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Abstract

The authors indicate design changes in injection systems that result in increased tribological loads of atomizers. It
is observed that mechanisms of tribological wear of atomizers should be examined in detail. The following four
tribological nodes were identified in an atomizer: guide-cylindrical part of the needle, atomizer seat-closing cone of
the needle, needle front surface-front surface of injector spring, atomizer front surface-body front surface. A limited
set of one type of atomizers was visually examined. Typical images of damage for each node are presented and wear
mechanisms are described as well as the feedback between the technical conditions of atomizer tribological nodes and
the node load. The authors indicate that: the technical condition of the needle-guide node affects the force imposing a
load on the other nodes, the wear of needle front surface-spring node and the seat-needle cone node results in an
increased travel of the needle; the time to failure should be considered as the time to the loss of tightness and depends
on the distribution of wear on the ring circumference of the conical seat-needle contact.

Keywords: technical diagnostic, combustion engine, injection system, atomizer, tribological nodes, tribological wear
1. Introduction

Until recently injection systems of marine engines were not essentially changed for decades,
and statistics of engine failures showed that components ranked high. At present growing
requirements relating to exhaust emissions and fuel consumption force manufacturers to introduce
dramatic modifications in injection systems. In case of atomizers it is predicted that their design
will not change significantly, however their mechanical and thermal loads will be increasing. In
order to maintain the efficiency and acceptable loads of atomizers it becomes necessary to
examine closely the mechanisms of their wear, particularly tribological wear.

2. Atomizer defects

Atomizers are affected by various loads. As a result of these loads, atomizer elements get worn
out. Due to the specific construction and load acting on atomizer elements, possible wear can be of
various type: erosive, tribological, mechanical fatigue, thermal fatigue, corrosion and creep.
Specialist publications lack comprehensive descriptions of atomizer wear mechanisms,
considering mostly causes and effects of damage and providing relevant images.

In order to meet requirements on emissions of exhaust gases imposed by the EPA and IMO,
fuels used in ships contain less sulphur (below 4.5% depending on the trading range of the ship),
and injection system makers increase injection pressures and implement a possibility of multiple



injection. Here are example data: injection pressures ranging from 250 to 2200 bar (even 2500 bar
is projected), flow intensity in the injector — 400 to 1300 cm’/30 s at trial oil pressure of 100 bar,
injected fuel dose 1.5 to 450 mm’/stroke, a sequence of up to seven injections will be possible [2].
With such operating conditions, we can expect that corrosive load will decrease, mechanical and
thermal loads will increase and so will friction path length.

Mechanical load that acts along the friction path results in tribological wear of atomizer
elements that make up tribological nodes. Four tribological nodes can be identified in an atomizer:

1. Guide—cylindrical part of the needle.

2. Atomizer seat—closing cone of the needle.

3. Needle front surface—front surface of injector spring.

4. Atomizer front surface-body front surface.

The latter of the mentioned nodes usually makes up a stationary connection and becomes a
tribological node only in certain conditions, while tribological wear in such node is an effect of
wrong workmanship and assembly of the injector.

It should be assumed that there exists a feedback between the nodes, so that the wear of one
node affects the wear process of the others. Conclusions from the relevant literature are that the
process of tribological wear depends on thermal load and condition of the separating liquid, and
that apart from tribological wear in the nodes there may occur chemical and erosive wear.

The tribological nodes were visually examined in a limited set of one type atomizers.

3. The node: guide—needle cylindrical part

The function of this node is to provide the movement of the needle so that the centre line of the
needle—closing cone is aligned with the centre line of seat cone preventing any seizure of the
needle in the guide. The guide—needle node is a congruent node lubricated by overflow fuel. In
ideal conditions the load and friction are next to zero. Unavoidable deviations of shape and
position, such as misalignment of the cones, orifices and cylinders, and solid particles cause
pressures perpendicular to the needle centre line resulting in significant increase of friction.
Abrasive wear is the main type of damage. Solid particles that get into the node may cause damage
in the form of grooves and cracks, mostly parallel to the needle and guide centre lines, Fig. 1.

Fig. 1. Cracks and grooves on the surface of needle guiding part

Cracks are caused by hard particles pushed into the needle guiding surface, while grooves are
an effect of particles rolling between the guide and the needle. Hard particles pushed into the guide
may cause on the needle guiding cylinder the formation of strips of cracks parallel to the
generatrix. The strip length is measurable and can be a measure of the actual needle travel.



4. The node: seat—needle cone

The function of this node is to provide tight closing of the injector in both directions: fuel to
the combustion chamber and exhaust gases to the injector and to deliver an optimal amount of fuel
to the combustion chamber as a function of crankshaft rotation.

In the cone-in-cone shape of the node, the internal cone has a larger top angle which makes the
contact similar to that in non-congruent nodes. Under a load deformations occur and the linear
contact changes into a ring contact (Fig. 6). The node will be tight if all defects on the surface
disappear as a result of elastic or plastic strains.

The load on the needle is due to the difference between the force of fuel pressure acting on the
needle cone and the force applied by spring tension.

The seat load consists of the force from spring tension (when the atomizer is closed) and the
dynamic force resulting from needle movement speed relative to the seat, fuel viscosity and the
materials elasticity — friction force in the guide.

The needle movement speed = f(resultant force, needle travel). The needle travel is a
constructional parameter. As it can increase due to wear, it can be a measure of atomizer technical
condition.

The construction and movement direction make the atomizer liable to abrasive and adhesive
wear, pitting and spalling.

Other types of wear are also possible: erosion from fuel and exhausts, thermal wear, corrosive
wear and action of particulate matter.

Images of worn elements of the tribological node seat—needle are presented in figures 2 to 5.

Visual inspection of the seat—needle node results in these remarks:

— both seat cone and needle cone surfaces are subject to wear. The wear of the two surfaces

around their circumference is quasi uniform;

— uniform circumferential wear causes the mating needle—seat area to shift as the wear

increases along the generatrix of the seat cone, Fig. 6;

— the node loses its tightness the moment it becomes a non-congruent node: non-uniform

surface wear of one of the cones results in a break of the seat-needle contact ring;

— as the wear increases, the needle travel also increases; consequently, fuel charge is

increased, exhaust gas temperature rises, etc.

Fig. 2. A new atomizer: the edge of seat cone with a needle



Fig. 5. Fragments of a worn seat: sequence of images from the orifices towards the needle
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Fig. 6. The tribological node seat—needle cone: a) the shapes of cones before operation, b) shape of worn out seat
cone [3]

5. The node: needle front surface—front surface of injector spring

This node conveys the spring pressure force onto the needle. In ideal conditions there should
not be a relative motion between the spring and the needle front surface. Deformations and shape
/ position deviations of the two node elements lead to micro-motions perpendicular to the needle
centre line while the spring is squeezed and expanded. Possibly, also relative motions occur of
both elements along the needle centre line.

The node load depends on the spring tension and condition and is a function of spring lift.

An image of the wear of needle front surface is shown in Fig. 7.

Fig. 7. Wear by spalling of the needle front surface

The prevailing wear on the surfaces of the node under consideration is abrasive wear and
spalling. It follows from [1] that it can lengthen the needle travel, consequently increasing the
speed of needle striking the seat. This leads to higher load, which in turn may be a cause of fatigue
wear: atomizer nipple fractures.

6. The node: atomizer front surface—body front surface

The atomizer and injector body make up a metal-metal contact, therefore both front contacting
surfaces have to be manufactured to meet requirements specifying the allowable deviations of
dimensions, shape and position, assumed by the designer. For the joint to be tight, there cannot be
any assembly errors (e.g. too small a moment of tightening the nut connecting the atomizer and
injector body may lead to fuel leaks into injector coolant). At certain combinations of shape,
position and assembly deviations, the front surfaces of the atomizer and injector may become main
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elements of the tribological node and, apart from erosive and corrosive wear and surface cracks,
abrasive wear will be likely.

Figure 8 presents an example front surface of the injector body: after removing a worn
atomizer (Fig. 8a), and after reconditioning (Fig. 8b).

Fig. 8. Front surface of an injector body: a) worn, b) after reconditioning

7. Conclusion

Tribological wear is one of the main types of atomizer wear. At least three tribological nodes
can be distinguished in atomizers. There is a feedback between the technical condition of these
nodes and their loads. The technical condition of the needle—guide node affects the force imposing
a load on the other nodes. The wear of needle front surface—spring node and the seat—needle cone
node results in an increased travel of the needle, which not only accelerates the wear of surfaces of
the mentioned nodes abut also may lead to a sudden fracture of atomizer bottom (the atomizing
part). The time to failure, considered as the time to the loss of tightness, depends on the
distribution of wear on the ring circumference of the conical seat-needle contact.
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Abstract

This paper presents the results of empirical studies where the acoustic emission (AE) method was applied to identify
the technical condition of sliding surfaces of main and crank bearings for main diesel engines. The test results
indicate that the measurements of the AE parameters allow the technical condition identification for bearings of this
type. The results refer to the measurements of the parameters for AE generated in the bearings whose sliding surfaces
are in various conditions. The results illustrate the changes in AE parameters over time, like RMS (Root Mean
Square), hits, counts, and also signal energy, amplitude, radial loads on bearing, friction torque, time of the mixed
friction occurrence, rotational speed, temperature of bearing shell and oil film. It has been shown that AE can be an
important diagnostic signal that allows disclosure of changes in technical condition of bearings in piston-crank
mechanisms for the mentioned engines, in the early stages of the changes.

Keywords: diagnostics, acoustic emission, slide bearing, diesel engine, damage
1. INTRODUCTION

For operation of internal combustion engines, especially those of marine application, the
information on occurrence of changes in technical condition of their components, especially
bearings in the piston- crank mechanisms which are the most loaded systems, is of significant
meaning [2, 4, 5]. To obtain such information, diagnostic methods and the associated diagnosing
systems that allow early detection of changes in the engine components, which can be considered
as microdamages, are useful in particular. Such methods may include the methods of analysis of
vibroacoustic signals (SWA) and acoustic emission signals (SAE). When comparing to the other
diagnostic parameters, the characteristic feature of the vibroacoustic parameters and acoustic
emission parameters, as the carriers of the information on the internal combustion engine
condition, is a much greater information volume and transfer speed of the information on bad
condition. Preliminary studies have shown that the acoustic emission, however, is more useful
because it discloses changes in the structure condition of engine components in the early stage of
their formation. This is due to the fact that acoustic emission (4E) is a low-energy elastic wave
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generated by a sudden release of energy stored in the material of the engine components, in the
result, for instance, of:
e microslides occurring at the grain boundaries in the micro-regions subject to high stress up
to the material plasticity limit,
e movement of vacancies and dislocations, particularly combined dislocations and movement
of dislocation groups,
e microgaps and their propagation in the materials of engine components.

The last mentioned reason in particular, is a strong source that generates AE. That is why the
application of the acoustic emission as a diagnostic signal for diagnosing diesel engines, is
necessary. The article raises this issue in relation to the main and crank bearings for this kind of
engines.

2. DESCRIPTION OF THE METHOD OF ANALYSIS OF DIAGNOSTIC
USEFULNESS OF THE ACOUSTIC EMISSION PARAMETERS FOR
IDENTIFICATION OF THE TECHNICAL CONDITION OF SLIDE BEARINGS
FOR COMBUSTION ENGINES

For diagnosing the sliding surfaces of the shells of main and crank bearings for diesel
engines, the acoustic emission (4£) method is useful to analyze and evaluate their technical
condition. Such usefulness results from the fact that emergence of the low-energy elastic wave
inside the elements of a slide bearing shell, in consequence of release of the energy accumulated
therein, may be registered by a relevant measuring apparatus, whose diagram is shown in Fig. 1 [5,
7, 10].

M A ——— |

|

{ 4 VALLEN AMSY-5 SYSTEM
{ \[ 6 | _~1- preamplifier with pre-filter,

t 7 filter,

- mamn amphfier,
- electronic umt performung integrations,
differentiations, loganthms and

5 i
| —— i
7 |
A . g E comparisons,
- ’ | |- main processor controlling the system
1

processes, with relevant software,
\ - analogue to digital converter boards,
- data analy=is and venfication unit with
relevant software

A

Fig. 1. Block diagram of the system for testing the elastic waves propagation in shells of three-layer slide bearings: 1
— sliding surface, 2 — bearing layer, 3 — support material,
4 —digital converter, 5 — damage (e.g. a microcrack) in the sliding surface, 6 — signal,
7 — measuring system with software, 8 — measurement unit, 9 — engine block, 10— bearing shell

Thus, the acoustic emission method for testing a slide bearing shell 9 consists in (Fig. 1)
registration of the elastic waves as signals 6, by the measurement unit 8. The elastic waves are the
result of release of the internal elastic energy accumulated in the material of the shell sliding
surface. Further on, the waves are subject to relevant statistical processing in the result of
measuring the acoustic emission parameters [1, 2, 3, 7, 9].

Acoustic emission (4E) occurs in the bearings of internal combustion engines, as a result of
both: microprocesses (microcracks, slides at boundaries, movement of vacancies and dislocations),
and macrophenomenon e.g. macrocracks due to shell volume wear and considerable clearances
due to wear in bearing shell and journal surfaces [6].
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The use of acoustic emission (4E) for diagnostics of bearing shells for the combustion
engines allows registration of the low-energy signals occurring in the shell, with the converter 4
(Fig. 1). This allows to detect a damage in the structure of the shell sliding layers [1, 2, 4, 7].

3. DETERMINATION OF USEFULNESS OF ACOUSTIC EMISSION
PARAMETERS FOR IDENTIFICATION OF THE TECHNICAL CONDITION
OF SLIDE BEARINGS FOR COMBUSTION ENGINES

Determination of the diagnostic usefulness of the acoustic emission parameters requires
making a comparison of the registered AE signals corresponding to the particular technical
conditions for the bearing metal alloy, to the signals characteristic for the undamaged alloys
(which are in full ability). The usefulness should be determined through measurement of the AF
parameters of and their analysis including [2, 3]:

e specification of time when the fluid friction in the bearing becomes a mixed friction,
e disclosure (signal) of first microdamages occurred in the material of bearing elements, in
the form of micro-deformations or microcracks in the shell sliding surface.

The mentioned usefulness was determined through laboratory tests of slide bearing shells at
the test bench, and they included [7]:

e changing the rotational speed value, measuring and registration of the values,

e measuring and registration of the time when the mixed friction occurred in the bearing,
e measuring and registration of the temperature of the tested bearing and oil film,

e changing the radial load on the bearing, measuring and registration of the values.

The studies on the diagnostic usefulness of the acoustic emission (4E) parameters through
determination of the dependence of the changes in the AE parameters on the shell technical
condition, were carried by using the Vallen AMSY-5 System (Vallen - Systeme GmbH). The
system is equipped with various types of AE sensors providing registration of signals in a wide
frequency band [7]. The studies involved such sensors as WD-PAC, WD-PAC with waveguide,
VS 30-V, VS 75-V, VS 150-RIC, VS 150-RIC with waveguide, VS 375-RIC, SE 45-H. The
sensors were mounted on the measurement head at the test bench and the side surfaces of the
tested bearings [7].

The measurements of the acoustic background and noise generated by operation of the test
bench systems were carried in the first phase of the tests. The distribution of the frequency bands
of the signals registered during the tests is shown in Fig. 2.

a)

Fig, 2. Distribution of the frequency bands of the signals registered for wide-band sensors: a) for the range of 100-
300kHz, b) for the range of 20-850kHz
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The frequency analysis of the recorded AE signals allowed identification of the main ranges
of noise and seclection of the frequencies for high-pass and low- pass filters, for further
measurements to eliminate the noise generated by the test bench and other noise sources inside and
outside the laboratory [7].

In order to determine the diagnostic usefulness of the AE signal parameters, the values of the
signal parameters, registered during the tests of a new bearing shell, were compared to the
parameters of AE signals generated by the shells of bearings with simulated damages. The studies
covered three shells as follows:

e anew bearing shell with two holes (Fig. 3a),

o ashell with additional four holes simulating damages from excessive wear (Fig.3b),

e a bearing shell (Fig. 3c) with fatigue damage in the bearing alloy (sliding surface and
bearing layer) presenting surface cracks and detachments of bearing alloy particles, which
result in interrupted flow of the oil film,

e a bearing shell having longitudinal and circumferential grooves which simulate damages in
the shell surface due to rolling some foreign bodies between the shell and the journal (Fig.
4).

a)

Fig. 3. A new shell (a) and a shell with fatigue damage in the bearing alloy: b) simulated damage in the form of holes
with a diameter of 4 mm (@ = 4 mm) every 15°, ¢) cracks in hard substructure and detachments of the bearing alloy
particles

Fig. 4. Simulated damage in the form of grooves, which occurs as a result of rolling foreign bodies in the bearing

16



The relationships between the damages in slide bearing shells of diesel engines (Fig. 3 and
Fig. 4) and the measured AE parameters were established during the studies.

During the tests the following values were registered: hits - the basic parameter of AE source
activity, counts, signal energy, amplitude, RMS (root mean square) that contains information about
the energy of the tested signal, radial load on the bearing, time of the mixed friction occurrence,
rotational speed, temperatures of the bearing and the oil film. The mentioned AE parameters were
used for monitoring the technical condition of slide bearings [1, 5, 6].

The outputs of registration of RMS values for a new bearing and the bearings with damages
shown in Fig. 3 and Fig. 4, are presented in Fig. 5, 6 and 7 [7].
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) Med Freq | | . AR
AL AW / \ (VAL
! NV N TR A M TUE TR
Uiy [
2 Highl Freq
2 Law Freq
Mo st bt i
i il s s (WANSEY
i “IHigh Freqp*
Law Freq?
L L
‘ Time'see -
Fig. 6. RMS for filters of different frequency ranges - fatigue damage in the bearing alloy
(IS VA ND V. N A e N e s
N v Med|Freq
-
=.w
< High Freq*
= [t —_—
N L
Low|Freq
| |Low|Fregf | L
T kﬁ@ vcrlg'gdcdl ||
“Timesee 7

Fig. 7. RMS for filters of different frequency ranges - damage in the form of grooves in the bearing alloy
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Stability in values is found for RMS with high frequency (red line) (Fig. 7 and, to a lesser
extent, in Fig. 5 and 6). A general increase in the values of AE RMS can be stated in all channels,
except for Low Freq*.

The Figures 5, 6 and 7 show the values of measurements obtained in the channels with low,
medium and high frequency for a new bearing (Fig. 5), and for damaged bearings (Fig. 6 and 7).
However, the Fig. 8 presents the emission process in a new bearing and a bearing with simulated
detachments of alloy particles, for the same acquisition parameters, by using VS75-V and VS150-
RIC resonant sensors and the frequency filters installed on the measurement channels [7].
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Fig. 8. Process of acoustic emission depending on time for: a) a new bearing
b) a bearing with a hole that simulates detachments of alloy particles, when the axles are denoted as follows: Hits -
ordinate, Time [s] — abscissa

Fig. 9 illustrates the sum of the signals registered during the determined operation of a
bearing. It demonstrates a change in activity of the signals registered with the VS150-RIC sensor,
which indicates a change in the bearing condition. The early signs of significant wear in the shell
sliding surface were the reason for the sudden increase in AE (Hits) activity.
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Fig. 9. The sum of Hits distribution for the frequency bands

In turn, the Fig. 10 presents the condition of the sliding layer surfaces of bearing half-shells
type MB10 and MB35, after the tests.

Dok
Fig. 10. Bearing half-shells type MB10 and MB35 after the tests - early signs of wear in sliding surface are visible

One of the important targets of the studies was measurement of the AE parameters during
disappearance of the fluid friction and emergence of the mixed friction, at the time of the first
contact of the journal micro-roughness with the bearing shell micro-roughness. During the tests the
rotational speed was gradually reduced at the constant stress maintained. Reduction in the
rotational speed resulted in reduction in oil film thickness, which in consequence led to a drop in
the friction torque generated in the bearing (Fig. 11) and emergence of the contact of the journal
micro-roughness with the shell micro-roughness. The mixed friction which then occurs, causes an
increase in friction torque in the bearing. Therefore, the minimum value of the friction torque
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measured in the tested bearing corresponds exactly to the time of the first surface contact between
the rotating journal and the stationary shell, which, in the first place, polishes the roughness tops.
From this moment the value of torque increases.

