment of the showed conditions determines entirely the considered 
semi - Markovian process and thus enables to determine also all necessary reliability 
characteristics.

The limit distribution of the process {W(t): t T} is undoubtedly one of the most important 
characteristics  because of long time of realization of the propulsion system tasks.  

The further part of this paper, as its volume is limited, concerns only the above mentioned 
distribution.

3. Limit distribution of the process {W(t): t T}

Knowing the 1st  order moment of the random variables Ti ( expected values) one is able to 
determine relatively easily the limit distribution of the process ( not being forced to solve a set of 
Volterra’s integral equations of 2nd kind , that appears very troublesome in some cases).

For the model in question the distribution interpreted by means of the formula [4]: 

7,1j,Ss};s)t(W{PlimP jjtj             (8) 

can be determined  from the following relationship [4]: 

7,6,5,4,3,2,1j;
)T(E

)T(E
P 7

1k
kk

jj
j             (9) 

where the distribution j, j = 1, 2, 3, 4, 5, 6, 7  is limit one for the Markovian chain inserted into 
the process {W(t): t  0} (j  S). The limit distribution of the process {W(t): t T} can be 
determined from the set of equations [4]:  

 (10) 
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By solving the set of equations (10) the following relationships assessing the limit distribution 
of the process {W(t): t T}, can be achieved: 

H
TE1pp1pppp1P 1766754453223

1         (11) 

H
TEp1pp1ppP 21254457667

2             (12) 

H
TEpp1pp1ppP 3122354457667

3          (13) 

H
TEp1pp1ppP 41432237667

4         (14) 

H
TEpp1pp1ppP 5451432237667

5        (15) 

H
TEp1pp1ppP 61654453223

6           (16) 

H
TEpp1pp1ppP 7671654453223

7        (17) 

where:

6716716654453223

4514514476673223

122331223223176675445

pp)T(Ep)T(E)1pp()1pp(
pp)T(Ep)T(E)1pp()1pp(

pp)T(Ep)T(E)pp1)(T(E)1pp()1pp(H
   (18)

where:

P1, P2, … , P7  - probabilities that the process {W(t): t T} will find itself in the states : s1, s2, …, 
s7,  respectively ; 
E(T1), E(T2), …, E(T7)  - expected values of duration time of the states : s1, s2, …, s7, respectively 

The probabilities determined by the formulae (11), (12), (14), (16) are crucial for the 
operational subsystem  (SU) as they characterize  probabilistic possibilities of application of the 
system to a given operational system (SE) provided that it is in the state of full or partial 
serviceability.

Practical use of the probability values determined by the relations (11  17) depends of course 
on a given decision situation. One of numerous possibilities of the kind is to apply the FTA 
method (Fault Tree Analysis) [5, 6] for determining the occurrence probability of an unwanted 
situation.

The example fault tree (no. 1)  for the top event : „ limited ability to motion and manoeuvring ” 
is presented in Fig. 7. 
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PAGS

Partial ability of 
generating station

PAEETS

Partial ability of electric 
energy transmission system

PAPU

Partial ability of
POD propulsor unit

TOP

Restriction in movement ability

P6P4P2

Fig. 7 Fault tree no. 1

To perform a quantitative analysis of the considered sequence of events leading to occurrence 
of the top event „TOP” is possible by making use of the probabilities P2, P4 and P6 determined by 
the relations (12), (14 and (16). 

Another example showing practical usefulness of the presented approach may be the situation 
in which occurrence probability of partial serviceability state together with limit conditions, is 
considered.

If  the above presented top event is taken into consideration but under assumption that the full 
serviceability state of both azimuthing propeller systems is required then - by using the FTA 
method - the considered sequence of events can be expressed as follows (fault tree no. 2 – Fig. 8): 

TOP

Restriction in movement ability

OR

PAPU

Full ability of
POD propulsor unit

PAGS

Partial ability of 
generating station

PAEETS

Partial ability of electric 
energy transmission system

P6  7

P4P2

Fig. 8 Fault tree 2

The sequence of events can be quantitatively analyzed by using values of the probabilities  P2,
P4  determined by the relations (12) and (14) , as well as the probability P6  7 which , under the 
probability feature, can be expressed as: 
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P6  7 = 1 – (P6 + P7)            (19) 
where:

P6  7 – probability of the event that the state  s6 or s7 will not occur

4. Summary 

The models elaborated with the use of the theory of stochastic semi-Markovian processes ( in 
particular cases – theory of Markovian processes ) seem to be very useful for investigating the 
reliability of complex technical systems  such as the considered propulsion systems of a given 
degree of redundancy. 

The fundamental assumption taken into account in designing such systems,  that apart from the 
full serviceability state a few partial serviceability states must take place in them ,  indicates in a 
natural way that the described stochastic processes  are equivalent to reliability models. 

The practically useful complex description of reliability features of ship power plant (in the 
considered case – the propulsion system ) can be made on the basis of one versatile model. Hence 
during modeling the process of  ship power plant operation it would be usually not necessary to 
consider various models of a different structure and complexity, which is very important in an 
utilitarian aspect as it greatly facilitates elaboration of a ready- for- use tool for aiding the process 
of decision making by the operator.. 
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Abstract

One of the methods to reduce emission of toxic components is continuous control over engine elements that are 
directly or indirectly responsible for level of emission of these components. Introduction of these requirements caused 
creation of the self-diagnostic definition and utilising innovation definition self-diagnostic - self-diagnostic system 
comparing value of signals from circuit of electronic control device with control values. If the real signal value does 
not comply with control value, the memory of the control devices records the error code. 

This paper include basic terms and rules of function European On Board Diagnostic in light of large quantity of 
vehicles in Europe and in the whole world, level of pollution environment and one of method of prevention 
degradation environment and basic rules according to built and monitoring of catalytic converters. 

The development of a catalytic converter required an analysis of selected physical parameters of the supports. 
This resulted from the necessity to assume given parameters of the supports applied in the tests in exhaust gas 
environment in the CI engines. An analysis of ionic conductors which constitute the basic solution in voltage sensors 
providing signals through NOx electrocatalysis. 

The aim of this paper is to determine the basis for the monitoring of catalytic converters in compression ignition 
engines by the emission level of a selected exhaust gas component as a diagnostic signal. The emission of NOx has 
been taken as the basis. This required the development of a specialized system allowing the reduction of NOx and 
obtaining of a diagnostic signal reflecting the level of the said reduction. 

Those paper include same results of testing and possibilities monitoring of prototype catalytic converter on the 
test bad. 

Keywords:  monitor, OBD II, EOBD, sensor, temperature, pressure, catalytic converter.

1. Introduction 

The OBD system (On Board Diagnostic system; known in the United States as the OBD II 
system and in Europe as the EOBD one) is a set of diagnostic tests and calculation and decisive 
procedures which are performed in a real time and are intended as a measure for evaluation of the 
emission efficiency and the efficiency of elements responsible for the passive and active safety of 
a vehicle. The OBD system is an integral part of the vehicle connected with the engine control 
system. Nowadays the investigation on the on board diagnostic systems in their different 
applications is one of the basic problems that the OBD method is concerned with. The 
implementation of the investigation method for the OBD system efficiency is one of the main 
questions of the matter in hand. 

