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HARMONISATION OF MAINTENANCE PERFORMANCE INDICATORS

Juraj GRENCIK

University of Zilina, Faculty of Mechanical Engineering,
Univerzitna 1, 010 26 Zilina, Slovakia, e-mail: juraj.grencik(@fstroj.utc.sk

Summary

Globalization process brought the need for a common understanding of the indicators that are
used to measure maintenance and availability performance. There have been numerous systems of
indicators developed virtually by each larger company or organisation around the world.
However, a common set of indicators and definitions would facilitate the ability of an international
company to accurately perform benchmarking between facilities in different counties or
continents. To resolve this problem, a team comprised of EFNMS and SMRP representatives is
working toward a common set of indicators that can be applied globally. This cooperative effort is

termed harmonisation.

Keywords: maintenance, key performance indicators, EFNMS, SMRP, harmonisation.

1. INTRODUCTION

Maintenance performance has always been of
great interest of both company managers as well as
active maintenance staff. The managers always want
to know if the money spent on maintenance is spent
effectively and is not just wasted. Maintenance staff
on the other hand wants to show that they are doing
perfect job with top results. The easiest way to show
the results is to measure them. But the main obstacle
in measuring maintenance performance is in
difficulty to find objective criteria or indicators to
measure its performance. Unlike production, where
outputs can easily be measured in manufactured
numbers, tons, etc. per manufacturing costs, it is
impossible to give single indicator of maintenance
output.

Maintenance process is very complex one and its
performance depends on number of factors. Perfect
work of maintenance staff quite often brings
unsatisfactory results in reliability performance, just
because of outdated unreliable machinery. On the
other hand reliable advanced equipment may require
virtually no maintenance thus resulting in high
equipment availability.

Some principal efforts on international level can
be recognized in the area of maintenance
performance measurement, very often called
maintenance benchmarking. Benchmarking uses
a set of indicators that can be used for comparison of
own results with results being achieved by the
others, if possible by the so called world class. In
Europe a principal role was played by EFNMS
(European Federation of National Maintenance
Societies), its working group 7 — Maintenance
Benchmarking, which had set up 13 principal
indicators in 2002. Later on, this effort was
transformed into European standard bringing 71
indicators divided into 3 main categories —

economical, technical and organizational. In
parallel, in the North America, a SMRP (Society of
Maintenance and Reliability Professionals) has been
developing system of maintenance performance
metrics, as they called them, but divided into
5 groups — Business and Management,
Manufacturing Process Reliability, Equipment
Reliability, People Skills and Work Management.
As the world is only one and globalization is an
ongoing  process, in 2006  during the
Euromaintenance 2006 /3rd world congress on
maintenance, held in Basel, representatives of these
groups met and decided to start process of
harmonization of both system which should bring
a commonly defined and commonly used indicators
of maintenance performance.

By the April 2008, seventeen indicators have
been harmonized, that is compared and recognized
as identical, similar or measure same performance,
but using different definitions. Objective the
harmonization effort is to bring a common set of
indicators and definitions, and thus the ability of an
international company to accurately perform
benchmarking between facilities in different
counties or continents by using a set of indicators
that can be applied globally.

2. EUROPEAN SET OF INDICATORS

The European Federation of National
Maintenance Societies vzw (EFNMS) is non-profit
organization with the objective of improvement of
maintenance for the benefit of the peoples of
Europe. In 1998, Working Group 7 (WG7) was
formed and continually selected a number of
benchmark indicators that were regarded as
important when measuring maintenance
performance [1]. In 2002 they published a set of
thirteen indicators.
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Members of Working Group 7 actively
participated in the standardisation activities of the
European Committee for Standardization Technical
Committee 319 - Maintenance (CEN/TC 319). The
technical committee’s efforts resulted in publication
of 71 in European Standard EN:15341 Maintenance
Key Performance Indicators in early 2007 [2].

The EFNMS  Benchmarking Committee
(previously called WG 7) utilizes the indicators
(selected ones, corresponding to the former 13
EFNMS indicators) in EN: 15341:2007 to conduct
workshops through Europe and the Middle East, at
which more than 150 participants in twelve
countries (among them Slovakia) have been given
the opportunity to calculate indicators on their
company’s maintenance and availability
performance, and to gain a deeper understanding in
the use of indicator.

The new standard let the users decide which
indicators will be utilised, but this on the other hand
brings a problem of mutual comparison when
companies will not use the same indicators.

The objective of indicators is to help
management to support management in achieving
maintenance excellence and utilize technical assets
in a competitive manner. Most of the indicators
apply to all industrial and supporting facilities.

These indicators should be used to:

a) measure the status;

b) compare (internal and external benchmarks);

c) diagnose (analysis of strengths and weaknesses);

d) identify objectives and define targets to be
reached;

e) plan improvement actions;

f) continuously measure changes over time.

To select relevant indicators, the first step is to
define the objectives to be reached at each level of
the enterprise. At the company level, the
requirement is to identify how maintenance can be
managed in order to improve global performance
(profits, market shares, competitiveness etc). At the
systems level and production lines, the maintenance
objectives can address some particular performance
factors, which have been identified through previous
analysis, such as improvement of availability,
improvement on cost-effective  maintenance,
retaining  health, safety and environment
preservation, improvement in  cost-effective
management of the value of the maintenance
inventory, control of contracted services, etc. At the
equipment level, machines or types of machines,
better control of reliability costs; maintainability and
maintenance supportability, etc may be desirable.

When the objectives have been defined and the
performance parameters to be measured have been
identified, the next step is to find the indicators that
allow measuring these parameters. The system can
include capacity of maintaining the equipment,
reliability of the equipment, efficiency of the
maintenance activities, health, safety and the
environment, etc. An indicator is relevant when its

value or its evaluation is correlated with the

evaluation of the performance parameter to be

measured. A relevant indicator shall be one element
of decision making.

It is necessary to precisely define:

— data to be collected to determine the values
required for the indicator;

— measurement method (operating mode);

— tools required for the measurement
(documents, counters, sensors, analyzers,
computerized  maintenance =~ management
system, etc.).

To make the possible evaluation and
comparisons easier, it is necessary that the collected
data are in conformity with the standardized
definitions (e.g. EN 133006).

It is necessary to predetermine the frequency of
the calculation and consider availability and time
delay of the relevant data, changes over time and
reactivity of the system to the actions undertaken.

Out of the scope of this standard remain
definition of score, analysis and adopting required
measures. The standard itself comprises a set of
indicators, but their analysis will require additional
projects.

3. SMRP (USA) METRICS

Society for Maintenance and Reliability
Professionals (SMRP) has defined and continually
has been developing indicators (metrics as they call
them) of the best practices to measure maintenance
performance. This process is ongoing and metrics
can be found at www.smrp.org. The SMRP is active
mostly in the USA and Canada, has over 1500
members of which 150 are executive company
members.

Objective of the SMRP committee is to define
best practices in maintenance and reliability and
gradually create a set of the most frequently used
metrics and definitions.

The SMRP best practices committee has selected
over 70 metrics that will be gradually defined in the
following categories:

- business and management.

- manufacturing process reliability.
- equipment reliability.

- people skills.

- work management.

4. HARMONISATION PROCESS WITH KPI’'S

At Euromaintenance 2006 in Basel, Switzerland,
key members of the EFNMS WG 7 and the SMRP
Best Practices Committee met for the first time. The
purpose of the meeting was to exchange information
and to explore possible cooperation efforts [3].

It was decided to form a joint EFNMS-SMRP
working group to resolve differences between the
EN:15341 indicators and those being developed by
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the SMRP Best Practices Committee. Side-by-side
comparisons were made of both the indicator
formulas and definitions of terms. The basis for the
European terms was EN:13306:2001 Maintenance
Terminology and IEC 60050-191:1990
Dependability and Quality of Service. The SMRP
definitions are contained within each indicator
(metric) description, and have been compiled in
a Glossary of Terms. This resulted in two extensive
lists, as there were either terms or formulas that were
not common to both sets.

An indicator is determined to be common if it
has the same basic formula or could be universally
applied. For these common indicators, it is first
determined whether any differences can be
eliminated. If there are differences that cannot be
eliminated, the differences are qualified or
explained. This is the essence of the harmonisation
process.

It should be noted that the grouping of indicators
is different. In EN:15341, the indicators are grouped
into economic, technical and organizational sets.
The SMRP indicators are categorized in accordance
with the five pillars of the SMRP Body of
Knowledge: Business and Management,
Manufacturing Process Reliability, Equipment
Reliability, People Skills and Work Management.

The joint working group made very good
progress, announcing the first harmonisation results
in January 2007.

To date, the seventeen indicators listed in Table
1 have been harmonized. An additional eleven
indicators have been identified for harmonisation.
Each is classified as:

IDENTICAL - the bases of the indicators are
the same, although there may be some
differences in how they are presented. The
differences are detailed in the comments.
SIMILAR - there are some differences in the
differences that are detailed in the comments.
SAME PERFORMANCE - the indicators
measure the same performance area, but there
are significant differences in the definitions or
calculations that are detailed in the comments.
When an indicator is harmonized, a statement
declaring this fact is added to the SMRP metric
description.

Furthermore, the SMRP metric is recommended
for use by EFNMS as a guideline or supporting
document for the European Indicator.

The harmonised indicators were used in the first
world’s SMRP-EFNMS Benchmarking Workshop
held at Euromaintenance 2008 in Brussels.

The harmonisation work will continue until the
list of SMRP indicators currently under
development has been exhausted. It is desired to
initiate similar harmonisation efforts with other
international maintenance organizations, such as
COPIMAN (Technical Committee on Maintenance
of the Pan American Federation of Engineering
Societies) or MESA (Maintenance Engineering
Society of Australia).

It is also desired to promulgate the use of these
indicators as accepted standards. Discussions are
ongoing with CEN/TC 319 to consider proposing
the harmonized metrics as global standards or
guidelines.

Table 1 — EFNMS-SMRP Harmonized Indicators

SMRP Metrics EN 15341 Indicators
Metric Metric name Indicato Indicator Ratio
No. r No
5.5.33 Stock outs 026 Number of the spare parts supplied by the warehouse as
requested x 100/
Total number of spare parts required by maintenance
1.4 Stores value/RAV E7 Average inventory value of maintenance materials x 100/
Asset Replacement Value

1.5 Annual maintenance cost per |El Total Maintenance Cost x 100/

RAV Assets Replacement Value
3.5.1 MTBF T17 Total operating time x 100/

Number of failures
3.5.2 MTTR T21 Total time to restore x 100/
Number of failures
4.2.1 Maintenance training costs E21 Cost of training for maintenance/
Number of maintenance personnel
4.2.2. Maintenance Training hours | 023 Number of maintenance internal personnel man-hours for
training x 100/
Total internal maintenance man-hours
54.1 Reactive work o17 Immediate Corrective maintenance man-hours x 100/
Total maintenance man-hours
542 Proactive Work 018 Preventive maintenance man hours x 100/
Total maintenance man hours




6 DIAGNOSTYKA’ 2(50)/2009
GRENCIK, Harmonisation Of Maintenance Performance Indicators

5.7.1 Continious improvement 08 Man-hours used for continuous improvement x 100/
hours Total maintenance personnel man-hours
5.5.71 | Contractor maintenance cost |E10 Total contractor cost x 100/
Total maintenance cost
5.5.8 Overtime maintenance hours | O21 Overtime internal maintenance man hours x 100/
Total internal maintenance man hours
5.1.1 Corrective maintenance cost | E15 Corrective maintenance cost x 100/
Total Maintenance Cost
5.1.2 Corrective maintenance hours [ 016 Corrective maintenance man hours x 100/
Total maintenance man hours
5.4.4 Work orders performed as 022 Number of work orders performed as scheduled
scheduled x 100/
Total number of scheduled work orders
5.5.6 Craft workers on shift ratio [ O10 Direct maintenance personnel on shift x 100
Total direct maintenance personnel
5.5.31 Stores Inventory Turns E12 Total cost of maintenance materials x 100
Average inventory value of Maintenance materials
Warehouse turnover
5. SUMMARY REFERENCES

Although much has been done in the field of
KPIs, there are some weaknesses in the area of
structuring and hierarchical composition of these
KPIs. Another problem is definition of “top” or
leading indicators, which was discussed in [4].
Frequently used OEE is only partly affected by
maintenance and maintenance costs do not
characterize quality of work performed (not
considering age and inherent reliability of
equipment). And none of these systems, although
declaring technical indicators, have nothing to say
about technical basis or diagnostics used in
maintenance process, which is a fundamental for
the maintenance.
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APPLICATION OF DIAGNOSTIC ALGORITHMS FOR WIND TURBINES
Tomasz BARSZCZ

Department of Robotics and Mechatronics, AGH University of Science and Technology,
Al. Mickiewicza 30, 30-059 Cracow, fax: (012) 634-35-05, email: tbarszcz@agh.edu.pl

Summary

The paper presents the choice of diagnostic algorithms for condition monitoring of wind
turbines. The device under monitoring is the power train, i.e. a main bearing, gears and
a generator. The object also contains several roller bearings. The typical mechanical structure and
characteristic frequencies are shown. The next chapter presents the sensor location and choice of
sampling parameters. Additionally the monitoring should include a few key process parameters
(output power, wind speed and rotational speed). Quick changes of the operational point are an
important feature of wind turbines and should be addressed.

There are several diagnostic methods which could be used for the monitoring of a wind
turbine. A few of them should be selected for the proper detection and identification of the most
important faults. The main part of the paper presents malfunctions and diagnostic algorithms
which should be used to detect those malfunctions. To avoid the influence of varying operational
point, some additional preprocessing should take place. Apart from relatively simple methods
mentioned above, there is a number of more advanced methods. The example of such an
algorithm based on the spectral kurtosis is also presented.

Keywords: vibration, monitoring, diagnostics, wind turbines.
DOBOR ALGORYTMOW DIAGNOSTYCZNYCH DLA TURBIN WIATROWYCH

Streszczenie

Artykul przedstawia dobor algorytméw diagnostycznych do nadzorowania stanu turbiny
wiatrowej. Nadzorowanymi elementami sa: gtdéwne tozysko wirnika, przektadnie i generator wraz
zich ‘tozyskami. Przedstawiono typowa struktur¢ 1 zaprezentowano czgstotliwosci
charakterystyczne obiektu. Kolejny rozdzial omawia lokalizacjg czujnikow drgan oraz parametry
probkowania sygnatow. Dodatkowo monitorowanie powinno obejmowaé najwazniejsze
parametry procesowe (tj. moc generatora, predkos¢ wiatru 1 predko$é obrotowa).
Charakterystyczna cecha turbin wiatrowych sa szybkie zmiany punktu pracy, ktore nalezy brac
pod uwagg.

Istnieja liczne algorytmy diagnostyczne, ktére moga by¢ wykorzystane do monitorowania
turbin wiatrowych. Wybrane algorytmy zostaly zastosowane do wilasciwego wykrywania
i identyfikacji najwazniejszych uszkodzen. Kolejny rozdzial przedstawia typowe uszkodzenia
i algorytmy, ktore powinny by¢ zastosowane do ich detekcji. Aby unikna¢ wpltywu zmian punktu
pracy, konieczny jest dodatkowy preprocessing sygnatow. Oprocz stosunkowo prostych metod,
stosowane sa rowniez metody bardziej zaawansowane. Przedstawiono przyktad takiego algorytmu
opartego na kurtozie widmowe;.

Stowa kluczowe: drgania, monitorowanie, diagnostyka, turbina wiatrowa.

1. INTRODUCTION

The paper presents the selection of diagnostic
algorithms for condition monitoring of wind
turbines. In recent years wind energy has been the
fastest growing branch of the power generation
industry. Development of renewable energy sources
is one of EU priorities. The goal for Poland is that in
year 2020 15% of installed power generation
capacity should come from green sources. It is
estimated that every year new wind power turbines
having total power output of 450 MW should be
commissioned from now till 2020 [1]. The

distribution of costs during the lifecycle of the unit
for wind energy is significantly different from that
of traditional fossil fired plants [2]. Initial
investment costs are relatively higher but during
operation the maintenance is the biggest cost. With
proper maintenance policies wind turbines can
achieve very high availability — even up to 98%. The
basis of proper maintenance is continuous
monitoring of transmission of a wind turbine.

Fig. 1 [3] presents typical layout of the wind
turbine. The main rotor with three blades is
supported by the main bearing and transmits the
torque to the planetary gear [4]. The planetary gear
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input is the plate, to which the main rotor is
connected. The planetary gear has three planets, with
their shafts attached to the plate. The planets roll
over the stationary ring and transmit the torque to
the sun. The sun shaft is the output of the planetary
gear. Further, the sun drives the two-stage parallel
gear. The parallel gear has three shafts: the slow
shaft connected to the sun shaft, the intermediate
shaft and the fast shaft, which drives the generator.
The generator produces AC current of slightly
varying frequency. This current is converted first
into DC power and then into AC power of frequency
equal to the grid frequency. Electric transformations
are performed by the controller at the base of the
tower. There exist other configurations of wind
turbines, where e.g. only parallel gear is used. It has
typically three stages, to be able to change the
rotational speed from ca. 25 rpm on the main rotor to
ca. 1500 rpm at the generator.

"\\ l-/ R G2 [G1
~= \Romr/y' Rotor bearing mng Coupling Generator
= l T
Fig. 1. Typical layout of the wind turbine. Gx and
Tx present recommended locations of vibration
sensors [3]

The device under monitoring is the power train,
i.e. a main bearing, gears and a generator. Every of
mentioned elements also contains several roller
bearings. Gears and bearings are the most vulnerable
parts of the structure and the monitoring should be
first of all focused on them.

In order to enforce high standards of
maintenance, since the year 2003 insurance
companies in European markets introduced
certification of condition monitoring systems for the
wind power segment [3, 5]. The further part of the
paper is based on such requirements, literature and
experience of the author.

2. MEASUREMENTS

Since few years more and more wind turbines are
equipped with condition monitoring systems. All
such systems are based on measurement of vibration
and key process variables. In general, number of
sensors depends on the design of the wind turbine.
There are several setups, but the most popular one
includes
8 vibration sensors (see Fig. 1). Sensors G1 and G2
are used to monitor structural vibrations of the
nacelle and the tower. Sensors T1 ... T6 measure
vibration of the drive train. On some installations it
is possible to combine G1 with T1 and G2 with T2
and only 6 sensors are sufficient for the monitoring.

One of those sensors (typically G2/T2) must monitor
the transversal direction. T1/G1 measures axial
vibration and all the others — vertical.

All used sensors are accelerometers, in most
cases with ICP® output. Proper selection of
frequency range and acquisition length are also very
important. The combined gear ratio is in the range of
approx. two decades, typically from 25 rpm on the
main rotor to 1500 rpm on the generator. Thus,
sensors close to the main bearing should have
relatively low band (in the range of 100 Hz). Those
ones close to the generator should monitor
frequencies up to 10 kHz or even more. On the other
hand even sensors on the main bearing should have
high frequency band, because it is necessary for the
detection of bearing faults. Another problem is the
frequency resolution of the spectrum. The number of
characteristic frequencies in a wind turbine is in the
range of one hundred, and many of them and placed
close to each other. If we want to be able to
distinguish such frequencies, spectral resolution
must be in the range of 0.1 Hz. For lower
frequencies it is even 0.01 Hz or less. All those
considerations lead to the measurement system
having sampling frequency of 25 kHz and sampling
signals for 10 or even 100 s. These are rather high
requirements, especially when we consider storage
of data in the database.

Additionally the monitoring should include a few
key process parameters, like the output power, wind
speed and the rotational speed of a generator.
Rotational speed has special importance, as it is used
for advanced processing of signals. In order to that,
it must have a once-per-revolution form which is
next transformed into the analogue value. The exact
location of once-per-rev signal must be correlated
with vibration signals. Additionally such signals
like: ambient, bearing temperatures, oil and
generator windings temperatures can be monitored.
Also wind direction and activity of yaw drive should
be taken into account. During operation of the yaw
drive vibration should not be monitored due to
excessive disturbances it has to the structure.

Quick changes of the operational point are an
important feature of wind turbines. The example of
such changes is presented on the Fig. 2. During 120
seconds the generator output power varies between
400 and 1400 kW. Such a changes have significant
influence on vibration and can blur the changes
caused by a malfunction.
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Fig. 2. Changes of generator output power during
120 seconds

Those problems can be overcome with proper
signal preprocessing. In most cases, one can define
states of the machine (e.g. depending on the power).
Next, vibration signals are assigned the state they
were acquired in and limits for this state are applied
to the signal [6]. There are also other methods, like
e.g. model based scaling, but due to complexity of
this method it is not used in practice.

3. SELECTION OF DIAGNOSTIC
ALGORITHMS

Condition monitoring based on analysis of
vibration is a discipline developed for several
decades. There are well established methods and a
variety of new methods, alike. Broad survey of
many methods can be found e.g. in [7] or in shorter
form and very practice oriented form in [8]. The
work [9] presented many basic and advanced
methods with several application, but didn’t cover
wind turbines. Some guidelines towards condition
monitoring of wind turbines can be found in [5],
where the insurance company attempted to
standardize methods for monitoring of wind
turbines.

Out of many developed algorithms, some should
be selected for the monitoring of a wind turbine. The
process of selection should be based on two key
elements:

— key components;
— most common malfunctions.

As listed in the fist section, the supervised
components are:

— generator (shaft, bearings);

— gearbox (shafts, teeth, bearings);

— main rotor (shaft, blade pass, main bearing);
—  structure (tower, nacelle).

There are three types of vibrations which should
be investigated. Most common ones are excitation
frequencies, generated by rotors and gears. Another
type of excitation frequencies are impulses
generated by bearing faults. The last group are
resonance frequencies generated by tower, main
rotor blades and machinery casings. Methods depend
on those types of vibrations, so in total a 3D matrix
of components (generator, gear, ...), parts (shaft,
teeth, bearing, blade,...) and algorithms should be

created. In other words, an algorithm should be
selected for every part of a component.

Special group of algorithms are general signal
estimates which show overall technical state of the
machinery. Such estimates are so called broadband
parameters: rms, pp, crest and kurtosis. They serve
as a general warning and are important when
develops a malfunction, which is not covered by any
other algorithm or when such other algorithms are
not configured properly. This algorithms should be
used as a fault detection tool. Since a very important
part in the wind turbine are roller bearings, it is
necessary to analyze the vibration signal envelopes,
which show malfunctions earlier than the original
signal [10]. The group of general signal estimates
should also include broadband parameters from the
envelope signal. It is very important that envelopes
are obtained after high-pass filtering. Choice of the
filter cut off frequency is very important parameter
of the algorithm and must be adjusted to the
monitored machine. It should be higher than
frequencies excited by shafts and meshings. For
most types of wind turbines this is in the range of
a few kHz.

Second group of algorithms are frequency
selective estimates from the vibration signal spectra.
All relevant characteristic frequencies should be
monitored. Most important ones are:

— main rotor (1X, blade pass);

— shafts (1X, 2X);

— gears (1X, 2X, meshing with sidebands);

— roller bearings (inner and outer rings, rolling
elements, overroll, cage);

—  structural (resonances).

Presented characteristic frequencies should be
extracted from appropriate spectra. In general rotor,
shafts and gear frequencies should be extracted from
amplitude spectra, whereas roller bearings — from
envelope spectra. There are also situations, where
envelope spectra should be also investigated for the
first group of components. There are cases when
monitoring of the envelope spectrum can lead to
detection of a tooth fault. One has to remember that
similarly to general signal estimates, algorithm to
obtain envelope spectra should be configured to cut
off unwanted frequencies and carry impulses
induced by bearing faults.