Moment tarcia

Naciski Predko$¢ obrotowa

Moment tarcia [Nm]
Predkosé obrotowa x10E2 [obr/min]
Naciski nominalne [MPa]

Czas [s]

Fig. 11. Diagram of changes in the friction torque and the rotational speed, that proceed in the conditions of
interrupted fluid friction, at constant nominal stresses

After stopping the journal in the bearing, the friction torque is proportional to the static
friction coefficient. With the increase in peripheral speed the hydrodynamic pressure starts
emerging, which causes gradual lifting of the journal in the bearing and reducing the amount of
micro-roughness being polished off. This makes a decrease of the friction coefficient to the
minimum value, which is achieved at the time of occurrence of the fluid friction. Further increase
in the rotational speed results in the increase in the speed of the oil flow in the gap and increase of
the friction coefficient [7]. The friction coefficient increase is the result of deteriorating lubrication
conditions due to reducing the rotational speed till the journal is stopped in the bearing. However,
while starting-up and gradually increasing the rotational speed of the journal, the friction
coefficient decreases due to improving lubrication conditions. After reaching the minimum value
by the friction coefficient, its value begins to increase with the increase in rotational speed of the
journal. The activity of AE which was registered at that time, shown in Fig.13, indicated a decrease
of the friction coefficient because of loss of activity of the AF signals. However, an increase of the
friction coefficient between the surfaces of the journal and shells, indicates a sudden increase in
the value of the parameters of AE signals. The activity of AE, registered at that time (Fig. 13),
indicated a decrease of the friction coefficient, due to the loss of the activity of the AE parameters
(Fig. 12). However, the increase of the friction coefficient between the surfaces of the journal and
shells, was accompanied by a sudden increase in values of the AE parameters (Fig. 13). Fig. 13
shows the changes in the AE activity in the form of hits for different frequency bands. The value of
the shaft rotational speed is equal to zero when the friction is the greatest. In these studies, no AE
activity was recorded while reducing the rotational speed of the bearing journal until its rotational
speed reached the value of 700 rpm (Fig. 13b).
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4. REMARKS AND CONCLUSIONS

The conducted tests show that application of the frequency filters allowed to eliminate most
of the operation noise of the test bench. For this type of studies it is necessary to define the noise
when the tested diesel engine is operated.

From the presented results it can be concluded that application of the acoustic emission (4E)
for identification of the technical condition of slide bearings for combustion engines is possible.
The sensitivity of the 4E method allows registration of the AE signals when testing the bearings in
laboratory conditions, which show the disappearance of the fluid friction in the bearings and
occurrence of the mixed friction.

For such studies, it is important to have the classifiers with the Visual Class application and
a large library of measurement data obtained from the tests carried at a laboratory stand.

Such classifiers allow identification of the AE signals generated by damage, when analyzing
the AE signals spectrum, obtained during tests of diesel engine bearings in laboratory conditions.
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Abstract

The lifetime distribution is important in reliability studies. There are many situations in lifetime testing, where an
item (technical object) fails instantaneously and hence the observed lifetime is reported as a small real positive
number. Motivated by reliability applications, we derive the branching Poisson process and its property. We prove
that the branching Poisson process is adequate model for the failure process of the bus electrical system. The method
is illustrated by two numerical examples. In the second example, we derive the times between the failures of a bus
electrical system.

Keywords: mean residual life function, equilibrium distribution, Poisson process, branching Poisson process, primary
and secondary failures, early and instantaneous failures.

1. Introduction

The standard practice in modeling statistical data is either to derive the appropriate model
based on physical properties of the system or choose a flexible family of distributions and then
find a member of the family that is appropriate to the data. In both situations it would be helpful if
we find the model of lifetime that explains the distribution using important measures of indices.
For example, in reliability theory and survival analysis, identification of probability models is
often achieved through studying the characteristic measures such as failure rate function, mean
residual life function, mean time to failure, burn-in time etc.

Occurrence of instantaneous and early failures in lifetime testing is observed in sets of failures of
machines. These occurrences may be due to faulty construction or inferior quality. Some failures
result from natural damages of the machine while the other failures may by caused by inefficient
repair of previous failures resulting from incorrect organization of the repair process. These
situations can be modeled by modifying commonly used parametric model such exponential,
gamma and Weibull distributions. In the papers [14,15,16] the set of the failures of machines is
divided into two subsets, namely into the set of primary failures and secondary failures. This
division suggests that the population of the lifetime is heterogeneous. The set of secondary failures
is “similar” to the set of instantaneous and early failures. The population of time to failures can be
described by using the statistical concept of mixture of distributions. The lifetime distribution as
the mixture of exponential and Rayleigh’s distributions is considered in [14]. The mixture of a
distribution with distribution function F and one-point distribution is often analyzed in literature.
The problem of statistical inference about the set of parameters when F is exponential is analyzed
in [2, 11, 12, 13, 18, 19]. Statistical inference when F is a two parameter gamma distribution is
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investigated in [20] and when F is two parameter Weibull distribution is considered in [21]. In this
paper, we consider the stationary branching Poisson process as a model of the failure process of
bus electrical system. The idea of application of the branching Poisson process to the failure
process was first introduced by Bartlett [4] and Lewis [17].
2. Definitions and background

Let T be a non-negative random variable denoting the life length of a component having the
distribution function F(t) with F(0) = 0, the reliability (survival) function R(t) = 1— F(t), and the
probability density function f(t). Then the failure rate function is given by A(t) = f(t) / R(t). We
also assume that f(t) is continuous and twice differentiable on (0,0). In renewal theory and
maintenance the equilibrium distribution corresponding to lifetime distribution play an important

role. The distribution function of the equilibrium distribution corresponding to the lifetime T is
defined as

Fi(t) = j R(u)du/ET
0

The probability density function of the equilibrium distribution is (see [6])
fe(t)=R(t)/ET
and the failure rate function of the equilibrium distribution is
A e(t) =R(t) / (ET Rg(t)), where Rg(t) = 1— Fg(t)

A key role in this paper will be playing by the mean residual life function. If ET < oo, then the
mean residual life function of T is defined by
m(t) = E(X —t| X >t) = [R(uw)du/R(1) if R(®)>0
t
and m(t) = 0 for t such that R(t) = 0. Then

ET =m(0) :TR(u)du
0

It is well known that the mean residual function uniquely determines by the reliability function
through the following inversion formula

_m©)  r du
R(t) ) exp( £ m(u)>

for all t > 0 such that and R(t) > 0 (see [8, 10]).

The mean residual life function m(t) can have various shapes of those labeled increasing,
decreasing, bathtub and upside-down bathtub (unimodal) are given the most attention. Many
authors [7, 9 ] convincingly argue that the shapes of m(t) and A(t) provide useful information with
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regard to, for example, the quality of a product. The shape of the mean residual life function m(t)
also provides a good idea about behavior of failure rate function and vice versa, but the
relationship between the two is usually very complex. Thus A(t), m(t) and R(t) are equivalent in the
sense that, given one of them, the other two can be determined.

The idea of total time on test (TTT — transformation) processes was first defined by Barlow and
Campo [3]. The TTT — transform has been found useful to study the ageing properties of the
underling distribution. For the distribution function F(t), we define

F'(t) = inf{ x: F(x) >t }, where p € <0, 1).

The function
F(0)

H(t)= j R(x)dx
0

is called the TTT — transform and the function
®p (H)=H'(t)/ET

is the scaled TTT — transform.
It is known that
H'(1)=ET.
Note that if F(t) is the exponential distribution function then scaled TTT — transform is given by
O ()=t for0<t<1.
Now let t()<tp) S, ...,< tm to be an ordered sample from life distribution, and let

Dj=m—j+1)(tgy—tgn), wheret =0,

j
then Si = ZDk forj=1,2,...,n.

k=1

denotes the TTT — transform at t ), where So= 0. The value S ;/ S, is an estimate of the scaled
TTT — transform. The TTT — plot is obtained by plottingu ;= S;/S, againstj/nforj=0, 1, 2,
..., n and joining the points by straight lines. Scaled TTT — transform for some families of the
lifetime distributions are given by Barlow and Campo in [3].

3. Model for failures process

In this chapter of paper, we will construct the model of failures process of bus electrical
system. This process is built up as follows. There is a series of primary failures, separated by the
random variables Z,, Z, ... and each of these primary failures generates a subsidiary series of
failures. In each subsidiary process there are a random number S of failures separated by random
variables Y, Y, ..., Y although S may have the value zero in which case no subsidiary failure
follows the primary failure. The subsidiary process is assumed to be independent of one another
and have identical structure. The complete process is then the superposition of primary failures and
subsidiary failures processes, the assumption is that two types of events are indistinguishable. This
process is called the stationary branching Poisson process. When this process is used as model for
bus failures, a primary event is associated with the initial failure of a component. However, repair
of the bus may not always be effected and then, because the bus uses all of its components all the
time, a subsidiary failure occurs Y later when the failed component is again needed for the correct
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operation of the bus The failed component is finally located and removed after S + 1 attempts as
repairs have been made. Fortunately, this Poisson assumption is reasonable in some applications
and from here we assume that Z;, i =1, 2, ... are independent and identically distributed with the
probability density function.

fz(t)=Aexp(—At), where A>0andt >0.
Then the series of the random variables Z; generates the stationary Poisson process. By the random

variable T, we denote the time between successive failures in stationary branching Poisson
process. Then by [5,17] the reliability function of the random variable T is

1+ ESx Ry (t)

Re(O= =55

exp{—xt—xxEsj Ry (u)du} (1)
0

Then it is possible to derive almost all of the probabilistic properties of the failure process. Now,
the failure process is the stationary branching Poisson process. We denote by T the time between
successive failures in the stationary branching Poisson process.

Let

t
ETx(t) = j R, (u)du
0
By (1), we have

ETr (t) = (1= exp(—¢(t) / (A (1+ ES))
where ¢(t) =L t+ ES jRY (u)du
0

We observe that
ET+(0)=0
ETr(©)=ET=1/(A(1+ES))

By [5] and [17] the formula for the variance DT is given by

D’T = (1 +2 ES exp(—A (1+ ES)) EY) / (A (1+ ES))?
The coefficient of variation of random variable T is

V(t)=1+2ESexp(—A (1 +ES)EY)

Lower and upper bound for the variance and the coefficient of variations can be written as

1/(XM (1+ES)<D’T<(1+2ES)/(A (1+ES))

1 <V(t) <142 ES
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This shows that the coefficient of variations of intervals between the failures in stationary
branching Poisson process is always greater than or equal tol. The mean residual life function of T
can be written as

m(t) = ( ET — ET(t)) / Ry(t)
and

m(t)=1/¢’(t)

From the above, it is clear that the random variable T has the following properties:
Property 1. The mean residual life function m(t) of the life time T is increasing.
Property 2. For the function ¢(t), we conclude that ¢’(t) > 0 and , ¢*’(t) < 0.
Property 3. The failure rate function of the lifetime T is

M) =0’() — 07 () / 9°(1)
Property 4. The distribution function of the equilibrium distribution is given by

Fe(t) =1— exp(—o(t)) for t > 0
Property 5. The failure rate function of the equilibrium distribution is given by
Ae(t) = @(D)

4. Numerical examples

Example 1. In this example, we assume that the random variable Y has Weibull distribution with
the reliability function

Ry(t)=exp(—at® fort>0,a>0,b>0.
Also, we assume that ES = 1, a = 0.5, A = 1 and be {1.5, 1.75, 2}. For its parameters sets, we

obtain unimodal failure rate functions Ar(t) of T. Figure 1 shows the realization of numerical
calculation of Ar(t).
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Fig.2. Failure rate function for be {2, 2.5, 3}

In the second part of this example, we assume that a=0.5,A=1 and be {2, 2.5, 3}. Realization of
these computation shows Figure 2. All the failure rate functions are decreasing.

Example 2. The object of the investigation is a real municipal bus transport system within a large
agglomeration. The analyzed system operates 190 municipal buses of various types and makes.
In this example, we consider a real time data on failure of the electrical system of a bus. The data
set contains n = 2565 times between successive failures of the electrical system of a bus. We apply
the maximum likelihood estimates of the parameters a, b and A. As the initial solution of the
likelihood equation, we give b = 1. We calculate the values of the parameters a = 0.8744, b =
0.40729, A = 0.05457, and ES = 1. For these values of parameters, we prove the Kolmogorov’s
test of goodness of fit and compute the associated p—value = 0.87. It shows a good conformity of
the empirical data with the distributions with reliability function (1). Figure.3 shows the reliability
functions for this example. Figure 4 shows the graphs of the function ¢r(t) for estimated
parameters, @g(t) for data set and @gpxp(t) for the exponential distribution. Figure 5 shows the
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graphs of the empirical TTT-transformation of empirical distribution (TTTe), estimated
distribution (TTTt) obtained by (1), and for the exponential distribution (EXP) (see[1]).
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5. Conclusions

In this paper, we study the lifetime model for instantaneous and early failures of bus electrical
system. When the parameters are estimated, it is possible to apply for further calculations, such
that as MTTF (Mean Time to Failure), burn—in time, the failure rate function and the replacement
time. The development of efficient parameters estimation methods for this failure process model
and their application for times to failure modeling are topics for further study. An application to a
real data set shows that this model may be applicable in practice.
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Abstract

In this paper, mixture of two normal distributions is proposed to accommodate the values of rail vehicles
parameters. We also present the most commonly used maximum likelihood estimation to fit the two component mixture
of normal distribution using data sets of rail vehicles.

Keywords: rail vehicles, speed of train, mass of train, mixture of distributions, maximum likelihood method, normal
distribution, EM algorithm

1. Introduction

Monitoring the values of parameters of rail vehicles is a very important factor of safety in rail
transportation. In this paper, we analyze some parameters of rail vehicles. Values of these
parameters are collected by DSAT system. This system screens the values of parameters of rail
vehicles with various types of construction of bearing axles and train brake. It is applicable to
various diameters of the wheels. System DSAT is installed on a straight rail line. System DSAT
finds the following symptoms:

(a) improvement of temperature of a bearing axle — function GM,

(b) non working brakes — function GH,

(¢) exceeded pressure on axle ( NO) or exceeded linear pressure ( NL) — function OK,

(d) deformation of surface wheels — function PM ( PO),

The system DSAT registers the following values of parameters:

(e) speed [km/h],

(f) number of axles,

(g) length of train [m],

(h) number of railway carriage,

(i) mass of train [t].

The values of these parameters are the heterogeneous sets. It is a result of the fact that the rail
vehicles moving on the analyzed path execute different tasks, such as transportation of people and
cargo.

In this paper, we use the mixture model for investigating a complex distribution of parameters of
the rail vehicles. The mixture model has a wide variety of applications in technical and life
science. Because of their usefulness as extremely flexible method of modeling, finite mixture
models have continued to receive increasing attention over the recent years, from both practical
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and theoretical points of view, and especially for lifetime distributions. The problem application of
the mixture of distributions to lifetime analysis is considered in [4, 5, 6, 7]. Fitting the mixture
distributions can be handled by variety of techniques, this includes graphical methods, the methods
of moments, maximum likelihood and Bayesian approaches ( see Titterington et al. [14],
McLachan G.J. and Basford K.E [9], Lindsay [8], McLachlan and Peel [10], Furhwirth- Schnatter
[3]). Now extensive advances have been introduced in the fitting of the mixture models especially
via maximum likelihood method. Among all, the maximum likelihood method becomes the first
preference due to the existence of an associated statistical theory. The maximum likelihood
method is making by expectation maximization algorithm ( EM algorithm ). The key property of
the EM algorithm has been established by Dempster et al. [1] and McLachan G.J. and Krishan
[11]. The EM algorithm is a popular tool for solving maximum likelihood problems in the context
of a mixture model. We will focus on maximum likelihood techniques in this paper since the
estimates tend to converge to true parameters values under general conditions. Maximum
likelihood estimation procedures seek to find the parameters values that maximize the likelihood
function evaluated at the observations.

2. Analysis of measurements

The research object is a real transportation rail system. In this rail system, the gauge registers
four parameters for n = 360 of trains for 6 days.
It is known that the measurement parameters are dependent. For this purpose, we calculate the
matrix of correlation of a random variables (X, X,, X3, X4 ), where X is speed, X, is number of
axles, X3 is the length of train, X4 is the mass of train. The correlation matrix K of the random
variable X = (X, Xz, X3, X4) is given as

1
—-0.81601 1
—0.75576 0.923385 1
—0.68109 0.782682 0.689303 1
All correlation coefficients are statistical significant under p — value, p < 0.0001. In Fig. 1, we

illustrate the relation between the mass and the length of the train, however Fig. 2 illustrates the
relation between the mass and the speed.
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Fig. 1. Relation of mass versus length
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Fig. 2. Relation of mass versus speed
3. Model of distribution of parameters

The fact that the analyzed sets are heterogeneous caused that in order to analyze of the
probability distribution of parameters of the rail vehicles is not applicable to the various
distributions such Weibull and gamma. In this paper, we analyze two-component mixture
distribution of distributions as the distribution of examined parameters. Let X and Y be the
independent random variables with the density functions fj(x) and f;(x), the cumulative
distribution functions Fi(x) and Fy(x), the reliability functions R;(x) and Rx(x), the failure rate
function (hazard function) A;(t) and A,(t). Distribution function of the mixture X and Y is described
by the following formula:

F(x)=p Fi(x) + (1-p) F2(%),

where p is the mixing parameter and 0 <p < 1.
Analogously for the density function f(x) and the reliability function R(x), we can write as

f(x) =p fi(x) + (1 - p) £(x),
R(x) =p Ri(x) + (1= p) Ry(x).
The mean value of the random variable X is
EX=pm; + (1-p) my,
however the variance of X is
D*X =po’+(1-p) ol
The failure rate function of the mixture can be written as the mixture [4]:

M) = o (1) M(0) + (1 — o) A1),
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where A(t) = f(t) / R(t), o (t) = pRy(t) / R(t), Ai(t) and A,(t) are the failure rate functions of the
lifetimes X and Y. Understanding the shape of the failure rate function is important in reliability
theory and practice.

Teicher [12, 13] introduced the concept of identifiability and developed a theory of identify
mixtures. The concept of identifiability plays a vital role in the analysis of the finite mixture
model. A mixture is identifiable if there exists a one to one correspondence between the mixing
distributions and resulting mixture. The inference procedures on the mixture distributions can be
meaningfully discussed only if the family of mixture distributions is identifiable.

The basic problem is to infer about unknown parameters, on the basis of a random sample of size
n on the observable random variable X. The first opinion of the data from the DSAT system shows
that the mixture of two normal distributions is a proper model for analyzed parameters. The
density function of the mixture of two normal distributions can be written in the following form

p (x—m1)2]+ l-p _(X_mz)z] (1)

exp[— exp[
\2n5] 267 \2753 203

We will estimate five parameters mj, my, 6;, 62, p of the density (1). To estimate parameters
® = (mj, my, o1%, 6%, p) we will use the likelihood method. The likelihood function for the mixture

(1) is
2 2 . 2 2
L(Xls X2, -..5Xp: My, My, 61, 02, p) = Hf(xi : mlsmz sG] aG29p)
i=l

The logarithm of the likelihood function is

. 2 2 _
f(X, mls mZa 61,02, p) -

n

In L(x1, X2, ...,Xp: My, My, 012, 022, p)= Zln f(x; :ml,mz,cf,cg,p)
i=1

We compute the first partial derivative:

E)lnLZZ“:l p ep[_(xi—ml)z (x; —m,;) o
an’11 i=1

X 1%
A \2no} 207 o}

6lnL=i 1 1-p eXp[_(xi—mz)z]x(xi—mz) -0

A 2 2
om, A 2762 20, S

i=l1

3 2 2 2
olnL &[ 1 - X; —m X; —m X, —m
=> |- P (cf)zexp[—( Vo, P exp[—( )7 DARY P

os? 5 221 267 [2no? 267 262 ]

omL &1 p L, (x;-m,)’  1-p
=D | —[- (c3) ? exp[— 1+ exp[—
oot 2| Al 2 207 et T 26l ) 2l

(Xi_m2)2 (Xi_mz)2 _

olnL &1 1 x; —m,)’ X; —m,)?
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where A = f(x;; m;, my, 612, 6% p)-

To find the maximum log-likelihood function, we set the first partial derivative equal to zero.
In finite mixture model, the EM algorithm has been used as an effective methods to find maximum
likelihood parameters estimation.
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4. Real data set

In this chapter of paper, we will estimate the parameters m;, my, (512, (522, p of the mixture two
normal distributions for the random variable X;— speed of train, X; — number of axles, X3 — length
of train, and X4 — mass of train. By A-KS we describe the value of the goodness of fit statistics
A- Kolmogorov.- Smirnov We used o procedure EM algorithm given for special case of normal
mixtures by Hastie et al. [2]. The estimated parameters, K-S test statistics and p — values for four
random variables are given in Table 1. All considered the parameters of rail vehicles shown good
conformity the empirical distributions and the mixture distributions.