In order to satisfy such postulates the realization of the implemented diagnostic procedures 
during the real operation of vehicles and in the possible shortest time is necessary. Thus the 
evaluation of the operating efficiency OBDE (On Board Diagnostic Efficiency) of the OBD 
system is also necessary. 
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2. Tested station 

The engine research work presented in this paper was carried out in the laboratory of the 
Institute of Combustion Engines and Transport at Pozna  University of Technology. For the 
research needs an exhaust system of the tested engine was adequately adapted. The engine test 
stand consisted of the following elements [4]: 

4CT90 compression-ignition engine manufactured by WSW Andoria, 
AMX-210/100 eddy-current brake with water cooling, 
reducing catalytic converter (catalyst) equipped with carriers of 200 cpsi density, 
HORIBA MEXA 7100 exhaust emission analyser, 
temperature sensors, 
pressure sensor. 

For determining the efficiency of the applied catalyst, and NOx probe as well, on the adapted 
test stand under the engine test bench conditions (fig. 1), some preliminary tests were carried out 
according to the obligatory ESC (European Stationary Cycle) test. 

A special catalytic converter equipped with carriers of 200 cpsi density was built for the test 
needs. It consists of five blocks with dimensions of 125 50 mm. The catalyst casing enables 
performing the tests for a variable number of catalytic blocks and taking the measurements behind 
each block. 

A chemical composition of the catalytic converters was developed (selected) in the Institute of 
Internal Combustion Engines at Pozna  University of Technology in cooperation with the 
Department of Inorganic Chemistry at AGH University of Science and Technology in Kraków. 
The catalytic layers were produced by means of the USPD (Ultra Spray Pyrolysis Deposition) and
sol-gel methods for CeO2-ZrO2/PtPd and CeO2-ZrO2/PtRu components [5].
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Fig. 1. Diagram of modification exhaust pipe with installed catalytically converter in test bed and present of 
measurement points [3]; 0-8 – measurement points:(T) – temperature, (p) – pressure 

3. Analyses of temperatur dissolution in exhaust pipe 

The temperature is a basic parameter affecting the ability of generating voltage signals by the 
sensors produced in the „sensor to sensor” technology. Owing to the design of sensors and the 
constructional materials used for the execution of electrodes in the individual areas, as shown in 
papers [3, 4, 5], it was necessary to provide an additional reheating to reach the temperatures 
which enable starting the oxygen pumps. Taking into consideration the operating parameters of the 
engine examined on the engine test bed the exhaust gas temperatures during the realization of the 
ESC test could reach the range in which generating the diagnostic signals by the sensors was 
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possible. Overheating the measuring probe of a sensor caused by too high temperatures of exhaust 
gas while supplying a system of heaters with an external voltage can result in a degradation of 
electrodes. Therefore the developed laboratory system requires a manual selection of the voltage 
for supplying a sensor in a way eliminating a risk of exceeding the threshold voltage value for 
given engine operating conditions. To complete the gathered knowledge on the possibilities of 
delivering the supply voltage depending on the temperature in the exhaust engine system an 
analysis of the temperature distribution was carried out in the measuring points of the exhaust 
system, provided for the NOx sensors (fig. 2 – 3) [3]. 
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Fig. 2. Distribution of temperature in measurement point T0-T8 exhaust pipe of testing engine without catalytically 
converter during realization ESC test [3] 
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Fig. 3. Distribution of temperature in measurement point T0-T8 exhaust pipe of testing engine with 200 cpsi catalytically 
converter during realization ESC test [3] 

The performed analysis indicates that with regard to the exhaust gas temperatures the phases II, 
VIII and X are most critical. It concerns both temperatures measured without and with the catalyst 
provided. In case of phase II the highest temperature of 710oC was reached at the T0 point of the 
exhaust system equipped with a catalyst with a carrier of 200 cpsi density. 

In case of phases VIII and X the exhaust gas temperature were reaching the values ranging 
from 737oC to 759oC. These are temperatures at which the sensors, owing to their design and 
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constructional materials for electrodes, are able to generate voltage signals without necessity of 
reheating. For all other test phases the highest temperatures were reached at the T0 point and the 
recorded temperatures were not exceeding the value of 600oC.

This analysis indicates that in case of phases VIII and X, during a realization of the engine test 
bed examinations, the applied sensors will be most sensitive to the controlled supply voltage value. 
The obtained temperature distribution suggests that for these phases the sensor reactions should be 
fastest as the optimum sensor temperatures can be reached without necessity of reheating. 
However, the above applies to the sensor installed at T0. 

4. Analyses of pressure dissolution in exhaust pipe 

The rate of chemical reactions is a function of the reactive exhaust gas components, exhaust 
gas temperature, type of the applied catalyst and pressure. For reactions proceeding in a gaseous 
phase the concentrations and pressures are interdependent. However, the pressure can 
independently affect the reaction rate values, thereby the response times of the sensor in the 
considered system. In order to find the importance of these variables the experiments should be 
carry out in a way which makes possible a simultaneous change of the smallest number of 
parameters. It is impossible to perform such experiments in case of examination being realized 
under the engine test bed conditions. For this reason the importance of pressure is limited to its 
effect on the sensor response time with regard to the exchange of exhaust gas present in the 
sensor’s probe.

The pressure in the exhaust system affects the intensity of the gas exchange in a sensor by 
affecting the pressure present in a measuring probe, as shown in papers [3, 4, 5]. When an increase 
in pressure in a measuring area is faster the speed of the gas exchange in the individual regions of 
the NOx increases and thereby a frequency of the voltage signals should be greater.

With reference to the classic catalyst the engine exhaust system pressure results in a number of 
the molecules adsorbed within a catalytic layer. Regarding it to the sensor conditions a number of 
the collisions of oxygen molecules with the electrode Pt should be also higher what can directly 
result in the sensor response time value. 

In the phase I of the test, in which the engine was operating at idling speed, the average 
overpressure in the exhaust system without the catalyst was of 0,03 10–4 Pa (fig. 4). In case of the 
exhaust system equipped with the catalysts with the 200 cpsi carriers such same overpressure 
values of 0,03 10–4 Pa were recorded. From the considered research point of view such values do 
not allow to get information necessary for the realisation of the next assumed examination. 

Analysing a distribution of pressure in the exhaust system without the catalyst it can be found 
that for all phases of the test the pressure differences between the p0–p5 points are small (fig. 4). 
In points p6–p8 which are distant from the point p5 by 60 cm the pressure values are also similar. 
In every phase, depending on the overpressure values, the measuring points can be separated into 
two groups of points p0–p5 and p6–p8. In points p6–p8 the overpressure values in every phase are 
smaller what results from their greater distance from the exhaust collector. The differences in the 
overpressure values measured in the measuring points of the individual groups can be explained by 
the pressure fluctuation in the engine exhaust system and an indication error of the applied 
pressure measuring sensors (fig. 5). 