Another important problem is variability of the
rotational speed. Frequency selective components
depend linearly on the rotational speed, since they
are defined as multiplies of the reference shaft
rotational speed (this reference shaft is typically the
generator shaft). Large part of wind turbines have
variable speed. In such cases spectra should be
monitored in the order domain, not the frequency
domain. To obtain the order spectrum, the acquired
vibration signal should be resampled so that the
output signal has a constant number of samples per
revolution, not a constant number of samples per a
unit of time. Choice of resampling parameters
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should be also done with care. Detailed discussion of
resampling parameters can be found in [11].

General and frequency selective parameters form
basic set of monitored vibration signal estimates. All
those estimates are scalar values and can be easily
checked against defined warning and alarm levels.
After generation of such a warning, complete signal
spectra should be investigated by a vibration expert.

4. CASE STUDY
Presented algorithms were implemented in an

on-line vibration monitoring system on a 1.5 MW
wind turbine.

...“‘:‘._.Li'Nk#‘.'w,ﬁ:t:ujﬂ’éﬂm_.‘P"P._l'.-’.""k'\“‘w""“

Fig. 3. Trend of BPFO on the wind turbine

Frequency selective parameter, monitoring the
outer ring ball pass frequency (BPFO) on the
generator bearing, showed increased value (see solid
black line on the bottom of Fig. 3). The figure also
presents rotational speed (grey, top) and rms (dotted
black line, middle). The rms did not show any
significant increase and seems to follow the
rotational speed. The hypothesis of faulty outer ring
was confirmed by investigation of the order
spectrum of the signal envelope (see Fig. 4).

H
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Fig. 4. Spectrum of the signal envelope

The characteristic frequency of the outerring is
5.14X. The cursors on the plot are set on 5.14X and
its second harmonics (10.28X). Those components
are dominating the spectrum of the envelope.
Additionally, the original spectrum was also
investigated (see Fig. 5).

Fig. 5. Spectrum of the signal

The first vertical line is the fundamental
frequency (1X). The first two harmonics of the
ORBP (middle and right vertical lines) can be
clearly seen, but are much smaller than on the
envelope spectrum.

5. CONCLUSIONS

The paper presented set of diagnostic algorithms,
which can be used for monitoring of the wind
turbines. Presented case study shows that generator
bearing fault could be detected. Care must be taken
when data are analyzed, especially due to excessive
changes of the operating point of the machine, which
causes vibration changes much higher than those
caused by a malfunction. Some more algorithms can
be used (e.g. cepstrum), but were not discussed.
They should be used when necessary at later stages
of diagnostic investigations.

Apart from relatively simple methods discussed
in the paper, there is a number of more advanced
ones. They require more complex data acquisition
and processing, but may deliver better results. One
of such algorithms can be application of spectral
kurtosis [12] to detect tooth fillet crack on the ring
of the planetary gear. Such a crack can not be
detected by standard methods and was successfully
detected by application of SK for preprocessing of
the vibration signal [13].
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Summary

Internal combustion (IC) engine is classical rotating machine that must be operated under
various conditions. Sound and vibration signal of IC engine often give much dynamic information
of mechanical system condition.

Vibration and angular velocity of crankshaft signal on Ford Fiesta engine 1,3 dm® were used
for the tests. The tests were carried out in Bosch FLA 203 roller bench. The sampling frequency
was 25 kHz and during data acquisition process, the rotating speed of the engine was kept at
a constant rpm and at run up condition.

The energy state of the pistons and the connecting rods is determined by the mean angular
speed and the angular positions of the crankshaft. Changes in the pressure in cylinder caused by
compression faults or misfire will affect directly the instantaneous angular speed of the crankshaft
and vibration energy. In this paper engine exhaust valve fault and its influence over the
instantaneous angular speed waveform and vibration of engine head is presented.

Engine position sensor is one of part of the IC engine control system, thus an instantaneous
angular speed based fault detection system does not require additional sensors.

It can be seen from example of the present paper, when the valve worked abnormally, the
vibration energy is moved forward towards the high frequency region (larger than 8 kHz).

Keywords: IC engine, fault, diagnostics, valve.

DIAGNOZOWANIE USZKODZEN ZAWOROW SILNIKA SPALINOWEGO
NA PODSTAWIE ANALIZY DRGAN

Streszczenie

Silniki spalinowe sa klasycznymi maszynami wirujacymi pracujacymi w zmiennych
warunkach obciazenia i predkosci obrotowych. Drgania i hatas silnika spalinowego sa nosnikiem
informacji o stanie jego podzespoléw mechanicznych.

Podczas prezentowanych badan, ktorych obiektem byl silnik samochodu osobowego Ford
Fiesta o pojemnosci 1,3 dm’, rejestrowano przyspieszenia drgan glowicy oraz predko$é obrotowa
watu korbowego. Badania przeprowadzono na hamowni podwoziowej FLA203 firmy Bosch.
Czgstotliwos¢ probkowania sygnatéw drgan i predkosci obrotowej wynosita 25 kHz. Badania
przeprowadzono w warunkach ustalonej predkosci obrotowej oraz podczas rozbiegu.

Energia sygnatu drganiowego generowanego w ukladzie tlokowo-korbowym zalezy od
$redniej predkosci obrotowej oraz polozenia katowego walu korbowego. Uszkodzenia
mechaniczne majace wptyw na ci$nienie spr¢zania oraz zjawisko wypadania zaptonow wywotuja
chwilowe zmiany predkosci obrotowej watu korbowego i chwilowej gestosci widmowej energii
sygnatu drgan. W artykule przedstawiono wyniki badan majacych na celu okreslenie wptywu
symulowanego lokalnego uszkodzenia zaworu wylotowego na zmiang¢ chwilowej predkosci
obrotowej i charakterystyk widmowych drgan glowicy.

Do pomiaru chwilowej predkosci obrotowej watu korbowego wykorzystano czujnik
indukcyjny, stanowiacy osprzet silnika. Z przeprowadzonych badan wynika, ze w przypadku pracy
silnika z uszkodzonym zaworem wylotowym nastgpuje widoczne przesunigcie energii drgan
w kierunku wyzszych czgstotliwosci (powyzej 8 kHz).

Stowa kluczowe: silniki spalinowe, uszkodzenia zawordw, diagnostyka drganiowa.
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1. INTRODUCTION

The timing gear system is one of the principal,
and precise in their operation, components of the
combustion engine. Operational and breakdown
wear of such components as the camshaft, pushers,
valve springs and levers, as well as valves
themselves, has a significant influence on the work
of the engine, its performance and reliability. The
timing gear system component subject to the highest
load, both mechanical and thermal, is the exhaust
valve. The valve head temperature reaches locally
the value of 700+800°C, and in engines subject to
the highest thermal load, it reaches 900°C. This
happens as a result of the action of combustion
gases, the temperature of which amounts to
900+1000°C, and their speed reaches a value of
600 m/s in the initial phase of opening the valve.
The high temperature of the valve head results also
from the lack of possibility of its cooling, which
only takes place at the moment of contacting the
valve-seat. The higher the rotational speed, the less
heat will be taken by the head which has a direct
contact with the coolant. The seat face of the valve
and of the valve head wears out mostly as a result of
exposure to streams of combustion gases. The wear
of the exhaust valve is a consequence of joint action
of repeated strokes during the valve closing, erosive
influence of combustion gases with products of
incomplete combustion and corrosive effect of
flames [4].

A particularly important issue in case of valves is
to maintain, for as long as possible, their satisfactory
tightness during periods of closure, for insufficient
tightness of inlet valves causes a reduction of engine
power and an increase of specific fuel consumption.
Leakage of exhaust valves affects the engine power
to a lesser degree, while the main problem here is
arapid increase of their wear intensity as a result of
combustion gas blow-by, which very often leads to
a complete damage of valve heads, caused by their
burn-out.

Damage of this type results in a reduction of
effectiveness of action and durability of the catalyst,
or its complete destruction. The symptoms of valve
burn-out in its first stage can be effectively
camouflaged by adaptive systems of control of the
combustion engine operation [1, 3]. The modern
control systems allow taking into account the
differences which result from the scatter of
parameters  connected  with  tolerances in
workmanship of a given engine, and with changes of
characteristics caused by wear, which considerably
hinders diagnosing of the engine. Detection of valve
faults is also quite difficult in case of 6- and
8-cylinder engines. For this reason, it is justified to
search for effective methods of processing
vibroacoustic signals, which will allow detecting
those faults in valves which cause leakage of
a combustion chamber already in their initial stage.

2. RESEARCH OBJECT AND TESTING
PROCEDURE

The object of tests was a 1.3 dm’ engine of
a Ford Fiesta personal car. During tests, carried out
on a Bosch FLA203 chassis test bench, acceleration
of the head vibration and rotational speed of
crankshaft were recorded. The frequency of
sampling of vibration signals and rotational speed
was 25 kHz. The tests were performed in conditions
of a steady rotational speed and during starting. An
inductive sensor, being part of engine tooling, was
used to measure the instantaneous rotational speed
of the crankshaft.

The main purpose of the study was to determine
the effect of the simulated local fatigue crack of an
exhaust valve of the first cylinder on the changing
instantaneous rotational speed and spectrum
characteristics of head vibration.

In Figure 1, an engine head with a damaged
exhaust valve is presented.

Fig. 1. Simulated damage of exhaust
valve

Measurement of compression pressure has
shown that the simulated damage caused its decrease
by ca. 20%. The tests made on a chassis test bench
have shown an insignificant power reduction caused
by the introduced damage of the valve (Fig. 2).
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Fig. 2. Engine power as a function of
rotational speed for two states of the exhaust
valve

3. RESEARCH RESULTS

It appears from the previous research that
mechanical damage which affects compression
pressure induces instantaneous changes of rotational
speed of the crankshaft and of instantaneous spectral
concentration of the vibration signal energy [2, 5].

The signal obtained from an inductive sensor, the
latter being usually placed over the toothed rim of
a wheel rigidly connected with a crankshaft, is one
of basic diagnostic signals used by the EOBD
system during detection of misfiring. This signal
enables determining the rotational speed and
instantaneous changes in angular velocity and
angular position of the crankshaft.

To identify instantaneous changes of rotational
speed as a function of the crankshaft rotation angle,
the signal from the inductive sensor, sampled at
a frequency of 25 kHz, was appropriately processed
by means of a procedure specially developed to this
end. Damage of the valve caused increased non-
uniformity of rotational speed, clearly visible during
both, idle running (Fig. 3) and under load at different
rotational speeds (Fig. 4).
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Fig. 3. Course of instantaneous rotational
speed (idle run)
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Fig. 4. Course of instantaneous rotational
speed for four working cycles (13.2 kW —
good valve, 11.6 kW — damaged valve,
full load)

Vibration acceleration of the tested engine head
in a vertical direction was recorded by means of
a piezoelectric sensor. Simultaneous recording of the
head acceleration and the crankshaft position signal
enabled an analysis of further working cycles of the
engine. For the purpose of separating the
predominating low-frequency components,
preliminary high-pass filtration of the signal was
carried out, based on wavelet transform. In this way,
a residual signal containing high-frequency
components, induced, inter alia by pulse excitation,
was obtained. Figure 5 presents an example of
a signal of head vibration acceleration during a full
working cycle before and after filtration.
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Fig. 5. Signal of head vibration accelerations
before and after filtering with use of
Daubechies 4 wavelet

An initial spectrum analysis of the head vibration
acceleration has shown that in the case of an engine
working with a damaged exhaust valve, a visible
shift of vibration energy took place in the direction
of higher frequencies (above 8 kHz). For the purpose
of identifying resonance frequencies of the
investigated engine, tests were conducted under
conditions of unsteady work. Transitory or unsteady
conditions are the conditions of start-up or coasting.
Tests in such conditions enable observation of the
system’s response to various, often non-stationary,
forcing. In the process of determining resonance
frequencies of the engine during start-up or coasting,
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there are forcing functions which affect its structure.
In a modal analysis (classical or experimental),
modal parameters of the identified object are
determined on the basis of frequency characteristics
obtained in the process of controlled forcing of
vibration and measurement of response. In
comparison to modal analysis, in this experiment,
resonance frequencies can be determined in a much
wider range.

Figure 6 shows the courses of changes of
rotational speeds with an indicated interval used for
determining the start-up characteristics.
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Fig. 6. Course of rotational speed of the
engine during coasting performed
on a chassis test bench

Spectral concentrations of power, determined
based on residual signals of the head vibration
accelerations for an engine working with a fully
operational valve and with a damaged valve, as
a function of rotational speed, reflect the changes of
signal energy induced by valve damage (Fig. 7 and
8).
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Fig. 7. Time and frequency distribution of the
head vibration acceleration; undamaged valve

As can be seen in the above figures, the damage
of the valve which caused leakage of the combustion
chamber, stimulated the head to vibration in the
range of higher frequencies. In order to accurately
identify those frequencies, average values were
determined of instantaneous amplitudes in the
investigated range of changes in rotational speeds
(Fig. 9).
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Fig. 9. Average values of instantaneous
amplitudes of the head vibration acceleration

In the case of the undamaged valve, the highest
energy of the vibration acceleration signal is
contained in the range of 6.5 + 8 kHz. Damage to the
valve causes a shift of the energy maximum to
a range of above 8 kHz.

Taking advantage of the phenomenon described
here, dimensionless coefficients of valve damage
were proposed: S;, S, and S3, described by the
dependencies:
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where:
A and B mean the number of the first and last
component, p;, of spectrum in the range of 6.5 +
8 kHz, and N corresponds to the upper limit of
the spectral analysis made (12.5 kHz).
Fig. 10 presents the vibration acceleration
spectra for the head of an engine working at
different rotational speeds and under different loads.
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Fig. 10. Spectra of head vibration accelerations
a) n=2945 r.p.m., Ny,¢=25,7 kW, Ngamn=25,9
kW, b) n=2905 r.p.m. N,4=23,7 kW,
Naam=21,8 kW,
¢) n=754 r.p.m., idle run

The effect of damage and working conditions on
the proposed measures, S}, S, and Sj, is presented in
Figs 11 + 13.
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Measure S 1

n=2945 obr./min,
Nund=25,7 kW,
Ndam=25,9 kW

n=2905 obr./min, n=754 obr./min, idle
Nund=23,7 kW, run
Ndam=21,8 kW

Fig. 11. Values of measure S; for an engine
working at different rotational speeds and
loads

Measure S 2

n=2945 obr./min,
Nund=25,7 kW,
Ndam=25,9 kW

n=2905 obr./min, n=754 obr./min, idle
Nund=23,7 kW, run
Ndam=21,8 kW

Fig. 12. Values of measure S, for an engine
working at different rotational speeds and
loads

Measure S 3

n=2945 obr./min,
Nund=25,7 kW,
Ndam=25,9 kW

n=2905 obr./min, n=754 obr./min, idle
Nund=23,7 kW, run
Ndam=21,8 kW

Fig. 13. Values of measure S; for an engine
working at different rotational speeds and
loads

4. CONCLUSIONS

Due to the phenomenon of vibration energy
relocation towards higher frequencies during the
work of an engine with a damaged exhaust valve,
changes in values of the proposed measures detect
well a local damage to the exhaust valve,
irrespective of the engine operation conditions.

The measure S;, which takes account of changes
in vibration energy in the bands of 6.5 + 8 kHz and 8
+ 12.5 kHz simultaneously, has turned out to be
particularly sensitive to faults.
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The values of measure S; for an engine with
undamaged valves were contained in the range of
0.83 + 1.35, while in the case with a damaged
exhaust valve, they were contained in the range of
2.34+3.95.

The proposed measure can be useful in
diagnosing faults of valves.

REFERENCES

[1] Dabrowski Z., Madej H.: Masking mechanical
damages in the modern control systems of
combustion engines. Journal of KONES, Vol.
13, No 3/2006.

[2] Geveci M.: An investigation of crankshaft
oscillations for cylinder health diagnostics.
Mechanical Systems and Signal Processing 19
(2005) 1107-1134.

[3] Iserman R.: Diagnosis methods for electronic
controlled vehicles, Vehicle System Dynamics,

Vol. 36, No. 2-3.

[4] Janecki J., Gotabek S.: Zuzycie czesci
i zespotow pojazdow samochodowych.
Warszawa, WKiL 1984.

[S1Yang W. X.. Establishment of the

mathematical model for diagnosing the engine
valve faults by genetic programming. Journal
of Sound and Vibration 293 (2006) 213-226.

Bogustaw LAZARZ Ph. D.,
D.Sc. Eng. professor of The

Silesian University of
Technology. Scientific
interest: modelling of
dynamic processes,
diagnostics of tooth
gear, machine design and
vibroacoustic signal
processing.  Member  of
Machines Construction

Committee and Polish Society of Technical
Diagnostics.

Henryk MADEJ, Ph. D., D.
Sc. Eng. work as
a professor in the
Department of Automotive
Vehicle Construction
Silesian ~ University  of
Technology in Katowice. He
deals with IC engines and
powertrains diagnostics with
the application of
vibroacustical ~ signal  analysis, also  with
minimization of machine vibroactivity. Member of
Polish Society of Technical Diagnostics.

AT,

Grzegorz PERUN is Ph. D.

student in the
Department of Automotive
Vehicle Construction
Silesian University of

Technology in Katowice.
Scientific interest: modelling
of  power transmission
systems, machine design and
vibroacoustic signal
processing.

Zbigniew STANIK is Ph. D.
in the Department of
Automotive Vehicle Service
Silesian University of
Technology in Katowice.

His interests are connected
with analysis of exploitation
and emergency attrition of
frictional coupe elements. His
doctoral thesis about
excessive wear of camshaft eams and followers was
published in year 2002.

The results presented in the paper were obtained
with the support of the Polish Scientific Committee.



DIAGNOSTYKA’ 2(50)/2009 19
SKALSKY, RUDAVSKYY, MATVIJIV, Determination Of Influence Of Thermo-Cycles On Hydrogen Cracking ...

DETERMINATION OF INFLUENCE OF THERMO-CYCLES
ON HYDROGEN CRACKING OF STEEL

Valentyn SKALSKY, Denys RUDAVSKYY, Yurij MATVIIIV

H. V. Karpenko Physico-Mechanical Institute of National Academy of Sciences of Ukraine, Lviv,
Naukova Str5., Lviv, 79601,Ukraine, skal@ipm.lviv.ua

Summary
Influence of thermo-cycles “heating-cooling” on the hydrogen induced cracking of structural
steels, which are widely used in the heat-power equipment is investigated in this paper. An
acoustic emission method of diagnostics of specimens made of exploited and non-exploited
material of steam pipelines is described. Effective diagrams of dependence of number of events on
heat cycle number for the all groups of specimens are plotted.

Keywords: heat cycling, hydrogen concentration, acoustic emission.

1. INTRODUCTION

For express-evaluation of material liability to
hydrogen degradation, it is heat cycled in hydrogen
of pressure higher then the working one, from
working temperature that is characteristic for
concrete technological process to the room
temperature [1]. Then the nucleation and growth of
crack type defects is conducted by radiation of
elastic waves known as acoustic emission (AE). Its
parameters allow estimating an intensity of
initiation and equivalent areas of mentioned defects
during heat cycling. The results obtained in this
experimental research are described below.

It is generally known that the amount of
hydrogen, which can dissolve in a metal, increases
with temperature. This phenomenon and high
diffusive mobility of hydrogen atoms in o-Fe at
high temperature could be the ground of the
laboratory express-method of accelerated high
temperature hydrogen steel degradation [1]. The
abrupt temperature decrease at the cooling stage
considerably retards diffusive processes (diffusion
coefficient of hydrogen in o-Fe decreases from
1.810% to 4.4-10° sm’s with decrease of
temperature from 540 to 100°C [2-4]) and is
accompanied by localization of dissolved hydrogen
in metal at lower temperature, which concentration
is over-equilibrium (from 0.1 to 1.0 sm*/100 g of
metal, according to [5]). In consequence of cooling,
approximately the same concentration of hydrogen
as an equilibrium one for temperature of 540 °C is
observed inside a specimen. Obviously, that this
hydrogenation assists in active migration of
hydrogen to the nearest free surfaces, regardless of
their location (internal or external). Thus residual
hydrogen either goes out from a metal (from the
subsurface layers of specimen) or gathers in traps at
structural defects, grain or phase boundaries, which
from the view point of energy expenditures are the
advantageous places of its location (inside the
specimen). As hydrogen fills any defects, its

migration assists in moving of carbon atoms and
alloying elements. It occurs because of degrees of
energy barrier (affected by hydrogen) to moving of
atoms of any element [6]. It is clear that such
redistribution  of elements accelerates the
redistribution of carbides and formation of net of the
fine-dispersed special or alloyed carbides in places
with high concentration of alloying elements.

During the cooling, the redundant hydrogen goes
to the traps at grain, phase boundaries or structural
defects. Migration of hydrogen creates a track of high-
gradient tensile field, assisting in the redistribution of
carbon and alloying elements in a metal and, therefore,
intensifies microstructure transformation of steel. As
hydrogen localizes at these defects, it creates
additional tension at interphases. At the frequent
reiteration of this cycle pre-conditions for the
formation of microscopic damages as micro-voids and
micro-cracks are created. After each heat cycle the
pressure of hydrogen grows, deformation of linkages
between micro-voids and micro-cracks and their creep
growth as result of the combined action of high
temperature and loading becomes possible. These
processes are conducted by the radiation of elastic AE
waves [7].

In addition, such heat cycling of specimens in
hydrogen creates pre-conditions for cyclic
deformation of metal near the defects, which
accumulate hydrogen. Amplitude of deformation is
determined by many factors: distribution of defects
by their sizes and amount, temperature range of
heat cycling, pressure of hydrogen in a chamber,
number of heat cycles etc.

Thus, the abrupt cooling of hydrogenated metal,
at first, causes an increase of internal stresses in
metal as a result of over-equilibrium concentration
of hydrogen in metal, secondly, assists in the
initiation of micro voids filled by hydrogen, thirdly,
intensifies diffusion, in particular of carbon, assists
in transformation of microstructure. All these
processes assist in intensive crack formation in
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steels and can be effectively detected by AE
signals.

2. METHOD OF AE TESTING

Experiments were carried out for the four
groups of smooth beam specimens of 12HIMF
steel of sizes 12x18x180 mm’. Chemical
composition (%) of steel is: S - 0,1; Cr - 1,1; Mo -
0,26; V - 0,17; Mn - 0,54; Si - 0,26; S - 0,019; P -
0,015. The specimens of first and third groups were
made of basic (not operated) material and second
and fourth groups - of material, which operated in
steam pipes of power station about 150 thousand
hours (540 Ms). Specimens of first and second
groups were heat cycled in air, third and fourth - in
the environment of gaseous hydrogen. “Heating -
holding — cooling” cycles are shown in Fig. 1 for
the specimens of all four groups (pressure of
hydrogen environment for the 3rd and 4th groups of
specimens is shown in the Table 1). Heating of
specimens up to the temperature of 813 °C and its
maintenance was carried out by an alternating
electric current. Its value is shown in the Table 1.

Table 1. Characteristics of specimen heating modes

Group of Heating | - Supplied Pressure in
specimen current, eneIEY> | autoclave, MPa|
KA MJ ’
1 3,6 1,017 atmospheric
2 2,88 0,587 atmospheric
3 3,84 1,615 0,14
4 2,58 0,334 04

AE signals were recorded using waveguide. The
specimen and one end of the waveguide were placed
in the autoclave. The other end of waveguide was
placed outside of autoclave through the special
airtight knot. On this end, the primary piezoelectric
AE transducer (AET) was located. Calculation of
geometry of waveguide and matching of its response
characteristic with the similar characteristics of AET
V\;as made using the method described in [8].