Tab.1. Values of parameters of mixtures

Random Parameters of mixture goodness of
variable fit statistic p— value
my myp (o] (o)) p r—KS
Xi—speed| 51.270 78.115 7.8284 2.6947 0.5315 0.3780 0.99
X,—axles | 37.609 151.49 12.570 43.104 0.5310 0.6102 0.85
Xj-length | 191.92 599.77 72.529 109.84 0.5476 0.9153 0.56
X4— mass| 381.66 2051.8 39.215 788.59 0.7381 0.8543 0.53

The graphs of the components ( ft and ft-1) of the mixture and the density function (ft-2) of
mixture are shown in Figure 3.
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Fig. 3. The factors of mixture and the density function of mixture
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Fig. 4. The distribution function of speed (Fe) and the mixture (Ft)
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Fig. 5. The distribution function of number of axles (Fe) and the mixture (Ft)

The graphs the distribution function of the speed and distribution function of mixture are shown in
Figure 4. We conclude that the mixture two-normal distributions is consistent model with the
empirical distribution of the speed. The graphs of empirical distribution of the number of axles and
the distribution function of mixture two-normal distributions are shown in Figure 5. In this case,
we observe that both distribution are consistent too. The distribution functions for the length and
the mass is given in Figure 6 and Figure 7.
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Fig. 7. The distribution function of the mass (Fe) and the mixture (Ft)
5. Conclusions

We use the mixture of two-normal distribution model for investigating complex distributions of
the rail vehicles. It is shown that the mixture of two normal distributions is useful for exploring the
complex distributions. Lastly, we fit the two component mixture normal distribution to data set
using EM algorithm to maximize the likelihood function.
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Abstract

In the paper, the basic assumptions of diesel engine cylinder system's diagnosing method, based on observation
of emerging and moving electric charges of ionized gas in the combustion workspaces, using Langmuir's probe. In the
first part of the paper, only the technology of the measurement and results of the preliminary diagnostic tests of
laboratory engine Farymann Diesel D10 were presented. The primary purpose of the research was confirmation of
susceptibility of a control diesel engine to a completely original measurement method that enables a precise
determination of the angle of fuel's self-combustion. To verify the diagnostic utility of the obtained measurement data,
simultaneously, the measurement of the cylinder pressure and generated vibrations coming from injection system and
engine valve train (measured on the cover of the head or its tie bolt) were carried out.

The reaserch were financed as a part of a Reaserch Task No 4 "Elaboration of integred technologies of fuel
and energy production using biomass, agricultural waste and other" under a strategical programme of scientific
research and development works "Advanced technologies of energy production”, co-financed by NCBiR and ENERGA
S.A.

The solution of the measurement of the angle of fuel's self-combustion presented in the article was applied to
Polish Patent Office. The application number is P.402669, titled:, Ukiad monitorowania kqta samozaplonu paliwa,
zwlaszcza w cylindrze silnika o zaptonie samoczynnym z zastosowaniem sondy Langmuira”. (The monitoring system
of the angle of fuel's self~combustion, in the cylinder of a diesel engine using Lagmuir's probe")

Keywords: technical diagnostics, diesel engine, Langmuir's probe
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1.Introduction

In spite of dynamic development of diesel engine cylinder system's diagnosing methods, the
basic method of the evaluation of the workspace technical condition is parametrical evaluation of
the work process, based on measurements of the pressure change in cylinders, using more precise
digital indicators. The development of optical-electronically technique is so enormous that the
measurements, concerning low-speed marine diesel engines, are carried out almost continuously
(on-line) for it is enabled by high durability of modern fiber pressure converters (Optrand) [2].

Most of presently used, more excellent digital indicators, enables the obtainment of
expanded indicator graphs, i.e. the course of pressures in the cylinder (measured on or ahead of
indicator valve), imposed on properly filtered course of accelerations of generated vibrations from
injection system and engine valve train (measured on the cover of the head or its tie bolt) that are
referred to the angle location of the crankshaft (piston GMP). They are the basic source of
diagnostic information for engine's workspace.

On the basis of simultaneous measurements of pressures in cylinders, vibrations of cylinder
heads and the rotational speed of crankshaft it is possible to calculate the following diagnostic
parameters of the engine workspace (figure 1):

p[bar]

150
p max oM 2
< ptde 1160 [ar]
pmax: 1424 [bar]
apmax: 800 [deg]
pexp: 445 [bar]
pmax mm: 184 [min]
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pind: 1064 [kw]
texh: el
amaxdp pacau: 200 [arl
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dp/da ¢ \ \ e
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N
Angle [deg] LEMAG WPRENET
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Fig. 1. Parameters characterizing expanded indicator diagram and the graph of the vibration envelope generated
from the cylinder head cover: p,., — maximum pressure of combustion, p,, — maximum pressure of compression
(optionally compression pressure for an angle 10° before TDC), p.;s — expansion pressure for an angle 36" after TDC,
Deharg — Charge air pressure, Oypq — angle of maximum combustion pressure, og — self-ignition angle of fuel, Oyaxa —
angle of maximum dp/da, oy, — intake valve closing angle, ays — fuel injection timing, oyyy. — fuel injection end angle
maximum pressure of compression and combustion - peomp [bar], pmax [bar],

mean indicated pressure of individual cylinders - MIP [bar]

power indicated of individual cylinders and whole engine - PIND [kW],
speed of pressure increase in cylinder - dp/da [bar/0OWK],

angles of opening and closing the injector - aynys, oinge [OOWK],

angle of fuel's self-ignition beginning in cylinders - ag; [0OWK],

angles of opening and closing cylinders' valves - oy, [0OWK].
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It enables us to perform:

o the evaluation of engine's cylinders tightness,
the evaluation of equality of the load for individual cylinders,
the evaluation of injection system and valve timing regulation,
the evaluation of whole engine's achievements,
the evaluation of engine and powertrain mechanical loss,

e the prognosis of time of engine's proper work.

The key metrological issue of the diagnostic process algorithm above is precise
determination of the combustion beginning (the point of fuel's self-ignition) in the indicator graph.
There are two methods of conduct:

a) on the basis of a derivative waveform of the cylinder pressure registered [9, 3, 6],
b) b) on the basis of the course of polytropic compression exponent [8].

The research carried out by the Authors of this paper enabled to suggest the original
method of determination of the combustion beginning in the Diesel engine, based on entering the
electrical probe, so called Langmuir's probe [1,4,5] directly to its combustion chamber. It enables
the record of plasma generated in the combustion front fuel's parameters, after the initiation of air-
fuel mixture self-ignition. The verification of the diagnostic method used is based on comparative
analysis of measurement results acquired in simultaneous indication of cylinder and measurement
of electrical signal course (voltage Uy,), acquired in standard resistor Ry,=1Q included in the
measurement system with Langmuir's probe.

2. The description of measurement system with Langmuir's probe.

The construction of Langmuir's probe is shown in Figure 2. It consists of two spaced metal
electrodes positioned in space, where electrical charges can occur. The electrodes are connected to
the power source Uy and there's a voltage in between them and is consistent with the voltage of
the power source used. If an electrical charge occurs in the space between electrodes (as electrons
or ions), it causes flow of electric charge in seemingly detached electrical network.

Time of electric current flow (and its value) depends on time of electric charges occurring in
the space between probe's metal electrodes. If Langmuir's probe is successfully entered to the
workspace of diesel engine cylinder during the combustion process, it is expected that fuel self-
ignition initiation will be accompanied by electrical charges formation. Electrical charges
occurring along with combustion will be registered by Langmuir's probe.

If the moment of charge's formation (the beginning of fuel's self-ignition) with angular
location of crankshaft, this time correlation enables to determine the angle of fuel self-ignition asi.
In order to determine the time of charges formation occurring during the combustion process in
relation to the course of pressure changes in the cylinder space, it is necessary to carry out
simultaneous measurement of the pressure and voltage parameter of plasma generated.
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Fig.2 Structure and operation of the Langmuir probe

The operation of Langmuir's probe shown in figure 2 indicates when it is entered to the
cylinder space, in the case of hydrocarbon flame initiation, in probe's electrical network an I,
amperage occurs. Langmuir's probe consists of metal electrode polarized with U,y voltage. An
engine's trunk usually consists of a long electrode, which is why the probe should be isolated from
the trunk. The simple measurement system shown in figure 3 allows an observation of Iy
amperage change. Oscilloscope allows both observation and registration of Uy, voltage change
existing on R, dimmer, as a result of electric current flow with I;.
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Fig.3. Langmuir probe circuit and registration setup with oscilloscope. It has to be noticed that the power source of
an oscilloscope must be isolated (separated).

In passing it should be noted that it is vital to use the isolated (separated) power source for
oscilloscope. Lack of this separation results in short circuit of oscilloscope's probe screen with
electrical mass of diesel engine.
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3. Technical capabilities of Langmuir's probe use in diagnostic research - the results of
operating preliminary research.

The access to the serial engine cylinder space is possible only through indicator and due to
that, it is imposed to manufacture Langmuir's probe in a way that enables simultaneous
measurement of electrical charges and pressure in cylinder workspace. It means that an appropriate
intermediate connector is required, so called adapter. It is vital to account a limit of measurement
technology used that is existence of high temperatures and pressures in cylinder workspace.
Furthermore, if the engine was not standard equipped in indicator valve (or it is impossible to enter
the probe through indicator valve), an additional technical hole should be performed in its head.

Preliminary experimental research was carried out in laboratory conditions using one
cylinder diesel engine Farymann Diesel type D10, loaded with hydraulics power system.

The research place consists of the following compounds:

e diesel engine, four-stroke, one cylinder, "Farymann Diesel" type D10, with power
N= 5,8 kW and nominal rotational speed n=1500 rotations/minute, displacement -
765 cm3, cylinder diameter - 90 mm and compression level 1:22,

e hydraulics pump, meshed, of series No21, produced by ,,Warynski Hydraulika” Sp.
7 0.0.- Warsaw,

e hydraulics engine, meshed, of series No21, produced by ,,Warynski Hydraulika” Sp.
z 0.0. — Warsaw,

e measurement and control equipment,

e installation and fittings of hydraulics system,

e hydraulic oil tank,

e diagnostic equipment.

The whole installation is built into the foundation of multi-machine auxiliary system
produced by MotorfabrikenBukh A.S. Dania.

The engine is equipped in the cast of ignition paper, a screwed cylinder head. The hole of
screwed cast of ignition paper has a cut thread M14x1,25 that is used in indicator valve installation
(figure 4).

a) b)

Fig. 4.The view of indicator valve installation seating in place of ignition paper - a) and b)

Figure 5 presents an applied prototype of Langmuir's probe, measurement equipment used
and the method of its installation on the engine, with simultaneous application of electronic
indicator. An important limitation of the technology used is a necessity of such probe's electrode
leading so the required isolation from ship's trunk. It is still necessary to carry out an experimental
research in order to discover the influence of exhaustion gases on condition (loss) of the isolation.
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Fig. 5. Research equipment: a) the structural form Langmuir probes used in the study (on the right is shown the
adapter which enables the simultaneous measurement using Langmuir probe and the electronic indicator), b) the
plasma current combustion front recorder, c) mounting the electronic indicator "C LEMAG PREMET" (1), d)
mounting acceleration sensor of vibration generated on the cylinder head (2) and Langmuir probe (3).

There is a strong influence of soot existing in exhaustion gases, which is a good electrical
conductor, can cause a short circuit in the probe's construction.

The implementation of preliminary research program, that had confirmation of theories
described above as its basic purpose, required simultaneous measurement and registration of the
following control parameters:

e pressure in the cylinder,
e acceleration of the generated vibration of cylinder head,
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e rotational speed of the crankshaft,
e plasma potential.
The measurements were performed in the condition of established engine work in idle and
an example results (presented as indicator graphs and registered oscillograms) are presented in

Figure 6.
a)
:
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Fig. 6. Recorded signals: a) cylinder pressure (1) and cylinder head vibration (Il), b) and c) electric potential of the
plasma.

The analysis of registered time courses of plasma potential changes (fig. 6 b and c) indicates
an occurance of steep time signal slope, characteristical for beginning of fuel's combustion process
in the cylinder of diesel engine. Its shape is analogus to the course of heat discharge in workspaces
of such engines [7]. Numerical data shows that the time of signal increase is about 0.1 ms, which
enables precise determination of fuel's self-ignition moment in the engine examined.
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4.Summary

The precise determination of angular location that accompanies fuel's self-ignition in diesel
engine is a primary condition of expressing a reliable diagnosis of its workspaces and fuel
reinforcement system. The observation of emerging and moving electrical charges of ionized
exhaustion gas using Langmuir's probe, that is entered into engine's workspace through indicator
valve, brings completely new possibilities.

The preliminary research of a laboratory diesel engine using Langmuir's measurement
method confirmed its high utility values and diagnostic usefulness. The object characterized in
very good control susceptibility, which is a good prognosis for further diagnostic research in
conditions of using biofuel.

Further works will be focused on perfecting the technology of the measurement and software
in order to precise synchronization of all observed engine's control parameters registration,
allowing the comparative analysis of their courses and angular location of the crankshatft.
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Abstract

Air transportation as a fast-growing transport mode provides the constantly innovating constructions. Security is
an integral factor in determining the movement of the aircraft. The paper contains an analysis of landing operations
including emergency states. Describes the flight rules with inoperative engine. All these parameters have a direct
impact on ensuring safety of passengers and crew members.

Keywords: air transportation, security
1. Introduction

Air transport plays a major role in the development of world economic activity and remains
one of the fastest growing sectors of the international economy. One of the key elements that
contribute to the maintenance of civil aviation development is to secure safe, efficient and
environmentally sustainable means of transport, at the global, local and regional level.

Air transport is the safest mode of transport, but still air accidents remain inevitable. The
causes of air accidents are different and largely dependent on the current flight phase of an aircraft.
Most critical phases of flight are takeoffs and landings, due to potentially dangerous proximity of
the earth's surface [5]. These two flight phases must be performed with adherence to basic safety
rules and the procedures for takeoff and landing must be strictly followed.

2. Characteristics of the landing operations

A very important operation that the aircraft has to perform before coming to a safe standstill is
landing [4]. This part of flight can be defined by applying two main guidelines. The first one is
meeting the premise that the distance needed to land should not be greater than the distance
available. Considering the length available for landing it should be realised that this phase begins
at 50 feet above the runway, whereas landing ends once a complete standstill has been reached.
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The speed to be achieved when coming to 50 feet should not be less than 123% of VSRO1 and not
less than VMCLZ. This speed is called Vrgr 3,

Another prerequisite to be fulfilled during the landing operation is to make sure that the aircraft
can be quickly taken off the runway while maintaining an appropriate climb angle. Included both
in the JARs" and the CS-25°, these requirements are slightly complicated and divided into the two
parts: for the climb angle of the aircraft with all engines operative and that with one engine
inoperative.

With the climb angle values required for the aircraft with all engines operative, the right
parameters can be achieved to take off the aircraft and make a go-around. These requirements
specify the constant climb angle value of at least 3.2% of the engine power available eight seconds
after the initiation of the go-around procedure, but the climb speed has to meet the following
conditions [1]:

1) should not be less than:
a. 108% of VSR6 for aircraft with four engines in which increasing the power
results in a substantial reduction of the stall speed,
b. 113% of Vgr for all other aircraft types,
2) should not be less than Vycr,
3) should not be greater than Vggr.

The climb angle required after take-off with one engine inoperative is another part of the
second requirement included in the JARs and the CS-25 that should be met by the aircraft for
safety reasons. This requirement is supposed to ensure the right climb angle for the aircraft with
one engine inoperative to go around. For such an aircraft configuration, the constant climb angle
should not be less than 2.1% with the operative engine’s power sufficient for take-off. This value
is referred to the maximum landing weight, the extended landing gear and the climb speed based
on the normal landing operation, but it should not be greater than 1.4 of Vgr. The described values
are reasonable for twin-engine aircraft only. For three-engine aircraft, the climb engine should not
be less than 2.4%, whereas for four-engine aircraft, it should not be less than 2.7%. It should be
noted that all climb angle values are referred to the air, i.e. they depend on weather conditions.

The JARs specify the climb angle requirements in more detail, concluding that the weight of
the aircraft climbing after a failed landing should be sufficient to achieve the projected climb angle
values. If this weight were exceeded, the aircraft would not be capable of meeting the requirements
in this respect.

Landing takes place not only in the air, but also on the ground [2, 3]. The most important issues
in this segment are the criteria for the length of the distance necessary for landing. The regulations
state that the pilot has to make sure that the weight of the aircraft for the correctly estimated time
required for landing enables a complete standstill from a height of 50 feet and falls within:

- 60% of the available landing distance for turbojet aircraft,

- and 70% of the available landing distance for turboprop aircraft.

Landing is that stage of flight when the aircraft reaches a height of 50 feet above the runway
before it comes to a complete standstill. Such landing can be divided into two stages. One relates

! Vgro — indicative landing stall speed

2 Vycr — minimum landing speed at which the aircraft with one engine inoperative is controllable

® Vrer - the speed values associated with achieving Vsro and Viicr

* JARs (Joint Aviation Requirements) — European aviation regulations of the Joint Aviation Authorities

’ CS 25 — Certification Specifications 25 — specifications of the European Aviation Safety Agency for large passenger
aircraft.

6 Vgr — stall speed used to determine other speeds of the aircraft as a percentage reference.
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to the time when the aircraft is in the air and the other to the time when the landing gear constantly
touches the ground. In a projection onto the ground plane, the airborne part usually is 1000 feet
and specific steps have to be taken within this distance. After reaching a height of 50 feet the pilot
completely reduces the thrust of the engines and raises the nose of the aircraft. With such
a configuration in place, the main wheels of the aircraft are the first to touch the runway when
landing. One should also bear in mind that descent techniques vary depending on the aircraft and
will be totally different for lightweight aircraft and different for large aircraft, e.g. operated by
transport companies.

Another landing stage relates to the ground part, which comprises the movement of the aircraft
from touchdown until a complete standstill [10]. Similar to the airborne part, there are specific
operations that have to be performed. After the wheels of the main landing gear touch the ground,
reverse thrust and an appropriate flap configuration can be used. By introducing such solutions, the
aircraft can securely lose speed. Nevertheless, in reality the aircraft cannot come to a complete
standstill on the runway, but only at a certain location beyond it. Therefore, the aircraft is brought
to an appropriate minimum speed so as to reach the destination point.

Fig. 1. Landing Descent Diagram

Another factor affecting the characteristics of aircraft movement during landing is resistance
force. This force is responsible for the reduction of forward progression. The two forms of this
force should be taken into consideration when landing: aerodynamic resistance force and wheel
rolling resistance.

Wheel resistance force and braking force are further components affecting the total resistance.
The first force relates to the resistance of the wheels rolling down the runway, whereas the second
one to the resistance generated by applying the brake shoes to the brake disc. The wheel rolling
resistance comes to analysis when the first wheels of the main landing gear touch the ground. As
the lift force in the initial landing phase on the ground, immediately after touchdown, is still
significantly low, the rolling resistance will not be so efficient as it is when the lift force decreases.
It is so because the force of gravity is somewhat balanced by the lift, resulting in a low efficiency
of such resistance. If you change the flap configuration, the lift force decreases, increasing the
share of the rolling resistance in the total impact of resistance forces. An increase in this force can
be observed for the entire time of the retarded movement down the runway, and its maximum
value can be recorded just before a complete standstill.