As the distance from the exhaust collector increases the pressure value decreases. In case of 
measuring points before (p0), in (p1 – p4) and just after the catalysts (p5), the differences in the 
overpressure values are caused by the exhaust gas flow resistance in the individual catalytic 
blocks. For every test phase in points distant from the catalyst (p6 – p8) the pressure values are 
much lower and continue their falling tendency depending on the distance in relation to the 
exhaust collector. 
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In case of the catalyst the highest overpressure values were recorded for the phase X at the 
point p0 and they were of 6,3 10–4 Pa for the catalyst equipped with the 200 cpsi carrier. 
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Fig. 4. Distribution of pressure in measurement point p0-p8  exhaust pipe of testing engine without catalytically converter 
during realization ESC test [3] 
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Fig. 5. Distribution of temperature in measurement point T0-T8 exhaust pipe of testing engine with 200 cpsi catalytically 
converter during realization ESC test [3] 

5. Analyses of tested catalytic converter with 200 cpsi 

In order to determine the effectiveness of the applied catalytic converter for the reduction of 
the NOx emission according to the obligatory official certification test ESC some preliminary 
examinations of its efficiency under the engine test bend conditions were performed. Taking the 
operation nature (character) into consideration the NOx emission in each phase of the test was 
analysed [3]. 

To determine the reduction in the NOx emission the emission measurements were taken after 
each catalytic block. The presented results are referred to the NOx concentration values before the 
catalytic converter. The efficiency for the individual catalytic blocks was determined from the 
relation:  
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where:

Cp –concentration NOx before catalytic converter, Cz –concentration NOx after catalytic converter. 

Due to the diversified parameters characterising the catalytic converters, which are being built 
with the use of the catalytic carriers with different cell densities, the examinations were performed 
for the catalytic blocks based on the carriers with a cell density typical for the compression-
ignition engines of 200 cpsi (fig. 6). The application of the catalytic carriers with higher cell 
densities was considered inadvisable because of a high resistance of flow of exhaust gases 
intensified by the PM emission. 

The operation performance of the catalytic converter with the 200 cpsi carrier is similar in each 
phase of the test (fig. 7). In phases II-XIII the catalytic converter was characterized by an 
effectiveness of the reduction in the NOx emission of 15%. The analysis of the measuring points 
shows that from the point c3 on the reduction in the NOx emission level was constant. That means 
that the catalytic reactor volume is sufficient with reference to the assumed amount of the active 
layer deposited on each catalytic block. The ratio of that volume to the engine displacement 
volume was 0.76. The analysis of the bibliographic data shows that this ratio values are in the 
0.75-1.3.range.

Fig. 6. Metallic enclosure of tested  catalytic converter [3]  
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Fig. 7. Value of NOx concentration during ESC test of catalytically converter with 200 cpsi [3]
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The emission measurements in points c6–c8 are considered close to the emission measured in 
the point c5. For the discussed points the difference in the NOx concentration was at the indication 
error level of the measuring exhaust gas analyser. 

The performed analysis shows that the catalytic converter with the 200 cpsi carrier allows to 
obtain a satisfactory difference in the voltage signals basing on the NOx concentration after the 
third catalytic block. However, it should be noted that the obtained effectiveness of the catalytic 
converter for the NOx reduction is unsatisfactory. The average percentage effectiveness of the 
discussed catalytic converter in the measuring point c5 was 14% (table 1). 

Table 1. Efficiency of limit NOx concentration [%] behind ever catalytically blocks in light of concentration 
 before catalytically converter (200 cpsi) [3] 

No phase I II III IV V VI VII VIII IX X XI XII XIII

Point c1 0,3 0,8 0,1 -0,3 2 0,3 -1 1 0,3 -10 0,3 10 0,3
Point c2 0,4 -0,1 -0,5 -0,3 2 0,4 -1 1 0,4 -9 0,4 10 0,4
Point c3 -0,8 13 17 15 14 15 16 14 13 5 15 23 14
Point c4 -0,8 14 16 14 15 15 16 14 13 6 15 23 14
Point c5 5 14 18 16 15 15 17 14 15 6 15 22 15

Conclusions

On the basis of the performed examinations and obtained test results the following conclusions 
can be drawn: 

1. The analysis of the NOx concentrations in exhaust gas from the compression-ignition 
engine can be based on the indications of the voltage probes with the modified electrodes 
of the oxygen pump; 

2. The application of the reduction conditions in the voltage probes using the nitrogen oxides 
reduction by the electro-catalytic way depends on the exhaust gas parameters, the values of 
which change depending on the rotational crankshaft speed and engine load. For this 
reason obtaining the diagnostic signal for the whole engine operation range is impossible. 
The control of the correctness of the catalyst operation regarding the nitrogen oxides 
reduction can be realised for the defined operating parameters of the tested engine; 

3. For phases VIII and X of the ESC test the reheating the test probe installed before the 
catalyst was unnecessary owing to the high exhaust gas temperature (737–759oC).
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Abstract

  The most important issue for each system is its effectiveness Ef, which depends on reliability, availability and 
maintainability (RAM). The operational availability (Ao) even for mature systems usually has large improvement 
capabilities. One of the most critical parameter of Ao is ALDT (Administrative and Logistic Delay Time). The article 
presents most important aspects of operational availability, taking into account the helicopter operating from frigate 
as the object for analyzing. In spite of the fact that such helicopter is specific, the presented topic is common, and 
useful for each system, including ship propulsion system, its accessories and their reliability. 

Keywords: reliability, technical object availability, operational availability 

1. Introduction 

The goal of each system designer is that his or her system will perform its functions in any 
conditions, independently to any kind and intensiveness of any impact of inner and outer factors. 
The real world with practical conditions of system working guarantee that the system will meet 
problems in the future, hard to predict during design process, which could disturb or even stop its 
work eventually. The question is: how prepare the system to protect it from disturbances.  

The effectiveness measure of the system is the probability performing the job by the system 
successfully. This is presented by below equation: 

OGREf                                                                    (1) 
where:

Ef - probability that the system will perform the mission successfully; 
R - probability that the system will perform its intended functions for a specified intervals, 
G - probability that the system will be available to perform its intended functions in required time, 
O- probability that the system will be suitable for its intended functions and specified conditions. 

 Each of the elements mentioned above has crucial importance for entire system performance. 
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 This paper is focused on readiness, or more precisely, on operational availability (Ao) of the 
technical object – the item (TO), which could represent any object or system, including propulsion 
system, single engine, and its accessories. 
 The maritime helicopter performing its missions from middle class ship has been chosen as the 
object for the analysis. Despite to its specific functions and missions, it could be good example to 
present the Ao and the way for modeling its value. 

2. Technical object (TO) availability index 

One of the most important parameters of the maintenance of the TO is its availability. 
Availability is a function which characterizes its ability to start to perform specified task(s), in 
specified conditions just after, or previously determined time after, when it is called. 
The measure of the availability is „K“ index, which determines the probability of the event, that 
the item will be at UP state at random moment of time [18]. 
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TETE
TEK                                                 (2) 

where:

Tk` – random variable- determining UP time of the item between failures,
T n   – random variable- determining the time of the repair.  

Practically in most cases we use simplified relation, which describes steady value of K - index, 
assuming that the time of using (operating) and the time of recovery have both exponential 
distribution..