T.K
800

800 -

600 600

200

200

0 200 400 600 tc 0 200 400 600 ¢
a) b)
Fig. 1. Time variations of temperature in cycles
of heating for four groups of specimens (the
numeration of curves corresponds to the
numbers of groups of specimens)

2. RESULTS OF AE RESEARCHES

In the temperature-cycle testing of the first
group of specimens AE was emitted, mainly, during

the specimen cooling. A tendency of its activity
decaying with growth of temperature-cycles
number was observed. The results of tests are

shown in Fig. 2.
Q, noiit

400 —

0 T T T T T T T
12 N, 1uKIL

8
b)
Fig. 2. Dependence of the number of events Q
(a) and the sum of amplitudes A4, of AE signals ()
on the number of heat cycles N for the specimens of
first and second groups

Fig. 2a shows that for 1st and 2nd groups of the
specimens the number of events O, which was
recorded during 15 cycles in air (specimens of steel
12HIMFA of base material), decreases with the
number of cycles increase, starting from the first
cycles. This experimentally obtained dependence is
well approximated by exponential function of the
form Q = a-exp(bN+c) with the correlation factor
r=0,912. The coefficients of approximation are
resulted in Table 2a. The second group of
specimens made of the operated steel has shown
complicated character of AE events number
variation depending on the number of heat cycles in
air. For the first cycles a tendency to their
decreasing was observed, then the AE activity
increased with growth of the number of heat cycles
(curve 2 in the Fig. 2a). Experimental points for this
group of specimens are approximated by expression
0 =aN*+bN+c (the parameters of approximation
are given in Table 2a).

In relation to the sum of amplitudes, which
contains an information on bulk damaging of
material [9], we notice that for the specimens of the
specified 2 groups it varies linearly (see Table 2b
and Fig. 2b) with the number of heat cycles. The
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absolute values of this index for specimens made of
the operated material are higher, starting from 10th
heat cycle.

Table 2a. Parameters of approximation
of experimental results

Group of Parameter of approximation

specimens a b c r
1 210,863 | -0,102 | 0,758 | 0,912
2 3,808 | 46,941 | 282,235 | 0,903
1 376,307 | -43,39 - 0,997
2 423,907 | -178,89 - 0,983
3 0,31 1,344 | 2,794 ]0,901
4 23,607 | 76,06 | -60,25 | 0,99

Table 2b. Dependences of approximation
of experimental results

sﬁég?rﬁe%fs de{)eriZeOnfce Note
T
e
oAt

Similarly to the previous, specimens of third
and fourth groups were tested in the environment of
gaseous hydrogen. Time character of change in
temperature of cycles heating - holding - cooling is
shown in Fig. 1b. Having this data, firstly, we
calculated the number of cycles to complete
saturation of specimens of third and fourth groups
by numerical methods for parameters of hydrogen
environment indicated in Table 1. A mathematical
model of temperature condition changing for each
cycles was developed for this purpose. In this
model the time interval of heating is described by
the function T = ar*+bt+c, the interval of specimen
holding for temperature 813 K was approximated
by constant 7' = B = const (where B = 256,6 s for
the specimens of third group and B =323,3 s for the
specimens of fourth group). For the time interval of
cooling two intervals of approximation were
defined: for the temperature range 813...373 K the
dependence T = ar’+bt+c was used and for the
temperature range 373...293 K T = at+c.

Using the data collected in Tables 1 and 3 and
calculation method developed in paper [10], we
determined the number of cycles for attaining
equilibrium saturation of specimens of third and
fourth groups with hydrogen. They were,
respectively, 7 and 6 heat cycles [10]. Basing on
results of these computations, we conducted heat
cycling of specimens of these groups in gaseous
hydrogen. The results of these tests are shown in
Fig. 3, in Tables 1 and 2.

Q, nopiii
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Fig. 3. Dependence of number of events Q (a) and
sum of amplitudes >4, of the AE signals () on the
number of cycles N of the heating and cooling
of specimens of third and fourth groups

As it is shown in Fig. 3 AE for the specimens of
third group sporadically observed only at the 2nd
and 6th cycles with negligible indexes: 5 and 2 AE
event, respectively, with approximately the same
sum of amplitudes of 9 a. u. Starting from 11th
cycle AE increased slightly: the activity increased
to 7..13 events (for 13th and 12th cycles,
respectively). The sum of amplitudes increased to
16...44 a. u. for these cycles. Later with growth of
number of heat cycles, the radiating of AE was
interrupted, which finished mainly, at the 20th
cycle and monotonous growth of mentioned
indexes of AE activity was observed. Thus, AE
activity during heat cycling of initial material in the
hydrogen environment is insignificant that confirms
insignificant damaging of material.

The activity of AE in the tests of specimens of
4th group in the hydrogen environment is in orders
higher. At the first 3 cycles it slightly decreases (by
analogy with heat cycling of this material in air, see
Fig. 2a; curve 2), and later abruptly increases
showing a tendency to smooth decaying with the
increase of cycles number. For 5th cycle the
dependence between the variation of number of
events and the number of cycles is approximated by
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straight line: O = aN + ¢, where a = -11,6; ¢ =
508,8 and the coefficient of correlation is » = 0,823.
The sum of amplitudes depends on the number of
heat cycles. The approximation parameters of this
dependence are shown in Table 2. Having these
distinctions in AE generation, we decided to test the
specimens of 4th group on the base of 8 cycles,
because the tendency of their AE activity in these
experiments is determined precisely from the test
start.

As it follows from the obtained results, the used
material taking substantially less energy (see Table
1) generates during the heat cycling in hydrogen
and air considerably more of the AE signals.
Therefore, it means it is more damaged.

Thus, AE method gives an effectively
assessment of heat cycling effect in various
environments on the bulk damaging in steels of
heat-power equipment depending on the level of
their degradation.

5. CONCLUSIONS

Heat cycling of steels both in air and hydrogen
environment leads to growth of bulk damaging,
which kinetics well correlates with activity of AE
signals.

It is stated using the parameters of AE signals
that the used material is more disposed to the
micro- and macro crack initiation under influencing
of temperature factor and service environment.

The dynamics AE signals development has
showed that heat cycling of steels in the
environment of gaseous hydrogen can be used for
the accelerated obtaining of the prescribed index of
their degradation during exploitation of steels
operating conditions.
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Summary

Vibration signal of the reciprocating engine may be described in several ways depend on the
diagnostic purpose. For detecting non-uniform cylinder operation, for instance, lower harmonics of
shaft vibration are interested. Then the signal can be assumed as stationary, ergodic and harmonic
and may be expressed as a Fourier series. Assuming that transients are statistically independent
some vibrations can be modeled as periodic transients, for instance piston slap. Transients may
overlap each other and are buried in additive noise. Then the statistical methods are useful like
periodically time-varying autoregressive model. In the paper different approaches to modeling of
engine vibration signal are proposed. Particular methods of signal describing are dedicated to
diagnostics of different components or processes of the reciprocating engine. Described diagnostic
model propositions are illustrated by examples of four stroke spark ignition engine.

Keywords: internal combustion engine, diagnostic model, engine vibrations.

MODELOWANIE SYGNALU DRGAN SILNIKA SPALINOWEGO DLA POTRZEB DIAGNOSTYKI

Streszczenie

Sygnal drgan silnika spalinowego moze by¢ opisywany na wiele roznych sposobow
w zalezno$ci od diagnozowanego podzespotu lub procesu. W celu obserwacji nierownomiernej
pracy cylindréw, na przyktad, monitorowanych jest kilka harmonicznych, czyli niskie
czestotliwoscei sygnatu. W takim przypadku sygnat moze by¢ opisany w postaci szeregu Fouriera.
W innym przypadku, zaktadajac ze odpowiedzi systemu na ré6zne wymuszenia jednostkowe, jak
zamykanie zaworow lub zwrot tloka w cylindrze wystgpuja niezaleznie i w ustalonej kolejnosci,
drgania mozna opisa¢ jako ciag drgan przejsciowych. Czgsto jednak jest to sygnal zaszumiony,
a drgania zachodza na siebie. Wtedy uzyteczne okazuja si¢ statystyczne modele, jak opisany
w artykule model autoregresyjny ze zmiennymi w czasie wspotczynnikami. Wymienione wyzej
metody modelowania zostaly opisane w artykule w zastosowaniu do silnika czterocylindrowego
o zaptonie iskrowym.

Stowa kluczowe: silnik spalinowy, model diagnostyczny, drgania silnika.

INTRODUCTION

The process of vibration and noise generation by
an internal combustion engine is very complex. The
measured vibrations are a mixture of periodic waves
due to the rotating components and transient waves
due to the reciprocating components of the engine
and pressure forces. Strong transients come from
exhaust and inlet valve operations, fuel injection,
combustion, piston slap. For machine condition
monitoring or design improvement purposes, it is
necessary to separate the vibration signals caused by
different sources and then analyze them individually.
For identification of the transient source switching
from the time to the crank-shaft angular coordinate
is needed. Then most engine vibrations may be
regarded as cyclo-stationary. Especially difficult is
interpreting the sources during driving on the road.
Changing load and additive stochastic forces from
road give the background that must be subtracted.

Some transients are periodic in angle domain like
piston slap end valve operation (not for engines with
variable valve timing), but vibration from
combustion are dependent on spark ignition advance
timing.

Diagnostic model of the engine should not be too
complicated and it has not to include all the physical
parameters of the system. It must be sensitive for
failure of a component or changes in monitored
process. For simplicity the stable revolution speed of
engine and the stable load are assumed in models.
Engine vibrations are filtered and windowed. They
may be described in several ways depend on the
diagnostic purpose.

2. EXPERIMENTAL SETUP
The test was performed on four-cylinder spark

ignition engine 1600 with multipoint injection. The
vibration signal was measured by a piezoelectric
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sensor screwed on the head near fourth cylinder.
During the experiment, in addition to vibration
signal, two monitoring signals were also registered
simultaneously, namely the digital signal of
crankshaft position and the control ignition pulse
from electronic control unit. With additional signals
identifying the engine timing and transferring from
time to crank shaft angular domain were possible
[1]. Described signals are showed in Fig. 1.

Ry m .L | ‘”ml hd ‘.m ‘A‘;\m‘, i ||H|\Mmmh,.
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——coil timing
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Fig. 1. Registered vibration and additional signals
during one cycle of the engine operation

3. FOURIER SERIES

The vibration signal is assumed to be the sum of
harmonically related elementary components that
have to be periodic and complex

x(f) = e™ = cos(wt) + jsin(wr) (1)

For this reason vibration signal of the engine
must be preprocessed with low pass filter. It must be
also transformed from time domain to shaft angle
domain. After that the signal can be used for
reasoning about the contribution of each cylinder to
the total engine output. All the information about
transient processes are lost. The signal can be
expressed as [2]:

o | A, COS%(G-F (p,.)+
x(6) = X N )
= +(Bk +Bk,)sin%(9+(pi)
pi 1r T

where:
A, 0> B - the cosine and sine-terms of the k-th

order harmonic components of the gas pressure
torque;
B, - the k-th order harmonic component of the
reciprocating inertia torque;
i — the number of the cylinder;
¢, - the firing angle of i-th cylinder;
0 - the crankshaft angle;
K — the highest number of harmonics components.
The signal x(0) is proportional to external
torques acting on the crankshaft that are inertia
torque and gas-pressure torque.
Under steady-state operating conditions, the
variation of the reciprocating inertia torque may be

considered identical for all cylinders. The gas-
pressure torque may be different from cylinder to
cylinder and from cycle to cycle. Fig. 2. shows low-
frequency vibrations of the engine during one
operating cycle. Non-uniform operation of the one
cylinder is visible. Simulated and measured
vibrations during a several cycles are presented in
Fig. 3. It shows regular different work of one
cylinder and very small changes of cylinders
operation from cycle to cycle.

Fig. 2. Engine vibrations filtered with low pass filter
during one cycle

Fig. 3. Non-uniform (measured) and uniform
(simulated) operation of the cylinders

4. INDEPENDENT TRANSIENTS

Assuming that transients are statistically
independent some vibrations responses can be
modeled as periodic transients, for instance piston
slap or valve operations. Since the force applied to
the engine is impulsive, the response of the system
due to a unit force can be as follows:

—g(t)op-t
x(t)=w sin[w, (1) 1] 3)
o, (1)
where:
m - mass of the element;
w - wage factor;

®, - natural frequency;
®, = w,/1-¢* - damped frequency;
= . damping factor.

2mo,

Model was identified assuming that stiffness and
damping factors was changing with time, because
the damped frequency was decreasing (see Fig. 4).
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—simulated model
----- measured data

Fig. 4. Vibration response to outlet valve closing
(---measured data and — simulated model)

For a single cylinder the modeled signal can be
described as the transient convolved with the unit
force [3]:

~E10g !

x,(,0) = w, sin(w, 7)+1(0-0, —4kx)  (4)

1Oy,

where

i — number of the cylinder;
k —number of the cycle;
0, - valve closing angle;

* - the convolution symbol.

Simulation of this model is presented in Fig. 5.

Fig. 5. Modeled signal of the outlet valve closing
for a single cylinder during four cycles

This rather simple model is good only for chosen
statistically independent processes. Such approach
for modeling do not fit when the transients overlap
each other and are buried in additive noise.

5. AUTOREGRESSIVE MODELLING

For modeling vibration signal of inlet valve
operation, for example, the stationary assumption or
independent transients hardly holds any more. In this
case the one of statistical models should be
considered,  like  periodically  time-varying
autoregressive model of the form [4]:

x(0) = 5a,(0) - x(0-i)+¢(6) (5)

where:

€(8) - assumed white stationary prediction error;

a,(0)=aq, (6 +N ) — periodically time-varying
autoregressive coefficients;

p(0) — the order of the model.

The order of the time-varying autoregressive
model is related to the number of dominant
sinusoidal sources of the vibration signal
conditioned on each angular position. This variables
are rather sensitive to non-stationarities.

At this approach the signal was preprocessed
with high pass filter for removing trends and
windowed with rectangular window (see Fig. 6).

1 I O N A AR N —highpass filtered vibration
| | | | | | |[—rectangular window
[ I

9 01

Fig. 6. Vibrations filtered with high pass filter and
windowing signal for inlet valve closing

The base of the method is the assumption that
measured signal can be generated using the model
filter. Some works show that it can be autoregressive
(AR) model with transfer function [5, 6].

1
H(z)= M (6)
where
A =1+Ya, -z* )

that is submitted by a white noise with zero-mean
value (see Fig.7).

— ¢ ' H (2) _)‘>
noise signal

Fig. 7. Linear system driven by a zero-mean white
noise

Identifying the model means finding the model
coefficients gy of the equivalent FIR filter.

Fig. 8 shows vibration response of the engine to
the inlet valve opening and the simulated AR model
for K= 100.

—simulated model
----- measured data

Fig. 8. Vibration response to inlet valve opening
(---measured data and — simulated model)
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The failure in the engine or process changes
mean the change of the model-filter coefficients.

6. CONCLUSIONS

In the paper three methods of the vibration signal
modeling of the reciprocating engine was presented.
Each of them was dedicated to the particular process
and was illustrated with the time waveform of the
spark ignition engine vibration.

Non-parametric methods of power spectral
density estimation like Fourier analysis are well
known and often applied. But their usage is limited
to stationary periodic processes. Fourier series can
be applied for modeling non-uniform operation of
cylinders from cycle to cycle in the reciprocating
engine, for instance. In this case only low frequency
components are taken. For diagnostics of other
processes the different approach is more useful.
Strong transients come from exhaust and inlet valve
operations, fuel injection, combustion or piston slap.
Assuming  that transients are statistically
independent some vibrations can be modeled as
periodic transients. Such approach for modeling do
not fit when the transients overlap each other and are
buried in additive noise. Another approach is the
parametric one that deals with periodically time-
varying autoregressive models. It can be used for
diagnostic purpose, for instance for valve mechanics
or for combustion pressure rises.
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Summary

The article presents a creation process of designed pump of 7 pistons. A several FEM models
are presented with a simulation results. Apart from FEM models, the mathematical model of 1/7
pump was elaborated. This model, which contains piston set with input and output valves was
implemented in MATLAB Simulink program. The mathematical model was used to the definition
of movement parameters: piston displacement, input and output valves displacements as well as
the influence of the work pressure on the movement range. The obtained simulation results from
mathematical model can replace a part of the prototype researches.

Elaborated model was verified on a laboratory stand. A verification results are shown in this
article.

Keywords: FEM, mathematical model, design, pump.

PREDYKCJA WEASNOSCI EKSPLOATACYJNYCH PROJEKTOWANE]
POMPY W OPARCIU O MODEL MATEMATYCZNY

Streszczenie

W artykule pokazano budowg nowo projektowanej pompy 7-mio ttokowej. Przedstawiono
szereg modeli MES podstawowych jej czgsci wraz z wynikami symulacji. Oprocz modeli MES
opracowano model matematyczny 1/7 pompy (stanowisko badawcze) jako zespot pojedynczego
ttoka wraz z zaworami ssawnym i tlocznym, ktory zaimplementowano w §rodowisku Matlab —
Simulink. Model matematyczny pozwolil na okreslenie parametréow ruchowych jej glownych
elementow tj. przemieszczenia tloka oraz przemieszczen grzybkéw w zaworach ssawnym
i ttocznym, jak i wplywu zmian ci$nienia roboczego pompy na zakres tego ruchu. Otrzymane
wyniki symulacji opracowanego modelu matematycznego 1/7 pompy moga zastapic
przeprowadzenie wielu badan i symulacji prototypu, co wiaze si¢ ze znacznymi oszcz¢dnosciami
finansowym, a takze umozliwia dobér odpowiednich parametréw konstrukcyjnych gtéwnych
elementow pompy.

Stowa kluczowe: MES, model matematyczny, projektowanie, pompa.

1. INTRODUCTION

A market competition is a cause of the increase
of complex degree of the design process of new
product. It is possible by the wide cooperation
among specialists from different field of technology
and science. This cooperation basing on a use of the
computer techniques, which enable concurrent
design and testing of created products. A solving of
the constructional problems is situated at a pre-
design and design levels instead at a prototype level.
The main elements of contemporary design process
are — apart from CAD (computer aided design) —
a selection theory, CAT (computer aided testing), FT
(fast prototyping). A connection of the application
mentioned above tools of new product creation and
a prediction of its operate characteristics basing on
mathematical models enable a getting of defined
features of product without a expensive and long-
lasting researches and prototype experiments.

The article presents a creation process of
designed pump of 7 pistons. A several FEM models
are presented with a simulation results. Apart from
FEM models, the mathematical model of 1/7 pump
was elaborated. This model, which contains piston
set with input and output valves was implemented in
MATLAB Simulink program. The mathematical
model was used to the definition of movement
parameters: piston displacement, input and output
valves displacements as well as the influence of the
work pressure on the movement range. The obtained
simulation results from mathematical model can
replace a part of the prototype researches.

Elaborated model was verified on a laboratory
stand. A verification results are shown in this article.
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2. CONSTRUCTION OF THE PUMP

The pump (Fig. 1, 2, 3) is dedicated for
pumping oil and water emulsion with 3 to 5% of oil
contents. The basic requirements required by the
ordering party for this pump are:

— nominal pressure at the outlet: 40 MPa,
— flow capacity: 320 dm’*/min,
— motor power output: 250 kW.

The proposed solution is a new construction
solution of a radial piston pump. Its main working
elements are seven pistons spaced radially around
the shaft axle. The pistons move in the pump body in
plane and return motion forced by the properly
shaped cam set on the shaft pin. Lift spaces are
connected with the inlet and outlet (pumping) pipes
from the outside of the immovable cylinder block.
Valve timing is used as the element controlling the
flow of the liquid.

13 [ S 1l 109 & 2812 7 1 24 25

s
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Fig. 1. Construction of the pump:
1 — pump body, 2 — shaft, 3 — eccentric pin,
4 —rolling bearings, 5 — small piston, 6 — small
cylinder, 7 — lift chamber, 8 — inflow valve,
9 — inflow valve head, 10 - inflow valve seat,

11 - inflow valve spring, 12 — inflow collecting pipe,
13 — pumping valve head, 14 — pumping collecting
pipe, 15 — bearing foot, 16 — ball-shaped pin,

17 - lifter, 18 — non-return valve, 19 — radial duct,
20 — axial duct, 21 — peripheral drive pin,

22 —rotating oil line, 23 - additional sealing, 24 — oil
duct, 25 — oil collecting pipe, 26 - counterweights,
27 - cover, 28 - inflow collecting pipe casing

Fig. 3. Building of the pump
3. STRUCTURE OF PUMP UNIT
Main element of plunger pumps unit, which is

presented in fig. 4 and 5, is radius piston pump of
T7-320-40 (1).

Fig. 4. View of the pump unit
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The pump is preliminarily supplied by rotational
pump of PIMP 65 (8). A shaft of the main pump is
connected by a flexible clutch of SPR 90 (7) with
motor of SGPL355 L-4 (6). The rotational pump is
driven by a belt transmission (5), which are
protected by shield (3). Apart from enumerated
elements, the pump unit consist of following
elements: water filter (4), hydraulic unit (9),
manometers unit (10) and frame (2).

[~ o
Fig. 5. Structure of the plunger pumps: 1 - radius
piston pump of T7-320-40, 2 — frame, 3- shield,
4 - water filter, 5 - belt transmission, 6 — motor,
7 - flexible clutch, 8 - rotational pump, 9 - hydraulic
unit, 10 - manometers unit

4. SIMULATION RESEARCHES OF CHOSEN
ELEMENTS WITH THE USE OF FEM

Most important elements of new pump were
verified by strength analysis in FEM. A maximal
value of pressure in system was assume as
aboundary condition. A strength analysis of the
elements of high pressure output of pump was made
by the use of flat, axial symmetric models with
taking into account of interaction among
components of system. A model of the plunger
pump body was made as spatial solid model.

A piston of the plunger was the first tested
element. The analysis enables definition of the
values of maximal displacements of piston, which
enables the verification values of clearance and seals
clamp.

An input valve of main pump was the second
tested element. Two analysis of this element were
conducted for extreme work conditions. Simulation
research includes also analysis of several structure of
valve head in order to a limitation of its mass and an
undesirable dynamic phenomena in this system.

An body shield of main pump was the third
tested element. The pressure of work fluid on input
side of the main pump.

A pump body was the last tested element of
created pump. A solid modeling was used to the
creation of body model. A shape of body was
divided to four-walls elements of tetra4 type. The
maximal pressure in pump system was the boundary
conditions.

| Time: ©.oc0ss000 MEC

| _

11—

| - T
—

| ks

Fig. 6. Displacements distribution of the pump
piston

Fig. 7. Displacements (iistribution of the body
shield
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Fig. 8. Displacements distribution of the input valve
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Fig. 9. Stresses distribution of the body shield

5. SIMULATION RESEARCH WITH THE USE
OF MODAL ANALYSIS OF CHOSEN PUMP
ELEMENTS

The object of simulation research was the body
of a radius pump in the phase of concept design. The
application of virtual prototyping, one of whose
elements was modal analysis, was the requirement
of the purchaser. The body was chosen with the
connection of concentration of dynamic forces.
Geometric measure and dimensions of the body
were determined by assumptions determining the
work of the pump as well as the measures and
dimensions of other components used in the device.
It allowed the execution of the technical
documentation in CAD stage. On this basis,
geometric model of the body was produced.

The method of finite elements and computational
packet MSC Patran/Nastran were used to determine
the modal model of the body. On the basic of the
geometric model mentioned above a network of
finite elements consisting of about 121000
quadrilateral, special elements was generated.

Fig. 10. The finite elements model of the body
of pump

Taking into account the fact that the specific
frequency and the form of specific vibrations,
among others, are the functions of material
properties and boundary conditions, to determine the
modal model of the body we assume:

— constant material values for steel (E, v , p ),

— boundary conditions reflect the placement of the
pump in the place of work (settled at shaft).
Taking into account the initial assumptions, parts

of the body were determined, the first 10 of which

are shown in table 1. The exemplary from of specific
vibrations for first 2 frequencies are shown in fig.11.