The resistance force generated by the wheel brakes is several times higher than the resistance
caused by reverse thrust and approximately two and a half times higher than that caused by the
wheels rolling. A prerequisite for achieving such a high braking efficiency is, however,
a proportionally high wheel rolling speed because it will not be possible to obtain such a high
braking force without a relatively high abrasion of the wheels against the ground. Therefore, right
after touching the runway, when the rolling resistance is low, the brake efficiency will be low as
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well. Such a correlation between rolling resistance and braking force implies the pilot’s need to get
rid of the lift force during touchdown.

3. Identification of the parameters during the flight phase

For more detailed analysis was performed to identify landing operations as part of the research
process. It was prepared computer identification of parameters, which consist of developing the
mathematical model using the results of the measurements carried out on a real object. Simplified
scheme of identification process can be presented as shown on below figure [11, 12].

[ Information about object ]

y

Mathematical model

~

- structure

-modeltypeie. (algebraic, differential, difference
equations)

-model’s parameters (coefficients of equations)

I

Identification algonthm using
expenmental researches

l

[ Determination of equations’ parameters ]

l

YES Quantitative and quakitative assessment NO
of the real object mapping

|
| )

Fig. 2. Scheme of identification. Source: own elaboration

S

The model in its generality is represented by:

— the structure, expressed by mathematical provisions, block diagrams, joint matrices , flow

diagrams or graphs;

— the values of model parameters (coefficients of equations).

The chosen structure depends on the scope of application of the built model. The simpler the
structure is the easier the computation procedures are and potentially there is a bigger possibility of
interpreting the obtained results [12]. Of course, there is a certain limit of simplifications, which if
it is exceed the model will not map the real object or process. However, in most technical
applications, the structure of an object or a process is known and the knowledge which has to be
gained is limited to the numerical values of certain parameters (coefficients of equations directing
the dynamics of the process, the coefficients of linear or nonlinear model) and / or numerical
values of state variables. Then the problem of identification is reduced to the estimation of the
process parameters and / or its state. Sometimes detailed knowledge of the process or the object is
required, what cause that identification will lead to state estimation [6, 7].
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During identification [9] of the mathematical models parameters are sought using the method
of the least sum of the squares of the errors. In accordance with this method functional F is
determined:

N

F=)¢", (1)
i=1

& =Y Vui (2)

where:

y; - output signal from the object,

vumi — input signal of model,

&; — difference between output signal from the object and model,
N — number of measurements.

In this article the model reproduces the true airspeed during landing phase. This form of the
model is sufficient for the purpose of the study i.a. runway occupancy time or other type of
research aiming to increase throughput and safety in the area of the airport [4]. Aircraft's flight
parameters used to develop the model come from flight data recorder of Embraer 170. These
parameters include i.a.: indicated airspeed and ground speed, barometric altitude, geographical
coordinates, course, pitch and roll angle, longitudinal and normal acceleration, Mach number,
thrust, flaps/landing gear position, the total mass of the aircraft [7]. To develop the model the
characteristic parameters were recorded for flights to and from Warsaw Chopin Airport, for
landing on runway 33 with the same STAR (standard terminal arrival route). Data recorded from
the moment when the plane reaches the speed of 220 knots during approach to the moment of
landing has been taken into account. This way, the beginning of the landing phase has been
defined for the purpose of the modeling, depending on the configuration (landing gear position,
flaps, wings’ mechanization). Searched model includes segments of landing phase presented in
Table 1. Figure 2 presents the landing scheme with specification of the characteristic segments.

Table 1. Description of the individual segments of the landing phase

Segment Beginning of the segment End of the segment
I indicated airspeed 220 kt, indicated airspeed 180 kt,

flaps position 0 flaps position 1

11 indicated airspeed constantly equals 180 kt, flaps position 2

I Indicated airspeed decreases indicated airspeed equals 160 kt,
below 180 [kt] flaps position 3, lower the landing

gears
v indicated airspeed equals 159 kt indicated airspeed equals 130 kt
and steadily decreasing, flaps position 5
\Y indicated airspeed constantly equals 130 kt
VI indicated airspeed equals 129 kt indicated airspeed steadily decreasing
and steadily decreasing to 30 kt

Source: own elaboration kt - knot (1 [NM/h]), NM - nautical mile (1852 [m]).
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Fig. 3. Scheme of aircraft landing operation. Source: own elaboration

In this case, from the purpose of mathematical modeling point of view, the flight speed
characteristics are interesting. Model mapping speed variation Vj;; at the time i+1 has the form:

I/i+1 = K:Q (3)
where:
X; - row matrix inputs for / — th time moment with elements,

X = [XgX X5 0X 5 = [ 8, t7,8, .8, Vi, Vil 4)
a - seeking vector of model’s parameters (3) described as;

a' Ha,, a,,a,,....... , ;] (%)
t; - i — th time moment of the flight [s],
s; - segment’s number for i-th time moment ; s =1, 2,...,6;i=1,2, ..., N.

Data obtained from flight data recorder are a discrete form and in order to be able to use the
received data sequence in further calculations they were subjected to the interpolation process.
Flight parameters characteristic were interpolated using a polynomial. It is essential to determine
polynomial parameters using the points of characteristic of this polynomial. The value calculated
in the middle of timestamp interval is taken as a value of the interpolated characteristic. In the next
step, interpolation is performed similarly as in the previous points, with a shift by one timestamp.
In the article interpolation for 9 points was applied, based on points obtained from the
measurement, using a polynomial of degree 2. Examples of interpolated characteristics are shown
in Fig. 4.
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Fig. 4. Interpolated characteristics of indicated airspeed during landing for selected aircraft landing.
Source: own elaboration

For numerical reasons it is profitable to use standardized parameters for modeling (reduced to
characteristic with values from the interval (0-1)). Normalization process is presented below.
Normalized value of characteristic xi; in the individual moments of flight is determined as follows:

= — X0 X min
X i =——m 6
o ©)
where:
i=1,2..,N
AXI = leax _lein
Inverse dependence has formula
Xli:AXi "Xy +X1min
Analogous dependencies define residual normalized elements of matrix (4) and normalized flight
speed.
Model parameters for normalized data can be determined from dependencies of the following
equation (4), (6)
a= U'Y*U'Y ™
where U indicates matrix, which in each row contains the flight parameters x; in the consecutive

moment of time (1, 2..., N), where N represents number of analysed moments of time.
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Due to characteristic of true airspeed recorded by flight data recorder and the method of
determination of the coefficients of the model equations the coefficient obtained from equation (7)
are treated as random variables. Interesting information about the accuracy of mapping the actual
flight parameters by model are in the determined quantitative and qualitative indicators. The basis
for their determination are the differences between the outputs of the model and the object.
Expressions determining the coefficient of identification quality was specified assuming that the
disturbances are characterized by: a normal distribution, zero mean value, are stochastically
independent and have constant variance. To check whether these differences are characterized by
a normal distribution, i.a. the Kolmogorov compatibility test can be applied. Detailed information
concerning the identification of emergency states including will be the subject of further
publications.

4. Emergency Landing

It happens in aviation that emergency landing has to be made during flight or when landing.
Maximum safety and minimum risk for the aircraft crew and passengers, and where possible, the
integrity of the fuselage have to be ensured in such a situation. There are many emergencies, from
a slight degrading of aircraft performance to large (often catastrophic) structural damage to the
aircraft or power units. It is also possible that the speed at which the aircraft performance is
compromised will determine the type of action to be taken. Nevertheless, all considerations of
what to do should be made early enough for the pilots to retain full (or slightly limited) control
over the aircraft. In extremely dangerous emergencies it is most often the engine which becomes
damaged (or stops operating for various reasons) or the aircraft structure becomes destroyed. Such
a situation forces immediate landing, with the need to ensure the proper spatial orientation of the
aircraft. If there is no opportunity to land in an area specially designed for this purpose or in
a landing field within the aircraft’s range, it has to land on an unsuitable surface such as field or
water.

Statistically, emergency landing on water ends up in most cases successfully, but the
subsequent survival of passengers and crew members and the assistance they can receive depend
on many factors. As it appears from the data compiled by the UK and US aviation, 88% of water
landings result in few or no injuries to pilots and passengers. Sporadically, deaths during
emergency landing on water are caused by subsequent circumstances such as drowning. The
success of water landing depends to a large extent on what kind of preparations have been made.
The survival of passengers and crew members after landing is contingent on how soon they receive
assistance, which can be ensured only through good communication between pilots and rescue
services when starting an approach to land on water. Ditching is an intentional landing on water,
but not an uncontrollable collision. Passenger injuries can be reduced only by maintaining an
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appropriate body posture when the aircraft touches the water surface. It is also compulsory to wear
a life-jacket and the crew has to give details on what the passenger can expect and what they
should do after landing.

If emergency landing has to be made in the sea or ocean, it is recommended to land along
waves, if any, or their crests. Nevertheless, if the wind force exceeds 35-40 knots, the waves may
reach a height of even ten feet. Then the most appropriate thing is to land ‘against the wind’. The
force of hitting the water will in any case be much stronger than that that can be felt during normal
runway landing. It is recommended, therefore, to carry out such an emergency operation with the
lowest possible speed (landing gear retracted), at such a height that the tail is the first part of the
aircraft to touch the surface of the water. The aircraft should sit smoothly on the water. If the
height and approach speed are correct, one or two minor hits are inevitable before the main
collision. The impact may result in a high rotational speed of the aircraft with an equally high
increase in load factor G and finally the immersion of the nose below the water surface,
exacerbating this effect even more. In reality, the effects of this situation may be compounded, as
the water level rises with the wave and may lead to an uncontrollable tilt of the aircraft. It is
a major adverse consequence, but taking the right decision quickly and making meticulous
preparations before landing will prevent the effects of this declaration. After emergency water
landing the aircraft will very quickly lose its speed, and if the structure of the fuselage is not
substantially damaged, it should float on the water surface for a certain time. The certain time is
understood as a period from when the aircraft loses its speed and gets stabilised on the water
surface until the crew and passengers leave the aircraft.

5. Flying with an Inoperative Engine

The first basic rule for the aircraft with one engine inoperative is to achieve the best climb
performance. This performance is defined as the so-called speed Vysg . After retracting the flaps
and landing gear and protecting the engine, the aim is just to achieve the best possible climb
performance and parameters while avoiding lateral drift.

For single or multiple engine aircraft with all engines inoperative, lateral drift is eliminated by
setting the aircraft so that the indicator on the measuring gauge showing the turn and angle of roll
is in its central position. This is the only prerequisite for achieving ‘zero’ lateral drift, and with
such a setting, the aircraft represents the lowest possible air resistance profile achievable.

In multiple engine aircraft with one engine inoperative, putting the said indicator in its central
position will not already reflect the ‘zero’ lateral drift due to asymmetric thrust. In fact, there is no
such device that would show the pilot which conditions have to be met in respect of basic flight
parameters to eliminate lateral drift. Obviously, if the aircraft does not move around its vertical
axis, the minimisation of lateral drift will be limited to bringing the aircraft into a certain angle of
roll and setting the turn indicators. All data contained in the Aircraft Flight Manual that refer to
the situation in which one engine is inoperative are specified for eliminated lateral drift. Such
procedures can be accepted for use even if zero lateral drift is close to naught.

Conclusions

The article contains a preliminary review of aircraft landing operations. The real phenomena
occurring within the airfield can be examined using various methods. One of them is tests using
mathematical models. An issue related to these tests is assessments and simulations of aircraft
movement dynamics. As it is generally the case for mechanical systems, these tests can be
conducted in many ways.

7 Vysg - the speed for which the aircraft with one engine inoperative is to achieve the best climb performance.
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In terms of the quality with which real aircraft flights are mapped, it is interesting to verify the
stability of the model. In this case stability is understood as the consistency of the flight speed
timings derived from the model with similar timings of real flights under variable initial
conditions. The characteristics and procedure in emergencies as well as the rules for flying with
one engine inoperative are described.

An important aspect is to create appropriate documentation that can be used for a detailed
analysis of emergencies. Unfortunately, no data are available to identify and map the flight in such
settings. Reports and documents prepared after emergencies result in more aircraft checks,
however. Emergencies are followed by experts’ continuously reviewing such reports, official flight
manuals published by manufacturers and aviation manuals and regulations regarding aircraft
control during asymmetric thrust. As a result, many imperfections and shortages have been
identified and eliminated. When reading these imperfect documents, pilots, instructors, teachers
and writers create incomplete and consequently incorrect VMC® speeds, which has surely caused
many aviation accidents.

The most important conclusion that should be drawn from all the amendments and additions
made to aviation documentation over the years is that speed Vyc specified in the flight manuals
accompanying an aircraft is used by the pilots of multiple engine aircraft in reality, when flying
with an inoperative engine, but it is not just a constant value specified in these operating
guidelines. Pilots assume a constant value of this speed, but in reality this speed largely depends
on the roll and power settings. The standardised speed Vyc to which pilots so often refer is
determined for a straight preservative flight, assuming the worst possible variant of variables
affecting this speed and a angle of roll of 3-5° from the failed engine side and the maximum one
for takeoff. The actual speed Vyc can reach values that are even 60 times higher than those
specified in operating instructions if the angle of roll does not remain at an appropriate level in
relation to the failed engine. As a result, such a situation may lead to a loss of control over the
aircraft and finally a catastrophe. Unfortunately, the influence of the angle of roll on the minimum
speed at which the aircraft is controllable is not clearly specified in flight manuals (except perhaps
for a few cases), aviation regulations or any other documents regarding performance.

The Vmc speed mentioned in operating instructions is the minimum speed that is necessary
only to control the aircraft, it is surely not a manoeuvring speed and it is valid as long as the angle
of roll used to determine this speed is maintained.

It is important to be fully prepared for an emergency during flight. Unfortunately, no clear
answer exists, but complying with the following recommendations will certainly increase the
chances for the pilot to take correct, appropriate and considered decisions in a critical moment:

— all information regarding the flight mechanics of multiple engine aircraft has to be
presented to aviation students, regulatory authorities, aircraft accident investigators,
authors of manuals and operating instructions, companies that design flight simulators,
instructors and all other people engaged in the operations of multiple engine aircraft. All
would understand then that the most critical manoeuvres after realising that a power unit
is inoperative is to configure the rudder and wing ailerons properly so as to reduce speeds
Vumc and V, down to safe pre-calculated values.

— the most important conditions of the flight technique used to determine the values of the
Vumc speed should be properly combined based on the FARs/CS 23 and 25 as well as
operating and flight instructions. All techniques of test flights are available from the
FAA’ and EASA' Test Flight Manuals, but for unexplainable reasons they have never
been applied by pilots to revisions of the regulations.

¥ V\ic — minimum speed that is needed only to control the aircraft.

° FAA — Federal Aviation Administration — an agency of the US Department of Transportation responsible for all the
civil aviation regulations in the United States.,

" EASA — European Aviation Safety Agency.
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A full analysis of all mechanical aspects would increase the correctness of the information
presented in operating instructions, flight manuals and specialist books. The pilot should keep
abreast of technological progress in this domain, which is the basis for ensuring an increasingly
higher security threshold both for passengers and crew members as well as for the environment.
The ability to proceed correctly in a critical situation and take the most appropriate and secure
decision is a key part in ensuring safety.
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Abstract

This paper presents the importance of motor vehicle diagnostics for proper and safe operation of motor vehicles -
safe to drivers, other road users and the natural environment. Other benefits of diagnostic testing, such as a reduction
in the vehicle operation costs, a narrower scope of required technical service, a reduction in the purchase costs of
spare parts or minimization of service labour intensity are also presented. The paper lists and describes the essential
requirements to be met by those who carry out business activity involving diagnostic testing, i.e. the requirements
regarding appropriate marking, types and sizes of control stands, adjustment of the equipment to the needs and scope
of the offered services, documentation required to carry out technical inspections, qualifications of inspection station
staff and training courses for inspection staff. The paper further presents the regulations regarding deadlines for
diagnostic tests, the scope and the method for carrying out vehicle technical inspections, the measurement conditions,
the course of testing, the evaluation of test results and, depending on the vehicle type, the required additional tests.

Keyword: technical facilities, diagnostic tests, regulatory requirements
1. Introduction

The development of the automotive industry as a result of the growing demand for motor
vehicles, both private and corporate ones, contributes to the need for establishing specialist
technical facilities to ensure proper, that is, safe operation of transport means. Cars in good
working order are also a guarantee that the transport tasks are performed to high standards.

Diagnostic stations are motor transport facilities designed to check the technical condition of
vehicles in use. In terms of safety, they are very important [7]. They localize faults in the vehicle
assemblies and sub-assemblies without disassembling the vehicle or with disassembling some
parts only. Diagnostic stations carry out tests in order to compare the current technical condition of
the vehicle with the nominal parameters that correspond to good structural systems, assemblies
and subassemblies. On this basis, the vehicle is assessed as roadworthy or unroadworthy.
A roadworthy may either be in good or bad technical condition, however, any fault found is to be
repaired as soon as possible.

In order to ensure high quality services, diagnostic stations must meet many applicable
requirements, including those related to suitably qualified staff. Stations should carry out
diagnostic tests using specialist equipment. The instruments used for diagnostic purposes can be
very simple or advanced, as are, for example, universal sets for diagnostic testing of electronics.
Also becoming more and more popular are on-board diagnostic systems. The integrated vehicle
diagnostic systems monitor the sensors installed in the vehicle at the manufacture stage and some
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of the actuators, which enables the execution of the self-diagnosis process, thus detecting faults as
early as possible.

2. The importance of diagnostics for proper vehicle operation

Diagnostic tests carried out in Vehicle Inspection Stations have a fundamental influence on
safe operation of transport means. They enhance the availability of cards and increase the
efficiency of the transport process due to reduced downtime of and the reduced number of repairs
on the vehicles. Vehicle diagnosis also contributes to reduction of vehicle operation costs. The
scope of technical services is narrowed, the purchase costs of spare parts are reduced. It is often
the case that the staffing levels are subject to review and the service labour intensity is minimized.
Diagnostics help keep the vehicle in good working order for an extended time and improve road
safety.

Diagnostics is a fundamental operating tool that helps keep the vehicle in good technical
condition. It is assumed that, as a result of diagnostic testing, the car utilization ratio is increased
by ca. 15-20%, the fuel consumption is reduced by ca. 15%, the wear of spare parts is reduced by
ca. 20%, and the car’s mileage is 1.3 to 1.5 times higher before it undergoes a major repair [5].
Diagnostic tests allow for:

- evaluation of the current condition of the car, thus providing the user with basic information,
- prediction of future conditions of the car, creating bases for proper scheduling of diagnostic
tests and services,
- designation of worn out vehicles as end-of-life vehicles.
The examination, assessment and determination of the causes of the bad technical condition of
a vehicle is possible using diagnostic methods (diagnosis), suitable diagnostic instruments and
algorithms for condition control and damage localization. Diagnostic methods are an effective
procedure to achieve these goals. During the diagnostic process, it is to determine the condition of
the technical facility. This process is an action algorithm including diagnostic testing and
concluding. The diagnostic process can be carried out through:
- periodical of constant tests and technical condition assessments by use the vehicle’s diagnostic
instruments (on-board diagnostic systems),
- periodical tests and assessments by use of diagnostic instruments (external diagnostic systems)
that are connected to the vehicle,
- a combination of the above.

The fundamental task in the vehicle diagnosis is to determine its overall condition, without
distinguishing the conditions of the vehicle’s separate components. The aim of the testing called
a vehicle condition check is to establish whether the vehicle as a whole is roadworthy or not.
Obtaining at least one negative result during the check means that the car is unroadworthy and
should be subject to further testing and evaluation of malfunctions, that is, to determination of the
condition of the vehicle components in order to adjust, repair or replace them. Such testing is
called damage localization [6].

All technical inspections carried out at diagnostic stations should be made to the highest
possible standards, in accordance with relevant guidelines, at appropriately prepared and equipped
control stands and by duly authorized employees.