MTTRMTBF
MTBFK g                                               (3) 

where:

MTBF – Mean Time Between Failure, 
MTTR – Mean Time to Repair. 

All military forces maintain the enormous number of systems, which are to be used when it is 
needed, so they must have high level of availability.  
The availability of systems is widely described in NATO and US Department of Defense 
standardization documents: [10, 11, 12, 13, 14, 17].  

There are few availability indexes:  
A i – (Inherent Availability)  - (designed),  
Aa – (Achieved Availability)  - (technological),  
Ao – (Operational Availability) - (practical).  
 The equation (3) for Kg index is true as well as for Ai index - inherent availability

MTTRMTBF
MTBFA i                                                 (4) 

The Ai is calculated during design process (it includes reliability parameter - MTBF and connected 
with it the time of repair - MTTR). This shows that Ai does not include all parameters which are 
met during real operation conditions of TO. Specially it does not include the time which is 
necessary to perform preventive or any scheduled maintenance and time for logistic system 
response.
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 Next index - Aa (availability achieved technologically) includes preventive maintenance 
already but still ignores the delay of the logistic system.  

MMTMTBM
MTBMA a                                                    (5) 

where:

MTBM - Mean Time Between Maintenance on the object, 
MMT    - Mean Maintenance Time on the object. 

 In the real operation the most important is the real level of availability of TO, which is 
described by operational availability Ao. This index includes all real time factors, which have 
impact on availability of the item (TO). 
 The general relation for Ao is: 

TdownTup
TupA o                                                         (6) 

where:

Tup     – Up time of the object 
Tdown - Down time of the object  
Up time – time that the item is in the customer’s possession and works 
Down time – total time that the item is not operable / not usable 
The sum of  times: Tup and Tdown – gives us the TT (Total time of considered item operation 
period).

US Navy [17] definition for operational availability (Ao):  probability that the system will be 
ready to perform its specified function, in its specified and intended operational environment, 
when called for at a random point in time. 

MLDTMMTMTBM
MTBMA o                                           (7) 

where:

MTBM – Mean Time Between Maintenance, 
MMT    – Mean Maintenance Time (for all type of maintenance: preventive-scheduled, corrective 

– non scheduled), 
MLDT - Mean Logistic Delay Time.  
Ao is determined by reliability (MTBM), maintainability (MMT) and supportability (MLDT – 
Mean Logistic Delay Time). 

Slice different definition of operational availability is presented in the NATO standard 
document [11]:  the probability that an equipment / system at any instant in the required operating 
time will operate satisfactorily under stated conditions where the time considered includes: 
operating, corrective and preventive maintenance, administrative delay time and logistic delay 
time.

I order to be closer a little bit to the real conditions of item operation, for more precise 
determination of Ao, is easier to apply below relation: 

ALDTTCMTPMSTOT
STOTA o                             (8) 

where:

OT  - Operating Time, 
ST  -  Standby Time, 
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TPM -  Total Preventive Time, 
TCM - Total Corrective Time, 
ALDT - Administrative and Logistic Delay Time. 

TPM – dependent on the item maintenance system, item maintainability, personnel skill level, 
maintenance material package – taken with the item for operation period, properly calculated for 
range and depth,
TCM – dependent on the item reparability, spare parts package properly calculated for range and 
depth and support equipment (SE) set all taken with the item (i.e helicopter spares and SE stored 
on the ship), skills of maintenance personnel, availability of additional (non organic for item) 
repair facility, etc.
 There is unbroken link between TCM and ADLT, because in most cases the logistic system is 
alerted and run when the item failure occurred and the spares or material package does not cover 
the needed material, or there is no proper specialist,  or equipment or data on hand to perform the 
Corrective Maintenance.

).().( USNavywgMLDTNATOwgALDT (9)
ALDT includes: 
MSRT - Mean Supply Response Time, 
MadmDT - Mean Administrative Delay Time) – for obtaining necessary data, publications, 
documents, special support equipment, personnel, training.  

 I would like to focus your attention on the fact, that among of these three measures: TPM, 
TCM, ADLT, which determine the Time UP, the ADLT measure has definitely the most 
significant impact on Ao value, because it dominates the others. The estimated range of ALDT is 
from several to hundreds of hours, or even (but very rarely) up to few thousand of hours. 

3. Shipboard helicopter 

 In order to fulfill the requirement of the contemporary maritime operation theatre the shipboard 
helicopter is operationally integrated with the ship weapon system. Thanks to this the helicopter 
increases the offensive and defensive capabilities of the ship. Practically it increases the chance of 
the ship to survive on the modern sea battle field. 
For this paper the SH-2G type helicopter operating form the Oliver Hazard Perry class frigate was 
chosen as the object for the analysis. 
The SH-2G Super Seasprite helicopter was designed according to US Navy LAMPS (Light 
Airborne Multi Purpose System) Mk. I concept [7]. The main goal of LAMPS is to increase the 
combat capability of the single ship by improving capabilities of her own helicopter. 
According to LAMPS Mk. I the helicopter must be ready to perform following tasks: 
1. primary missions: 

-  ASW – Antisubmarine Warfare, 
- ASST - Anti-Ship Surveillance and Targeting) 

Present conflicts for War on Terror have added to primary missions also the asymmetric missions 
– ship antiterrorist protection. 
2. secondary mission:  

- VERTREP – Vertical Replenishment, 
- SAR - Search and Rescue, 
- MEDEVAC  - Medical Evacuation, 
- COMREL – Communications Relay. 

Additionally LAMPS required that the shipboard helicopter must have the HIFR (Helicopter In 
Flight Refueling) capability. 
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 The operation of the maritime helicopters (performing tasks from costal bases or ships) is 
definitely more complicated than the land base helicopters operation, due to specific maritime 
weather conditions: increased level of humidity and salt of water and atmosphere, and rapid 
changes of the weather conditions (wind, fog, precipitation).
For the shipboard helicopters the above phenomena level are multiplied by open ocean conditions, 
and appears additional problems unique for maritime deployment. 

4. Availability of helicopter on ship 

 Taking into account the equation (1), the operating model of aircraft (ME) could be presented 
in categories of probability [4, 5]: 

),,(),,,,(),(),,( 1 ZLOZLttGtRtME oo (10)
where:

ME - probability of performing the aviation task (ZL) at the operating model of aircraft, 
R (to, ) - reliability of aircraft, 
G(to, t1, , , ZL) - availability to perform the task ZL, after the  time  and maintained during the 
aircraft mission time  - ,
O ( , , ZL)  - suitability as function of technical means and measures necessary to perform the ZL 
task,
t - current time, 

 - time of achieving the availability G( ), where  = t1– to,

 - time of aircraft mission. 

 The above aircraft model which realizes the air task (ZL) could be presented on graphic form. 
Besides mentioned parameters as: availability (G), reliability (R) i suitability (O), the ME model 
considers such elements as: Flight Safety (BL), Durability (TR), Survivalability ( ),
Maintainability (PE) and Logistics (L). 