Table 1. The specific frequencies of the body

Lp. 1 2 3 4

f[Hz] |1591.4 |1594.7 [1939.2 |1975.7

9.10-002
8.50-002
7.83-002

7.28-002 |
6.68-002
6.07-002 H
5.46-002
4.85-002
4.25-002
3.64-002
3.03-002
2.43-002

1.82-002

1.21-002
ZX

6.07-003
-6.52-009
Fig. 11. The form of specific vibrations for
frequencies 1591,4 Hz i 1594,7 Hz
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For the designed pump following characteristic
frequencies resulting from the conditions of work
can be determined:

— the frequency coming from the circular velocity
of shaft (for n=1470 1/min): fy=24,5 Hz;

— the frequency coming from the periodic opening
of valves on the circumference of the body:
f=171,5 Hz.

The comparison of the acquired results with the
specific frequencies of the body enables to state that
force frequencies are placed in different division of
value than specific frequencies. Hence we can reach
constructions that at such model of force the
resonance connected with these forces will not
occur.

The analysis of the modal model of the body of
the pump in design enables to define of following
conclusions:

1. There is not threat of resonance occurrence at
the characteristic frequencies resulting from the
conditions of the pump’s work.

2. The value of deformation of the body, which
occurs at force with characteristic frequency
24,5 Hz, is leaving out.

6. MATHEMATICAL MODEL OF MAIN
PUMP

6.1. Simplification assumptions

1. Constant temperature of the work fluid (constant
characteristics of the work fluid).

2. Elasticity force is described by linear equation

Leakage doesn’t appear.

4. Losses caused by local and linear resistances
doesn’t appear in the input conduits.

5. Force from the pressure in the gaps in input and
output valves are negligible small.

6. Viscous friction force in gaps in input and output
valves are negligible small.

7. Flow have a turbulent characteristic in each local
elements.

8. Flow have a laminar characteristic in each linear
elements.

(98]

6.2. Mathematical model

Talking into account presented above
assumptions, structure of the pump and functioning
of the pump, calculating schema of valves system
was elaborated. This schema is presented in fig. 12.
Its implementation in Matlab-Simulink is presented
in fig. 13.
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Fig. 12. Calculating schema of the plunger radius
pump of T7-320-40
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Fig. 13. Calculating diagram of the valves system
of the plunger radius pump

7. SIMULATION RESEARCH RESULTS

Characteristics of the valve head displacements
for input valve and output valve, piston
displacement, flow intensity through valve head
was got for established input parameters.
Exemplary course of the valve head displacement as
well as flow intensity in output valve are presented
in fig. 14. Time range from 0 to 0.2 s was
established from the point of view of periodicity of
the motion of the pump elements.
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Fig. 14. Displacements of the valve head x4 of the
output valve and flow intensity through output
valve Qg
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8. CONCLUSIONS

Piston radius pump of T7-320-40, which was
elaborated for water-oil emulsion, is described in
this article. Measurement description of parameters
and diagrams of unit is very hard because of
compact construction. In case of that obtaining of
pump mathematical models were needed for
simulations. After implementing of model in
Matlab—Simulink environment, leading series of
simulations and experimental researches it was
found that obtained model is enough for exact
determination of real parameters diagrams.
Simulation researches allow for recognition of
mutual  hydraulic, energetic and geometric
relationships between parameters and caused in
activities for unit construction optimization.
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Summary

In many cases ceramic tile manufacturing processes have been almost completely automated.
Two stages of these process are exceptions. They are quality control and sorting at the end of the
production line. These operations have been realized by the staff so identification of defects
depends only on the human. Because of specific abilities of human sences, visual quality control of
tiles is often not precise and reliable. Automatic visual inspection and estimation of tiles is
a crucial problem in a ceramic industry. Inspection with the use of a vision stystem eliminates
problems connected with the tiredness of human sences. Such systems are able to operate many
hours without any breaks and are much faster and preciser. In the paper a concept of a method of
the quality evaluation of the ceramic tiles, basing on digital image analysis, and the first results of
the research have been presented. Three groups of defects have been distinguished, they are corner
defects, edge defects and surface cracks that could be detected during the manufacturing process.

Keywords: ceramic tiles, quality evaluation, image analysis, vision system.

OCENA DEFEKTOW PLYTEK CERAMICZNYCH Z ZASTOSOWANIEM
METOD ANALIZY OBRAZOW

Streszczenie

Proces wytwarzania plytek ceramicznych w wielu przypadkach jest catkowicie
zautomatyzowany, za wyjatkiem dwoch etapow - kontroli jakosci podczas produkcji oraz
sortowania ptytek na koncu linii produkcyjnej. Czynnosci te sa wciaz wykonywane przez ludzi,
a kontrola jakos$ci produktu jest zalezna od zmystéw ludzkich. Z tego powodu kontrola wizualna,
jest subiektywna, nie jest precyzyjna ani powtarzalna. Automatyczna kontrola jako$ci
przeprowadzana przy uzyciu systeméw wizyjnych jest bardzo waznym aspektem przemyshu
ceramicznego. Automatyczna inspekcja z uzyciem technik wizyjnych oraz metod przetwarzania
ianalizy obrazow eliminuje problemy wynikajace z szybkiego meczenia si¢ oka ludzkiego.
Inspekcja taka zapewnia precyzyjna i szybka kontrole, ktora dzigki temu, ze system moze dziataé
bez przerw znacznie przyspiesza proces produkcji. W niniejszym referacie zostata przedstawiona
koncepcja metody detekcji wad plytek ceramicznych bazujacej na analizie obrazéw cyfrowych.
Wyrdzniono trzy podstawowe grupy wad: wady krawedzi, narozy oraz peknigcia plytek
ceramicznych, ktore moga by¢ wykrywane juz na etapie produkcyjnym.

Stowa kluczowe: detekcja wad, analiza obrazow, system wizyjny, ptytki ceramiczne.

1. BACKGROUND OF THE RESEARCH

Nowadays, estimation of the ceramic tiles quality
during their production has been still performed by
the people usually only at the end of the production
line [1, 4]. The quality of this evaluation relays only
on the human sence capability, because of that such
quality control is not precise and reliable. Specific
features of human sences, cause fast tiredness, lack
of attention, eye fatigue or even sickness of an
inspector that results in low efficiency of inspection
and in decrease of quality of the final product.
Therefore automatic visual inspection and estimation
of the quality of tiles is a crucial problem in
a ceramic industry. Inspection with the use of
a vision stystem eliminates problems connected with

human sences. Such system can operate many hours
without any breaks and is much faster and reliable.
Concerning the quality evaluation during the
production process, tiles are usually inspected only
when all expensive operations like glazing or pattern
printing have been already performed. In such case
the tile could not be easily recycled [2]. Defects of
ceramic tiles could emerge on every stage of the
process: during forming the biscuit on the press,
during firing or pattern printing. The most important
problem is to detect occuring defects as early as
possible, e.g. before firing, when the demaged tile
can still be recycled. In such case both material
losses and production costs can be reduced. On the
basis of bibliographic research [2, 5] and according
to experts’ opinions one can state that the most
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common defects of the ceramic tiles are: edge
defects, corner defects and surface cracks.

In the paper, concept of a method of the defects
evaluation of the ceramic tiles, based on digital
image analysis has been presented.

2. OBJECT OF INVESTIGATION

In the presented experiments objects of
investigations were square ceramic tiles, of
dimensions 350 x 350mm. As it was stated, three
groups of defects have been distinguished as the
most common. Therefore these defects have been
taken into consideration in the presented research.

On the basis of experts’ opinions, the area of the
specimen that should be observed can be reduced to
the border of the ceramic tile. The reason of such
reduction is based of the specification of the
considered defects. Parts of the tile that are most
exposed on demages are edges and corners. In the
case of surface cracks, it was stated that this kind of
demage usually have its begining at the edges, from
where the damage propagates. Therefore the
analysed area has been also reduced only into the
border region.

0
350

Fig. 1. Representation of the border region

In the presented experiments the border region
has been limited to area of width from 20mm to
50mm. Border region has been presented in the
Fig. 1.

3. VISION SYSTEM

For the research purposes, the laboratory stand
consisting of a camera, illuminator and PC computer
has been prepared. A schema of the laboratory stand
has been presented in Fig. 3.

On that early stage of the research the specimen
and the camera were stationary. However, in order
to simulate the environment of the production line,
the laboratory stand will be equipped with the
conveyor belt and the tile will move under the
stationary camera. Because of that concepts of two
methods of tile observation and image acquisition
have been proposed. The first method consists in
observation of the whole specimen with the use of
one camera. Such method allows us to acquire one
image for every specimen and analysis can be
performed for all border areas simultaneously.
However some limitations of the minimal defect size
occur. This restriction came from bigger field of
view (FOV) of the camera what results in a smaller
number of pixels composing the visible detail.

The second concept is based on the observation
of the tile with the use of two different cameras. In
this case the vision system should consist of two
synchronized cameras observing parallel areas. In
this case, the field of view (FOV) of the camera
should be equal to half of the width of the tile and
observation of border area is similar to the scanning
process. Thanks to limited FOV of the camera it is
possible to identify smaller defects. The schemas of
two concepts have been presented in Fig. 2.

e

Ditection of Direction of
mOvement move et

Fig. 2. The concepts of image acquisition method

Because of the possibility of limitation of the
area of observation to the maximum 50 mm width of
the border, the size of the acquired data can be also
minimized by a region of interest (ROI), wchich is
chosen before the acquisition. Concepts presented
above are to be developped in the further research.

3.1. Laboratory stand configuration

In order to simplify the research at this stage of
the investigation, the second presented concept of
laboratory stand has been applied, but camera and
the specimen were fixed. Positions of an illuminator
were being changed during the experiment by
changing the ditances d; and d,. Such experiments
have been performed in order to verify the influence
of the position of the illuminator on the visibility of
defects. Exemplary results have been presented in
paragraph 2.1.
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Fig. 3. Laboratory stand configuration

Parameters of the camera used in the experiment
and information about the measurements precision
have been presented in tab. 1.
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Tab. 1. Parameters of the camera used in the

investigations

Camera Imaging Source Mono

DMK 31BF03

CCD 1/3»
Resolution 1024 x 768 pixels
Pixel size 4,6 um x 4,6 pm
Focal length =50mm
Specimen - camera Im
distance
Field of view 91 x 68 mm
Measurement precision | approx.0,15 mm

Exemplary images representing ROIs with the
most common defects have been presented in Fig 3-
7.

3.1. Methods of specimen illumination

A very important role in the image acquisition as
well as analysis plays an appopriate illumination of
a scene. The illumination well matched to the task
enables that all information, and characteristic
features of the surface are visible. It is emphasized
in many references that the suitable illumination is
the 70% of sucess in vision system applications [3].
In the presented reasearch, a fluorescent lamp has
been used as the illuminator. Such kind of the
illuminator is a source of diffused light. In order to
investigate the influence of the position of the
illuminator in regard to the specimen several
different configurations have been tested. Changes
of the illuminator possitions have been realized by
changing distances between the specimen and the
illuminator. Distances d; and d, pointed out in Fig.
3. were equal from 5 mm to 100 mm. Depending on
the illumnator — specimen configuration one can
obtain images in which defects are clearly visible, or
in contrary, where defects are barely recognizable.
In the paper images acquired under configuratons
which reflected the biggest differences in the image
quality and visibity of the defects have been
presented in Fig. 4.

In the configuration where the illuminator has
been remoted from the specimen (Fig. 4a) defects of
the edges have been barely visible. In such case the
analysis of the image was very difficult and
identification of the defect were not possible. One
can observe that the best results have been obtained
under the configuration where the illuminator was
placed on the height equal to the position of the
specmen surface and very close to its edges (Fig.
4d.) In this case defects have been clearly visible
and image processing and analysis were less
complicated and the defects have been easily
identified.

a) Distances: d; = 100 mm, d, = 100mm

b) Distances: d; = 30 mm, d, = 40mm

¢) Distances: d; = 10 mm, d, = 20mm

d) Distances: d; = 5 mm, d, = Smm

Fig. 4. Influence of illuminator position on the
defects visibility

4. METHOD OF DEFECTS IDENTIFICATION

According to the assumption made at the
beginning of the experiment, images have been
acquired with the use of one camera placed Im
above the specimen. Methods based on image
processing techniques have been applied in order to
distinguish damages from the proper surface. The
algorithm of image processing consisted in image
enchancement by median filtering and normalizaton.
In the next step of the algorithm, in order to limit the
volume / size of processed data, regions of interest
have been choosen and after that ROIs have been
analysed. The operation of image analysis used in
the computations were edge/line detection
procedures, and morfological operations. With the
use of the elaborated procedures three groups of
defects were possible to be detected and sizes of
edge defects were estimated.

An examplary image representing the ROI (9 x
56 mm) with proper edge has been shown in Fig. 5.
It is visible that the edge is straight and can be
acknowledged as ideal. An example of ROI with
edge and corner defects has been presented in Fig 6.

Fig. 5. Exemplary results for tile with proper edge

r o —

F g. 6. Exemplary results for tile with corner defect
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In this case chosen ROI is bigger than in
previous case (14 x 56mm) because of sizes of
damages.

The third group of defects of the tiles are
scrathces and cracks. An example of the original
image and image after analysis have been presented
in Fig. 7.

Fig. 7. Exemplary results for tile with crack

In this case morphological operations were very
useful. Some kinds of filtration caused removal of
the crack line from the tile surface, because of the
presence of a huge number of pixels with the same
gray level.

5. EVALUATION OF DEFECT SIZE

The main goal of the research, except the defect
detection, was an estimation of the defect size. In
Fig. 8 an example of a damaged edge has been
presented. In the selected ROI four different
damages are visible. For the purpose of the size
evaluation, some procedures have been elaborated.
Procedures were based on the searching for the
stright horizontal line in a binary image, in the next
step, black pixels below the line are counted. The
procedure is simple but has given acceptable results.

Fig. 8. Exemplary results for tile with damaged edge.

Results of the operation of the defects size
estimation procedures have been presented in Tab. 2.

Tab 2 Results of the defects size estimation

Defect | Number of pixels | Defect size [mm’]
number of defect

1 202 4,2

2 199 4,2

3 166 3,84

4 256 4,78

On this stage of the research, it is possible to
estimate only the size of the defects. In further
research it is planned to make possible the
evaluation of the shape and mutual orientation of the
defects as well.

6. CONCLUSIONS

Automatic detection of the defects of ceramic
tiles is an essential task in ceramic industry.
Therefore experiments of the application of image
analysis methods has been undertaken, and the first
obtained results have been very promising.
Detection of the demaged tile and its elimination
from the production process before very expensive
operation such as glazing and pattern printing may
keep to the minimum losses incured by the
manufacturers.
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Summary

This article presents an approach of a technical state monitoring method in aimed to the
railway track wear diagnostic and its influence on the rail vehicle dynamics. The method is based
on the vehicle dynamic response measurements in order to determinate principle excitations and
their influence on the vehicle ride safety. Measurements are performed with accelerometers and
inclinometers mounted on the measuring bogie. In this paper, authors present assumptions,
methodology, the most important results and conclusions of performed numerical and
experimental research.

Keywords: track wear, dynamic response, tramway.

OCENA STANU TECHNICZNEGO ZUZYCIA TORU TRAMWAJOWEGO
W OPARCIU O MODEL DYNAMICZNY LEKKIEGO POJAZDU SZYNOWEGO

Streszczenie

W artykule przedstawiono propozycje metody monitorowania stanu technicznego toru
tramwajowego w aspekcie diagnostycznym oraz wplyw jego zuzycia na dynamike pojazdu
szynowego. Prezentowana metoda bazuje na pomiarze odpowiedzi dynamicznej pojazdu w celu
okreslenia zasadniczych wymuszen oraz ich wplywu na bezpieczenstwo jazdy pojazdu
szynowego. W pomiarach wykorzystano akcelerometry i inklinometry zainstalowane na wozku
pomiarowym. W referacie autorzy zaprezentowali zatozenia, metodyke, najwazniejsze wyniki oraz
podsumowanie przeprowadzonych badan numerycznych i eksperymentalnych.

Stowa kluczowe: zuzycie toru, odpowiedz dynamiczna, tramwaj.

1. INTRODUCTION

The increasing use of modern light rail systems
requires  increasing  safety  standards  and,
consequently, accurate railway tracks. In many polish
cities, light rail track wear is one of the most
important factor, deciding on the light rail vehicle
running safety. That’s why track wear should be
frequently measured in order to define proper speed
limits on each track section. Nevertheless it appears
that there are no widely accepted criteria of light rail
vehicle running safety on a worn track profile.
Consequently the light rail transit industry frequently
relies on practices developed primarily for heavy rail
transit and railroad freight operations that are not
necessarily well suited for light rail systems [5].

For surveying tasks in the context of rail
construction, many different systems exist [e.g. 1, 4,
6]. Apart from still used conventional static methods,
kinematic measuring systems become more important.
The most popular class of a rail track measurement
devices are the one-man-track-surveying trolleys,
operating with speeds of up to one to three kilometers
per hour. These are commonly used by the LRV
operators in many cities all over the world.

Unfortunately, these systems, that are very light (3-50
kg) could not be used to study the behavior of the rails
under dynamic stress for different velocities.

For these reasons, Division of Rail Vehicles
(Poznan University of Technology) developed a light
rail track surveying platform in co-operation with
Poznan Trams Operator — MPK Poznan (PL).

2. METHODOLOGY

In polish cities, the main wheel profile for light
rail vehicles is a PST profile, presented in figure 1.
There are two main rail profiles used for the light rail
track. The UIC-60 rail profile is commonly used in
straight track sections, and the Ri59N girder groove
rail is used in curves.
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Fig. 1. Wheel/rail interface for LRV [3]

The combinations of wheel and rail profiles shown
in figure 1 illustrate the various interface conditions
that could be generated between the wheels and rails.
The mathematical analysis has been conducted in
order to understand the mechanisms involved in track
and light rail by the vehicle interaction and their
impact on vehicle safety. All geometric parameters in
straight track and sharp curve were calculated from
numerical CAD model analysis, using a Solid Edge
software [3].

The basic assumptions of the presented method
are:

1. The vehicle bogie is new (or after being
refurbished) in order to insure constant and
defined damping and stiffness parameters. Spring
rate is the force per travel distance for the coil or
chevron primary springs. This relationship is non-
linear for long travel distances. The equivalent
vertical, longitudinal, and lateral spring rates will
be different.

2. The wheel profile is new, or without significant
use, in order to insure stable vehicle ride on track.
The wheel profile is one of the most critical
vehicle parameters to consider in track design and
the primary interface between the vehicle and the
track structure.

3. The main modal parameters are identified. Trucks
and car bodies have different natural frequencies
that should also be considered. Also, car weight
changes (due to different passenger load) affects
the car body’s natural frequency.

These assumptions guarantee, that all recorded
vibrations, are due to the track wear, and not to the
bogies structure faults.

3. NUMERICAL APPROACH

In order to better understand track wear influence
on the vehicle dynamic response, a numerical model
of the light rail vehicle was built in a simulation
software Universal Mechanism (a Multibody System
Dynamics package). Typical models used for rail
dynamics consist of only 7 bodies. Such a model is
not sufficient for a LRV, which commonly has an
elastic bogie frame, that must be modeled in
a different way (this elastic bogie frame ensure better

ride stability on a worn track). That’s why the created
physical model, presented in figure 2, consists of 19
rigid bodies and 53 joint between them.

1gFa v:aTe
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Fig. 2. Physical model of a LRV

The simulation model was created in Universal
Mechanism software.

A validation of the main model parameters
(natural ~ frequency, stiffness and  damping
coefficients) took place on the real vehicle, by means
of accelerometers and displacement sensors,
performed in three stages:

1. Modal analysis of the vehicle bogie; in this
research, a modal test was applied on the bogie
structure, using an impact hammer, in order to
determinate a Frequency Response Function
(FRF) for all measuring points.

2. Wedge tests of the vehicle bogie; in this research,
a quasi-static ride of a single bogie through
different wedges of known geometry was
performed. Measuring of wheelsets, bogie frame
and motor beams acceleration permit to find
asingle bogie response on that kind of
irregularities

3. Wedge tests of the entire vehicle; in this research,
a quasi-static ride of the vehicle through different
wedges of known geometry was performed.

After validating the most important model
characteristic, many simulations were made, in order
to find critical speeds, maximum force and maximum
acceleration values under several track wear
conditions — in straight track as well as in curved
sections.

4. FIELD TESTS AND RESULTS

After validating all bogie parameters, ride tests of
entire vehicle in normal operation tram regime were
performed in the city of Poznan (PL), in order to find
vehicle structure response on different kind of track
irregularities. For this analysis, a measuring bogie was
designed and built on the base of a standard 105N
tram bogie (figure 3). Acquisition and data collection
system based on a multianalyzer platform PULSE®
made by Briiel & Kjer with portable data acquisition
unit type B&K 3650C. That system version was fitted
with a 5/1-ch. Input/Output Controller Module Type
7537 and a 12-ch in Dyn-X® technology. Input
Module ensures synchronous measuring up to 17
input channels in wide frequency range from DC to
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25,6 kHz [7]. Measurement system was equipped with
an accelerometer set: type B&K 4504 (3 pieces),
4506, 4383 and 2 inclinometers for detection of
a relative wheelsets rotation.

Fig. 3. Measuring test bogie equipped with
measurement set

The first stage of this analysis, consists of testing
the measuring bogie uncoupled from the carbody on
different track irregularities, in order to calibrate all
measuring devices, check and verify all the measuring
system.

In the second stage, a measuring bogie was
mounted under a standard tram and made few
measurements on the tramway track in Poznan —
measuring vehicle response to different track
geometry, under several speed and load conditions.
Representation of a tram ride via 30m curve in
a vibration signal and inclinometer output is shown on

0 3z
cwmw sl

Fig. 4. Acceleration and wheelsets relative revolution
signals recorded during a ride via 30m curve

Figures 5 and 6 shows the acceleration values,
recorded in two axis (Y and z) during a ride through
the two kind of straight track section: worn and
without significant use. Upper windows present time
history of acceleration signal and lower windows
include its spectra.
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Fig. 5. Time history of acceleration signal
and its spectra — Y direct;
left — worn track
right — new track

Fig. 6. Time history of acceleration signal
and its spectra — z direct;
left — worn track
right — new track

Maximum horizontal acceleration values on
awheelset are 3.5 m/s’ and maximum vertical
acceleration values recorded in this curve are 12.5
m/s>, but they do not cause a derailment of the
measuring vehicle, in spite of the fact, that the limit
value for a heavy rail vehicle is lower than this value
[2]. In lower windows of the figures 5 and 6 are the
analysis of a ride through the same track sections, but
in frequency domain. In a 20-40 Hz frequency range
an interesting signal component can be seen, that is
not due to structure resonance (seen between 80-100
Hz in horizontal, and 60-80 Hz in vertical direction),
but is related to track irregularities excitation.
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5. CONCLUSION

The presented method is an approach of
a technical state monitoring method in aimed to the
railway track wear diagnostic and its influence on the
rail vehicle dynamics. The analysis reveals, that there
can be a relation between a track wear degree and an
acceleration value of the wheelset. Frequency domain
acceleration analysis could be use to determine some
new, qualitative track wear global criteria for light rail
track, based on RMS values in selected range.
Detailed information about local irregularities can be
taken from time history of acceleration and relative
revolutions wheelsets signals.

The analysis shows also, that a light rail vehicle
behavior on a worn track is different then for a heavy
rail vehicle. It is due to different construction
characteristic and destination of those vehicles, who
must ride into sharp curves in city centers.
Nevertheless, the derailment risk on the straight track
is very low at speeds authorized for LRV (max. 70
km/h). In this situation, the most important and harder
criterion in technical state assessment of a light rail
track wear should be a human vibration comfort of
riding.