2.1. Specification of modern internal-combustion engine diagnostics
Special attention is to be paid in the motor vehicle diagnosis to the technical assessment of the
internal-combustion engine that is the vehicle’s drive. Engine designs have been subject to deep

changes particularly in the recent years. This is primarily due to the legislation relating to relevant
standards and environmental barriers in transport means. Moreover, the distinct trends to replace
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conventional fuels (such as petrol, diesel fuel) with alternative energy sources involve introduction
of previously unknown solutions including new generation assemblies, sub-assemblies and control
systems to piston engine designs. All that requires a use of new testing methodologies, diagnostic
equipment with high performance parameters and diagnostic personnel with knowledge
appropriate to the modern solutions in order to ensure an effective and reliable assessment of the
technical condition.

Meeting the requirements regarding the correct course of the diagnostic process is determined
by possessing of suitable technical facilities with specialist equipment that fulfil the contemporary
criteria. Before setting about any activity involving diagnostics of vehicles and internal-
combustion engines, one should organize appropriate potential, which, in most cases, would be
determined by [2]:

- creative personnel managing the diagnostic tests and having knowledge that allow them to

formulate conclusions,

- executive personnel preparing the apparatus and devices for the tests, carrying out the tests

and treating the results,

- support personnel responsible for the technological and administrative aspects of the

diagnosis,

- test stands (for engines, accessories etc.),

- specialist measuring and recording apparatus,

- applied testing and measuring methods,

- diagnosticians’ testing qualifications as required by law.

In the testing of engines, the assessment of their current technical condition is the overriding
aim, however, their recorded parameters may not change during the extensive diagnosis or during
the diagnosis of separate assemblies and sub-assemblies. If this was the case, it would be
significantly difficult to formulate a correct assessment. Then, this would indicate such a degree of
wear and tear of the engine that it engine should be subject to repair.

The majority of tests carried out as part of the diagnosis are performed on engines, the
condition of which meets the technical requirements that define an engine in good working order.
Achieving the so called allowable or limit parameters for the technical condition is referred to
a specified run rate of the engine that may be in good or bad working order but yet not non-
operational [2].

In the literature, there is no information on specific requirements regarding solely engine
diagnosis in regard to technical facilities. It is assumed that an internal combustion engine is an
element of the car design, and the relevant requirements should be worked into the construction
concept for the whole facility designed for diagnostic testing. However, during diagnosis with the
engine running, special attention is to be paid to safe exhaust gas offtake and noise emission.
Therefore, a test stand should be separated (shielded) from other stands where other car systems,
which do not need to be assessed with the engine running (like the steering and suspension
systems), are diagnosed. Exhaust gas must be taken through an offtake system to the outside of the
facility, taking into account the immediate vicinity of the diagnostic station to ensure the
environment is not in danger (residential buildings, amenity areas etc.). The noise emission should
be taken into account when designing the facility’s walls that are to dampen the emission to the
outside.

The diagnostics of modern internal-combustion engines is essentially based on verification of
the operational data recorded in the on-board diagnostic (OBD) system. Since the creation of the
OBD system, its development is divided into three periods [4]:

- OBD I - legal and technical regulations concerning car diagnostics and signalling of damages

in the injection/ignition system components (date of introduction — 1984r.),

- OBD 1I - active diagnostics of the emission assemblies and the elements of the power

transmission system (date of introduction — 1996r.),

63



- OBD III - active diagnostics of the other functional systems if the motor vehicle’s body and

chassis (no fixed date of introduction).

Currently, the OBD II standard (the European equivalent is EOBD) is in force. As mentioned
previously, this standard addresses damages causing increased emission of toxic compounds from
the exhaust system and increased fuel consumption in the fuel system. Such damages are called
emission damages because they affect the units and components of the power transmission system
that are responsible for the emission of toxic compounds.

According to the OBD II standard, a unit of component is considered inefficient if its operation
may cause an increase in the emission of toxic compounds from the exhaust or fuel system. An
increase in emission by 50% in relation to the maximum allowable value for a given type of car is
defined as a limit increase.

The introduction of the OBD system and its further development create a quite new situation in
respect to vehicle diagnostics. The assessment of the car’s current technical condition during the
current operation, which has previously been the sole task of Vehicle Inspection Stations and
vehicle users themselves, now becomes also a duty of manufacturers of transport means, which is
guaranteed by laws regarding compulsory type-approval tests.

3. Requirements relating to technical facilities enabling diagnostic testing

All motor transport facilities, including diagnostic stations carrying out technical inspections of
vehicles are subject to specific regulations relating to their operation. Diagnostic stations should
have signboards appropriately marked and prominently displayed outside, i.e. the signboards
should be blue with white notices including at least an identification code, a designation of the
station type and the opening hours. For proper operation, the stations should also have at least one
control stand to carry out technical inspections of vehicles and an outside stand for noise
measurement. The requirements for diagnostic station stands are presented in Table 1.

Tab 1. Requirements relating to control stands, test benches and inspection channels

Stands Requirements

e Should be situated in a separate room.
e Should consist of:
- a flat horizontal surface, the so called “test bench”,
- an inspection channel and a device to elevate the vehicle axle,
- measuring and control devices and instruments,
- technological equipment,
- a noise measuring stand,
o The length of a control stand should be more than that of the inspection channel (not less than
Control stand | 3 ).
o The width of a control stand should not be less than 6 m (widths below 5 m are allowed).
e The sizes of the entry and exit gates should be: height 4.2 m (3.2 m is allowed with regard to
inspection of a vehicle with a weight of 3.5 t).
o The ratio of the windowpane surface to the floor surface is to be at least 0.15.
e A control stand should be equipped with:
- device operating manuals,
- data concerning the criteria for assessing the inspected vehicles,
- a set of relevant regulations.
e Should provide a possibility to put any vehicle with all its wheels on the bench.
e Should enable placing the inspected vehicle before the lighting lamps of the device designed
for the inspection.
e The edge spacing should not be less than:
- 2.4 m for vehicles with a maximum allowable total weight of 3.5 t,
- 2.8 m for all other vehicles.
Test benches | ¢ The maximum allowable irregularity for test benches should be:
- 2 mm for vehicles with a maximum allowable total weight of 3.5 t,
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- 3 mm for all other vehicles.
e The maximum allowable deviation from the level should be:
- 2 mm/Im for vehicles with a maximum allowable total weight of 3.5 t,
- 3 mm/Im for all other vehicles.
o The channel width should be within the following limits:
- 0.65 to 0.60 m for vehicles with a maximum allowable total weight of 3.5 t,
-0.70 to 0.90 m for all other vehicles.

Inspection | e The depth should be within the range of 1.40 to 1.70 m.
channel e Must have drainage and ventilation systems.
o There should be lighting and tool/key shelves in the channel.
e There should be device installed in the channel to elevate the vehicle.

The applicable laws also specify the technical conditions to be met by diagnostic stations, i.e.
requirements relating to [8,11]:

- the station’s equipment that must be adjusted to the needs and scope of the offered services,

- documentation required to carry out technical inspections of vehicles,

- types of control stands,

- diagnosticians and training courses offered to them.

The applicable laws relating to the operation of diagnostic stations also regulate the deadlines
for diagnostic tests, provide information on the vehicle inspection scope and methods, define the
measurement conditions, the course of testing, evaluation of results and, depending on the vehicle
type, additional tests to be made. The applicable laws distinguish the following types of diagnostic
station:

- Basic Vehicle Inspection Stations that cover basic technical inspections including checks and
assessments of the operation of particular vehicle systems, especially in terms of driving
safety and environmental protection (exceptionally, the scope of services can be extended to
include some tests that are not covered by BVISs),

Regional Vehicle Inspection Stations that cover an extended scope of technical inspection,

including:

= basic scope of inspection,

= inspection of buses for which the speed limit on the highway and expressway is 100 km/h,

= inspection of vehicles designed for transport of hazardous materials,

= inspection of gas-powered vehicles,

= inspection of vehicles referred by the traffic control authorities or the starost,

= periodical inspection of vehicles designated as “self-constructed”,

= inspection of vintage vehicles and vehicles designated as “self-constructed” as to their
compatibility with technical specifications,

= granting and stamping numbers on the vehicle bodies (chassis) and engines, making
substitute plates,

= giving opinions in regard to individual applications for permission for derogation from the
technical conditions to be met by vehicles,

= clarifying doubts and settling disputes arising between the basic inspection station and the
vehicle user.

The relevant regulations also address the types of diagnostic devices that are subject to
compulsory assessment by an accredited body. All instruments and devices making up the
equipment of a diagnostic station are subject to certification carried out by the Motor Transport
Institute. The basis for certification is accreditation from the Polish Centre for Accreditation,
confirming the competence of the certifying body (the Motor Transport Institute) to carry out this
kind of activity. The formulated technical requirements are a basis for assessment of usefulness of
devices and for issuing compliance certificates in accordance with the European standards.
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3.1. Requirements relating to periodic operational inspections and diagnostic equipment

A diagnostic station performing technical inspections of motor vehicles must possess
a statement of conformity for the equipment and instruments with reference to its requirements
prepared in Polish. It is permitted to have a declaration of conformity issued in another language
along with a translation into Polish. Additionally, the measuring and inspection equipment of
diagnostic stations are subject to periodic operational inspections, which do not apply to devices
and instruments that are subject to periodic metrological controls (e.g. exhaust analysers, sound
level meters and manometers) or to periodic tests by the technical inspection authorities (i.e.
jacks). The operational inspection includes:

- organoleptic examinations, if the device or appliance is whole and mechanically undamaged,

- an inspection of the operations and indications made in accordance with the manufacturer’s

instructions provided in the operation and maintenance manual (user manual),

- other monitoring activities stipulated by the manufacturer carried out in accordance with its

recommendations.

The periodic operational inspections are carried out on the dates specified by the manufacturer.
They are performed by an authorised station employee. Inspection results shall be entered in the
periodic operational inspection card. The station’s managing director should also have the
documents from the periodic operational, metrological and technical inspections of the equipment
and instruments constituting the measuring and inspection equipment of the Motor Vehicle
Inspection Station.

The control stand equipment at a Motor Vehicle Inspection Station includes at minimum the
following devices and instruments [10]:

- aroller device or overrun device for inspecting brake operation,

- a mechanism to assess the correct wheel settings,

- an instrument to measure and regulate air pressure in tyres,

- an instrument to measure the settings and brightness of the vehicle’s lights,

- an instrument to measure the light transmission coefficient on the vehicle’s windows,

- a sound level meter,

- a smokemeter,

- an instrument to inspect the electric connector between the vehicle and the trailer,

- an instrument that puts a defined amount of pressure on the mechanism controlling the

trailer’s overrunning brakes,

- an instrument to force jolting on the vehicle’s wheels while in motion,

- a microreader for diagnostic information for the OBD-II/EOBD system,

- a multicomponent exhaust gas analyser for spark ignition engines,

- a decelerometer for inspecting the operation of the brakes,

- a set of assembler’s tools,

- a basic set of general-purpose measuring instruments.

However, a test stand in the Regional Vehicle Inspection Station should have the following
additional equipment [8]:

- an instrument to measure wheel and axel alignment,

- an electronic gas detector to inspect for gas leaks,

- equipment for monitoring the effectiveness of the vehicle’s shock absorbers with a maximum

allowable total weight of 3.5 t,

- a set of torque wrenches in the range of 20 to 400 Nm.

The measuring and inspection equipment may be shared by several control stands of one
station. The measuring and inspection equipment as well as other equipment of the station may be
used to carry out technical inspections on vehicles if it has been subject to the conformity
assessment and also has the CE marking.
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3.2. Qualification requirements for diagnosticians and industrial safety and fire regulations

Technical inspections at Vehicle Inspection Stations should be carried out by authorised
diagnosticians who meet the following conditions [9]:

- have completed higher technical education with a speciality in motor vehicles or two years of

professional experience at a vehicle service station or at a vehicle repair and service station in
a vehicle repair shop,

- have completed secondary technical education with a speciality in motor vehicles and four
years of professional experience at a service station or at a vehicle repair and service station
in a vehicle repair shop,

- have completed professional training in accordance with the training programme and have
received positive results on the qualification exam.

In cases where the diagnostician’s technical education is in an area other than automotive, his
or her professional experience should be at least twice as long. All candidates who wish to become
licensed diagnosticians carrying out technical examinations for motor vehicles must complete all
parts of the training presented in Table 2.

Tab. 2. Types of training for diagnosticians [9]

Features
Deals with the carrying out of periodic vehicle inspections with regard to
Part I; checking and assessing the operation of particular vehicle assemblies and

No. Training type

Basic training

systems (mainly concerning aspects of traffic safety and environmental
protection).

5. | Partll; Deals with technical inspections of busses for which the speed limit on
Specialist training the highway and expressway is 100 km/h.

3. | PartIII; Deals with the carrying out of technical inspections of vehicles used in
Specialist training transporting hazardous materials.

4. | PartIV; Deals with the carrying out of technical inspections of gas-powered

Specialist training

vehicles.

o vehicles registered for the first time abroad - of a new type, produced
or imported in the amount of one per year,

Part V; e vehicles that have been referred by the traffic control authorities or the

5. | Training  in  technical starosta if they require special inspections and vehicles, the design or

inspections of: structure of which has been altered, which requires a change to be
made to the registration data,

e vehicles designated as “self-constructed” as to their compatibility with
technical specifications.

Diagnosticians who, after receiving positive results on their exam, earn the right and
qualifications to carry out technical inspections on vehicles shall retain these qualifications in the
scope that they were issued and that they are recognised as meeting the requirements outlined in
the instructions. They can also obtain permission to carry out new types of vehicle inspections
after completing the relevant parts of the training and pass the qualification exam with positive
results.

In addition to possessing the qualifications mentioned above, a diagnostician to be employed at
a Vehicle Inspection Station must be familiarized with health and safety regulations and provided
with introductory general and stand-specific training as well as basic and recurring training. In
accordance with the appropriate requirements, the employee should receive work clothing and
footwear as well as personal protective equipment (e.g. work gloves, glasses).

The diagnostic station’s building should be constructed of non-flammable materials and be
equipped with all necessary fire-fighting equipment in the form of two 6 kg ABCg dry powder fire
extinguishers, three 6 kg carbon dioxide extinguishers and a fire blanket. It is forbidden to store

67



flammable materials unnecessary for diagnostic tests inside the station. There is also an absolute
ban on smoking and open flames in the station. Warning and informational signs should be posted
around the area of the station.

The station’s control stand is required to have sensors for excessive concentrations of carbon
monoxide that will automatically start ventilation. The ventilation system in the station
automatically prevents dangerous levels of exhaust gases. To maintain safety at work, additional
safeguards shall be applied in the diagnostic stations, including:

- resetting machines and electrically-powered devices,

- installing low-voltage lighting and insulation grates in the channel,

- air injection into the channel,

- floors made of non-slip material.

3.3. Requirements for environmental protection in diagnostic stations

The functioning of the technical facilities for motor vehicle diagnostics should do as little as
possible to negatively impact the environment. The use of the diagnostic station should have
a minimal impact on air quality and the acoustic environment. The manner of conducting services
and the range of activities should also not negatively impact the quality of the surrounding water
and soil, the inhabitants of nearby areas and the surrounding environment. Direct impacts
associated with the emission of noise, dust and gas should only be local in scope and limited to the
area on which the facility is located.

A problem associated with the carrying out of diagnostic tests may be noise from the work
equipment used in the station. It is important, however, that they are used only during the station’s
hours of operation in accordance with their intended use. The choice of location for the diagnostic
station is in this matter significant, in that it should be away from single-family housing and
should have thermal-acoustic insulation in the form of expanded polystyrene and airtight seals on
the entry/exit gates and windows.

A good solution that should be taken into account in many technical facilities, including
diagnostic stations, is the use of storage tanks to collect rainwater from the roof as well as
installations for reusing waste water, which would significantly reduce the amount of water taken
from the mains [1,3]. The collection and use of rainwater allows for reduced costs, thereby
increasing the profitability of each automotive facility. It is, however, important to remember that
rainwater and snowmelt may be contaminated with petroleum derivatives, and therefore must be
purified prior to their release into the environment. In accordance with the regulations of the
Ministry of Environment, waste of this type should be passed through a petroleum derivative
separator to adequately reduce suspensions and pollutants to appropriate levels.

All waste produced by the diagnostic station should be segregated and stored separately in
a designated area until it is of the appropriate amount that can be removed by an authorised
company, but for not longer than 3 years. Please note that cleaning the separators can be dealt with
only specialised companies. Caution should also be exercised in the case of hazardous wastes.
Until they are collected by the appropriate firm, they must be stored in sealed containers made of
materials resistant to the elements contained in the waste and placed on paved, sealed surfaces in
places inaccessible to unauthorised persons.

Among the many activities aimed at eliminating the adverse impacts of diagnostic stations on
the environment, the ones carried out in accordance with the regulations from the Ministry of
Infrastructure deserve special attention, i.e.:

- control of the technical condition of the exhaust system and control of the level of external

noise while the vehicle is stationary,

- control of the gas pollutants from vehicles with petrol engines whose first registration was

made after 1 July 1995,
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- control of the smoke opacity of vehicles with compression-ignition engines,
- control of the proper adaptation of a vehicle to gas power when performing periodic technical
inspections of the vehicle.

4. Conclusions

Ensuring the safe operation of motor vehicles for their owners, other drivers and the
environment, is largely dependent on the vehicle’s technical condition. Thanks to the compulsory
periodic technical inspections that must be performed on every vehicle travelling on the roads, it is
possible to maintain their good working order. Technical inspections can detect any defects in
a vehicle before they become the cause of a serious breakdown, accident, injury or major
environmental pollution. The technical condition of vehicles is checked in diagnostic stations
equipped with specialised equipment and highly qualified workers. They need to upgrade their
skills due to the dynamic development of the automotive industry as well as the rapidly increasing
advances with regards to vehicle design and technology.

All requirements for the operation of diagnostic stations are intended to ensure a high level of
service performance. The relevant legislation governs both the sizes of the control stands, the
equipment for carrying out the tests, the inspection procedures, as well as the amount and types of
training enabling diagnosticians to carry them out. Many of the laws were also created with the
goal of eliminating adverse effects on the environment by diagnostic stations. Vehicle Inspection
Stations have had an increasingly important role in improving the technical conditions of traffic
safety vehicles and environmental protection. Every defective vehicle is a potential threat to
people’s health and safety. However, while the risks associated with mechanical malfunctions are
easier to diagnose even for vehicle owners, failures and deficiencies resulting in increased
emissions are harder to notice. In this respect, all of the work carried out in diagnostic stations is
a vital element in ensuring the proper functioning of all transport means.
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Abstract

Vibrations draw ahead in every mechanical object. The significant part of machines reliability is vibration level,
which could be dangerous for machine technical state. Disturbance of balance state is the reason of vibration
formation in machine parts. This vibration can exist and propagate even afier their source expiration. Vibrations
could be essential just after the crossing certain threshold marked by amplitude and the frequency of the phenomenon.
They can be harmful for the object after crossing of this threshold of the vibration, or for his surroundings (e.g.:
decrease of the durability of the material). In this paper were introduced of beach buggy chosen units and elements
diagnostics research results with usage of vibroacoustics methods.

Keywords: diagnostic inference, modal analysis , vehicle investigations
1. Introduction

Vibroacoustics is one from these fields of the science which rise on the needs of diagnosing the
current machine engines and devices technical condition. Using emitted vibrations, received
during machine engine exploitation process as valuable information about dynamic properties of
machine and other aspects we could find the relationships among them.

Every technical device in the given moment is in certain definite state. The most generally
technical state of object, machine, vehicle can be describe as a set of the all parameters values that
defining the given object in given moment of time t. The time sequences of this states could be
consider as the time of the device existence. He leads inevitably the destructive influences of
external extorting and internal factors to the machine condition change [1]. The use of technical
diagnostics methods makes possible to qualification of current technical state of studied object,
machine and vehicle.

The necessity of the technical state estimation is conditioned the possibility of making
decisions connected with object exploitation and the procedure of next advance with object. The
present development of automation and computer science in range of technical equipment and
software creates new possibilities of realization of diagnosing systems and monitoring technical
condition of more folded mechanical constructions. These new possibilities are connected with the
new constructions of intelligent sensors, module software and the modules of transport and data
exchange [2].
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2. Vibroacoustics in mechanical engineering

The most valuable information about current machine engine technical state we could obtain
during machine natural loads without disturbing this process. This kind of information obtainment
is the basic domain of the technical diagnostics. The investigations of vibroacoustics processes in
many cases are very complicated, in peculiarity when vibration processes step out in real physical
arrangements. Up to now existing diagnostic procedures based on state symptoms slowly changes
into diagnostics process based on machine engines models that describing their properties analysis.