Fig.1 Operating Model of Aircraft conducting the Air Task 

 Based on above model, in similar way we can describe the Operating Model of Ship 
conducting the Sea Task (ZO). 
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Fig 2. Operating Model of Ship conducting the Sea Task 

 The components of the MEO model depend on parameters of particular subsystems of the ship 
or those which have impact on the MEO. In spite of the fact that aviation detachment is onboard of 
the ship during the maritime mission, and it is integrated with ship weapon system, the Operating 
Model of Shipboard Helicopter (ME P) should be separated from Operating Model of the Ship 
(MEO) because of its specific operation, maintenance in reference to ships systems. 
 Having analyzed the ME P, we need to remember that Air Task (ZL) is subordinate to Sea 
Task (ZO) and that ME P and MEO models have close relationships in range of: availability, 
dependability and suitability. Moreover between these two models there is the a sphere, where 
ME P elements  are included in MEO model structure as well. This is for instance: food, 
accommodation, medical assistance ship services and common supply channel of the logistic 
system. This intersection is eliminated when the helicopter performs the mission for non host ship 
(i.e. other ship from own Task Group). 

Fig 3. Operating Model of Deck Helicopter conducting the Air Task for home ship. 

The set of factors having influence on helicopter maintenance process during deployment we 
can divide into 3 groups: 
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- I - requirements; 
- II - limitations; 
- III – operational – environmental conditions. 

Group I  - ship mission requirements for helicopter operations  
Group II – set of limitations of the ship and helicopter (aviation detachment), which reflects the 
capability to fulfill the requirement of the Group I, 
Group III  -describes the outside conditions, which generally no ship, neither aviation detachment 
have influence on, but must be considered during the mission as well. 
Group I requirements includes: 

- the basic - priority of the ship mission, 
- requirement of helicopter multipurpose usage (multipurpose missions), 
- requirement of availability of the helicopter for the total time of the ship mission 

(deployment) readiness for 24 hours a day , 7 days a week, 
- requirement of availability far away from home base and supply channels, 
- requirement of all weather i climate conditions readiness, 

Group II – limitations includes: 
- ship class which determines her dimensions and autonomy: 

- limited dimensions of the landing deck on the ship, 
- limited maintenance and storage space, 
- limited accommodation and food services capabilities, 

- capability of aircraft facility on the ship, 
- ship repair shops capabilities, 
- operational limitations of the helicopter: 

- frequency and duration of Preventive Maintenance (PM), 
- frequency and duration of Corrective Maintenance (CM), 
- limitation of available of flight hours (due to higher level of maintenance 

requirement or time components status) 
- limitation of performing the air mission (ZL) because of safety of helicopter 

operation (usage and maintenance) 
- limited number of helicopter maintenance personnel embarked on ship,  
- health limitation (psycho and physical) of the ship crew and aviation detachment, 
- lack of the spare helicopter on the ship; 
- limited access to spares and PM material, based on taken packages and effectiveness of 

supply channel of the logistic system,
- limitation of the logistic system (especially delay of it reaction). 

Group III includes: 
- region of operation (distance from home base and supply pipes), 
- time of the mission (deployment), 
- climate – weather conditions, 
- composition and capabilities of the other ships of the Task Group, 
- the goe – political conditions (peace, war), 
- the combat capability of the enemy. 

5. Conclusion

 Presented above set of factors show us, how many elements have influence on keeping the 
helicopter on the ship during deployment time ready to use when it’s needed. Because of 
limitations and parameters impact, there is no possibility to achieve the 100% of Ao for his 
helicopter during several months deployment. Based on experience of the US Navy and Doutche 
Marine the available asymptotic level of Ao (for 1 embarked helicopter) is 90%. Taking into 
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account presented before examples the biggest potential for improvement had Group II – 
limitations. Searching the better Ao we should focus the attention on ALDT parameter. Similar 
method for Ao improvement could be chosen for other than helicopter systems, for instance a ship 
and her subsystems. 
 This article shows that during analysis the effectiveness of any system, including ship 
propulsion system, there is necessary to deeply consider of the system availability, which is 
modeling by both: its subsystems and outside parameters. 
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Abstract

The paper deals with problem influence of changes settings variable stator vanes axial compressor of  gas turbine 
engine on work parameters of compressor and engine. Incorrect operation of change setting system of variable vaness 
could make unstable work of compressor and engine. This situation is unacceptable because of mechanical overloads 
which could demage the engine. This paper presents theoretical analysis of situation described above and presents 
results of own researches done on real engine. 

Keywords: gas turbine engine, axial compressor, variable stator vanes 

Parameters, abbreviations and subscripts:

1 - air stream outlet angle with stator vanes,  
KW - setting angle of variable stator vanes,  
1, 2 - air stream inlet and outlet angles in rotor vanes, 

ca - axial component of air stream absolute speed,   
c1a - axial component of air stream absolute speed on rotor blades inlet, 
c1a cal - calculating value axial component of air stream absolute speed on rotor blades inlet,  
CCS - space between high pressure compressor and combustor, 
CS - space between low pressure compressor and high pressure compressor, 
CO - combustor, 
HPC - high pessure compressor, 
HPT - high pressure turbine, 

S - compressor efficiency, 
i - air stream inlet angle on rotor blades,  
LPC - low pressure compressor, 
LPT - low pressure turbine, 
LPTPTS - space between low pressure turbine and power turbine, 
m - air mass flow, 
n - compresssor rotor speed,   
pfuel - fuel pressure, 
Pnom - nominal engine power,  

S - compression ratio,  
TS - space between high pressure turbine and low pressure turbine, 
u - circumferential speed,  
w1, w2 - air stream relative speed on inlet and outlet rotor blades,   

wu - air stream whirl in rotor,  
z - number of inlet guide stator vanes,  
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1. Introduction 

A compressor is a part of gas turbine engine especially sensitive on change their technical state 
during operation process. Polluted atmospheric air flowing in compressor caused permanent 
change of interblades ducts shape, rise of blades surface roughness and change of compressor rotor 
mass. It exerts an important influance on compressor stable work, change their characteristic and 
engine performance and efficiency. In compressor construction is assembled system of setting 
change of variable stator vanes its task is made optimal cooperation engine units during permanent 
improvement of compressor characteristic. Perturbations in operation of this system could cause 
changes in work of compressor and engine similar like changes of rotational speed or polluted 
interblades ducts of compressor. 

2. Purpouse of researches 

Purpouse of investigations made on real engine was determination influance of incorect 
operation of axial compressor inlet guide variable stator vanes control system of gas turbine engine 
on parameters of compressor and engine work.    

Compressor characteristic is relationship between compression ratio S, compressor efficiency 
S and air flow mass  and compressor rotational speed n. It makes possible to determine the best 

condition of compressor and another engine units mating. Characteristic is using to select optimal 
conditions of air flow regulation and assessment of operational factors on compressor parametres. 
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Fig. 1. Schema of flow round of axial compressor rotor blades during constant rotor speed  
and variable air stream inlet angles: a)  calculating inlet angle, b) positive inlet angle, c) negative inlet angle 

Compressor unstable work is explained on Fig. 1. This Fig. presents schema of flow round of 
axial stage compressor rotor blade which is moving with constant rotational speed n. For this stage 
is made change of air flow intensity . Fig. 1a presents schema of flow round for optimal stage 
efficiency. Relative speed vectors w

m
1 and w2 have parallel direction to center line of blade profile. 