This assumption is now verified for different track
section.
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Summary

The identification process of acoustic events related to airport operations was assisted, in the
existing monitoring systems, by joining noise monitoring stations with radar stations. Due to
difficulties occurring in this communication system the equipment of the monitoring stations with
tools allowing to recognise and classify independently the monitored noise source - will be
advantageous. The concept of the application of advanced methods and techniques of artificial
intelligence as analytical tools at monitoring noises originated by air traffic - is presented in the
hereby paper.

Keywords: signal processing, artificial intelligence, pattern recognition.
NOWE TRENDY W SYSTEMACH MONITORINGU LOTNICZEGO

Streszczenie

W obecnych systemach monitoringu proces identyfikacji zdarzen akustycznych zwiazanych
z funkcjonowaniem lotniska byl wspomagany poprzez potaczenie stacji monitoringu halasu ze
stacjami radarowymi. Z uwagi na wystgpujace trudnosci w tym systemie tacznosci korzystnym
byloby wyposazenie stacji monitoringu w narze¢dzia pozwalajace samodzielnie rozpoznawac
i klasyfikowa¢ monitorowane zrodto hatasu. W tej pracy przedstawiono koncepcj¢ wykorzystania
zaawansowanych metod i technik sztucznej inteligencji wykorzystywanych jako narzedzie
analityczne przy monitorowaniu hatasu wywotywanego przez ruch lotniczy.

Stowa kluczowe: przetwarzanie sygnatow, sztuczna inteligencja, rozpoznawanie obrazow.

1. INTRODUCTION

Acoustic phenomena generated by various
systems  (biological, technical, related to
environment, etc.) can be relatively precisely
recorded and investigated by extracting acoustic
parameters — both in the time and frequency domain.
However, at attempts of practical applications
alarge number of difficulties - related to the
interpretation of recorded data according to the
practical needs — arise. Tasks of analysis and
recognition of sound signals, which - as a residual
process - are emitted by technical objects (which are
to be recognised on the basis of these signals [5]),
are very difficult. Finding the proper rule of the
signal analysis or the proper algorithm of its
recognition is really difficult [4]. This is caused by
the fact, that atypical methods of signal
parametrization as well as its categorization and
classification are needed at the identification of
technical objects by means of acoustic signals
generated by them. The analysis and classification of
acoustic signals generated by flying objects is
discussed in the paper.

In addition, methods of signal analysis and signal
recognition must be strictly adjusted to the
specificity of the task being actually under testing. It
seems worth mentioning, that this situation is

completely different than the one occurring at
a sound processing. Methods of low-pass and high-
pass filtration, compression techniques or spectral
transformation of sound signal algorithms neither
depend on what kind of signal it is nor on the
purpose of its recording and processing. Therefore
the significant progress was achieved in the field of
the sound signals processing and the worked out
methods are of a universal character especially due
to the availability of a cheap and convenient DSP
methods. However, in tasks of analysis and
recognition of sound signals a progress is much
slower and a unification of methods meets a lot of
problems. The main source of these difficulties is the
fact that in nearly every task of signal analysis
different features and parameters - strongly related
to the specificity of the task and answering different
questions - are to be exposed. In a similar fashion —
in the signal recognition tasks - the criteria and aims
of sound signals classification can be very different
even for the same signals.

Standard  methods of  processing and
classification of acoustic signals applied in
diagnostics and classification are disappointing in all
problems, in which we have to assess the noise
arduousness, not the noise itself. Not standard
analytical and signal interpretation methods,
oriented to inferring the sound influence on human
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organism and psyche and not the signal itself, are
necessary. Application of an artificial intelligence
can be included in those information methods, which
are able to combine the possibilities of the
traditional acoustic measurements technique with the
requirements of modern monitoring systems of air
noises. The aim of the presented paper is the
investigation of effectiveness of those methods in
the specific monitoring system of acoustic climate in
the vicinity of one of the airports. Due to the
difficulties in the existing communication system it
would be advantageous to equip the monitoring
station with tools allowing recognising and
classifying independently the monitored noise
source.

Methods  originated from the artificial
intelligence, which — in a natural way - are suitable
for modelling vibroacoustic processes as well as for
the classification of individual states and behaviour
predictions can be applied for such, not standard,
signal analysis. The presented hereby paper should
determine the wusefulness degree of picture
recognition methods and neuron network technique
in modelling natural reception processes and
analysis of acoustic signals generated during the
realization of the analysed technical process. They
can also serve for the better understanding of
differentiation criteria by means of the acoustic
signals generated by these processes.

2. SPECIFICITY OF AN AIRPORT NOISE

Each aircraft flying above an observer emits

a characteristic acoustic signal. This signal can

constitute the basis for the recognition of the aircraft

as well as the trajectory of its flight. As compared
with environmental hazard caused by other sources

the specificity of air noise is as follows [7], [6]:

v" Noise influences relatively large areas.

v' Aircrafts and helicopters are characterised by
high levels of noise emission, but they are at
alarge distance from objects for which this
noise is harmful.

v Propagation path of sound waves (acting from
above) makes impossible the application of
effective environment protections against noise,
available e.g. in traffic noises.

Propagation of air noise in the environment is the
most often determined by using calculation
procedures (e.g. INM '[3]). However, the basis for
assessment of the noise arduousness around airports
constitutes the measurement results. Such

! This method is contained in international regulations for
the purpose of the Law of July 3™ 2002 — Air Law (the
Journal of Law No 130, item 1112), especially in the
document: Circular 2005 — AN/1/25/1988 ICAO and in
the adapted for European conditions, accepted by the
Directive 2002/49/WE document: ECAC CEAC Doc. 29,
Report on Standard Method of Computing Noise Contours
around Airports.

measurements are simultaneously performed in
a few or a dozen or so characteristic points by means
of the professional monitoring stations. Example of
equipment applied in the measuring point is shown
in Figure 1. The following parameters are the most
often recorded in individual measuring points:

— time of event;

— sound exposure level l,;

— maximal sound level 1,a;

— equivalent sound level l,eq;

—  duration of event t;;

— description of event (or eventual disturbances).

Fig.1. Typical localization of the monitoring
station

Apart from recording the mentioned parameters in
the monitoring system, additional information is
necessary to explicitly describe the recorded acoustic
event. In the case of recognizing air acoustic events
(e.g. aircraft or helicopter flight) it is very difficult to
find the proper principle of signal analysis or the
proper algorithm of its recognition [7]. We limited
ourselves in the hereby paper, to analysing acoustic
events generated by aircrafts and helicopters during
take offs and landings. The professional measuring
equipment of the HHB, Bruel & Kjaer, Svantek
Companies was applied for recording and processing
of acoustic signals. The spectrum analysis in one-
third-octave bands of the recorded acoustic signal in
the frequency range from 20Hz to 8kHz (with time
quantum At=0.5s) was performed for the preliminary
signal processing. In this way the multispectrum
W(.k) of signals characteristic for the take off
procedure was obtained (where: j — frequency
coordinate, and k — time coordinate). Examples of
spectra recorded in the airstrip region of the airport
are shown in Figures 2 and 3. (For the sake of
legibility only the dynamic spectrum fragment,
corresponding to the observation time when the
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maximum level of sound A occurs, is presented in
Figures).
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Fig. 3. Aircraft landing

Operations of taking off and landing recorded as
acoustic patterns (Fig. 2 and 3), concern the same
aircraft. As can be seen the patterns are quite
different. Recording of helicopter noises were
limited to three main phases of its flight: take off,
flight and landing. Measuring microphones were
placed in such a way that their axis was
perpendicular towards the earth surface. Due to the
specificity of helicopter noises the narrow-band
analysis (Af=const) of the recorded signal was also
performed. The helicopter rotor and tail rotor are the
main noise emitters. Significant participation has
also engine (especially in helicopters of an older
generation) and transmission systems. A singular
feature of the noise spectrum emitted by a helicopter
is its discrete character. The noise sources mainly
decisive on its discrete characteristics are: helicopter
rotor, tail rotor, transmission system and
transmission gear. Within the noise spectrum of the
helicopter rotor one can separate broadband noise
and harmonic components (Fig. 4, Fig. 5).

dB SPECTRUM (power) Channel #1
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0.0 29.3 58.6 87.9 131.8 175.8 219.7 263.7 307.6
Cursor: f[17] = 12.5 Hz A = 60.7 dB

Fig. 4. Narrow-band spectrum of a ‘small’ helicopter
during hovering

:
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0.0 29.3 58.6 87.9 131.8 175.8 219.7 263.7 307.6

Cursor: f[27] = 19.8 Hz A =78.1dB

Fig. 5. Narrow-band spectrum of a ‘large’ helicopter
during hovering

Such noise classification is a convenient
instrument for the analysis of the obtained acoustic
characteristics of the determined type of helicopter.

3. REQUIREMENTS TO BE MET BY THE
CONTINUOUS MONITORING SYSTEMS
OF AIR NOISE

The noise monitoring system can be directed
towards various tasks depending on the needs. The
tasks can be simple related only to the noise level
estimation and environment protection or more
difficult and complex corresponding to analysis and
acoustic signals recognition, characterising acoustic
events (e.g. noise related to flight of specific
aircrafts and helicopters, flight trajectory). Finely,
another essential task of the monitoring system can
be the determination of the flight direction. More
and more rigorous regulations concerning the
permissible parameters of acoustic climate in the
airports regions as well as the necessity of
identification not only the facts of exceeding the
permissible noise standards but also doers and
circumstances of this violation are the reasons, that
classic monitoring systems might not be sufficient.
The listed tasks require quite different functions,
measuring methods of acoustic pressure levels and
completely different methods of the preliminary
signal processing. ,,Classic” monitoring systems are
based on known and standardised testing procedures
and are most often directed towards continuous
tracing of acoustic climate changes in the airport
vicinity (Figure 6).

Cooperation in the field of
2= Airport Noise Monitoring
Systems

Noise Server

Radar ght Plan METAR
Weather
Windows NT

orace
Time Server -

Airport Network

PC-Workstation

Fig. 6. Typical monitoring system of an airport noise
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Those monitoring systems provide information
on phenomena influencing acoustic climate in the
area, on acoustic inputs related to operations of
given objects, mutual superposition of signals
generated by them, degree of noise arduousness and
the hazardous state for inhabitants of the area. First
of all they provide measurement data, which — by
means of modern computer systems - can be used to
obtain knowledge necessary for understanding
acoustic phenomena occurring in the monitored area.
Such knowledge extracted from ‘raw’ data is much
more useful for developing the proper steps
correcting the hazard caused by air transport. In
diagnostics practice the environment state is
monitored by applying identified diagnostic relations
between the symptom under testing (space of signal
feature) and its state. Formulation of such
representation is extremely difficult, from the
mathematic point of view, since those relations are
often of a context character. Additional difficulties
constitute measurement noises, which can lead to
wrong diagnosis or non-explicit situations [1]. Not
only acoustic parameters but also several flight and
atmospheric parameters — influencing the noise
propagation - should be taken into account in
solving tasks related to air noise arduousness.
Different, however also important, task of the
monitoring system can be the determination of the
flight direction needed sometimes for explicit
assigning the responsibility for the disturbance to the
given aircraft. This task can be realized by
measuring phase differences of the measured signal
(of frequency determined by the identification
system of the flying object) in individual measuring
microphones. The measuring system should be
equipped with a special measuring probe. The
photograph of the measuring probe is presented in
Figure 7.

Fig. 7. Example of the measuring probe

4. RECOGNITION METHODS

The present situation in the field of a pattern
recognition is briefly described below. There are
many theories of a pattern recognition, which are
dealing with an abstract pattern notion, understood
as a set of certain features and relations. Several
algorithms and instruments recognizing certain

determined classes of objects were developed.
However, in practical applications, it is not clear
which features and relations should be assumed as
the basic ones and how to single them out from the
recognised patterns. It was assumed, that in order to
obtain features needed at the recognition, the
preliminary signal processing should occur in an
identical fashion just as in visual and audio systems
of humans. Out of several known recognition
methods the minimum-distance methods were
chosen. From this group of methods the Nearest
Neighbour (NN) and the Nearest Mode (NM)[RT]
methods were used. The classic neuron network of
the multilayer perceptron type - taught by means of
the back-propagation method — were also applied in
investigations. It was assumed that networks used
for the recognition and classification of collected
vibroacoustic signals contain the input and output
layer and at least one hidden layer. In the case of the
multilayer network the input layer contains the same
number of neurons as the number of coordinates of
the assumed feature vector.

5. THE OBTAINED RESULTS

The objects intended for the recognition were
aircrafts and helicopters the most often flying in
Poland. The noise analyses were limited to the
selected aircrafts (B737, ATR72, MD 80, AN24)
and helicopters (small, medium and large). The
analysis of the acoustic signal emitted by aircrafts
was oriented to the recognition of the acoustic event
doer. Many variants of the feature vector were
considered in particular stages of investigations.
Discussion on the correctness of the space of
features selection was disregarded in this paper —
since it was included in previous papers [6], [7].
Two variants of the feature vector are defined as
follows:

<f}, f5, ...... Do =X, (1)
where: f; — averaged level values in the i-th
frequency band,

Af — widths of one-third-octave band,
and
<My, M|, M3> =X, (2)

where: My, M;, M, — spectrum moments

Table 1. Recognition results of aircrafts and
helicopters

Methods of Recognition correctness, %
recognition Propeller Jet Helicopters
aircraft | aircrafts
Nearest 86 85 87
neighbour(NN)
Nearest Mode 87 88 88
(NM)
Neural 96 97 97
networks
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Table 2. Recognition results of various types of
aircrafts and helicopters

Recognition correctness, %
Object name Method of Neuron
pattern networks
recognition (BP)
(NM)
B 737 79.7 95.7
MD 80 80.3 95.4
ATR 72 81.7 94.8
AN 24 80.9 96.1
Large 74.8 85.5
helicopter
Medium 73.9 84.1
helicopter
Small 75.1 86
helicopter
6. CONCLUSIONS

The results of the aircrafts and helicopters
recognition, obtained during many years of
investigations with an application of the pattern
recognition and neural networks techniques - are
presented in the paper. It might be assumed — on the
basis of these results — that recognition methods
using neuron networks are more useful in the
classification of flying objects. Analysis of the
results achieved in successive investigation stages
(modification of the signal preliminary processing
method, modification of the feature space and
topology of neural networks) confirms that it is
possible to obtain better classification results of
objects - on the basis of the generated acoustic
signal. The presented research is of a practical aspect
since the results were obtained by means of testing
real acoustic signals. The developed algorithms and
models can be directly applied in constructing new
algorithms assisting the identification process of
aircrafts and helicopters as well as other acoustic
events. The algorithms can be implemented in
already existing acoustic monitoring systems, as
sub-assemblies of automatic recognition of acoustic
events systems. In further stages of the research
heading for obtaining higher recognition efficiency
in existing systems the methods of the preliminary
signal processing as well as its analysis can be
modified (e.g. modification of a feature vector).
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Summary

In the paper defects detection method in grinding tools has been presented. The vitrified
bonded grinding wheels have been put on tests due to their common usage in industry. For the
examination The Dynamic Elastic Properties Analyser (DEPA) has been applied. The vibrations
have been generated using Impulse Excitation Technique (IET). The tests which have been carried
out proved that defects occuring in the grinding wheels cause the drop of natural vibration
frequency value and distinct change of the damping curve slope angle, which allows to determine
the grinding wheel defect grade. The application of this method in industrial practice can influence
in the significant way work safety improvement while using these tools.

Keywords: grinding wheels, defects detection, natural vibration, frequency, damping curve.

ZASTOSOWANIE ANALIZY DRGAN WEASNYCH DO WYKRYWANIA USZKODZEN SCIERNIC

Streszczenie

W artykule przedstawiono metode wykrywania uszkodzen w narzedziach do szlifowania.
Badaniom poddano $ciernice o spoiwie ceramicznym ze wzgledu na ich powszechne stosowanie
w przemys$le. Do badan wykorzystano Dynamiczny Analizator Wasciwos$ci Sprezystych (DEPA).
Drgania byly generowane wykorzystujac technike wzbudzenia impulsowego. Przeprowadzone
badania wykazaly, ze wystgpujace w Sciernicy uszkodzenia powoduja spadek wartosci drgan
wlasnych oraz wyrazna zmiang kata pochylenia krzywej tlumienia, co pozwala na okreslenie
stopnia uszkodzenia Sciernicy. Zastosowanie tej metody w praktyce przemystowej moze w istotny

sposob wptyna¢ na poprawg bezpieczenstwa pracy tymi narzedziami.

Stowa kluczowe: $ciernice, wykrywanie uszkodzen, drgania wlasne, czgstotliwos$¢, krzywa ttumienia.

1. INTRODUCTION

To provide the operational reliability of applied
tool during machining operations carried out in
metal industry is one of the basic conditions for
ensuring industrial safety. Its break-down,
especially when cutting is in progress, when the
tool is in contact with material and (most often)
rotates with high speed, may cause workpiece or
machine tool damage and — what is most important
— threat safety of worker operating the stand as
well as other persons working nearby.

This problem gains special importance in
grinding process which characterizes significant
higher cutting speed in comparison with other
machining techniques. As a result there are big
centrifugal forces acting on the tool during work.
The problem becomes multiplied in new machining
techniques (e.g. High Speed Grinding — HSG ) [1]
being applied more and more often, where the tool
works with high tangential velocity. The full usage
of HGS advantages is possible only with
application of proper construction grinding
machines and proper abrasive tools. The grinding
wheels play here special role because they must be
characterised by high strength preventing the

grinding wheel disruption under the centrifugal
forces within working rotation speed. The grinding
wheels made of regular boron nitride (CBN) consist
of body of high mechanical resistance and coat on it
thin abrasive layer as well as vitrified bonded
grinding wheels because of easy shaping of the
grinding wheel cutting surface have found wide
application in this process [2]. In addition in tests it
has shown [3] that the grinding wheels of sintered
corundum can be useful in HSG process with
tangential velocity vi=125 m/s, particularly in batch
production. It has an effect on number of the
grinding wheels made of Al,O; properties such as:
significantly lower price, geometrical and
topographical flexibility etc.

Insufficient grinding wheel strength, incorrect
tool selection or disregard of safety rules can lead
to grinding wheel damage and its emergency
failure. Taking into consideration enormous kinetic
energy which has the tool rotating with the high
speed such accident may cause serious hazard for
health or even worker’s life.

Importance of the tool reliability in grinding
process, in comparison with other machining
techniques, results from its structure. Despite of
generating new construction solutions of grinding
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tools vitrified bonded grinding wheels continually

play important role. In comparison with other bonds

types vitrified bonded grinding wheels characterize
such properties as:

- easy shaping of grinding wheel cutting surface;

- modification possibility of tool properties in
dressing process and its adjustment to specific
technological task;

- high abrasive wear resistance ;

- controllable in wide range porosity (in
production phase).

The enumerated features cause that vitrified
bonded grinding wheels in nearly every branch of
industry are in common use and good cutting
properties cause that most construction materials
used nowadays can be machined with grinding
wheels of this type. However applying for treatment
vitrified bonded tools, characteristic feature of the
material they are made of, conditions of their
production as well as grinding process parameters
must be taken into consideration.

The material that grinding wheels are made of
can be considered as a composite material — i.e.
agglomerated mixture of abrasive grains and bond.
During grinding wheel manufacturing, after
components mixing stage follows putting them into
a mould, pressing and then annealing of the
grinding wheel. Such a creation process of the tool
body causes considerable difficulties in
programming, and next in achieving expected
material properties. It concerns particularly strength
properties of the tool and its hardness. Because of
this reason essential parameters determination of
the grinding wheel is possible only by testing
already accomplished tool.

Except applied materials and the tool
manufacturing technology, the tool structure
continuity (cracks, crush dressings, scratchs etc.)
has essential influence on its strength properties.
Commonly used methods of the grinding tools
testing based on accelerating the grinding wheel to
specified speed of rotation on special disrupting
devices. Most often they are destructive tests or
violating the tool structure [4], and also relatively
expensive taking into consideration applied testing
devices. That is why searching for another, simplier
and cheaper method for strength properties
determination of the grinding tools is needed.

2. RESEARCH METCHOD

The grinding wheel properties determination is
possible by using adequate research techniques.
Commonly known method using natural vibration
frequency analysis of the tested object and
subsequently on this base allowing to determine
among others modulus of elasticity is one of these
ways [5].

The fundamental dependence defining Young’s
modulus has the form:

)]ﬂl :CZ; (1)

where:
C —shape coefficient of tested object;
mg — object mass;
R —value of the object natural vibration
frequency.

In carried out experiments of properties testing
of vitrified bonded grinding wheels The Dynamic
Elastic Properties Analyser (DEPA) which is the
advanced system for testing the elastic properties
materials and products, using Impulse Excitation
Technique (IET) has been used.

Principle of system operation is based on
versatile analysis of induced in sample vibrations
using Fast Fourier Transformation (FFT). Complete
frequency representation of vibration signal ( within
a range from 0 to 11000 Hz) as FFT chart is
displayed on the screen. In addition resonance
frequency and signal damping curve are also
displayed. On the screen except am. courses,
depending on the carried out tests type, following
parameters are determined and immediately
displayed:

- Young’s modulus;

- shear modulus;

- Poisson’s ratio;

- grinding wheel hardness.

Possibility of the run analysis of vibration
amplitude damping curve present in DEPA system
allows to detect occurring material inhomogeneity
of tested objects. If in tested sample any defects
(cracks, cavities, etc.) appear they would damp
vibration energy higher, what would be presented
by higher value of damping coefficient than for the
homogeneous material. If for two similar samples
different damping coefficients occur it is the signal,
that in the one of them hidden defects appeared.

Possibilities of DEPA system presented above
allow to determine parameters defining grinding
wheels material properties, necessary for their
strength (Young’s modulus, Poisson’s ratio,
density) and hardness calculation as well as
possible damages detection.

3. TESTS RUN

The tests have been carried out on vitrified
bonded grinding wheels produced in ANDRE
Abrasive Articles, of different shapes and technical
characteristics, using described above DEPA
system.

3.1. Data logging of natural vibration run

excited in grinding wheel

Vitrified bonded grinding wheels made of
different abrasive materials (99A, CrA, 98C),
diversified grain size (46, 60, 80) as well as
different hardness (I, K, M) have been put on tests.
The tests have been carried out on several grinding
wheels making five repetitions for every one of
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them. Hardness classes determined basing on the
tests have been compatible with listed on grinding
wheels characteristics (specified using model sand
method). The example run of recorded grinding
wheel vibration with characteristic 180x13x32 99A

140

acquired results are presented below in table 1 and
in Fig. 3 and 4.

Table 1. The grinding wheel damage influence on

100t

frequency and slope angle of damping curve
60 1 V-35 is shown at Fig. 1. Kerf length | Frequency | Slope angle
[%] [Hz] of damping
[Pa) Halas (FFT) - Current curve
Working : Measurement15 : Input : FFT Analyzer 1 O 1676 5’7
N} 2 25 1653 9,5
T 3 50 1602 26,5
4 75 1326 68,2
5 95 867 87,1
6 100 598 87,7
S =52.86713150
M’kw \‘- . 160'00 r =0.99865167
0 = 3]
Hz] !
Fig. 1. FFT run of tested grinding wheel vibration P I 73 777777777777777777777
Characteristic feature of all analysed FFT runs BN o 7: ”””””””””””
for disc grinding wheels has been occurrence of one z }
distinct peak of defined frequency. It testify that in R A TN
this grinding wheels type homogeneous natural }
vibration are present, which means that there is NS I R N i Vi
possibility to determine properties of the grinding } }
wheel material precisely enough. (O A 1 ‘ —\
7 0.0 25.0 50.0 75.0 100.0

3.2. Detection of the grinding wheel damages

The first signal informing about grinding wheel
material inhomogeneity are different frequencies of
natural vibrations recorded while testing depending
on the excitation spot by the external impulse. In
homogeneous grinding wheels the excitation spot
has no influence on acquired values of natural
vibration frequency.