Nowadays one of the most known ways to structural model creation of machine engines is
modal analysis models utilization: experimental or operational modal analysis methods. The
method choice depends on this what kind the input function character of the investigative object
during the experiment has to have. Operational modal is the name for the technique to do modal
analysis on operational data - cases where we do not excite the structure artificially but just allow
the natural operating loads to excite the structure. Thanks to this during investigations we receive
investigative data for real object working process in chosen measure points in relation to reference
points [3]. Preparation process for diagnostics investigations in these methods contains measure
and reference point’s disposal and also frequency range define. The advantage of this method in
use to identification of objects dynamic profiles are shore conditions and loads retain that is
characteristic for these objects exploitation. Basis on measured signals on the output of object
received in chosen measure and reference points for unknown natural loads of the arrangement, the
estimation of modal parameters is proceed. Modal poles and natural frequencies are identified ant
then the mode shapes are estimated.

This way of parameters estimation could procure some doubt — we have to take it into
consideration during final analysis. The biggest problem of this method is that we do not know the
value of exciting force on the arrangement. The exciting forces with random character doesn’t
have one point of reaction on investigated mechanical structure so received exploitation forces
structural schedule is unable to identification. The more important is also fact that lots of machine
engines used in industry cooperates with other technical objects, not necessarily with the same
characters of dynamics loads. Best way to solve this problem will be separation from others
machines the investigated machine engine. Unfortunately it refers with the machine engines
working process stop so this action is unacceptable in this method usage. Disturbances triggered
from next machine engines could cause the formation of additional poles on the created
stabilization diagram. In modal analysis we had two ways of modal model parameters estimation:
in time and frequency domain. Time domain estimation basis on information from vibrations and
arrangement response in time domain signal. Estimation of modal model parameters in frequency
domain basis on the input and output signal spectrum [3,4,5]. Nowadays during investigative
process we often use the modal model estimation in frequency domain because there is possibility
of limitation frequency range to this value in which we could recognize change of vibroacoustics
signal during machine exploitation. The most valuable advantages of this method are:

+ casiest possibilities of investigative data averaging which is used for noise reduction from

signal,

* high precision of received results in case when exist an influence of vibration that lay behind

of investigative range of vibrations,

* high precision of received results in case when is the high value of damping.

The frequency domain disadvantages are:

* the possibility of local minimum existence for signals with high noise level,

» the possibilities of troublesome mistakes connected with spectrum leak, existence of

incorrect frequencies component in the signal and others.
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Introduced below disadvantages and advantage of time domain modal model parameters
estimation has similar sights to frequency domain, but this method is better in case, when we have
to estimate:

 data with high level of noise,

+ wide range of frequency during estimation.

It is also possible to use both of these methods in case, when we have measured vibrations in
time domain booth from input and output source [6,7,8].

3. Transmission gearbox modal test

The investigations object was a buggy vehicle which was construct and built in the Bydgoszcz
University of Technology and Life Sciences investigative laboratory. During construction phase
the LMS Virtual.Lab rev 11 were used for construction optimization [9,10]. Figure no 1 present
the buggy vehicle virtual model during tension and strain analysis. The final prototype of buggy
vehicle was built in spring 2012 and it is shown on figure 2.
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Fig. 1. Model of buggy vehicle created in LMS Virtual.Lab software during virtual tests

Fig. 2. Buggy vehicle during road tests [own source]

During exploitation of the buggy a few problems appear connected with vibration level. The
transmission gearbox generated a high level of vibration and after few months the transmission
mount points were damaged. To resolve these problems the modal analysis methods were used for
vibration analysis. Conducted investigations of gearbox depended on delimitations of
vibroacoustics measures for chosen gear sets and accomplishment the assessment of received

73



results influence on transmission gearbox state by operational modal analysis methods. The LMS
Test.Lab software with Modal Analysis Lite module was used for modal model poles estimation
and analysis of mode shapes for multi degree arrangements with Time MDOF method. For
mechanical object analysis several types of function could be used — time or frequency signals:
autopower spectrum, crosspower spectrum, coherence and others.

Modal test could be divided into three phases. First phase of modal test is measurement set-up
(system calibration, force and response transducers attachment). The second step of modal test is
measurement of frequency response data — measured in time domain signal is transformed into the
frequency domain functions. The last step of test is modal parameters estimation where measured
frequency functions are used for modal model estimation. As a result we received the stabilization
diagram with natural frequencies and damping factors, the modal participation factors and
estimated mode shapes.

The dynamic signal LMS SCADAS III [11] recorder was used for gearbox signal acquisition.
Measurements were realized with gearbox speed 930 min-1 on the various shifts. During
measurement 90 seconds time periods of the signals were recorded with the frequency range 128
Hz. Figure no 3 presents transmission gearbox model with signal acquisition points.

Fig. 3. Transmission gearbox model with signal acquisition points

Basis on modal analysis theory the Time MDOF module with non-linear Least Square
Frequency Domain (LSFD) method and Balanced Realisation (BR) was used for modal parameters
estimation [12]. LSFD is multiple degree of freedom method that applied for multiple inputs it
generates global estimates for stabilisation diagram (system poles), modal participation factors and
mode shapes. In first step of Time MDOF method we should define the frequency range within
modal test will be done. The geometrical model creation in “Geometry” module will enable the
arrangement natural frequencies visualisation. Figure no 4 present “Geometry” module during
investigations.
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Fig.4. Data selection with “Geometry” module during investigations
In second step of Time MDOF the Balanced Realisation method was used. This is one of the
"subspace" techniques which identify natural frequency, damping and mode shapes. A subset of
the response functions can be selected as references. These are used in the computation of the
cross power functions from the original time domain data. This method is useful in identifying the
most dominant modes occurring under operational conditions [12]. Figure no 5 present’s sample of
Time MDOF stabilisation diagram for investigated transmission gearbox.
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Fig. 5. Time MDOF stabilisation diagram

Analyzing individual simulated cases on the investigative transmission during investigation
received set of stabilization diagrams, on which stable poles were mark. The stable pole marks
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parameters: frequency, modal damping and the mode shapes vector. The results of modal tests
were introduced in table 1.

Table 1. Results of transmission gearbox modal tests

Natural Frequency [Hz] Mof(l Ttga[rt;)%mg Modal model Order
44,160 0,12 16
Idle run 88,235 0,06 14
99,997 0,19 13
44,080 0,20 8
First gear 70,976 0,13 14
88,504 0,13 12
99,986 0,03 16
Second gear 44,444 0,15 12
88,890 0,22 10
43,844 0,28 7
Third gear 70,433 0,25 12
124,216 0,46 9
42,627 0,17 8
Fourth gear 81,967 1,01 8
87,734 3,04 10

The last step of Time MDOF modal parameters estimation were mode shapes estimation with
LSFD method that sample results for idle run mode shapes were introduced in figure no 6. As
modal tests results validation was used LMS Synthesis module with Auto-MAC criteria estimation
- introduced in figure no 7, where we could calculate the error of estimation for all recognized
mode shapes of object. As final results we obtain the dynamic state description of real technical

object with estimation of predominant properties of natural frequency and mode shapes.
a) b) 9]

Fig. 6. Transmission gearbox sample mode shapes for frequencies:
a) 44,16 Hz, b) 88,23Hz, ¢) 99,98 Hz
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Mode No. Frequency Kiode 1 Mode 2 Hode 3 Mode 4
L | | 44.080 |__70976 |  88.504 | 89.5% |
| Mode 1 44.080 100.000 10.140 1.385 1.645

1

2 | Mode 2 70.976 10.140 100.000 9.160 21.413
3 | Mode 3 88.504 1.385 9.160 10:0.000 49.096
4 | Mode 4 99988 1845 21413 49096 100.000

Fig. 7. Sample of LMS Synthesis module and Auto-MAC criteria estimation

The stabilization process ran with tolerance of individual modal parameters: 1% for frequency,
5% for modal damping and 2% for mode shapes vector. In such case as this, where the operational
modal analysis is applied, there is only this mode shapes identification possibility which became
sufficiently well extorted during the experiment identification.

4. Conclusion

The development and progress of the human civilization is guided by the desire of difficult
questions solving often connected with the varied fields of the science. However very often takes
place the situation when introduced solutions are more complicated that first solution. In modern
technical constructions this problems are also similar. From that reasons new devices and new
diagnostics methods are developing which will be able to provide valuable information about
technical state of that products.

Presented in this paper conducted investigations and modern engineering application allows to
quick process of transmission gearbox identification including their own vibration and gearbox
body mode shapes visualisation. The advantage of this method is fact that the studied object can be
investigated during normal process of exploitation, the investigations don't generate additional
costs and we got results basis of real signals that are generated through the exploitation process of
studied object.

Conducted investigations of gearbox depended on delimitations of vibroacoustics measures for
chosen gear sets and accomplishment the assessment of received results influence on transmission
gearbox state by operational modal analysis methods. As a result we received the stabilization
diagrams with natural frequencies with damping factors, the modal participation factors and
estimated mode shapes. Analysing results of investigations for idle run, the first identified natural
frequency (44,160 Hz) describes the movement of shaft unbalances. The figures of this own
vibrations are very well visible on the animation of modal model in the geometry model analysis
as determined deformations of model. Second identified figure of natural frequency (88,235 Hz) is
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caused the differential mass schedule on the gearbox casing and also the unbalances shaft
movement - that influences on whole gearbox stiffness. Third figure of natural frequency (99,997
Hz) results from the way of studied gearbox fasten and the kind of the supports on which the
whole construction of gearbox leant.

Introduced in this paper results of investigations are only the part of realized investigative

project and they do not describe wholes of the investigative question, only chosen aspects. This
paper is a part of investigative project WND-POIG.01.03.01-00-212/09.
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Abstract

In the paper are presented conditions for gaseous fuelling of different engine types: stationary engines and
traction engines to trucks and passenger cars. On the base of performed investigations, one made comparison of
operational costs of dual fuel gaseous engines and an engines with spark ignition system. In the analysis one took into
consideration operation of an engine on natural gas, the most expensive gas, and on the mine gas, so called cheap
gas. In case of stationary engines, the analysis showed considerable benefits of the dual fuel system comparing with
spark ignition system. One confirmed considerable savings in purchasing costs of the fuels, regardless of size of initial
dose and price of the gas. Earnings in purchase of the fuels increase together with growth of price of the gas and
reduction of initial dose. In traction engines one should use the CNG or LNG gas. During transitional period of
introduction of the gas one should implement systems with full interchangeability of fuelling with gaseous fuel and
liquid fuel, both in compression ignition and spark ignition engines. Used in trucks, the dual fuel system gives
substantial savings in operational costs and improves conditions of engine operation comparing to systems with spark
ignition. In turn, in case of passenger car engines, due to size of the engines and different operational conditions,
systems with spark ignition and so called flexi-fuel systems should be used. Due to it, gaseous fuelling in passenger
cars should be first implemented in the engines with spark ignition system.

Keywords: natural gas, dual fuel engine, pilot dose, gas share, operating costs
1. Introduction

During the nearest feature it will be seen a rapid growth of application of gaseous fuels to
fuelling of the engines. It results from general tendency of search for a fuels being alternative to
petroleum fuels, and diversification of sources of energy. Gaseous fuels, due to their properties,
belong to important among alternative engine fuels, and due to their resources, gaseous fuels may
largely replace traditional liquid fuels in future.

To the most important gaseous fuels belong [1, 2, 3, 7, 9]:

e natural gas in form of compressed CNG gas and liquefied LNG gas,
e Dbio-gases such as gas from sewage-treatment plants, burrow gas and gas from bio-gas
plants,
mine gas,
waste gases from manufacturing processes,
hydrogen,
liquefied propane-butane, popularly known as the LPG.

Due to market supply and price, the first four from the above mentioned gases shall have
fundamental importance in the nearest future [1, 2, 4, 9]. Three from them belong to the waste
gases, and their rational use is connected with environment protection. The hydrogen is considered
as future fuel, but nowadays is very expensive, while implemented methods of production and
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storage are inefficient [12]. Overall manufacturing efficiency of the hydrogen, well to wheal,
amounts to about 15%, what makes this fuel also unprofitable from environment protection point
of view. In turn, popular in our country LPG gas, due to its small market supply (about 2% of
processed crude oil) can not be considered in global scale as a strategic fuel [11].

Method of use of the gases depends mainly on a type of the gas and the engine. Waste gases,
due to low energetic density, should be destined to fuelling of stationary generator engines,
operated in co-generator systems [1, 5, 7, 9 13]. Such engines are the most often installed near
sources of the gas and make use of the gases having pressure close to the atmospheric one, what
reduces costs of transportation and storage of the gas. At extremely low energetic values, the waste
gases can be enriched with the network natural gas, or in case of lack of such gas, the engines can
be run on pure natural gas [9].

Traction engines should be powered by the CNG or LNG gas due to permissible masses of fuel
tanks [1, 3, 4, 9, 13]. In the European Union countries, fuelling with the natural compressed CNG
gas is preferred, while its market share in 2020 should reach level of about 8% of the whole of
consumed engine fuels [7, 9]. Nowadays, development of such fuelling type is limited by mass of
the gas cylinders (Fig. 1) and number of filling stations (Fig. 2).
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Fig. 1. Estimated mass of CNG gas cylinder, depending on capacity of liquid firel tank [9]

70

a)

b)

1000

800000

700000

600000

500000

umber of vehicles
W a
3
38
3
3
3

Ni
N
S
8
S
8
3

100000

755000

92000

5900

32000

9279

2106

Number of CNG stations

Poland

German Italy Austria Sweden  Switzerland German Italy Austria Sweden Switzerland Poland

Fig. 2.Number of CNG gas filling stations and number of vehicles run on CNG gas in selected European
countries [source: Gas Vehicle Report, May 2011]

The engines running on the gas can operate according to two combustion systems:

e spark ignition system (majority of applications),

e dual fuel system (limited number of applications).

In the past, selection of the system was determined mainly by significant difference in price of
the fuels, natural gas and waste gases with low price of unit energy and Diesel oil with high unit
prices. At considerable fractions of Diesel oil, production cost of unit energy in dual fuel engines
was higher than production costs of energy in spark ignition engines. In result, gaseous engines
with spark ignition are the most of practical implementations [2, 7, 9].
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Anyhow, a system of gaseous fuelling with spark ignition features many disadvantages,
comparing to dual fuel supply, especially with respect to compression ignition engines adapted to
gaseous fuelling. To the most important belong:

e necessity of reduction of compression ratio to value 9.0-9.5, what results in reduction of

overall efficiency of the engine,

e (difficulties in ignition of lean gaseous mixtures, what results in fuelling of the engines with

stoichiometric mixture with A=1.0 or leaned to A=1.6 (required special ignition systems),

e special requirements for ignition systems (increased energy of spark) and spark plugs,

e reduced durability of spark plugs,

e worsening of engine start-up capability and increased non-uniformity of engine operation

at low loads.

Small gaseous engines, used as a power units to passenger and pick-up cars are fuelled with
stoichiometric mixtures with A=1.0. Very often these are flexi-fuel engines, possible to run
alternately on the gas or the gasoline. Engines used in trucks and big stationary engines are, as a
rule, turbocharged or fuelled with the gas only. They operate mainly at lean gas-air mixtures with
the excess air number A=1.6, what reduces susceptibility to knocking combustion, and owing to
lower combustion rate, reduces emission of the NOy. Reliable ignition of leaned mixture is
attained due to increased energy of the spark plug, or through incorporation of spark plug’s
electrode to a special pre-chamber (Fig. 3). During compression stroke, the gaseous mixture gets at
the pre-chamber, and is ignited from the spark. Increase of pressure in the chamber results in
intense injection of burning mixture to the main chamber and propagation of the combustion into
big volume of the chamber. The spark plug having described design is shown in the Fig. 3.

a) b)

Fig. 3. Spark plugs from gaseous engines operated at lean mixtures (photo of the author):
a) view of the spark plug, b) cross-section and outflow of burning gases

Dual fuel engines are constructed, as a rule, on the base of compression ignition engines
powered traditionally by Diesel oil. They enable to maintain majority of positive properties of
their progenitors, and additionally they can play important transportation role during period of
insufficient number of gas filling stations. To the most important benefits of such engines belong:

e high efficiency at full load, considerably higher than in case of gaseous spark ignition engines,
and often higher than compression ignition engines fuelled traditionally,

e maintaining operational parameters of base engines (maximal output power, torque),

e combustion of gaseous mixtures in broad range of change of the excess air number, not
possible to be obtained in spark ignition engines,

e decreased emission of nitrogen oxides, solid particles and carbon dioxide, comparing to
compression ignition engines fuelled traditionally,

e possibility of compensation of composition change of the gas through change of initial dose,
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e possibility of alternate operation in dual fuel system or on Diesel oil only, what is of an
essential importance in case of some applications (emergency installations, public
transportation) or lacking of the gas, or breakdown of installation of the gas,

e engine start-up on Diesel oil, what assures the same start-up capabilities like in case of
traditional fuelling,

e smooth engine operation at low loads and in transient states,

e decreased noise of engine operation.

Costs of engine operation, having decisive impact on selection of the dual fuel system, are
under considerable impact of extent of operational interchangeability of liquid fuel by gaseous
fuel. Due to big differences in price of the fuels (twice cheaper price of unit energy of the gas) in
case of such engines one strives after minimization of the initial dose in possibly widest range of
changes of engine load. It is determined by design of the dual fuel engine in stationary applications
and restricts operational range of dual fuel traction engine.

The work presented in this paper deals with these issues on example of some engine types and
their applications.

2. Dual fuel stationary engines

The lowest number of problems connected with engine adjustment is present in case of dual
fuel stationary engines operated at constant rotational speeds and loads close to the maximal load
[2, 7, 9]. Steady conditions of engine operation enable optimization of size of the initial dose and
create possibilities to maintain correct composition of combusted mixture, owing to it, emission of
toxic components of exhaust gases is very low [1, 7, 10].

The most often, small initial doses needed to stable ignition of gaseous mixture only, are used
in stationary engines. The following sizes of the initial doses are used:

e 3+5% Q,, (of nominal dose of the engine fuelled traditionally) in case of a smaller engines,

o 1+1.5% Q. in case of big power units.

However, use of small initial doses requires changed design of the engine, adapting it to
operation in dual fuel system. The changes depend on whether the engine requires alternating
operation in dual fuel system and in traditional fuel supply, or with gaseous fuelling only.

Obtainment of initial dose within limits of 5% of nominal dose requires use of a special pump
and injectors adapted to injection of small initial doses. In such pumps a smaller diameters and
bigger travels of the piston are used. Moreover, one should pay attention on scavenging of the
suction chamber, because in case of injection of small doses, quantity of the fuel carried off
through overfall decreases, what results in tendency to foaming. An example of the duplex
installation is shown in the Fig. 4.

The system of duplex fuel installation is possible to application in bigger engines with lower
rotational speed only. Possibility of seizure of idle injectors due to longer time of switching-off
from operation of one from the systems can be considered as the main disadvantage of such
system. It results in difficulties in transfer from one fuelling system to the second.

Avoiding this disadvantage is possible in a big generator engines, where three injectors in
common rail system are used per a single cylinder. In case of an engine operated in dual fuel
system one uses a single injector, switched over successively from time to time to another one,
what prevents seizure of the injectors. In case of engine operation on Diesel oil only, one uses
three injectors operating simultaneously, which can be also switched over successively when the
engine operates at low loads.

82



Fig. 4. Fuel supply system with Diesel oil of the 32/40 engine made by MAN B&W [5]:
1 — main pump (engine operation at Diesel oil only),
2 — pump to injection of initial dose (operation in dual fuel system)

In case of common rail systems it is possible to use a duplex injector of the main fuel and the
initial dose. Mode of engine operation and size of the dose are controlled electronically by the
ECU.