It causes laminar flow of air stream in interblades ducts. Decrease of air flow intensity (Fig. 1b) for 
constant circumferential speed u causes decrease axial component of air stream absolute speed ca.
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It takes effect increase of air stream inlet angle i on rotor blades. This situations favours tearing off 
laminary boundary layer on convex blades surfaces and forming vortex regions. 

Similar effect takes place on concave blades surfaces (Fig. 1c) when air flow intensity 
increases during constant circumferential speed u.

m

For critical values of air stream inlet angle i by formated vortex regions of lower pressure, can 
occure air stream back off in inlet compressor direction. It could cause rapid rise of stream 
fluctuations transmited on engine construction. This situation is undesirable and dengerous on 
account of mechanical and thermal overload of engine construction [2].

Therefore compressor should be so controlled in operational range of rotational speed that the 
compressor and engine mating line has a stock of stable work. The main rule of compressor 
control during change of their rotational speed or flow intensity is to keep up the stream inlet 
angles i values near zero. One of the most popular ways of axial compressor control is changing 
their flow duct geometry by application of inlet guide stator vanes or variable stator vanes                    
of several first compressor stages [2]. 

u
u

c1ac1a’

c1a”
w1

w1”

w1’

...

a) b) c) 

variable stator vanes 

rotor blades 

1

a1’’

1

a1’

Fig. 2. Axial compressor stage control by change of setting angle of stator vanes during changing speed  
of flow stream: decreasing axial speed, b) calculating axial speed, c) increasing axial speed

This solution makes possibile to change of air stream inlet angle on rotor baldes of compressor 
stages by change of stator vanes setting angles during change of compressor rotational speed.             
Fig. 2 illustrates, on example one stage of compression, rule of regulation of variable stator vanes.

For average values of operational range of compressor rotor speed is situation on Fig. 2b                 
– speed values and directions with subscript 1. In this situation is intermediate angle setting of 
stator vanes. Air stream inlet angle on rotor blades do not cause disturbance of stream flow by 
interblades ducts. For lower values of compressor rotor speed and in consequence lower values of 
absolute axial component speed c1a’, it is necessary to reduce the stream outlet angle of variable 
stator vanes 1 (Fig. 2a). The angle reduction range should allow keeping the same value of stream 
inlet angle on rotor blades. Analogical situation takes place during work of compressor with higher 
rotational speed. For higher rotational speed absolute axial component speed c1a’’ increases. In this 
situation for keeping stable work of compressor and in consequence constant value of  stream inlet 
angle on rotor blades, it is necessary to increase the stream outlet angle of variable stator vanes             
– Fig. 2c. 
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Application in gas turbine engine construction of control system of flow ducts geometry has            
a bearing on run of unstable processes [3]. 

3. Object and course of researches  

The object of researches is type DR 77 marine gas turbine engine. It is three-shafts engine with  
can-ring-type combustor chamber and reversible power turbine. Fig. 3 illustrates block diagram          
of DR gas turbine engine with marked control sections of flow duct and measuring parameters.  

Fig. 3.  Block diagram of DR gas turbine engine 

 In compressor construction configuration of this engine there are used inlet guide stator vanes 
which make possibilities to change setting angle incidance (change of compressor flow duct 
geometry) in depend on engine load. This process is operated by control system which working 
medium is compressed air received from last stage of high pressure compressor. On Fig. 4 are 
presented elements of control system of variable stator vanes.

Fig. 4. Elements of control system of variable stator vanes DR type engine 
1 – moving ring, 2 – stator vane, 3 – cleaning and cooling block, 4 – strand, 5 – control actuator 
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Block diagram of flow control signal is presented on Fig. 5. Compressed air from last stage               
of high pressure compressor is supllied to working space of control actuator by cleaning and 
cooling block. Compressed air exerts pressure on control actuator elements. It causes moving of 
control piston which is connected with moving ring. This ring moves on circumference of 
compressor body. Ring is connected with stator vanes by levers. When the ring is moving stator 
vanes realize rotational motion changing the air stream outlet angle 1.
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Fig. 5. Block diagram of stator vanes change setting mechanism;  
CO – combustor, HPC – high pressure compressor, K – variable stator vane 

In cleaning and cooling block are holes. During researches air stream was bleeded by holes and 
less air was supplied to actuatir. It caused change of setting angle KW of variable stator vanes and 
in consequence of that change of flow duct geometry.  

Experiment was carry out an engine load 0,5Pnom. For this load setting angle KW of variable 
vanes takes value - 4o. During change engine load in whole range from idle to full load setting 
angle KW of variable vanes changes in range from -18o to + 18o. Realizing experiment a few 
parameters of engine work was measured and registered for three different setting angle KW of 
variable vanes: A –– KW  = - 4o, B –– KW  = - 11o, C –– KW  = - 18o. Tab. 1 presents measured and 
registered parameters of engine work.  

Tab. 1. Parameters of engine DR work measured during researches  

Parameter   Measurement range Parameter name 
nLPC 0  20000 [min-1] low pressure rotor speed 
nHPC 0  22000 [min-1] high pressure rotor speed 
nPT 0  10000 [min-1] power turbine rotor speed 
p1 -0,04  0 [MPa] subatmospheric pressure on compressor inlet  
p21 0  0,6 [MPa] air pressure on low pressure compressor outlet 
p2 0  1,6 [MPa] air pressure on high pressure compressor outlet  
pp 0  10,0 [MPa] fuel pressure before injectors 
T1 -203  453 [K] air temperature on compressor inlet 
T42 273  1273 [K] exhaust gases temperature on inlet power turbine 

4. Results of researches 

Fig. 6 presents results of experiment. Prameters are depend on time of mesure and setting angle 
of variable stator vanes. On Fig. 6 are presented those parameters which are the most sesitive on 
change of vanes setting angle. Change vanes setting from position A to position C caused increase 
air flow resistance by stator vanes. In consequence of that subatmospheric pressure on compressor 
inlet p1 decreases (Fig. 6c). It causes pressure decrease in next parts of compressor and engine 
flow duct (rys. 6de). In this way reduced air density flowing by compressor, for stable quantity              
of stream fule supllied to combustor, causes increase of compressors rotor speed. The most visible 
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is increase of low pressure compressor rotor speed (rys. 6a) caused by directly influence on this 
compressor incorectly setting  variable stator vanes. Range of change this parameter is above 2% 
value of rotational speed for undisturbed angle setting of vanes.   
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Fig. 6. Change of engine DR work parameters in function of variable inlet guide stator vanes setting angle:  
A –– KW  = - 4o, B –– KW  = - 11o, C –– KW  = - 18o
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 Gasodynamical conection between low pressure compressor and high pressure compressor 
absorbs disturbances work of low pressure compressor which are transferred on high pressure 
compressor. Therefore range of change high pressure compressor rotor speed is lower than low 
pressure compressor. In this experimental it is below 1% and it is in measuring error of sensor 
range.

Change of subatmospheric pressure is above 5% undisturbed value of this parameter. Changes 
of low and high pressure compressor outlet presure are adecuately above 1,3% and above 2,4%  
undisturbed value of angle setting KW  = - 4o.