Fig. 2. Grinding wheel damage simulation
by making radial kerf

In order to examine the grinding wheel damages
influence on the natural vibration frequency value
and the vibration damping curve run the purposely
damaged grinding wheel with characteristic
180x13x32 99A 60 I V-35 has been put on tests.
The grinding wheel damage consists of making kerf
of different length along its radius (Fig. 2). The

Fig. 3. The natural vibration frequency dependence
on grinding wheel defect degree

S =7.76770938
r =0.98745068

(deg)

Fig. 4. The Slope angle of a damping curve
dependence on grinding wheel defect degree

From presented results it can be clearly seen
that simultaneously with the grinding wheel
damage degree increase the natural vibration
frequency of the grinding wheel decrease and
significantly grows damping of these vibrations.

Cases of the grinding wheels defects which
origin during their manufacturing (slight cracks)
have been also detected during the grinding wheel
tests carried out tests in ANDRE Abrasive Articles.
The occurring cracks have caused drop of the
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Young’s modulus value determined for these
grinding wheels. For example “proper” grinding
wheel with characteristic 1-200x20x32 98C 46 K
has determined Young’s modulus value egual 47,2
GPa, whereas for defected grinding wheel Y,,=40,4
GPa has been achieved.

4. CONCLUSION

The results achieved during the carried out tests
alow to formulate the following conclusions:

1. DEPA system which has been applied for
testing is an easy-to-operate, universal tool for
non-destructive evaluation of tested materials
properties, also in such complex cases as
composite materials of vitrified bonded
grinding wheels.

2. For shapes defined in system DEPA high
repeatability of basic parameters values
describing grinding wheels material properties
such as : natural vibration frequency, Young’s
modulus, density and hardness have been
achieved.

3. The analysis of the damping curve run of
grinding wheels natural vibration makes
possible to detect defects occuring in grinding
wheels, and as a result its application in
industrial practice can influence in the
significant way work safety improvement
while using these tools.
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Summary
Thermal conditions existing in the reactor, especially around the plasma jet, greatly influence
on the course of the plasma pyrolysis including synthesis of derivative compounds. Measurements
of the temperature distribution in the reactor will be helpful in carrying out the experiment of the
plasma pyrolysis of polymers and also will be utilized to build the model of the plasma pyrolysis.

Keywords: plasma pyrolysis, temperature, thermal conditions, polymer.

OCENA STANU CIEPLNEGO W REAKTORZE PODCZAS PIROLIZY PLAZMOWEJ POLIMEROW

Streszczenie
Warunki termiczne panujace w reaktorze, szczegélnie w otoczeniu strumienia plazmy, maja
istotny wplyw na przebieg pirolizy plazmowej, w tym na syntezg zwiazkéw wtornych. Pomiar
rozkladu temperatury w reaktorze bgdzie pomocny w przeprowadzaniu eksperymentu pirolizy
plazmowej polimerdw, a takze postuzy do budowy modelu pirolizy plazmowe;j.

Stowa kluczowe: piroliza plazmowa, temperatura, warunki termiczne, polimer.

1. INTRODUCTION

In the paper the temperature distribution during
plasma pyrolysis of polymers was examined. Rubber
waste was subject to plasma pyrolysis.

The thermal transformations occurring at
temperatures of thousands and even tens of
thousands of Kelvin are the basis of the phenomena
ruling plasma pyrolysis. It seems reasonable to
assume that the reactions of thermal decomposition
of rubber powder will take place inside of the
plasma jet (13000 K [1]), and reactions between
plasma pyrolysis byproducts will take place outside
the plasma jet, that is in the plasma reactor. That is
why it is important to know the temperature
distribution in the plasma reactor to anticipate what
processes might occur inside the reactor. The
knowledge of the temperature distribution will
enable controlling plasma pyrolysis in more precise
way.

2. EXPERIMENT SET-UP

For the measurement of the temperature in the
plasma reactor [2] a thermometer EMT — 07 was
used. The principle of its operation is based on
thermocouples [3]. The temperature measured by
that thermometer ranges from 190 K do 1500 K.

The temperature was measured in the four cross-
sections of the plasma reactor, I-IV (fig. 1).

The cross-section I was established right over the
nozzle of the plasmatron, prior to the outlet of the
plasma jet, in the place out of the direct influence of
the plasma jet. The cross-sections II and III were

established to measure the space, where samples of
gas products are taken to the analysis. The
measurement in the cross-section IV was established
to evaluate the temperature of gas outgoing from the
reactor. Regarding to relatively small diameter of the
outlet opening (60 mm) of the reactor, the
thermocouple was inserted to the cross-section IV at
angle (15 - 30°).

The thermocouples were inserted into the plasma
reactor through openings, which were secured to
limit the presence of ambient air inside of the
reactor.

The gas temperature in the cross-section I was
measured in the selected points in the distance of
4 cm to 14 cm to the longitudinal axis. In the cross-
sections II and III the temperature was measured in
the axis and points distant to the axis from lcm to
14 cm. In the cross-section IV the gas temperature
was measured only in two points — in the
longitudinal axis of the plasma reactor and in the

distance of 3 cm of the axis.
1 n o, fm

Nz

[
4;'/1V

Fig. 1. Scheme presenting the cross-sections in the
reactor where the temperature was measured
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3. RESULTS

The temperature distribution in the cross-section
I of the plasma reactor is presented in the fig. 2. The
measurement was carried out for Ar plasma (gas
flow rate Q=5808 1/h, current I=500 A, no rubber -
g=0 kg/h). According to the fot. 2 it follows that the
temperature in the plasma reactor decreases while
the distance to the longitudinal axis increases. The
maximum temperature in that cross-section equals to
621 K.

0 I I I I I I
0 2 4 6 8 10 12 14
Distance of measuring point from axis of
reactor [cm)
Fig. 2. Temperature distribution in the cross-section

I of the reactor: Ar plasma, Q=5808 1/h, =500 A,
g=0 kg/h

In the cross-section II four series of
measurements were carried out: for “clean” Ar
plasma (Q=5808 I/h, I=500 A, no rubber), for
“clean” Ar+59%H, plasma (Q=5538 I/h,
[=500 A, no rubber) and during the plasma pyrolysis
of the rubber powder in Ar plasma (Q=5808 I/h,
[=500 A, g=4.39 kg/h) and in Ar + 5.9 % H, plasma
(Q=55381/h, I1=500A, g=4.39kg/h). The
temperature distribution in the cross-section II is
presented in the fig. 3. It results from the figure, that
the temperature inside of the plasma reactor
increases while approaching to the axis of the
reactor. However, in the axis of the plasma reactor
the temperature is lower than it is nearby (from 18 K
to 85 K in the examined range of work parameters of
the plasmatron). It seems that the reason of the
decrease of the temperature in the axis of the reactor
is relatively small distance of the cross-section II
from the outlet of the plasma jet from the nozzle-
anode of the plasmatron. That decrease of the
temperature might be caused by the huge axial
velocity of the plasma operating gas, gas
transporting the rubber powder and outgoing gas
flow rate. The maximum temperature in the cross-
section II occurred for “clean” Ar+5.9% H,
plasma. It is equal to 1096 K.

Temperature [K]

400 4

300 +

200 1+

100 +

6

15131197531 305 7 9 111315

Distance from measuring point to axisof
reactor [cm]

Fig. 3. Temperature distribution in the cross-section

II of the reactor:

—— - Ar plasma (Q=5808 I/h, I=500 A)

—&— - Ar plasma (Q=5808 1/h, =500 A, g=4.39 kg/h)

—>—- Ar+ 5.9 % H, plasma (Q=5538 I/h, I=500 A)

—&— - Ar + 5.9 % H, plasma (Q=5538 I/h, I=500 A,
2=4.39 kg/h)

In the cross-section III also four series of
measurements were carried out, i.e. for “clean” Ar
plasma (Q=5808 1/h, =500 A, no rubber), “clean”
Ar+59%H, plasma (Q=5538 I/h, =500 A, no
rubber) and for the plasma pyrolysis of the rubber
powder in Ar plasma (Q=58051/h, I=500 A,
g=4.39 kg/h), Ar+5.%H, plasma (Q=5538 l/h,
=500 A, g=4.39kg/h). The results of the
measurements in the cross-section III of the plasma
reactor were shown in the fig. 4. The temperature
distribution in the cross-section III does not have
a minimum in the axis of the reactor. In the cross-
section III the temperature in the axis is maximal
and it equals 848 K. The reason of that state is fact
that the cross-section III is situated almost in twice
longer distance away from the outlet of the plasma
jet from the nozzle-anode than the cross-section II.
The lowest temperature (573 K) was registered
along the walls of the reactor for the pyrolysis of the
rubber powder in Ar plasma (Q=5808 1/h, I=500 A,
g=4.39 kg/h), and highest for “clean” Ar+ 5.9 % H,
plasma (Q=5538 I/h, I=500 A, g=0 kg/h).
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Fig. 4. Temperature distribution in the cross-section
11T of the reactor:

—A—- Ar plasma (Q=5808 1/h, I=500 A)

—e—- Ar plasma, (Q=5808 I/h, I=500 A, g=4,39 kg/h)

—>—- Ar + 5,9 % H, plasma (Q=5538 I/h, =500 A)
—m—- Ar+5,9 % H, plasma (Q=5538 1/h, =500 A

2=4,39 kg/h)

In the cross-sections II and III similar influence
of work parameters of the plasmatron on change of
temperature was observed: injection of the rubber
powder into the plasma jet was causing the decrease
of the temperature in the reactor and adding of H; to
the plasma operating gas was increasing the
temperature.

In the cross-section IV of the reactor, i.e. nearby
the outlet of the reactor, the temperature was
measured only in two points, because of its small
diameter. The first measuring point was established
in the axis of the reactor, and the second in the
distance of 3 cm away from it. The temperature was
measured for “clean” Ar plasma (Q;=5325 I/h,
[;=500 A and Q,=6970 I/h, 1,=500 A; in both cases
with no rubber powder in the plasma jet), for “clean”
Ar+59 % H, plasma (Q=5538 I/h, 1=500 A, no
rubber), for the pyrolysis of the rubber powder in Ar
plasma (Q;=53251/h, ;=500 A and Q,=6970 I/h,
L=500 A; g=439kg/h in both cases) and
Ar+59%H, plasma (Q=55381h, I=500 A,
g=4.39 kg/h). The results of the measurements were
presented in the fig. 5.

700
Z 650
2 *
£ 600
%
3 550 X
500 - : : ? |
0 1 2 3 4

Distance from measuring point from axis of
reactor [cm]
Fig. 5. Temperature distribution at the outlet of the

reactor (cross-section IV):
- Ar plasma (Q;=5325 I/h, ;=500 A)

- Ar plasma (Q,=6970, 1,=500 A)

- Ar plasma (Q;=5325 I/h, [,=500 A, g,=4.39 kg/h)
- Ar plasma (Q,=6970 1/h, ,b=500 A, g,=4.39 kg/h)
- Ar plasma + 5.9 % H, (Q=5538 I/h, =500 A)

- Ar+ 5.9 % H, plasma (Q=5538 I/h, =500 A,
2=4.39 kg/h)

® X O X m »

The lowest temperature (509 K) appeared in the
distance of 3 cm from the axis of the plasma reactor
for the case of the pyrolysis of the rubber powder in
Ar plasma. At the same time it is the lowest
registered temperature in the reactor. The highest
temperature (657 K) was registered at the axis of the
reactor for “clean” Ar plasma (no rubber). The
influence of the work parameters of the plasmatron
on the temperature in cross-section IV was different
than in the cross-sections II and III: the temperature
measured during the pyrolysis of the rubber powder
in Ar and Ar + 5.9 % H, plasmas is higher than the
temperature registered for “clean” Ar and
Ar+ 5.9 % H, plasmas. The difference could have
been caused by the direct contact of the outgoing gas
from the reactor with the surrounding atmosphere. It
is important to pay attention to slight differences
between the measured temperatures nearby the
outlet of the reactor.

The longer the distance from the plasma jet in

the longitudinal axial direction of the reactor was,
the lower the temperature occurred. That
dependence is illustrated in the fig. 6.
In order to examine the influence of the plasmatron
power on the temperature in the reactor, two series
of measurements were carried out for: “clean” Ar
plasma (Q=5808 I/h, no rubber) and plasma
pyrolysis of the rubber powder in Ar plasma
(Q=5808 I/h, g=4.39 kg/h).
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Fig. 6. Temperature distribution in the reactor along
its longitudinal axis for Ar plasma (Q=5808 I/h,
[=500 A, g=0 kg/h). The temperature measured
in the distance of 3 cm away from the axis of the

reactor

The measurements were done in the cross-
section II of the reactor, in the axis. The received
dependencies of the temperature in the function of
the plasmatron power are presented in the fig. 7.
According to the fig. 7 the temperature in the axis of
the reactor is increasing while the plasmatron power
is increasing. The higher temperatures occur for
“clean” Ar plasma than during the plasma pyrolysis
of the rubber powder.

4. CONCLUSIONS

Adding up, on the basis of the carried out
measurements it results that at the constant work
parameters of the plasmatron the temperature in the
reactor decreases while the distance to the
longitudinal axis and the distance to the plasma jet in
axial direction increases. It is reasonable. Adding H,
to Ar results in the increase of the temperature in the
reactor in the case of “clear” plasma as well as in the
case of the plasma pyrolysis of the rubber powder.
However generally, spraying the rubber powder into
the plasma jet causes the decrease of the temperature
in the reactor. The reason of such a state might be
more intensive cooling of the plasmatron, caused by
the increased total flow rate of the gas by the flow of
Ar transporting the rubber powder. The other reason
of that decrease of the temperature can be
consumption a part of the energy of the plasma jet
for decomposition of the rubber powder during
plasma pyrolysis.

1000
900 +
800 +
700 +
M 600 +
(0]
% 500 +
= 400 —+
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(0]
= 200 |
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0 T R R

0 36 91215182124

Plasmatron power [kW]

Fig. 7. Temperature in the cross-section II in the axis
of the plasma reactor as the function of the
plasmatron power:

—e— -Ar plasma (Q=5808 1/h)

—m— - Ar plasma (Q=5808 I/h, g=4.39 kg/h)
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THE ENERGETIC DIAGNOSTICS OF NAVAL PROPULSION
SYSTEM WITH NAVAL GAS TURBINE

Bogdan POJAWA

Polish Naval Academy, The Institute of Ships Construction and Vessels Operation
ul. Smidowicza 69, 81-103 Gdynia, pojawabogdan@o2.pl

Summary

The method of determining the energetic balance of naval power unit with the naval gas
turbine is presented in the essay. The laboratory station with the gas turbine was used in
introductory researches.

Elaborating the energetic balance of the engine allows to conduct an analyze of energetic
processes which occur inside. Results of the analyses may be used due to improving the economy
of the engine work what is equal with the increase of its effective efficiency. What is more, in
respect of qualitative and quantitative changes of particular components of energetic balance it can
be used as an indicator of change of the engine running-in or a change of its technical state.

Keywords: diagnosing, a energetic balance, a naval gas turbine.

DIAGNOSTYKA ENERGETYCZNA OKRETOWEGO UKEADU NAPEDOWEGO
Z OKRETOWYM TURBINOWYM SILNIKIEM SPALINOWYM

Streszczenie

W referacie przedstawiono metod¢ wyznaczania bilansu energetycznego okrgtowego uktadu
napgdowego z turbinowym silnikiem spalinowym. Do badan wstgpnych wykorzystano stanowisko
laboratoryjne z turbinowym silnikiem spalinowym.

Opracowanie bilansu energetycznego silnika (ukladu napedowego) pozwala na analizg
zachodzacych w nim proces6w energetycznych. Wyniki tych analiz moga stuzy¢ do poprawienia
ekonomicznosci pracy silnika, a wigc podwyzszenia jego sprawno$ci efektywnej tzw.
karnotyzacja. Ponadto ze wzgledu na ilosciowe i jakoSciowe zmiany poszczegdlnych sktadnikow
bilansu energetycznego, moze on by¢ przyjety jako wskaznik zmiany przebiegu docierania silnika
lub zmiany jego stanu technicznego.

Stowa kluczowe: diagnozowanie, bilans energetyczny, okretowy turbinowy silnik spalinowy.

1. INTRODUCTION

The need of constant control and diagnosing of
naval gas turbines is significant in the process of
exploiting. It caused the necessity of creating
a range of methods of diagnosing. Thanks to them it
is possible to estimate the technical condition and
determine the range and frequency of essential
service maintenance which is the result of the
exploiting strategy. The strategy is focused on
reliable long-term functioning at the lowest cost.

The wear of parts of engine as well as of the
whole engine may occur while exploiting gas
turbine engines. Most common processes which
affect such consumption and simultaneously the
possibility of loss of usefulness for the further
exploiting are following: fatigue, low-cycle fatigue
of material, creeping, vibro-creeping, changes in
the material structure, erosion, corrosion, brittle
cracking and rubbing rotating parts of an engine
with immovable ones. In processes of the energy
exchange, in the result of use of operational
properties of machine elements, as well as of the
machine as such, the dissipation of energy may

appear. The amount of the energy which is possible
to dissipate is restricted by the boundary value Eg.
This is the value for which the machine is unfit for
use. The current amount of dissipated energy E;(®)
in a particular period of exploiting may be regarded
as dimension of the advancement of use processes
[2].

The quantitative assessment of the dissipated
energy allows to conduct the energetic balance in
the process of the naval power unit exploiting. The
energetic balance composes the quantitative
comparison of the energy which supplies the engine
while working. There is a possibility to determine
the effective efficiency of the engine on the basis of
the energetic balance. The effective efficiency
expresses the quantitative percentage of the
provided energy which is changed into output
mechanical energy.

The method of determining the energetic
balance of naval power unit with the gas turbine
engine is presented in the essay. The laboratory
station with the gas turbine GTD-350 was used in
introductory researches.
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2. THE RESEARCH OBJECT IDENTIFYING

The laboratory station contains miniaturized
naval power unit with the gas turbine [3].
A propulsion unit consist of: a main engine,
aclutch, a gear, an engine shafting as well as
a screw propeller. In the station a Froude’s water
brake of HWZ-3 type is the mechanical energy
receiver. In respect of operation principles the brake
puts under load the engine in similar way as the
screw propeller with changing spiral lead.
A general view of the laboratory station with gas
turbine GTD-350 power unit is shown in the

 § l.
Fig. 1. The laboratory station with the gas
turbine GTD-350: 1 - air admission
installation; 2 - container of the oil installation
of the reduction gear; 3 - the gas turbine GTD-
350; 4 - the reduction gear; 5 - the water brake
HWZ-3

The station is used in a didactic process of
exploiting naval gas turbines as well as in initial
researches about exploiting and diagnosing [3, 4].

3. THEORETICAL BASIS OF ENERGY
BALANCE ELABORATING

The energy balance is a quantitative
configuration of all types of energy which take part
in energetic processes in particular machines or
devices. The energy balance is determined on the
basis of energy and mass conservation
laws [1, 5, 6].

If a particular object is in a steady working state
(in a thermodynamic equilibrium state) the changes

of energy of the system does not appear AE, =0.

Therefore, the input energy (input energy flux) will
be equal with the output energy (output
energy flux). It may be shown by the following
equation [1, 5, 6]:

E,=E, ()

The above assumption is also related to the
equation of substance balance which can be
presented as:

m,=m, )

At the beginning of the energy balancing of
a particular object it has been separated by
a conventional control balance shield. It can be
crossed not only by energy in a heat and work form,
but also by the substance which brings the kinetic
and potential energy. Such a thermodynamic
system is treated as an open system which is
motionless in respect of reference level. It is
assumed that the flow is unidirectional,
homogenous in every section which is orthogonal
to the axis of flow direction determined by the
control shield. It allows to assign equal, in every
point of the section, medium value of parameters of
the state and the function of the state to particular
control sections. The input working substance
(working medium) is air and fuel and output
substance is exhaust gas. Moreover, it is assumed
that in a propulsion engine processes of
compression and expansion are adiabatic and
irreversible and the process of combustion is treated
as total and complete. It is also assumed that the
particular thermodynamic system is in a state which
is steady in time (in a thermodynamic equilibrium
state) [1, 5, 6].

For the thermodynamic system which is defined
in such way, taking into account equations (1) and
(2), the equation of the energy balance may be
presented in following way:

Ipal+Qd+Ipow:Ispal+})e+Qot (3)
1, —a stream of fuel enthalpy;
jpgw — a stream of air enthalpy;
I

— a stream of emission enthalpy;
spal

P — effective mechanical energy which is

formulated by the effective power
transferred to the energy receiver;

Q , — astream of fuel chemical energy;

Qat — a stream of output energy losses.

In the respect of 1I principle of thermodynamics,
according to which during changing the heat into
the work the energy is dissipated, it is possible to
introduce to the equation (3) a dimensionless
quantity which is called propulsive efficiency [5,7]:

E mech _uz P
n,= = S 4
Ed Ipal +Qd +Ipow

The propulsive efficiency express the efficiency
of all devices which enter into the composition of
the considered object which are: the propulsion
engine, gear with the clutch as well as the energy
receiver [7]. Then, the equation (4) will be

presented as follows:

N, =0, Npx M, &)
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n, - effective efficiency of the engine;
n, — efficiency of the gear with the clutch, it

ranges from 0,97 to 0,99;
n, — brake efficiency, for water brakes it ranges

from 0,97 to 0,99.

Those efficiencies express mostly the
mechanical losses connected with friction, doing
a work to the propulsion of all underslung devices
which are indispensable in providing with proper
work and transfering turning moment to the energy
receiver.

4. INITIAL RESEARCHES

Preliminary researches were aimed at measuring
physical quantities of the considered object during
working under the particular load. Those quantities
were indispensable in determining the energy
balance in entire range of load changing.
A measuring-recording computer system
AMW-34AIN was used in measuring and recording
physical quantities.

On the basis of results reduced to normal
weather conditions summands of the balance
equation (3) were determined. The results of
calculations are presented in the figure 2.
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Fig. 2. The dependence of components of energy
balance equation of the considered object on the
engine load

On the basis of results it was also possible to
determine the efficiency of the considered
propulsion 7 as well as the effective efficiency of

the engine 77,. Relationship between propulsion
efficiency 7, , effective engine efficiencyn, and

load is shown in the figure 3.

I I I I I I I

0.06

34500 35000 35500 36000 36500 37000 37500 38000 38500 39000 39500 40000 40500 41000 41500 42000 42500
nws [obr/min]

Fig. 3. The dependence of the propulsion
n, and the effective efficiency 77, on the

engine load

On the basis of the elaborated energy balance it
can be stated that values of particular components
of the balance are related and proportional to the
load of an engine. Those relationships show a linear
dependence. On the grounds of dependence courses
of particular components of the balance on the
engine load, which are presented in figure 2, it can
be stated that:

— changes of energy which is pulled out together
with emission (I'Spa[), the mechanical effective

energy (Pe ) as well as the power delivered to

the compressor stay in the permanent
proportions in the entire range of load
changing. It is stated that participation of the
energy pulled out with the emission I‘Xpa/ in

the whole range of load changes is about 50%
of input energy. Similarly, the participation of
the power delivered to the compressor is about
20% of the input energy;

— in the energy balance the participation of the
energy losses (Q()t) decreases with the load

engine increase. It causes an increase of the

effective engine efficiency showed in the figure

3 and a decrease of specific fuel consumption;
— the participation of energy losses (Q'm) in the

considered range of engine load changes
decreases from 25% to 14% of input energy,
while the participation of mechanical effective
energy (R ) increases from 7% to 12%.