In the Fig. 5 is shown a duplex injector from the S0DF engine made by Wartsila Company
[14]. The injector is equipped with two needles, the bigger one to operation on Diesel oil only, and
the smaller one to injection of initial dose. Smaller needle is controlled electronically while the
bigger one is controlled hydro-mechanically. In dual fuel operation, advance angle and time of the
injection are adjusted individually for each cylinder.

Fig. 5. Duplex injector used in the 50DF Wiirtsila engines [14]

Use of extremely small initial doses 1.0+1.5%Q;,, requires special design of combustion
chamber, enabling increased energetic and spatial influence of the ignition dose. Injection of initial
dose occurs to pre-chamber, where gaseous mixture is present before the end of compression
stroke (Fig. 6). After ignition of the gaseous mixture, increase of pressure occurs in the pre-
chamber, what results in injection of burning liquid and gaseous fuel to the main chamber.
Suitable selection of geometry of holes in the pre-chamber enables maximal increase of spread of
burning stream of mixture of the fuels, what favors rapid injection of the gas in the main chamber.

The dual fuel engines in nominal conditions develop efficiencies higher with 5+6% comparing
to their equivalents with spark ignition system. It is possible, therefore, to perform comparison of
their operational costs for extreme conditions of fuel supply:

e supply with the network natural gas — the most expensive gas in the market,

o the mine gas with average contents of methane 55% - as a cheap waste gas.

Prices of the gases and liquid fuel (fuel oil) were taken on the base of the prices paid by an
enterprise, which operates dual fuel gaseous engines. Results of the comparison are presented in
the Fig. 7.
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1 — main chamber, 2 — main injector, 3 — injector of initial dose,
4 — pre-chamber
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Fig. 7. Comparison of yearly fuel costs to the engines with 1 MW output power, with spark ignition and dual fuel
engines run on natural gas and mine gas: a) initial dose of dual fuel engine, 5% of nominal dose,
b) initial dose of dual fuel engine, 1.5% of nominal dose

From comparison shown in the Fig. 7 is seen that dual fuel supply is more advantageous in
case of more expensive and also the cheapest gases, both in case of 5% dose and 1.5% of nominal
dose. Yearly profit in case of the natural gas fuel supply amounts respectively to about 320 000
PLN with 5% dose and 330 000 PLN with 1.5% dose, what gives relative savings, comparing to
fuelling costs of a spark ignition engine, of - 10.7% and 12.2%. Profits in case of fuelling with the
mine gas amount to  about 152 000 PLN  with 5%  dose and
195 000 PLN with 1.5% dose, what gives 7.9% and 10.1%. From presented comparison is seen,
that a bigger profits can be generated when one uses the network natural gas, relatively expensive
due to partial networking and transfer costs included in unit price of the gas. Use of dual fuel
engines in a 6 MW power plant, when the engines are fuelled with the natural gas can generate
profits of about 2 million PLN, what considerably influences on amortization time of purchase
costs of the engines. Profits due to fuelling with the mine gas in a similar power plant (6 MW is an
average output power of the power plant in the Jastrzebska Spotka Weglowa) are a little bit lower
and amount to 0.9+1.2 million PLN.

To additional beneficial factors belong: long lasting period of failure-free operation of
injection systems and smaller tendency to knocking operation of the engine, and in case of
generator engines - considerably lower frequency of engine switching-off due to loss of frequency
synchronization with external network.

3. Dual fuel traction engines

Traction engines should be absolutely fuelled with the natural gas compressed to
2025 MPa pressure and equipped with steel gas cylinder reinforced with carbon fiber, or entirely
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made from composite material. It enables to maintain required mileages between successive
refueling with the gas on the level a little bit lower comparing to the engines fuelled traditionally.

Nowadays as a power units to trucks and buses are used compression ignition engines.
Adaptation to gaseous fuelling requires rework of these engines to spark ignition system
(reduction of compression ratio, stoichiometric combustible mixtures), what is connected with
decreased efficiency in complete range of change of engine load (Fig. 8). Decrease of the
efficiency can range from a few to several percent, depending on engine size and load. It is worth
to underline, that the biggest differences in the efficiency occur in area of partial engine loads, and
hence, in area of the most frequent operation of the engine.
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Fig. 8. Comparison of thermal efficiency of SI gaseous engines and CI engines fuelled traditionally [§]

Use of the dual fuel system assures maintaining the efficiency at maximal engine load at the
same level as in case of traditional fuelling. As confirmed by investigations performed by the
author on various engines, selection of a suitable initial dose enables even increased overall
efficiency with 2+4%, calculated in absolute units. This should contribute to reduction of
consumption of energy and the fuels in the engines mounted in trucks operated on long routes, and
the same, to reduction of operational costs.
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Fig. 9. Influence of rotational speed on overall efficiency of dual fuel engine at maximal load and different initial
doses: a) 1CA90 engine [7], b) SB3.1 engine [9]

Investigations of the SB3.1 engine with cylinder bore 127 mm, piston stroke 146 mm and
capacity of the cylinder 1.84 dm®, equipped with common rail system and injection of the gas to
area near the inlet valve, have shown that with small initial doses, in area of partial loads, the
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engine can develop efficiencies close to the efficiency of the engine fuelled traditionally (Fig. 10).
Average dose 14.6 mm’/cycle used in course of the investigations was increased with respect to
minimal dose possible to be achieved in common rail system, needed to assure long lasting
operation of the injector without risk of overheating.

Additionally, use of increased initial dose leads to reduction of hazard of knocking
combustion, what in supercharged engines can be utilized to increase maximal output power of the
engine. It should be underlined, however, that increase of the initial dose leads to reduction of
overall efficiency of the engine at partial loads, comparing to the engine run on Diesel oil only.
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Fig. 10. Dependency of the overall efficiency on the load of the SB3.1 engine fuelled traditionally and run in dual fuel
system: A, — excess air ratio of gaseous mixture, various initial doses, rotational speed 1400 rpm

Due to insufficient network of CNG filling stations, in case of dual fuels engines one should
assure full interchangeability of fuelling with the gas and Diesel oil only. Due to size of the
engines, such condition requires maintaining original injection apparatus, used in case of
traditional fuelling. This restricts, both in the systems with injection units and in common rail
systems, possibility of unlimited reduction of the initial dose. It results from worsening of
uniformity of dosing, or decay of injection (from one cycle to another) when very small doses are
used. It should be underlined, that the initial doses are most often close to, or smaller than the
doses injected at idling speed of the engine, when uniformity of the dosing at traditional fuelling is
not so important.

In course of adaptation of the engines to dual fuel supply when serial injection apparatus is
utilized, the following sizes of the initial dose can be used:

o 15+25% Q,y — for serial piston pumps,

o 10+15% Q,, — for serial common rail systems.

Size of the initial dose is most often referenced to size of Diesel oil injected in the engine at
nominal loads and traditional fuelling.

In traction engines operated in conditions of changing load, interchangeability of the liquid
fuel with gaseous fuel belongs to important issues. The interchangeability can be evaluated by
fraction of gaseous fuel energy U, in complete dose of energy supplied to the engine.

Changes of fraction of the gas U, in function of engine load at constant rotational speed, for
different initial doses, are presented in the Fig. 11. They show that in case of stationary engines
use of the initial dose having energetic size of about 5% enables more than 90% interchangeability
of the liquid fuel in complete range of change of engine loads. It requires, however, usage of
separate injectors for the initial dose and the dose at traditional fuelling.
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At the doses with energetic fraction of about 10%, possible to be achieved in common rail
systems when the injector was carefully selected, it is possible to obtain substitution of the gaseous
fuel above 80% for engine loads higher than 20% of nominal load.

It is also worth to pay attention, that during adaptations of an older engines, with classic
injection apparatus, when doses with energetic value of about 25% are used, it is possible to obtain
substitution of the liquid fuel greater than 60% for engine loads higher than 30% of nominal load.
This should be a signal that even in older traction engines dual fuel supply can bring about
tangible economic benefits.

Selection of the initial dose is very important in the dual fuel traction engines. When serial
injection apparatus shall be kept, used initial doses are bigger, as a rule, than the ones needed to
robust ignition of the gas. From the other side, they should assure sufficient cooling of the
injectors at maximal engine loads. Due to this, selection of the initial dose should be accomplished
on the base of engine testing, while reduction of the dose should be limited by requirement of
suitable durability of the engine.

In the Fig. 12a are presented fractions of the gaseous fuel achieved in the SB3.1 engine at
maximal engine load and various initial doses. The SB3.1 engine is a single cylinder engine
constructed on the basis of the SW 680 engine (swept capacity 18.1 dm’), with size corresponding
to the engines used in truck transport. At maximal engine load, energetic fraction of the gas is
nearly independent from rotational speed. It results from usage of electronic systems to injection of
the gas and initial dose, where doses of the both fuels depend only on opening time of the
injectors. Effect of operational parameters of the engine, inclusive of temperature of injectors in
common rail system, on quantity of injected fuel is small.

At minimal dose 14.6 mm’/cycle it is possible to achieve more than 90% substitution of the
liquid fuel in complete range of change of rotational speeds. Increase of the initial dose to 39.3
mm?*/cycle results in reduction of fraction of the gas to value of about 60%. Moreover it results in
growth of engine load, below which the engine should be fed with Diesel oil only. It is worth to
notice, that big initial dose reduces safety of engine operation in range of knocking combustion,
while 60% substitution of the liquid fuel can considerably reduce operational costs.

In area of partial engine loads, fraction of the gas in total dose of energy supplied to the engine
decreases together with reduction of the load (Fig. 12b). Simultaneously, in area of partial engine
loads is seen a distinct tendency to increase of fraction of the gas U, as rotational speed increases.

In the research SB3.1 engine at initial dose of about 20 mm’/cycle, energetic fraction of the
gas changed in range of 45+82% in complete investigated area of engine operation, i.e. at changes
of engine load in range 0.1+0.7 MPa and rotational speed 1200+2000 rpm.

a) b)
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Fig.12. Comparison of energetic fraction of the gas in the SB3.1 engine run in dual fuel system:
a) engine load close to the maximal one, various initial doses, b) changing engine load, different
rotational speeds, constant initial dose 19.8 mm’/cycle

In real conditions of engine operation, substitution of the liquid fuel by the gas depends on
conditions of engine operation, is higher in out-of-urban driving and decreases in case of urban
driving. Additionally, it depends on weigh of transported load and conditions on a road. Due to it,
it is difficult to specify accurate operational substitution of liquid fuel, and the same, real profits
from adaptation of the engine to dual fuel supply.

In the Fig. 13 are presented estimated yearly profits for a dual fuel medium size engine with
300 kW output power, used as a power unit to a truck-tractor in international transport. The data
concerning consumption of Diesel oil were obtained from an enterprise operating over a dozen
truck-tractors of a  similar size. Price of Diesel o0il was assumed as
5.50 PLN/dm® and CNG 2.55 PLN/nm®, mandatory in filling stations in April 2013.
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Fig. 13. Effect of fraction of the gas on profit in yearly purchasing costs of the fuel to dual fuel medium size engine
used in trucks

From analysis depicted in the Fig. 13 is seen, that 50% substitution of the liquid fuel by the
CNG can bring about yearly profits of about 350 000 PLN, what in case of over a dozen operated
vehicles, generates significant profits for the enterprise. It seems that due to specifics of vehicle’s
operation in the analyzed enterprise, real substitution can be even bigger, and generated profits
could be higher.
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Quite different is the situation in case of the engines used in passenger cars. These engines are
mainly operated at partial loads, in urban traffic with limited speed, with big portion of idling
operation, as underloaded cars. Due to this, operational substitution of the liquid fuel by the gas in
such engines can be considerably smaller than the substitution in the trucks. Due to significantly
lower prices of the gas comparing to Diesel oil (more than twice), operational cost of gaseous
engine with spark ignition will be lower than operational cost of dual fuel engine. However,
rework of compression ignition engine to spark ignition and fuelling with the gas requires
numerous design changes, and because of size of the engine could be unprofitable. Moreover,
engine after such rework could be run on the CNG only, or after big design changes can be also
run on gasoline. Presented considerations lead to conclusion that during transitional period,
gaseous fuelling of passenger cars should be introduced to spark ignition engines in so called flexi-
fuel system, enabling alternate fuelling with gasoline or natural gas.

In compression ignition engines, dual fuel system can be used to reduction of smokiness of
exhaust gases, what considerably lengthens time to regeneration of DPF filters and increases their
life. Fraction of gaseous fuel in case of such strategy of fuel supply can be smaller (about 30%),
and CNG or LPG can be used as the fuel. In spite of relatively low octane number of the LPG, due
to big doses of Diesel oil, knocking combustion doesn’t occur. Use of the LPG, having price
similar to the CNG, reduces costs of engine adaptation to dual fuel supply.

In case of traction engines, particularly adverse conditions of combustion are present in area of
low engine loads [10]. In some implementations, necessity of maintaining the same output power
like in case of run on Diesel oil only, belongs to important issues. Due to it, dual fuel supply can
be limited to range of engine loads of 20+90% of the nominal load. The controller automatically
switches mode of engine operation according to the following scheme:

e load 0+20 Ny run on Diesel oil only (increase of overall efficiency of the engine and
reduction of CO and THC emissions),

e load 20+90 (95) N, dual fuel supply with minimal initial dose,

e 90 (95)+100% N, run on Diesel oil only (engine output power like in traditional fuelling).

More detailed information on control strategy of the dual fuel engines can be found in the study

[9].
4. Conclusions

On the base of performed analyses and investigations it is possible to draw the following
conclusions with general character:

e Dual fuel system enables maintaining the most of positive features of compressed ignition
engine fuelled traditionally, like high efficiency, low sensitivity to changes in quality of the
fuel, smooth operation in conditions of changing load.

e The most advantageous conditions of dual fuel supply are present in stationary engines
operated under constant loads and rotational speeds. In such engines one should use a special
apparatus to injection of the initial dose, if the engine can be fuelled with the gas only, or
doubled system (special to the initial dose and serial to feed with Diesel oil only) in a cases
where full alternation is required. It enables decreasing of the initial dose to a value smaller
than 5% of nominal dose and increasing of operational fraction of the gaseous fuel.

e  Usage of dual fuel supply in stationary engines enables obtainment of a considerable savings
in cost of the fuel, comparing with spark ignition engine, regardless of the price of the gas and
used size of the initial dose. Value of the profit is bigger in case of more expensive gases, like
the natural gas.

e In traction engines one should use compressed natural gas (CNG), what results from
requirements of a suitable mileage between successive refueling. During transitional period, in
compression ignition engines one should use the dual fuel supply systems with full alternation
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of the fuelling, while in case of spark ignition engines one should use the flexi-fuel systems,
enabling combustion of pure gas or pure gasoline.

In the engines assembled in trucks one should use dual fuel systems, what promotes rational
use of energy. Moreover, such systems enable considerable cost reduction of the fuel. Value
of the profits depends on operational fraction of gaseous fuel, and the same on operational
condition of vehicles.

In the engines assembled in passenger cars, due to considerable differences in price of the
gaseous fuel and the liquid fuels, dual fuel system can prove unprofitable from economic point
of view, comparing to spark ignition. Moreover, extent of changes in compression ignition
engine needed to adaptation to gaseous fuelling and spark ignition is too big. Due to this,
gaseous fuelling in passenger cars should concern spark ignition engines operated in the flexi-
fuel system.
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Abstract

The system of recognizing the state of machines should enable: control of the state, forecasting the state in case
of the applicability of the machine, location of damage in case of the unfitness of the machine, genesis of state and
describing the probable reason for the appearance of located damage. In the recognition process of the state of the
machine a set of diagnostic parameters is being used. He is being favored from the set of output parameters. With the
tool an optimization of the set of diagnostic parameters is of help in a process of selection of parameters.

At the work an effect of computer programs which enables the realization of the optimization methodology of the
recognition process of the state of machines was described. The program consists of five modules: canvassing of data,
optimization of diagnostic parameters, evaluation of the state, forecasting the state, genesis of state.

Keywords: optimization, recognizing the state of machines, diagnostic parameter
1. Introduction

The system of identifying the state should enable machines:
e control of the state;
o forecasting the state in case of the applicability of the machine what in practice is being
imported for establishing a date of his next diagnosing;
e location of damage in case of the unfitness of the machine;
e genesis of state and describing the probable reason for the appearance of located damage.
Fundamental requirements which a system of identifying the state of the machine should fulfil it:
a) reliability
b) high speed operation;
¢) standardization;
d) cost-effectiveness (low manufacture costs and exploitation).
The system of identifying the state of the machine moreover should be characterized:
v' with simple, possibly optimum algorithm of functioning;
v’ with the versatility, i.e. possibilities of identifying the state of machines of different types;
v" with possibilities of identifying the state of machines about small and large degree of the
complexity;
v’ with automatic generating diagnoses;
v' with the explicitness and the legibility of presenting diagnoses;
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v' with simplicity of supporting.
The system of identifying the state should provide machines so that the diagnostician interferes in
his action but where:
a) changes of the object of identifying the state;
b) amendment to the algorithm of diagnosing, forecasting and genesis of state;
c) of removing detected automatically damage to the diagnostic device.
The system of identifying the state of the machine should accomplish the requirement
concerning the quality of products according to applicable standards [2].
The system specification of identifying the state of the machine should grasp the following
issues from the area of the design, the production and the exploitation of machines:
e functional properties;
of design features
conditions of using and supporting;
potential service centers;
economic calculation.

2. Optimization of the process of examining the state of machines

Set of diagnostic parameters, exploited in the recognition process of the state of machines,
stands out from the set of output parameters. Determination of a set of diagnostic parameters in the
genesis of engineering should take into account [1]:

a) ability to copy transitions of the machine during the exploitation;

b) quantity of the information about the state of the machine;

c) right changeability of the value of diagnostic parameters during the exploitation of a
machine.

Diagnostic parameters yje Y are with changeable sizes during Y=Y (®), because depend on the
course of extorting processes grow old and wear and tear..

The set of diagnostic parameters Y is standing out from the set of output parameters Ywy
which are describing the course of initial processes (working and associated processes), dependent
on the technical condition of the object:

Ywy = Yuy (S, ©) (D

To the purpose of more thorough distinguishing Y < Yy, sets a criterion of the minimal
mistake of the diagnosis is most often applicable. The parameters which are characterized by the
minimal mistake of the diagnosis and a procedure of choice of diagnostic parameters are
distinguished according to the minimal mistake of the diagnosis.

The essence of this method is to determine the diagnosis error of D, i.e. the area of "covering"
the conditional probability density function parameter y; € Y defined by Serdakow [2]

relationship:
b~ P[SJ 0+ P(Sj 0,, ®)
y y

J J

whereas probability of the Q; type I error consisting in ranking the machine being in the state of
the applicability So = S; to the condition of the unfitness S; = S;:

e
0 = if(sljdy,- 3)

and probability of the Q, type II error consisting in ranking the machine being in the state of the
unfitness S;= S, to the state of the applicability So=S;:
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- j f@—jdy, @)

Next choice "best" y €Y parameter through the minimization of the diagnosis error:
¥ =min(D)) ®)

Choice of diagnostic parameters according to the presented method is being brought about then to:

1. Of qualitative analysis of parameters, relying on [1]:

a) for studying the gravity of changes of the value of diagnostic parameters at the change of
the technical condition of the machine;

b) for appointing and estimating limit values y, according to the criterion of the smallest
Bayes risk at assuming the cost value of mistakes and the II kind;

2. Of quantitative analysis which relies on choice of parameters under the angle of criteria
connected ability to copy transitions of the machine during the use, quantities of the
information about the state of the machine and the changeability of the value of diagnostic
parameters in the time of the exploitation of a machine.

Relevant algorithms considering these demands were moved below as methods.