Changes of pressure and air mass flow intensity values accompanied disturbing work of 
compressor, during constant fuel mas flow intensity in combustor, caused enrichment of fuel 
mixture. As a result of that, temperature combustor outlet gases increases. In experiment was 
confirmed tendency changes of gases tempertaure values even though range of thoses changes is in 
measuring error of sensor range.   

5. Conclusions 

 On the base realised theoretical consideration and experimental researches we can draw                    
a conclusion that incorrect operation of control system of inlet guide variable stator vanes or first 
stages stators vanes gas turbine engine compressor exerts negative influence on compressor work 
and engine performances.     
 Multi-shaft construction of gas turbine engine reduces effects of incorrectly setting of variable 
vanes. Therefore compressors of three-shaft gas turbine engine do not require variable stators 
vanes as many stages as compressor of two-shaft engine with the same achivements.  
 Preliminary researches confirme necessity for making inspection of correct operation                    
of variable stator vanes system control. It makes possibility of elimination this factor from group 
of factors informing about technical state of engine which are identified during diagnostic 
inspections.
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Abstract

 The intended aim of the paper is to present a problem of reaching engineering maturity by a technical object 
being introduced into service and designed for emergency activities. These are objects and systems associated with 
those of basic performance. Failures to the latter ones are hazardous to safety. Models of availability analysis, in 
particular of servicing by teams of specialists have been based on the theory of Markov/semi-Markov processes. The 
method of analysis has been introduced using a ship-helicopter as an example. 

Keywords: maritime systems, safety, reliability, maintenance, service 

1. Introduction 

The question of reaching engineering maturity of objects newly introduced into service usually 
consists in coming up to the nominal level of availability, starting however from the underrated 
one.

The underrated level of availability results from both higher failure rate and longer servicing 
and repair times throughout initial stage of operational phase. From this standpoint, particular 
attention should be paid to emergency/rescue vehicles. Any ship-helicopter exemplifies such 
objects.

When consideration is given to such technical objects, prior to formulating a model of 
availability estimation, some simplifying assumptions should be made: 

- all transitions from the state  to the state Ei Ej  show discrete nature (are described 
with a discrete random variable),  

- mean time of the object’s staying in the state ‘i’ before transition thereof to the state ‘j’ is 
described with a random number or function, 

- both operational states S = {1, 2 … r} and duration thereof tij are mutually independent, i.e. 
they cannot occur simultaneously, 

- all possible transitions can be described with an operation/maintenance graph that does not 
change its form throughout the time of examining the problem, i.e. T0.

If the operational phase of these objects satisfies all the above-mentioned assumptions, a model 
of a Markov/semi-Markov process of some finite number of states can prove a proper analytical 
model.
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2. A model to calculate functional availability of technical objects  

2.1. Determination of boundary probabilities for the Markov chain 

On the grounds of analyses of the operational phase of any technical object that performs 
indivisible tasks (sea voyages, flights) within emergency and rescue systems it has been found that 
such an object can remain in one of the following states: 
S1 – being on duty (waiting for a task), 
S2 – operating, and
S3 – emergency object under refurbishment (becoming replaced with a capable one).
 Furthermore, the following assumptions have been made to formulate a mathematical model of 
the operational phase from the point of view of availability analysis: 

- any technical object can remain at any time instance in only one of possible states, 
- in the course of performing tasks, the objects fail at random time instances, 
- time needed for the object’s refurbishment (replacement with a capable one) is strictly 

determined, 
- duration of the process T0 has been pre-set. 

 A diagraph representing the operational process (Fig. 1) is a representation thereof. There are 
interrelations between all the states (they ‘communicate’ with each other), thus generating 
a reducable chain [3, 4].

S2S1

S3

S1 - being on duty (waiting for a task) 
S2 - operating (performing a task) 
S3 - refurbishment (replacement)

Fig. 1. A graph illustrating the technical object’s operation 

   Presented in Fig. 1 is a 3 x 3 square matrix of transitions of the process; all transitions from the 
state ‘i’ to the state ‘j’ are possible for this matrix:

M1=[pij]3x3 = . (1) 
0

0
0

3231

2321

1312

pp
pp
pp

Ergodic probabilities pj can be calculated from the boundary of the matrix of transition in n
steps  by means of solving either a system of linear equations or an equivalent matrix 
equation [3]: 

n
n MM 1

jj
T

ij
i

iijnjj
ppMppnpp 1)(lim ,  when

j
jp 1, (2) 

where:
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TM1  - transpose of the transition matrix M1,
pj - boundary probability, 
pij  - probability of transition from state ‘i’ to state ‘j’.

. (3) 
0

0
0

)(

2313

3212

3121

1

pp
pp
pp

pM ij
T

According to both the relationship  and the normalisation condition 

, in the matrix notation the boundary (ergodic) probabilities p

][][1 jj
T ppM

j
jp 1 j are calculated according 

to (4) and the system-normalisation condition (5): 

, (4) 
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1

3
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, (5) 
1

1
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3

or as the forms of linear equations (6): 

. (6) 

1321

3223113

2332112

1331221

ppp

ppppp

ppppp

ppppp

After having solved the system of equations (6), the following formulae to find boundary 
probabilities are arrived at: 

2
13323112

323112232112
1 )(

)(1
p

pppp
pppppp

p , (7) 

13323112

323112232112

323112

2112
2

)(
)(11

1
pppp

pppppp
ppp

pp
p 1 , (8) 

2
323112

2112
3

1
p

ppp
pp

p . (9) 

Table 1 gives estimates of probabilities pij that the object remains in a particular state found for 
a real operational process: 
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Tab.1. Probabilities pij that the object remains in particular operational states 

Si/j S1 S2 S3

S1 0 0,91 0,09
S2 0,95 0 0,05
S3 0,5 0,5 0

After having substituted the assumed values of pij from Tab. 1 into eqs (7) – (9), the boundary 
probabilities for the Markov chain are arrived at (Fig. 2). 

0,49728 0,4361

0,0665
0

0,1

0,2

0,3

0,4

0,5

p1 p2 p3

Markov chain

Fig. 2. Boundary probabilities for the Markov chain

2.2. Finding boundary probabilities for the Markov/semi-Markov process 

Technical objects under operation are featured throughout their whole life cycles with 
different times of performing servicing and/or repairs. Fig. 3 shows characteristics of 
changes in servicing time and of coming up to the nominal time.

t

30t

IIt3

F(tL)

I II 

tL

tt I3

Fig. 3. Characteristics of changes in servicing time and of coming up to the nominal time 

 Interval I – the time of learning, featured with relatively long and gradually decreasing 
servicing and repair times. This is an effect of coming up to the engineering maturity in production 
and operational phase, including the teaching/learning of the staff expected to provide new objects 
introduced into service with maintenance (getting rid of errors in maintenance procedures and 
techniques, acquiring new habits). 
 Interval II – a ‘plateau’ period, i.e. time of proper operation/maintenance, in the course of 
which the failure rate keeps constant or nearly constant. It usually results from random failures and 
errors made by servicing personnel. 