On the Sankey diagram the graphical illustration
of the percentage participation of particular
components of energy balance related to the input
energy can be presented. Using the dependence of
particular components of energy balance equation it
is possible to create the Sankey diagram for any
engine load. In the figure 4 there is presented the
exemplary Sankey diagram created for nominal
engine load.
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Fig. 4. Sankey diagram created for nominal
engine load

According to the above figure low effective
efficiency 77, is characterized for the engine. In the

considered range of engine load changes this
efficiency ranges from 7% to 13%. In such cases it
is possible to make the engine more similar to the
Carnot cycle what can be achieved by, for instance,
regeneration of the heat which is pulled out with the
emission.

5. SUMMARY

The elaborated method of determining the
energy balance of naval propulsion unit with a gas
turbine allows to conduct a quantitative analysis of
internal energetic processes. It allows also to define
in a quantitative way components of the balance
equation and their dependence on the engine load.
Results of these analysis may be used in improving
the economy of their work what is equal with
increase of effective efficiency. Crucial matter for
diagnosing is a possibility of quantitative evaluation
of dissipated energy in the exploiting which can be
measure of the degradation of the technical state of
the considered object. What is more, in the respect
of quantitative changes of particular components of
the energy balance, it can be regarded as an
indicator of change of engine running-in course or
its technical condition.
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Summary

In this work results of laboratory wear tests of specimens made of spheroidal graphite cast iron
grade EN-GJS-900-2 have been presented. This cast iron is used for camshafts of FIAT cars
manufacturing. The iron has been heat-treated to obtain a hardness, ranging from 37 up to 53
HRC. Dry sliding and lubricated wear tests have been carried out. Their results have been utilized
to work out mathematical wear models of the investigated cast iron. These models enabled the
assessment of the influence of: lubricant presence, pressure, cam and pusher hardness on the wear
rate of the tested material.

Keywords: camshafts, cams, wear rate, spheroidal graphite cast iron, sliding friction.
LABORATORYJNA OCENA ZUZYCIA KRZYWEK WALKOW ROZRZADU

Streszczenie
W pracy przedstawiono wyniki laboratoryjnych badan zuzycia probek wykonanych z zeliwa
sferoidalnego gatunku EN-GJS-900-2 stosowanego na watki rozrzadu samochodow osobowych
marki FIAT. Zeliwo to poddano obrébce cieplnej w celu uzyskania twardosci od 37 do 53 HRC.
Badania przeprowadzono przy tarciu na sucho i w obecnosci oleju silnikowego. Ich wyniki
wykorzystano do opracowania matematycznych modeli zuzycia badanego zeliwa sferoidalnego.
Modele te pozwolity na oceng wptywu takich czynnikéw jak obecno$¢ srodka smarnego, nacisk,

twardos¢ krzywki i popychacza na intensywno$¢ zuzycia badanego materiatu.

Stowa kluczowe: watki rozrzadu, krzywki, intensywno$¢ zuzywania, zeliwo sferoidalne, tarcie slizgowe.

1. INTRODUCTION

The mating cam of a camshaft — pusher plays
an important role in internal combustion engines,
because it is responsible for controlling the
movement of valves. Elements of this mating are
subjected to a tribological wear, that changes their
shapes. This phenomenon has an undesirable
influence on an engine properties in service. Cams
and pushers are made of wear resistant materials
and work in lubricating friction conditions, thus
their wear has usually a very low rate. So their
shape remains almost unchanged during the whole
service period of an engine. Fig. 1 presents an
appearance of a normally worn cam, made of
spheroidal graphite cast iron, and an optical
micrograph of its working surface. In the latter one
vertical dark and light strips, that are remains of
grinding marks (made during its manufacturing),
are still visible. Oblique wear grooves (Fig. 1 b)
are very shallow and narrow.

Sometimes in service occur cases of severe
wear of cams, that results in significantly reduced
life of camshafts. An example of severely worn
cam is presented in Fig. 2. Deep wear grooves, pits
and plastically deformed material is present on its
working surface (Fig. 2 b). Plastic deformation of
cast iron matrix facilitates formation of adhesive

joints, that subsequently break, causing tearing out
of some portion of specimen metal and thus pits
and grooves formation [1]. So the appearance of
the severely worn cam surface indicates that an
adhesive wear mechanism has been dominant in
this case.

Severe wear of cams can be influenced by
different factors. During the service of an engine
they interact. From that reason it is difficult to
isolate them to determine their effect on the cams’
wear behaviour. Laboratory wear tests enable to
control each factor, so its influence on the
investigated phenomenon is easy to determine.
Thus in the present work laboratory test results
have been used to study wear behaviour of the
cams.
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a)

Fig. 1. The appearance (a) and the optical micrograph
of working surface (b) of a normally worn cam, made
of spheroidal graphite cast iron

2. WEAR TESTS

A pin-on-disc apparatus has been utilized to
carry out the wear tests in the present work. Pins
were machined from a spheroidal graphite cast
iron grade EN-GJS-900-2 (according to the PN-
EN 1563:2000 Standard), used for camshafts of
FIAT cars manufacturing. To obtain a non-
conformal contact, like the one of the cam and
pusher, the shape of the pin tips was a half-sphere.
Its radius was of 1.5 mm. Pins were water-
quenched and tempered to obtain three ranges of
hardness: 37 - 38 HRC, 43 - 44 HRC and 53 - 55
HRC. Discs with a diameter of 46 mm and
thickness of 4 mm were made of a grey cast iron
grade GJ-250, used for pushers. Tis cast iron has

Fig. 2. The appearance (a) and the optical micrograph
of working surface (b) of a severely worn cam, made of

spheroidal graphite cast iron

been hardened to a Rockwell C Harness Number
of 46 — 48. The chemical compositions of the
tested materials are presented in Table 1.

Test parameters are given in Table 2. Wear
behaviour of pins in dry and oil lubricated friction
conditions has been studied. For the latter ones the
Aquila SG/CD 15W/40 engine oil have been used.
In the all tests a constant load of 49.05 N and
sliding speed of 1m-s' have been applied.
Sliding distance of a single test run ranged from
20 m for dry sliding to 1000 m for oil lubricated
conditions. During each test a wear scar on the
specimen surface has formed. Its area has been
wear dependent. So the pin wear has been
determined on the basis of wear scar diameter.

Table 1. Chemical composition of the cast irons for pins and disks

Element C Si Mn P S Cr Ni Mo Mg Cu
Pin 3.38 2.65 0.50 0.02 0.01 0.05 - - 0.025 0.11
Disc 3.35 2.40 0.78 0.10 0.04 1.05 0.42 0.46 - 0.10
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Table 2. Test parameters

Parameter Values
Friction dry, oil
lubrica
ted
Load, N 49.05
Sliding 1
speed, m -
s
Sliding 20 -
distance, m 1000
Pin 37, 38,
hardness, 43,44,
HRC 53, 55
Disc 46 — 48
hardness,
HRC

3. TEST RESULTS

An example of test results is presented in Fig.
3. As can be seen in that figure the longer the
sliding distance the greater the wear volume
(volume loss) and the lower the pressure. The
pressure decrease is caused by the increase of the
apparent contact area, that often takes place during
the sliding wear tests with a non-conformal contact

[2].
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Fig. 3. Wear volume (a) and pressure (b) vs.
sliding distance
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4. DISCUSSION

To study the influence of the tested factors on
the wear rate of the tested cast iron the
dimensional analysis has been utilized [3]. With its
aid the following function has been worked out:

Z_pr Hy, (1)
[ f[Hl’HlJ
where:

Z — linear wear (Z=V/A), mm,

V — volume loss, mm’,

A — apparent contact area, mm?,

p — pressure in the pin-disc contact

(p=P/A), MPa,

P —load, N

H,, H, — hardness of pin and disc
respectively, HB,

[ - sliding distance, km.

A ratio Z/I is often called a linear wear rate [4].
According to Ref. [5] the following mathematical
form of the function (1) has been chosen:

- for dry sliding:

2 2
Z_ 0020 2 |-0.022.[ B2 |—0.005-[ 2| +0.007( B2 ] —0.003. |2+
! H, H, H, H, H,
0.015- M2 40034 2 1
H] H\ H]

- for oil lubricated sliding:

2 2
Z 0078 2| +0003-[B2| —o.0a3. |2 100432 e
[ H, H, H, H, H,

3

2

Equations (2) and (3) contain some numerical
coefficients. Values of these coefficients have been
determined with the aid of a regression, whose
accuracy has been determined with coefficients of
correlation. Their values were 0.89 and 0.96 for
the equations (2) and (3) respectively. They are
high enough to accept the determined dependences
for the further analysis. The influence of pressure,
pin and disc hardness on wear rate of the tested
cast iron is presented in Figs 4 and 5.

In Figs. 4 and 5 can be seen, that the pin wear
rate Z/l for oil lubricated sliding is significantly
lower than the one for dry conditions. The latter
one caused very intense pressure decrease in the
beginning of the test. So it was unable to obtain
test results for high pressures in the dry friction
conditions. It is the reason that the pressure range
in Fig. 4 is much wider than in Fig. 5. The pressure
increase increases the wear rate, especially for low
pin hardness, both in dry and lubricated conditions.
High pressure facilitates plastic deformation and
microcutting, thus intensifying abrasion and
adhesion [6, 7]. These effects can be responsible
for wear rate increase. Higher pin hardness causes
greater wear resistance of the tested cast iron,
visible especially in dry friction — high pressure
conditions. Harder subsurface material is much
more difficult to deform under high pressures and
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Fig. 4. The influence of pressure, pin (cam) and disc (pusher) hardness on wear rate of the tested
cast iron in oil lubricated conditions
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Fig. 5. The influence of pressure and pin hardness on wear rate of the tested cast iron in dry sliding conditions

can support thick films of oxides, that prevent
metal — to metal contact and adhesion [6, 7], thus
reducing the wear rate. Since presence of the
engine oil prevents adhesive joints forming, wear
rate decrease with the hardness increase in
lubricated conditions (Fig. 4) is less severe than
the one visible in Fig. 5.

The formulas (2) and (3) enable an assessment
of the effect of the disc (pusher) hardness H, on
the pin (cam) wear rate. As can be seen in Fig. 4
this effect in oil-lubricated conditions is negligible.
It ranges within the scatter of the test results. On
the other hand the hardness H, significantly
influences the pin wear rate in dry sliding
conditions. Its increase increases this rate. It can be
attributed to the abrasive wear intensification,

because harder asperities of disc can more easily
plough and microcut pin material, especially when
it exhibit low hardness.

6. CONCLUSIONS

The results of the tests and calculations carried
out in the present work have drawn to the
following conclusions:

- the presence of the lubricant influences the
most significantly wear rate of the tested cast
iron. the lubricant absence dramatically
increases the wear rate. it can be explained by
adhesive wear intensification.

- adhesive and abrasive wear can be intensified
as pressure grows and pin (cam) hardness
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drops off, especially in dry sliding conditions.
So pin wear rate increases when its hardness
decreases or the pressure increases. That effect
is much less severe than the one of the
lubricant absence (Fig. 4 and 5).

- disc (pusher) hardness significantly influences
the wear rate of pins (cams) only in dry sliding
conditions. its increase intensifies abrasive
wear, thus increasing the wear rate.

- to understand the possible causes of severe
wear of cams a further study of the effect of
other factors, such as oil type, temperature and
sliding speed, on the wear rate of cams is
necessary. Its results can be helpful to find the
best ways to prevent this wear.
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Summary

This paper focuses on the application of entropy of the vibration signal in frequency domain
for rolling element bearing defect detection and diagnosis. Impacts, which are results of bearing
faults, cause instantaneous changes of vibration signal in frequency domain. Presented method of
diagnosing is based on an assumption that mentioned above changes of signal can be estimated
with use of entropy of signal in frequency domain. During the research the Shannon entropy and
the relative entropy (Kullback — Leibler entropy) were applied. Distribution of signal in frequency
domain was estimated with use Fourier Transform (normalized Power Spectrum Density) or
Discrete Wavelet Transform. In the paper the influence of: rotational speed of shaft, radial load of
bearing and additional noise of signal on efficiency of proposed method was presented.

Keywords: diagnostics, vibrations, signal processing, entropy, rolling element bearings.

DIAGNOZOWANIE LOZYSK Z ZASTOSOWANIEM ENTROPII SYGNALU
W DZIEDZINIE CZESTOTLIWOSCI

Streszczenie

Artykul przedstawia przyklady zastosowania entropii widma sygnatu do wibroakustycznej
diagnostyki tozysk tocznych. Impulsy drgan, ktore sa wynikiem uszkodzeniem tozyska wywoluja
chwilowe zmiany sygnatu w dziedzinie czgstotliwosci. Prezentowana metoda diagnozowania
bazuje na zatozeniu, ze te zmiany sygnalu moga by¢ oceniane z wykorzystaniem entropii widma
sygnatu. W badaniach zastosowano entropi¢ Shanona i entropi¢ wzgledna (Kullback — Leibler
entropy). Rozklady sygnatow w dziedzinie czgstotliwo$ci wyznaczano z zastosowaniem
transformacji Fouriera (znormalizowane widmo mocy sygnatu) albo dyskretnej transformacji
falkowej. W artykule przedstawiono wyniki opisujace wptyw: predkoséci obrotowej walu,
obciazenia promieniowego tozyska i zakldcen sygnatu na wyniki zaproponowanej metody.

Stowa kluczowe: diagnostyka, drgania, analiza sygnatow, entropia, tozyska toczne.

1. ROLLING ELEMENTS BEARING
VIBRATION

Most modes of failure for rolling-elements
bearing involve the growth of discontinuities
(fatigue cracks) on the bearing raceway or on
a rotating element. Rollers or balls rolling over
a local fault in the bearing produce a series of force
impacts (a sequence of shocks). The majority of
methods concerning the rolling bearing diagnostics
are based on observation and analysis of vibrations
caused by these shocks [7].

The impact caused by crossing of rolling
elements over a fatigue crack (as a unit delta
function) produces a broad spectrum of energy in the
frequency domain. Natural frequencies of the
bearing elements and housing are excited up to a few
dozens kilohertz.

General assumption of the research is that
impulses, which are results of bearing faults cause
instantaneous changes of signal in frequency

domain. These changes of signal can be estimated
with use of entropy of signal in frequency domain.
During the research the Shannon entropy and the
relative entropy (Kullback — Leibler entropy) were
applied. Spectral entropy of signal is a measure of
the degree of order/disorder of the signal, so that it
can provide useful information about the underlying
dynamical process associated with the signal.

2. THE METHODS OF BEARING DIAGNOSIS

2.1. The method using Shannon entropy

In the following, the signal is assumed to be
given by the sampled values x = {x,, n=1,2 ..., N},
corresponding to an uniform time grid with sampling
time A¢.

In order to study temporal evaluation, the
analyzed signal is divided in i overlapping temporal
windows of length K and for interval L (were K and
L are natural numbers). On the basis of laboratory
test of bearing with diffrent faults, the best results
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were obtained when time period of signal windows
(short segment) was equal 1 + 4 [ms].

Temporal window number 7 of signal x one can
write X' = {x's } = {x,,n=i-L, i-L+1, ..., i -L+K}.
The number of temporal windows is equal to 7 = (V-
K)/L . The time period between two windows is
equal to A¢, = L- At.

For each short signal windows {x’;} distribution
of power in frequency domain {p’} is estimated.
Distributions in frequency domain were estimated
with use of Fourier Transform or Wavelet
Transform.

In the case of Fourier Transform a normalized
Power Spectrum Density represented spectral
distribution of signal. In the case of Wavelet
Transform in order to obtained an orthogonal results
of decomposition a Discrete Wavelet Transform was
applied [1, 4].

The number of distribution levels was equal to
the number of wavelet decomposition levels.
Decomposition was taken up to the level j = 24 or
32. During the research as mother wavelet function
was applied the Daubechies 7.

Relative wavelet energy for the resolution level j
of spectral distribution p; is define as

p, = Jj (1)

where E; - energy for the resolution level j, E,,; —
total energy of signal window.

Then the Shannon entropy values H' of each
spectral distribution {pij} is estimated. Entropy is
a measure of the uncertainty or disorder in a given
distribution. We define the entropy of signal in the
frequency domain as [2]

H(p)=-Y.p,-log[p,] @

J=1

2p =1

J=1
where:
p; (j =1, 2 .. n) — distribution {p;} of signal
segment in frequency domain, J — the number of the
levels of distribution.

The obtained value of the entropy is assigned to
the central point of the time window. A vector of
entropy values (signal of entropy) is created. The
vector included 7 values with sampling time Az, .

Bearings condition is not determined on the basis
of maximum value of entropy as effects of bearing
faults. Fundamental to its state identification is the
frequency of instantaneous changes of entropy
value. At the end power spectrum density of the
vector of entropy values is estimated.

Confirmation of the bearing fault is a distinct
magnitude of this spectral line, whose frequency is
equals to the frequency of crossing of a roller over
the cracks (bearing characteristic frequency) [6].

Fig. 1 presents obtained results in case of fault of
outer ring, while distributions in frequency domain
were estimated with use of Fourier Transform. The
distinct magnitude of the spectral line whose
frequency is very close to the bearing characteristic
frequency (BPFO = 192 Hz) confirmed existence of
the fault of the outer ring.

0.02 190 Hz
BPFO

0.015

L .
"ty

0
0 100 200 300 400 500 600 700 800 900
Frequency [Hz]

Fig. 1. Spectrum of vector of entropy values while the
outer ring had medium fault while distribution of signal
was estimated with use Fourier Transform

2.2. The method using relative entropy

The purpose of analysis is to recognize
instantaneous changes of signal in frequency
domain. Relative entropy (Kullback — Leibler
entropy) gives a measure of the degree of similarity
between two distributions [3, 5].

We define the relative entropy between two
(basic and reference) distributions in frequency
domain of short segments of signal as

J
p.
Hy(plq)=>Y p, log,| " (3)
J=l q;
J J
ij =1 qu =1
j=1 Jj=1

where:

pi(j=1 2 ..n) — distribution in frequency
domain {p;! of basic signal window,

q; (j=1 2, .. n) — distribution in frequency
domain {g; } of reference signal window,

J — the number of the levels of distribution
(spectral lines).

The successive transformations of signals during

the analysis with use of relative entropy were:

— division of vibration signal into basic and
reference short windows. In order to study
temporal evaluation, the analyzed signal was
divided in i overlapping basic windows of length
K and for interval L (were K and L were natural
numbers). For each  basic  window
nonoverlapping reference window of length K
and for interval L=K was determined.

— estimation of distribution in frequency domain of
each window.
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— estimation of relative entropy value for each
corresponding basic and reference signal
window.

— creation vector of relative entropy values (signal
of relative entropy).

— spectral analysis of the vector of relative entropy
values.

3. RESULTS OF BEARINGS DIAGNOSTICS

3.1. Analysed signals

Analysed signals were recorded on a laboratory
stand. Bearings faults were artificially produced by
an electric pen. A radial acceleration signal was
picked up from the top of the tested bearing casing
by a piezoelectric  accelerometer.  During
measurements of vibration of one bearing 20 records
of samples were recorded. Each record included
8192 acceleration values sampled at a frequency
equal to 51.2 kHz. MatLab programs were
implemented to execute signal analyses.

3.2. Efficiency of the proposed method

of bearings diagnosis

In the chapter the influence of: rotational speed
of shaft, radial load of bearing and additional noise
of signal on efficiency of proposed method was
presented.

As mentioned above confirmation of the bearing
fault is a distinct magnitude of this spectral line,
whose frequency is equals to the bearing
characteristic frequency. The distinction between the
spectral line with the characteristic frequency and
adjoining lines was described with application of
HAR. A harmonic amplitude ratio (HAR) is defined
as the amplitude value of the spectral line a(f;),
whose frequency is equal to the bearing
characteristic frequency, over the average value of
amplitude of the spectrum a,,

AR = “Ue) (4)
aav

The influence of rotational speed of shaft on
efficiency of proposed method was presented in
Fig. 2. In more cases of application of both entropy
and relative entropy the faults of bearings were
identified. The best results were obtained while the
rotational frequency was high. The reason of that
was the difference between the powers of impulses
produced by a fault in different speed conditions.

Fig. 3 presents obtained results in case of fault of
different bearing elements while bearing load in
radial direction was changed. The results of the
analysis of signals recorded for different loads were
similar.

The signals were recorded on a laboratory stand
that allows simulating vibration interferences. While
the vibrations of bearing were measured vibration
interferences (noise) was caused by additional
bearing (mounts on the shaft) with large corrosion of
the raceways. Shaft rotation velocity was 2900 rpm.
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Fig. 2. The influence of rotational speed of shaft
on the harmonic amplitude ratio HAR

Fig. 4 presents obtained results while vibration
interferences were changed. The influence of
additional noise on efficiency of proposed method
was small. We can suppose that practical application
of proposed method will be detecting failures while
additional sources of vibrations (noise) are present.

4. CONCLUSIONS

Results of the research presented in the paper
proved that the application of the presented method
enables us to obtain distinct symptoms of bearing
faults.

In more cases of analysis the best results were
obtained while the relative entropy (Kullback —
Leibler entropy) was applied and distribution of
signal in frequency domain was estimated with use
Fourier Transform (normalized Power Spectrum
Density).
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Fig. 3. The influence of bearing load in radial
direction on the harmonic amplitude ratio HAR

Fig. 4. The influence additional noise on the
harmonic amplitude ratio HAR
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Summary
One of the fast-developing research topics in electronics is the wireless data transmission,
which is a highly desirable component in health monitoring of engineering structures. The paper
describes a newly-designed system of wireless data transmission for structural health monitoring

of a railway bridge.

Keywords: wireless transmission of data, structural health monitoring.

SYSTEM BEZPRZEWODOWEJ TRANSMISJI DANYCH DO MONITOROWANIA
STANU TECHNICZNEGO MOSTU KOLEJOWEGO

Streszczenie
Jednym z preznie rozwijajacych si¢ tematow badawczych w elektronice jest bezprzewodowa
transmisja danych, na ktora jest duze zapotrzebowanie w monitorowaniu stanu konstrukcji
inzynierskich. W artykule opisano nowo projektowany system bezprzewodowej transmisji danych
do monitorowania stanu technicznego mostu kolejowego.

Stowa kluczowe: bezprzewodowa transmisja danych, monitorowanie stanu konstrukcji.

1. INTRODUCTION

This paper describes a wireless transmission
system to be operating on a real bridge structure.
The investigated bridge (Fig. 1) is a single-span, 40-
meter-long, steel truss structure providing support
for a single railway track. The program of
monitoring of the bridge includes two major issues.
First, monitoring of structural health and its potential
degradation due to e.g. corrosion is planned. Second,
monitoring of railway car mass and speed is of
interest to the owner of the railway infrastructure.
The monitoring will be performed using
piezoelectric strain sensors.

Consequently, the  proposed  integrated
monitoring system [1] will consist of two hardware
parts. The first part installed nearby an investigated
bridge is supposed to weigh trains in motion (Fig. 2).
This way the parameters of dynamic load acting on
the bridge will be known in contrast to frequently
used unknown ambient excitation like wind.
Information from part 1 will be transferred to
a remote analysis centre using a module of wireless
transmission of data. The part 2 installed directly on
the bridge should record time responses of the
structure induced by train passage. The time
responses will be then transferred to the analysis
centre (independently from part 1) using another
module of wireless transmission.

Having the information both about the dynamic
load and the structural response to this load,

monitoring of the bridge health can be performed by
solving an inverse problem in the framework of the
Virtual Distortion Method [2]. Deterioration of the
bridge can be interpreted as stiffness degradation
and/or mass loss for every element of the truss
bridge.