. Method of the maximum relative variation of the diagnostic parameter

In this method this diagnostic parameter which has a considerable value of the indicator is
going k;. He is taking into account the average speed of the change of parameters in the time
interval (®;, ®y). He is being described according to the relation:

b/

b, ,

J=1
ii ‘ yj(®i+1)_ y,(®f) ‘
K5 (®i+l_®i) ‘ y,‘(®1)_ Yig

; (6)

where: K - number of elements of the time series in the period (®;, ®).

e Method of correlation of the value of diagnostic parameters with the state of the
machine

The method consists in examining correlation of the value of diagnostic parameters with the
state of the machine r=r(W, y;) (if necessary with the exploitation time, ((r; = ((®, »j)):

>0, -0y, -,
=== (7

\/Z(@)k —0)Y (v, —¥,)

o 1 K _ 1 K
GZEZG/” yj:E;yj,k, (®)

k=1

where: r; =r(8S, y));j = L,..., m - coefficient of correlation between variables S 1 yj,
rin=r(yj, yn); j,n = 1,..., m; j#n — coefficient of correlation between variables y; 1 y;.

e Method of the maximum information capacity of the diagnostic parameter

93



Nature of the method consists in choice of the parameter delivering a lot to information about
the state of the machine. The diagnostic parameter has an all the greater significance in
determining the transition, they more strongly are feeling with him correlated and for them more
poorly is correlated with other diagnostic parameters.

This relation is being presented in the form of the rate of the information capacity of the
diagnostic hj parameter which is with alteration of the indicator referring to the harvest of
exogenous variables econometric model:

72
A ©)
1+ z Vi
Jj.n=l,j#n
K . —
DD =)Wk =)
Fin = — (10)
\/Z D=, D s =2,
k=1 k=1
LS SR o (1)
Y =i &= M

where: 1; =1(S, y;); j = 1,..., m - coefficient of correlation between variables S i y;,
Tin=1(yj, Yn); j,0 = 1,..., m; j#n — coefficient of correlation between variables y; 1 yn.

In case of the no data from the set they are being replaced with the Sec., on the assumption
that fixing procedures of recognizing of the state the machine is carried out in the period of the
normal wear and tear, sometimes of the operation of a machine.

To the purpose of choice of the set of diagnostic parameters values of scales are being exploited
[5]:
a) standardized computational scales wi;:
w.

W= 2 (12)
ZW‘/
j=1
1 * *
w L g TRy 03
j
R BT (14)
i > ’
maxr; maxhj

as the criterion for the choice of the diagnostic parameter (of diagnostic parameters) max(wi;) was
accepted and choice of diagnostic parameters according to this criterion.

4. Computer program to optimize the process of exploitation of the machines
The program called "Optimization" methodology enables the optimization of the process of

recognition of the machines. The scope of capabilities includes the process of testing procedures
for recognition of machine condition [4]:
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a)

b)

examining the set of diagnostic parameters in the aspect of appointing an optimal set of
diagnostic parameters for the evaluation of the state of the machine in the moment of the
examination, of forecasting and genesis values of diagnostic parameters and on their base
forecasting and genesis of state of the machine;
examining the quality of the evaluation of the technical condition of the machine in the
aspect:
- fappointing the motherland of the relation: technical condition - exploitation time -
value of the diagnostic parameter,
- of appointing the diagnostic test of the control of the state and the location of
damage to the machine;
examining the quality of forecasting in the aspect:
- of fixing the forecasting method of the value of the diagnostic parameter according
to the function of the forecast error,
- of determining the method of setting the next date of supporting according to the
function of forecast error,
- examination of the impact of the value of the horizon of the forecast for the
forecast error,
- examination of the impact of the number of the set of diagnostic parameters for the
forecast error;

d) examining the quality genesis in the aspect:

- of fixing the method genesis values of the diagnostic parameter according to the
function of the genesis error,

- examination of the impact of the number of the set of diagnostic parameters for the
genesis error.

The program consists of five modules (fig. 1):
1. Of canvassing (leading, edition, data record, import from the csv file). The module of the
canvassing consists of five bookmarks (fig. 2):
a) group of machines,
b) list of states,
c) list of parameters,
d) list of objects,
e) list of measurements.

Ver 3.5 [HENES

Wen |
Akwizycia ¥ Realizacia
Optymalizacja Parametréw Diagnostycznych »
Ocena Stanu »

Genezowanie Stanu »

Prognozowanie Stanu »

OPTYMALIZACIA PROCESU
ROZPOZNAWANIA STANU MASZYN

'S Start & OKTLPRLTILITY 0 Instrukcia do popr Boess Pupt 7 Mjkomputer 7 Pl em B ° @JR0dE

Fig. 1. View of the elaborated menu of the main programme [4]
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2. In the module the Optimization of Diagnostic Parameters is taking place calculating the value
of the criterial function and of scales of diagnostic parameters on the base given entrance for the
chosen object with the possibility of the record to a text file (fig. 2).
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Rys.2. Module the Optimization of Diagnostic Parameters [4]

3. In the module the Evaluation of the State is taking place (fig. 3):

a)
b)

¢)

Fig. 3. Diagnostic motherland created in the module Evaluation of the State for the ch

creating the diagnostic motherland based on the input;
possibility of the edition of the diagnostic motherland;
record to a text file.
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!
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osen group of machines [4]

4. In the module Forecasting the State is taking place (fig. 4):

a)
b)

¢)
d)

appointing the forecast value of the diagnostic parameter and the error of the forecast,
of setting the date of diagnosing and operating a machine,

examination of the impact of exploitation factors (number of parameters, number of the
time series, value of the horizon of the forecast) to the forecast of the state,

the visualization and the notation of analyzed models of forecasting the object for select
parameters chosen in the form of the picture and the report.
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Fig. 4. Function of the exponential regression from the module Forecasting the State [4]
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lation with function glued together of the third step of the module Genesis of the State [4]

5. In the module Genesis of the State he is taking place (fig. 5):
appointing the genesis value of the diagnostic parameter and the error of the genesis;
appointing the minimum distance of the genesis value of diagnostic parameter from his

threshold;

examination of the impact of exploitation factors (number of parameters, number of the
time series) to the genesis of the state;

the visualization and the notation of the function of the approximation or the interpolation
of the object for select parameters chosen in the form of the picture and the report.
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Conclusions

The recognition process of the state enables machines:

e determining the technical condition of the machine in the current time on the basis of the
results of diagnostic investigations. It enables the control of the state and the location of
damage in case of the condition of the unfitness of the machine.

e predicting the state of the machine in the future based on the incomplete history of results
of diagnostic research. It enables the work to judge the time of reliable using the machine
or the value carried out by her in the future.

e determining the state of the machine in the past tense based on the incomplete history of
results of diagnostic research what estimating the state of the machine in the past enables.

In the destination of appointing the set of diagnostic parameters, used in the optimization
process of the recognition process of the state, a method is proposed correlation of the value of the
diagnostic parameter with the state and the exploitation time of a machine and the method of the
information capacity of the parameter diagnostic.

Computer programs drawn up aren't a commercial product on account of the specificity and
functional redundancy concerning aspects of forecasting, genesis whether of inspections of
mathematical models. He can however constitute a point of departure for the creation of the
commercial product.
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Abstract

The article tackles with a topic of emission of hazardous components of exhaust gases into the
atmosphere and a conversion degree of catalytic converter while supplying the combustion engine with
natural gas. The natural gas is an example of alternative fuel for fossil fuel characterized by low weight
carbon participation. The supply of combustion engines with gas fuel is realized in one- or two-fuel
systems. The results of measurements were presented performed on the post of engine braking stand, in
the conditions for preparing loading characteristics for the engine with spark ignition. The parameter
which was changed, was the composition of the combustible mixture. On the basis of the measurements,
the analysis of influence of combustible mixture was presented onto the contents of hazardous
components in exhaust gases as well as efficiency of catalytic operation.

Keywords: alternative fuel, air excess coefficient, air — fuel mixture, catalytic converter, emission
1. Introduction

Fast development taking place in many fields of a human being’s activity connected with
highly advanced technology on one hand facilitates everyday functioning, but, on the other
hand, it causes significant degradation of the environment. It affects deterioration of living
conditions of all living organisms. Therefore, more and more commonly limitations are
introduced concerning negative impact of a human being’s operation on the surrounding
environment. Among the fields which are subject to the strictest restrictions there is
automobile industry, where subsequent standards to limit emission of hazardous substances
into the atmosphere are systematically introduced. It forces the necessity to implement far-
reaching changes in construction and equipment of the engine in order to reduce the fuel
consumption as well as the improvement of the creation process of combustible mixture so as
to obtain combustion process parameters as close to complete and total combustion as
possible. In addition, also non-engine limitation methods of hazardous substances into the
atmosphere are used, mainly by means of purifying exhaust gases discharged from the engine.
However, they are not sufficient ones, therefore, alternative motorization energy sources for
fossil fuel are introduced. In order to obtain a positive effect in the form of reducing emission
of hazardous substances into the environment, this fuel should be taken into account which is
characterized by low weight carbon participation [3, 12]. The natural gas is an example of
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such a fuel, characterized by high energetic value and octane number, however lower density
than petrol or diesel fuel.

The supply of combustion engines with gas fuel is realized in one- or two-fuel systems.
The one-fuel system will be adjusted much better to combust gas fuel, as there will be no
necessity to obtain a compromise between combustion process parameters optimum for the
liquid fuel and for the gas fuel, the physical-chemical properties are different. However,
factory-mounted systems should be differentiated, which more and more frequently appear in
the offer of automobile companies, from so called cover installations which dominate on the
personal cars market. The introduction of a version with two-fuel supplied engine by the
manufacturer onto the market is a consequence of parameters’ optimalization of the engine’s
operation resulting from the research conducted [11]. In case of cover installations used for
many engines which differ in technical solutions and working parameters, it is hard to speak
about optimum work of the system, and only about better or worse adjustment thereof. Even
more, that the user is interested, to a large extent, in the best exploitation parameters and low
costs of the vehicle’s usage. As a result, the usage of the fuel, the chemical composition of
which is beneficial from the ecological point of view, may not give a positive effect due to
improper adjustment of engine’s operation parameters to the fuel.

The supply of the engine with natural gas limits the emission of carbon dioxide into the
atmosphere due to low contents of carbon therein. Simultaneously, the emission of methane is
significantly higher and constitutes about 70 — 80 % hydrocarbons emitted in exhaust gases
while during supplying the engine with petrol, it does not exceed 10 %. Methane, the same as
carbon dioxide is included into the gases which contribute to the greenhouse effect to occur
[7,8,11,12]. Additionally, conversion degree of methane in catalytic converters is low,
significantly deviating from oxidation of higher hydrocarbons [4].

While supplying the engine with natural gas, stechiometric composition or poor mixtures
are used [6]. Therefore, results of measurements and analyses were presented concerning the
influence of the composition of the mixture onto the contents of hazardous substances in the
exhaust gases and onto the conversion degree in catalytic converter.

2. Measurement stand

The measurements were performed on the test stand in the laboratory of combustion
engines at University of Science and Technology. The stand is equipped with torque
dynamometer of Schenck W130 type. A four-cylinder combustion engine was used for
conducting the measurements with sparkle ignition Fiat 170A1.00 with stroke capacity of 900
cm’. The engine is equipped with standard petrol supply system and in the system which
enables to supply with natural gas. The amount of the natural gas provided to the engine is
steered by means of the gas supply regulator, which allows for changing the composition of
the mixture while supplying with natural gas. In the inlet system of the engine, the airflow
meter and thermocouple were mounted. The thermocouples were placed also in the engine’s
cooling system and in the exhaust system — in exhaust manifold and behind catalytic
converter. In addition, the stand is equipped with a system for volumetric measurement of
liquid fuel consumption, flow system of gas fuel consumption and analyser of exhaust gases
of Capelec CAP 3201 type (Fig.1).
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Fig. 1. Schema of the test stand.
3. Methodology of conducted measurements

The assumed methodology of measurements included registration of parameters of the
natural gas-supplied engine with a constant working speed of 3000 1/min and constant
loading of the engine. The parameter which was changed, was the composition of the
combustible mixture, which was obtained while steering the location of the step engine placed
in the natural gas supply system. The regulation of the mixture composition required to have
the lambda probe disconnected. In each measuring point, the consumption of fuel, air mass
stream, composition of fuel and temperature in the inlet, outlet and cooling system were
measured. The measurements were conducted by means of making registration of volumetric
concentration of exhaust gases” components in front of the catalytic converter and then behind
it.

On the basis of the results of the measurements, the analysis was conducted on the
influence of mixture’s composition on the composition of exhaust gases of the engine
supplies with natural gas as well as on the efficiency of catalytic converter operation.

4. Analysis of measurements’ results

The usage of the exhaust gases’ analyser Capelec CAP3201 allowed to register the
volumetric concentration of particular components of exhaust gases, which referred to the
volume of dry exhaust gases. Therefore, in order to calculate the emission of particular
exhaust gases’ components, the volume of dry exhaust gases should have been calculated
[1,2,9].

As the high-methane natural gas with methane concentration amounting 96-98 % is the
gas used, it was assumed for the calculations that its composition constitutes 100 % of
methane.
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On the basis of volumetric values of dry exhaust gases (Vi) calculated for each
measuring point and measured volumetric fuel consumption (V) and volumetric
concentration of particular components of the exhaust gases, the volumetric, and then weight
shares were obtained of particular exhaust gases’ components, which were referred to the
engine power obtained during measurements [2,10,12].

The results of the measurements and calculations were presented in the form of diagrams.
The works conducted aimed at analyzing the composition of the combustible mixture with
supplying the engine with natural gas onto the emission of hazardous components in the
exhaust gases, as a result, the data on the diagrams is presented as a function of air excess

coefficient A.
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Fig. 2. Emission of carbon oxide (CO), carbon dioxide (CO,), hydrocarbons (HC) nitric
oxides (NO,) in the function of air excess coefficient (1) with the engine supplied with natural gas,
measured before the catalytic converter (4) and behind catalytic converter (B).

On the figure 2, the emission of carbon dioxide, carbon oxide, hydrocarbons and nitric
oxides were presented before and behind catalytic converter. In the scope of air excess
coefficient (A) from 0,9 to 0,95, emission of CO behind the converter is lower by 15 — 20 %,
however, both before and behind the converter, it is very high. From the value A = 0,95 the
difference increases until the full conversion of CO in the converter with A = 1.
Simultaneously, the value of CO emission measured before the converter decreases in the
scope 8 times and in the range of the A coefficient from 1,1 to 1,4 has a constant value, which
does not exceed 2,8 g/lkWh. The emission of CO, behind the converter in the whole scope of
the air excess coefficient is higher by about 1 to 8 %, which results from the oxidation of CO
in catalytic converter. The emission of HC in the whole scope of air excess coefficient does
not exceed the value of 0,22 g/kWh. The exception is, in the narrow scope of the A coefficient
(0,9 — 0,93), the emission behind the converter, which slightly exceeds the value and the
emission value before the converter reaching up to 0,24 g/kWh. An increase of the HC
emission value, both before the converter and behind it, with A higher from 1,2 results from
reducing the speed at which the combustion reaction takes place caused by a significant
excess of the air in the combustion chamber. The emission of nitric oxides changes in the
wide scope of values depending on the air excess coefficient. Full conversion takes place only
in the range A from 0,9 to 0,99, after which a rapid increase of emission takes place to the
maximum value of about 6,0 g/kWh with L = 1,07. With the air excess coefficient value A =
0,95 in the engine’s exhaust system, the exhaust gases’ temperature starts to raise (Fig. 3). In
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the exhaust manifold, the exhaust gases; temperature changes from the value 690 °C to 715 °C
with A from 0,99 to 1,04, and then it reduces its value down to 700 °C with A = 1,1, reaching
in a further range the value of about 690 °C. As a result of the combustion temperature’s
increase, the emission of NOx goes up, to reach values above 5,0 g/lkWh in the scope of the air
excess coefficient A from 1,0 to 1,15, whereas, maximum value is about 6,1 g/kWh. From
obtaining the stechiometric mixture, the difference in emission of NOy before and behind
catalytic converter amounts to about 5 — 10 %.
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Fig. 3. Consumption of natural gas and exhaust gases’ temperature in exhaust manifold and
behind catalytic converter in the function of the air excess coefficient function (1.

On the measurement position, a three-way catalytic converter is mounted, which is
characterized by the best operation with the stechiometric composition of the mixture, as there
is no competition between NOy and O, then for oxidation of carbon oxides and hydrocarbons.
When the mixture is poor in contents, there drop of efficiency takes place in nitric oxides’
reduction, whereas when the mixture is rich, it causes a drop of hydrocarbons and carbon
oxides’ oxidation [4]. The conversion degree of toxic components of exhaust gases is
influenced also by exhaust gases’ temperature [4,5]. The measurements were performed in
stabilized working conditions, therefore, the temperature in the exhaust manifold was in the
range from 680 to 715 °C, whereas behind the catalytic converter between 570 and 610 °C
(Fig. 3). It means that catalytic converter worked in temperatures’ range which was optimum
for the conversion process.
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Fig. 4. Conversion degree of toxic components of exhaust gases in catalytic converter in the
air excess coefficient function (1.

Conversion degree of toxic components of exhaust gases in catalytic converter was
presented in the figure 4. For stechiometric mixture (A = 1), conversion degree of carbon
oxides amounts to 89 %, nitric oxides 61 %, and hydrocarbons 14 %. Conversion of CO equal
to 100 % takes place from the value of A = 1,01, whereas for NOy up to the value of A = 0,99.
In case of HC, maximum of conversion degree amounts to 57% and is obtained with A = 1,27.

5. Summary

The manufacturers of vehicles, more and more often decide to place vehicles with two-
fuel supplied engine — petrol and natural gas or only with natural gas, among versions of a
given model. It results from the necessity to reduce unfavorable impact of automobile
industry on the environment and the economic needs of vehicles’ exploitation, which is
expected by the users. Brand new mounted system is characterized by precisely adjusted
working parameters of the engine to the fuel used, which in case of so called cover systems of
gas supply is difficult to obtain, as a result, not necessarily it will give a positive ecological
effect.

On the post of engine brake stand the emission measurements of harmful components of
exhaust gases were conducted depending on the air excess coefficient being the representative
of the older generation of construction solutions, to which natural gas supply system was
adjusted.

The emission of carbon dioxide in the analysed period of air excess coefficient was very
high, however the same engine supplied with petrol showed even higher emission of carbon
dioxide which results from significantly lower contents of coal in natural gas.

There was a similar situation in case of emission of nitric oxides, which was also high in
the whole period tested and simultaneously lower than with supply with petrol, which is also
the consequence of the fuel’s chemical composition. An increase of temperature in the
combustion chamber with air excess coefficient about 0,95 caused a rapid increase of
contents of NOy in exhaust gases caused with achieving a thermal-dynamic balance of the
component. Simultaneously, a conversion degree with poor mixture is very low. The reasons
are thermal conditions, low contents of CO and HC in fumes resulting from chemical
composition of fuel and presence of oxygen in exhaust gases, which comes in reaction easier
with CO and HC than oxygen created from NO dissociation. Obtaining lower emission value
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of these components required optimalization of combustion process and increase in
compression degree during supplying engine with natural gas.

Volumetric concentration of carbon oxide in raw exhaust gases, in the supply range of the
engine with poor mixture, from the air excess coefficient 1,1 was very low. Whereas, in the
range from the stechiometric mixture to rich one, emission of carbon oxide grew very rapidly
to obtain 8-times higher value. A low conversion degree of CO for rich mixtures results from
shortage of oxidizer in exhaust gases.

As the main component of natural gas is methane, variety of hydrocarbons included in
exhaust gases is significantly limited with reference to liquid fossil fuels. Also, the number of
hydrocarbons in exhaust gases is lower, which is a favorable phenomenon, as they constitute
the most difficult component of exhaust gases to remove [4]. Emission of hydrocarbons in the
whole range of measurements was very low, but also conversion degree of the component in
catalytic converter was not high. It proves high contents of methane in exhaust gases, being
the hydrocarbon which oxidized most difficult [4]. In addition, methane, similarly as CO,,
belongs to a group of greenhouse gases, the emission of which is also limited.

From the point of view of emission of particular components of exhaust gases in raw ones,
as well as from the point of view of engine’s efficiency, its supply with poor mixture of
natural gas with air with air excess coefficient of 1,2 seems to be most favorable. However, it
would require to replace three-way catalytic converter of TWC type into three-way one — a
trap of nitric oxides (LNT) [5]. In order to make a full analysis of influence of composition of
combustible mixture onto the composition of exhaust gases, in order to select an optimum
scope of air excess coefficient, the measurements for other points of the engine’s operation
should be conducted.
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