188



 For Interval I (Fig. 3), a model of the semi-Markov process might prove a proper mathematical 
apparatus to describe operational phase. The semi-Markov process is a Markov process, 
throughout which mean times of the emergency object’s staying in the state ‘i’ prior to transition 
to the state ‘j’ are random functions of time.  

In phase I, mean time of transition from the state of refurbishment )(3 tt I  to other states for 
t = 0 reaches maximum and decreases down to reach the mean time of refurbishment calculated in 
Phase II (Fig. 3). The time dependence can be described with the exponential function as: 

II
t

III ttttt 3
/

3303 exp)()( , (10) 

where:

)(3 tt I  - time of transition from the state of refurbishment to other states within Interval I, 

30t  - assumed maximum time of performing the refurbishment, 

IIt3  - the expected value of time of performing the refurbishment in phase II (Fig. 3). 

Operational data show that the maximum time of ‘learning’ (tL) how to provide new 
emergency objects with servicing amounts to 7 days. Since usually tL = t90%, the learning 
constant can be found (Fig. 3):

9,0
)()0(
)()0(

FF
tFF L    therefore, 9,0

330

%)90(330

II

II

tt
tt , (11) 

1,0
Lt

, (12) 

303,210ln
Lt

, (13) 

304,3
303,2
7

303,2
Lt  days. (14)

Hence, the form of time dependence for the learning period is as follows: 

1020)( 3
3

t

I tt , (15) 

where:

It3  - random function of time of staying in the state of refurbishment at stage I, 
t ={0,1,...,7} - random variable of physical time of ‘learning’ measured with days.

Mean times of staying in the state of refurbishment are what is arrived at after having 
substituted possible values of t in eq (15) for stage I. Then, transition rates are found according to 
(18) and (19) and substituted in the system of equations (21); values of probabilities pj (Tab. 2) are 
calculated for variable rates of transition 3j from the state of refurbishment to other states. 
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Tab.2. Expected values of time of staying in the state of refurbishment for stage I 

t [days] )(3 tt I )(3 tI )(1 tp I )(2 tp I )(3 tp I

0 30 44 0,735216 0,248457 0,016327 
1 24,3804 54,1427 0,737471 0,249219 0,013309 
2 20,3397 64,8975 0,739102 0,24997 0,011128 
3 17,3605 76,0368 0,740309 0,250178 0,009513 
4 15,2764 86,4077 0,741155 0,250464 0,008381 
5 13,8053 95,6161 0,741754 0,250666 0,00758 
6 12,7089 103,88 0,742138 0,250797 0,00698 
7 11,9477 110,4824 0,742511 0,250922 0,006567 

10 132 0,7427 0,25081 0,00552 

at:
)()()( 32313 tttttt I , (16) 

where:

)(3 tt I  -  function of time of refurbishment at stage I, 
)(31 tt  -  function of time of refurbishment prior to transition to the state of being on duty, 
)(32 tt  -  function of time of refurbishment prior to transition to the state of operation. 

Figs 4 – 6 illustrate probabilities pj(t) throughout the period of learning. 
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Fig. 4. Values of probabilities p1(t) for the semi-Markov process, the state of being on duty 
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Fig. 5. Values of probabilities p2(t) for the semi-Markov process, the state of operation 
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Figs 4 and 5 prove that for both the state of being on duty and the state of performing the task, 
respectively, values of probabilities p1 and p2 gradually increase in the real time, whereas for the 
state of refurbishment decrease is observed (Fig. 6). 
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p 3
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Fig. 6. Values of probabilities p3(t) for the state of refurbishment 

 As time passes by, i.e. time for progress in learning how to service new devices/systems, the 
number of errors made by the staff who operate/provide maintenance of objects recently 
introduced into service decreases, which means lower and lower probability that a failure occurs 
due to incorrect operational use and maintenance. 
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For stage II (Fig. 3) featured with constant failure rates it has been assumed that the Markov 
process X(t) of finite phase space  = {S1, S2, S3} is a model of operating/servicing technical 
objects.

If:
X(t) = 1, at time instance t the object is in the state of being on duty (waiting for a task), 
X(t) = 2, at time instance t the object is in the state of performing a task, 
X(t) = 3, at time instance t the object is in the state of refurbishment. 

The stochastic process X(t), i.e. the Markov process of some finite set of states S can be 
completely determined by means of the following: 

- initial distribution of the process X(t) = [1,0,0], 
- matrix M of probabilities of changes of the states for the Markov chain, 
- matrix of intensities of transitions  of the process. 

The  matrix has been built on the basis of the digraph shown in Fig. 1: 

. (17) 

333231

232221

131211
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Intensities ij and ii of the states S1 – S3 for the Markov process under consideration, 
calculated by test, have been given in Table 3. 

Tab. 3. Matrix of intensities of transitions while operating a technical object throughout stage II 

ij/ ii 1 2 3

1 -34,879 32,154 132
2 100,32 -98,0392 66
3 132 132 -132,15 

with ij calculated according to the relationship: 

ij
ij t

1 , (18) 

where:

ijt  - mean time of staying in the state i before transition to the state j.

Diagonal rates have been found as: 

ij
ijij Jj ij

ij
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Jj
ijij

i
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ij

iii

n

tn

n

t
t

1
111/1 , (19) 

where:

ij  - frequency of transitions from the state i to the state j,

ij  - rate of transitions from the state i to the state j.

According to the theory of Markov processes, for ergodic processes the matrix equations are 
satisfied [3]: 

, (20) 0][ j
T p

where:

 = [ ij] - matrix of rates for diagonal ii and non-diagonal elements ij.

According to eq (20) for the matrix notation with the normalisation condition, the following is 
arrived at: 
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After having solved the above-shown system of equations the following formulae for 
boundary probabilities of the Markov process are arrived at:
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With values taken from Tab. 3 and substituted into eqs (23) – (25), boundary 
probabilities (Fig. 7) are obtained for the Markov process (stage II).
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Fig.7. Boundary probabilities pj at stage II for an emergency object
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The calculated rate of functional availability for stage II is: 
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3. Conclusion 

 The paper has been intended to introduce a method of determining functional availability of 
technical objects introduced into service, in particular, within rescue systems. The required 
characteristics of such objects are availability and readiness to perform tasks that arise at random 
time instances during the duty. Hence, the objects usually perform tasks, or keep waiting in the fit-
for-use state. 
 A three-state Markov/semi-Markov model has been used for analysis; the object’s lifetime has 
been divided into three stages. The first one: for objects of a new type recently introduced into 
service, the rate of failures due to servicing errors gradually decreases. The second one is the time 
of constant failure rate and constant functional availability. For the first stage (Fig. 3) the semi-
Markov process has been assumed., for which mean times of refurbishment have been described 
with the exponential function. The second stage has been described with the Markov process. The 
effect is that, on the basis of data, rates of functional availability have been calculated, according 
to the following relationship: 

3
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21
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j tp

tptpK .

 The rates for particular stages are as follows: 
1) stage I, for which some increase in the rate of availability KI = 0.983  0.993 is observed; 

this results from the improvement in quality of performing services, 
2) stage II of constant availability KII = 0.993, in the course of which constant errors are made 
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