The undertaken in-situ monitoring campaign,
started mid 2007, fits in the fast-developing research
area called Structural Health Monitoring (SHM) [3].
The principal idea behind is that a structure should
be subject to a permanent monitoring (performed not
necessarily round the clock, but repeatedly). The
main advantage of such monitoring is the ability to
track changes in responses during the lifetime of
a structure, raise alerts in case of significant
deviations from normal behaviour and estimate the
usable lifetime until demolition or general repair.
The in-situ monitoring system consists of two major
components, depicted in Fig. 3, i.e. some sensors
collecting responses in time and the central data
processing unit (DP), providing basic signal
processing and data transfer to a remote
computational centre.

The sensors may communicate with the DP unit
either via cables or wirelessly. The latter way is the
subject of consideration in this paper.
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WS- Weighing Senor
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Fig. 3. A scheme of the bridge equipped with sensors
and data acquisition unit

The wireless method of data transmission has
been the subject of intensive research in the SHM
community. The reasons of this fact are the
following:

— cables may be used only for local transmission of
data, far-range transmission to a remote location
seem to be realizable only by wireless methods,

— installation time of standard cable connections
between sensors and DP unit is very long and the
process may be troublesome,

— cost of cabling for large structures is high,

— cables used for data transmission are prone to
devastation.

2. THE GENERAL CONCEPT

Several types of topologies for wireless
communication networks, shown in Fig. 5, are
currently in use [4]. The authors plan to configure
their wireless system as a set of independent sensors

controlled by a central data processing unit, which
corresponds to the star topology. Both hardware
parts of the system will have their own autonomous
DP units.

The WIM sensors is connected to the WIM DP
unit with standard cables because the distances
between the sensors and the unit are small. The
bridge sensors communicate with the bridge DP unit
via nearby-range wireless transmission, because they
may be mounted far away from one another,
depending on bridge size.

The far-range wireless transmission of data takes
place independently for the WIM DP unit and bridge
DP unit. This is due to the fact that monitoring of
rail traffic should be performed on-line and
monitoring of bridge health can be done off-line.
Therefore the amount of data and frequency of
transmission for the WIM and bridge DP units will
be different. Another explanation is that the WIM
point may be located too far from the bridge, so one
unit for the whole monitoring system might be
impractical.

522 Oy

Fig. 4. Types of wireless networks. 1) star, 2) net,
3) rail, 4) circle, 5) tree

The major challenges to be faced from the
electronic viewpoint are:
— equipping the system with a maintenance-free
source of power,
— designing durable small-size and energy-saving
components of the wireless transmission system,
— pre-processing of time signals in situ and
optimizing them for far-range wireless transfer.

Fig. 5. Piezoelectric sensor for collecting strains

Piezoelectric sensors were chosen to collect
strain responses in time. An example of a piezo-
ceramic sensor is shown in Fig. 5.
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3. TIME SIGNALS TO BE TRANSFERRED

As the integrated system consists of two blocks,
there are two types of time signals recorded by
piezo-sensors. These time signals need to be pre-
processed in situ before starting their wireless
transfer to a remote centre.

The first type of signal corresponds to the load
identification block and the associated weigh in
motion procedure for running trains. An example of
the time signal detected by the weighing sensors
(WS), is depicted in Fig. 6.

The second type of signal corresponds to the
bridge health monitoring block and the associated
damage identification procedure. An example of the
time signal captured by bridge sensors (BS) is
shown in Fig. 7.

Passage of freight train

L

-1

Sensor WS1

Sensor signal [V]

sl i j i L i j L
(1} 2 4 & & 10 12 14 16 18
Time[s]

Fig. 6. Signal captured by a weighing sensor

Passenger train passage(nhon filtered)

Sensor signal [V]

Time [s]
Fig. 7. Signal captured by a bridge sensor

4. WIRELESS TRANSMISSION SYSTEM

In the authors’ opinion, the wireless system for
SHM should be characterized by a relative
simplicity, high reliability and low energy
consumption.

The complete system proposed in this paper can
be divided into two subsystems — for weighing trains
in motion and for health monitoring of the bridge.
Detailed proposition of the wireless solutions will be
focused on the latter subsystem only. The reason is
that both the nearby-range and far-range
transmission has to be considered for the bridge.

The proposed bridge system, schematically
shown in Fig. 8, consists of three major components
— a number of the measuring units integrating
piezoelectric sensors with associated electronics
described as BS, the DP unit and two activating
sensors (AS). The role of the activating sensors is to

wake the system up for the time of train ride only
and put it in a passive mode afterwards.

Each measuring unit collects analogue signals
from the piezoelectric sensors mounted on the bridge
and transfers them to the DP unit via an embedded
transceiver using a local mode of wireless
transmission. A scheme of the integrated bridge
sensor is shown in Fig. 9.

Ts7

Fig. 8. Scheme of the local wireless transmission
system

Fig. 9. Scheme of the integrated bridge sensor

The proposed electronics associated with each
measuring unit is not sophisticated in order to keep
the power supply at the SO0 mW level. At first stage
of testing, a lithium-ion battery will be used.
Subsequently, a solar cell should be provided to
recharge an in-built battery for long-term,
maintenance-free operation. A crucial feature of the
system resulting in significant energy savings will be
its intermittent operation. The system will be
activated by one AS from each direction. It will
remain active only during the passage of a train over
the bridge. Otherwise it will switch to a passive,
energy-saving mode. The only sensor operating in
the stand-by mode will be the two activating sensors.
The difference in energy consumption is 3 order of
magnitude as the microcontroller of the DP unit
needs 0.4 mA when active and just 0.6 pA when
passive.

The integrated bridge sensor will perform
analogue to digital conversion of a signal before
sending it to the DP unit. To this end, a 12-bit
analogue-digital  converter  providing proper
sampling will be used. The available nearby
transmission distance is estimated to reach approx.
100 m. All measuring units are supposed to start data
acquisition simultaneously thus have to be properly
time-synchronized by triggering signals from the DP
unit.

The tasks of the DP unit are: sequential
collection of digital signals from the bridge sensors,
signal compression and transfer to a remote
computing centre for analysis. Thus the DP unit
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should consist of a transceiver to collect the signals
from various measuring units, microcontroller for
signal processing, sufficient memory buffer enabling
storage of data and additional RS-232 port for
possible in-situ acquisition. A scheme of the DP unit
is depicted in Fig. 10. Advantage of the GSM system
is taken to transfer the digital data to a remote
computational centre.

| Salar Panel
I
Paower
Supply
I

Transceiver || Micro || GSM
cantroller System

Data
Storage

Fig. 10. Scheme of the DP unit

Several tests of the proposed system are planned,
starting from a check of the performance of a single
measuring unit, through the design of the DP unit,
finally leading to the installation of the system in
situ and its subsequent verification.

Currently the work is focused on development of
specific modules (see Fig. 11) of the system for both
the local and far-range wireless transmission. The
next step is to assemble all the modules in the
planned items i.e. the BS and DP units. It is planned
to install and test the whole system of wireless
transmission in situ in 2009. The local transmission
will be checked first.

Fig. 11. Module of the wireless system ready -
for lab testing

4. CONCLUSIONS

High demand from the Structural Health
Monitoring community is the reason for fast
development of wireless transmission systems
applicable to real structures. A prototype of the
proposed system will be implemented and tested on
a railway bridge. Further development of the system,
taking into account fidelity of transmission,
durability and cost-effectiveness of hardware will be
the subject of future work.

General conclusions are the following:

— wireless transmission of data is very important
for permanent SHM,

— itis relatively easy to adapt the wireless system
to various applications e.g. structures, water
networks,

— fidelity of data processing and durability of
hardware should be major features of the
wireless system.
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Summary

In this paper, the wavelet transforms of vibration acceleration signals which were acquired
from the cylinder head and engine block for various faulty and healthy conditions of IC engine
was used to fault detection. The engine which has been tested is 4-cylinder 4-stroke with eight
valves fed with petrol and LPG. Many mechanical fault detection techniques based on vibration
analysis have been developed over the last few decades. The analyssis of vibration signals
associated with internal combustion engines is complicated due to the complexity of the engines
and diffrent sources of vibration. The engine vibration signal is inherently a transient one even in
engine steady operation. The time-frequency localization features of the wavelet transforms make
them suitable for IC engine fault diagnosis and monitoring. In the present investigation, a fault
diagnosis technique based on wavelet packet transform (WPT) i used to engine fault detection. The
experimental results show that proposed method is useful for detection the faults in various engine
working conditions.

Keywords: wavelet transform, IC engine, diagnostics.

PRZETWARZANIE SYGNALOW ZA POMOCA TRANSFORMACII FALKOWE]
W DIAGNOSTYCE WIBROAKUSTYCZNEJ SILNIKOW SPALINOWYCH

Streszczenie

W artykule przedstawiono przyklady zastosowania analizy falkowej sygnatow przyspieszen
drgan zarejestrowanych na kadlubie i glowicy silnika ZI w celu wykrycia symulowanych
uszkodzen. Obiektem badan byl 4-ro cylindrowy silnik spalinowy zasilany alternatywnie benzyna
i LPG. W ostatnich latach opracowano i rozwinigto wiele metod diagnozowania opartych na
pomiarach drgan. Analiza sygnatéw drgan zwiazanych z praca silnika spalinowego jest utrudniona
ze wzgledu na zlozony sygnal wywotany jednoczesnym dziataniem wielu Zrédel. Sygnat
przyspieszen drgan rejestrowany na kadtubie i glowicy silnika jest niestacjonarny i zawiera
sktadowe impulsowe. Dlatego w diagnostyce drganiowej silnikdw korzystne jest stosowanie
metod czasowo-czgstotliwosciowych takich jak analiza falkowa, ktére umozliwiaja tworzenie
uzytecznych cech diagnostycznych. W artykule przedstawiono przyktady zastosowania pakietu
analizy falkowej (WPT) do wykrywania symulowanych uszkodzen silnika. Z badan wynika, ze
zastosowana metoda moze by¢ uzyteczna do diagnozowania réznych uszkodzen silnika
spalinowego.

Stowa kluczowe: analiza falkowa, silniki spalinowe, diagnostyka drganiowa.

individual systems. Owing to this solution, new

The diagnosing systems used in modern
combustion engines aim at locating the element or
system which, due to natural wear or damage,
cannot further perform its function as specified by
the manufacturer.

Increasing  requirements  concerning  the
durability and reliability of combustion engines and
the minimisation of costs and disadvantageous
influence upon the environment necessitate the
acquiring of information on their condition during
operation. Introduction of the obligation of
manufacturing motor vehicles compliant with the
OBDII standard resulted in the possibility of
accessing data stored in the programmers of

possibilities of diagnosing the technical condition of
those systems arise [12].

The greatest efficiency of the on-board
diagnostics system was assured in the area of
monitoring the emission of toxic compounds.
However, some types of damage, such as: growing
wear of valve-seats and valve faces, a shift of the
valve train phase, or wear of the cylinder bearing
surface to a degree exceeding the dimensions
allowable for a particular engine, in many cases in
practice, do not result in a response of the
diagnosing system. The most frequent reason for this
are the used adaptive controlling algorithms for
combustion engines. It is about controlling the
processes with changeable dynamic properties and
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of changeable stochastic disturbance properties,
during which estimation is carried out of the process
model parameters and disturbance, so as to update
the controlling algorithm [3, 7]. Adaptive control of
an engine can lead to a situation where the appearing
errors will be hidden or adapted. Mechanical defects
and operational wear, in particular in the early
phases of development, are compensated by adaptive
adjustment systems as a result of permissible ranges
of adjustment. Only after occurrence of a major
failure, the course of the regulation process is so
much disturbed, that finding the defect will be
relatively easy, because the system will switch to an
emergency mode.

In the modern engines, the detection algorithms
of combustion knocking are a component of the
engine controller system IC. A change of the
ignition advance angle has a significant influence on
the nature of the measured vibration signal. This
poses a danger of masking the mechanical defects by
control systems and can be the cause of more serious
failure.

Therefore, changes of the technical condition of
an engine, induced by early phases of its wear, are
difficult to detect. An important issue in
vibroacoustic examination of engines is a correct
interpretation of complex measured signals by
applying more and more proficient methods of their
processing [1, 5, 9, 14, 16]. The main tasks in
diagnostics include: separation of a useful
vibroacoustic signal and selection of characteristic,
damage-sensitive features of the processed signal.

2. DIAGNOSING OF COMBUSTION ENGINES
WITH USE OF VIBROACOUSTIC
METHODS

One of the methods of acquiring diagnostic
information is to measure the vibration generated by
the engine. A combustion engine is subject to the
action of inner and outer forces. They encompass
mainly:

— combustion pressure,

— movement of the crank-piston system,

— forces induced by the timing gear system,

— forces from the work of engine accessories,
such as the alternator, compressor, and the like,

— forces transferred from the vehicle body and
the power transmission system.

One of the significant forces appearing during
the crank-piston system work are piston strokes
while changing its movement direction. The value of
the force depends significantly on the clearance
between the piston and the cylinder wall [4, 5, 6],
caused by wear and tear of the engine. The value of
force is a function of combustion pressure and
rotational speed of the engine.

The vibration signal recorded in any place on the
engine block is a weighted sum of the engine block
response to all elementary events (Fig. 1);
convolutions with pulse functions of transfer from

the place of generation to the reception place of the
diagnostic signal are the weights here [2].
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Fig. 2. An exemplary course of a working cycle
of a single-cylinder combustion engine

All systems of the combustion engine work in
a specific order (Fig. 2). The elementary events
taking place in kinematic pairs are ordered, as well.
In that case, the kinematic pair of an engine, which
produced a percussive impulse, can be determined
by the location of the impulse vis-a-vis the reference
signal.

The vibroacoustic signal generated by the
combustion engine can be presented in a simplified
form:

x() = ZA, cos(a),.t+(pl)+ZZBy(t)u(t—tj)cos(a),.jt+golj) (1)

where:

A; and By;(1) - amplitudes of signal components,

o; and wy; - frequencies of vibration components,

u(t) - pulse function,

7 - time determining the occurrence of
pulsing phenomenon,

@ and @; - signal component phases.
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The first component of the equation reflects the
main harmonic components, which are normally
characterized by high amplitude values. After
removing the low-frequency components, a residual
signal containing  high-frequency impulse
components is obtained.

The above signal transformation facilitates
isolating the summary signal of the investigated
kinematic pair by means of time or angle selection.
Vibroacoustic signals generated by individual
kinematic pairs and combustion engine tooling are
most frequently nonstationary due to the occurrence
of nonlinear phenomena provoked, inter alia, by
clearance, nonlinearity of elastic components’
characteristics. Frequency characteristics of signals
essentially depend on transmittance of the
propagation route of component signals from their
source to the measuring point. Vibration measured
on a block is of a complex nature due to the
overlapping signals which originate from various
sources. For these reasons, diagnosing of
combustion engine faults is a difficult process.

3. SIGNAL ANALYSIS IN THE TIME-SCALE
DOMAIN

A simultaneous analysis of the time and
frequency related properties of signals by means of
a wavelet transform is more and more frequently
used in diagnosing combustion engines [5, 10, 11,
14, 15, 16, 17].

The continuous wavelet transform of a finite
energy function, x(z) eL’(R), is defined as follows:

1+

W.(a.b)=(x(0.p,, () =[a] > jx(r)w@m @

—o0

a, beR, a#0

An inverse transform of the transformation
W.(a,b) takes the following form:

W0 =2 b, 0%

Based on the definition, the function y(?) eLl’(R)
is an acceptable elementary wavelet, if:

- 2
o (L P @
0 w

where ‘I’(a)) is the Fourier transform of the
function y1(?).

Wavelet coefficients W;(a,b) are the function
of scale a and shift b. A change of the scale is
tantamount to wavelet compression or stretch ¥/, .

The coefficients Wx(a,b) are the measure of

signal’s x(#) correlation with the wavelet l//a,b(t):

for narrow wavelets, they represent the content of

high-frequency components, and for wide wavelets,
low-frequency components. The Continuous wavelet
transform (CWT) is very excessive; after sampling
its parameters, time ¢ and coefficient of scale a, the
coefficients of a dyadic wavelet series are obtained.
A discrete wavelet analysis of signal x(t) e L’
becomes reduced to determining its discrete wavelet
transforms, which are the scalar products of signal x

and a sequence of functiont/ ; , . These products are

called wavelet coefficients. The wavelet coefficients
represent common characteristics of signal x and

wavelet ¥/, . Parameter & localises the moment in

which the analysis is being made, while parameter j
enables choosing the scale level (range of
frequency), at which the signal spectrum is
investigated.

The discrete wavelet transform finds broader and
broader application the diagnosing of machines. Its
expansion is reflected in the so-called wavelet
packages, which enable multiple decomposition of
signals. Wavelet packages consist of a linear
combination of the wavelet function expansion:

V0= 0-k)

i=123..,
J — scale parameter,
k — shift parameter.

Function l//iis defined by the following

relations:

p (0= ﬁih(’f)ﬂ"(%—k) ©)
v =N Y gk k) )

Discrete filters h(k) and g(k)are mirror filters
connected with the scaling functions and wavelet
functions [1, 13]. The algorithm of multiple signal
decomposition by means of wavelet packages
(WPT) is presented in the block diagram (Fig. 3).
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Fig. 3. Algorithm of decomposition by means
of wavelet packages

The algorithm makes a frequency analysis of the
signal through iteration of the double-channel set of
filters consisting of low- and high-pass filters. Signal
obtained as a result of filtration in the previous step
undergoes further filtration. As a result of each
iteration, a high-frequency component, called
a detail, and a low-frequency component, called
approximation, are  obtained. @ The  signal
decomposition process is a multilevel iteration
process, where further details and approximations
are subject to further decomposition. The calculation
algorithm (fig. 3) has the from of a set of filters with
a binary tree structure, where the low- and high-pass
branches are developed by means of a pair of the
same filters. This type of analysis has been widely
applied recently, because it enables creating standard
sets of diagnostic characteristic used as input data of
neuron classifiers[14, 16].

The above-mentioned properties of wavelet
analysis make it more and more popular in
diagnosing combustion engines, where non-
stationary signals with impulse components are
processed.

4. RESEARCH OBJECT AND TESTING
PROCEDURE

Tests of vehicles equipped with 1.2 and 1.3 dm’
spark ignition engines were conducted on a BOSCH
chassis test bench, FLA203. During the tests,
accelerations of the engine block and head vibration,
rotational speed and location of the crankshaftwere
recorded as a function of time. The signals were
recorded with use of an eight-channel NI PCI-6143
data acquisition card, controlled with a programme
developed in the Lab View 7.1 environment.
A diagram of the measuring system is shown in
Fig. 4.

a4

s

Fig. 4. Diagram of the measuring system
l-combustion engine, 2-piezoelectric acceleration
sensors, 3-piezoelectric pressure sensor, 4-charge

amplifier, 5-signal amplifier, 6- signal converter of
the subatmospheric pressure inlet system, 7-data
acquisition card, 8-computer with LabView
software, 9-amplifier of the rotational speed sensor
signal and crankshaft position

The main purpose of the study was to determine
the influence of the lack of the LPG fuel inflow into
individual cylinders on the vibration signal
characteristics. As part of the tests, 7 various states
of engine operation were simulated (operational
engine; cylinders 1, 2, 3 and 4 disengaged one by
one; cylinders disengaged in pairs: 1-4 and 2-3).

In addition, the effect was examined of the
simulated local fatigue crack of exhaust valve of the
first cylinder in the 1.3 engine on the changes of the
wavelet decomposition coefficients.

5. RESEARCH RESULTS

The time courses of vibration accelerations and
their decomposition into low- and high-frequency
constituents, performed with use of wavelet filtration
for one working cycle of an engine during idle run,
in the case of switching off the fuel inlet to cylinders
1 and 4, is shown in Fig. 5. In the signal filtered out
by means of wavelet decomposition, it is possible to
notice low-frequency interference induced by the
simulated condition of the engine. Fig. 6 presents the
results of approximation A5 and Fig. 7 shows details
D4 for five simulated states of the engine operation.
On the basis of the presented results of the wavelet
analysis, the energy measures can be easily
determined from the distributions at different levels
of decomposition. The energy of wavelet
decomposition  coefficients for the selected
decomposition level, j and the band range, &, is
determined as follows:

E, = ;\Cj,k\z ®)
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Figure 8 shows the selected results of the
decomposition by means of WPT for the engine with
a simulated crack of the exhaust valve head in the
first cylinder. The damage provoked a significant
increase of E;; wavelet coefficients’ energy in the
selected point of the decomposition tree. When
compared to the fully operational engine, the
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simulated damage provoked a significant increase of
energy of wavelet coefficients Ej o / Ejjspi= 2.97.

6. CONCLUSIONS

On the basis of the examinations carried out and
the papers published recently, it can be concluded
that the multiple wavelet decomposition is a proper
tool for the construction of a set of diagnostic
characteristics. This type of analysis has been widely
applied recently, because it enables creating standard
sets of diagnostic features used as input data of
neuron classifiers.
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Summary
In the present work the results of tribological and simultaneous AE measurements of the DLC
layers deposited on Si substrate are presented. The layers studied were 18nm, 200nm and 650nm
thick. The best properties were obtained for the films with thickness of 18nm and 650nm. The
value of average friction coefficient was stable and equal to 0,1 and no wear was observed. The
200nm layer had a very low adhesion to the substrate. Intense acoustic emission signals

accompanied the friction.

Keywords: DLC-film, Acoustic Emission, sliding friction, adhesion, damage.

ANALIZA EMISJI AKUSTYCZNEJ GENEROWANEJ PODCZAS PROBY TARCIA WARSTW DLC

Streszczenie
W pracy przedstawione zostalty wyniki badan tribologicznych i réwnoczesnych pomiaréw
emisji akustycznej na warstwach DLC na podiozu Si. Badano warstwy o grubosciach: 18nm,
200nm i 650nm. Najlepszymi wlasciwosciami charakteryzowaty si¢ warstwy 18nm oraz 650nm.
Wspolczynnik tarcia byt stabilny i wynosit 0,1 a warstwy nie ulegly uszkodzeniom. Bardzo staba
adhezja do podloza odznaczata si¢ warstwa o grubosci 200nm. Tarciu towarzyszyta intensywna

emisja sygnalow akustycznych

Stowa kluczowe: warstwa DLC, emisja akustyczna, tarcie §lizgowe, adhezja, uszkodzenia.

1. INTRODUCTION

Excellent mechanical, tribological, optical and
electronic properties of diamond like carbon (DLC)
coatings are exploited in different domains of
industry. The major application of DLC is
a chemical hard coating for mechanical or chemical
protection [1]. Among numerous practical examples
the DLC-fine film is used for resistant-coverage
and anti-wear coating of optical-infrared elements,
where good resistance of abrasion is very
important.

In this paper the adherence and tribological
properties of DLC-coating are described.

Simultaneous  acoustic ~ emission  (AE)
measurements are used to obtain additional
information on the process and the phenomena
occurred during the sliding friction in DLC layers.

2. EXPERIMENTAL DETAILS

2.1. Specimens

The DLC-fine films were deposited on Si-
substrate by RF reactive sputtering, using
a graphite target under various pressures of Ar and
H,. Finally, three thicknesses of DLC films were
chosen for analysis: 18nm, 200nm and 650nm.

As the substrate three separate Si-wafers of 2”
in diameter with thickness of 0.5mm were used.
The surface of substrate was polished (average
roughness Ra=5nm on the measurement section
400um).

2.2. Experimental equipment

Tribological properties and adhesion of the
studied films were determined using a “ball-on-
disc” tribometer. During dry friction sliding the
momentary friction forces were recorded. Then
they were converted to the momentary friction
coefficient. Three sensors of acoustic emission
(AE) measure simultaneously the acoustic signals
generated during friction. Schematic diagram of the
set-up is presented in Fig. 1.
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friction | ¢

Fig. 1. Schematic diagram of the set-up for the
measurement of friction and acoustic signals.
1 — AE sensor freq. Range: 400-750 kHz
2 — AE sensor freq. Range: 60-1950 kHz
3 — Accelerometer freq. Range: 5-60 kHz
4 — AE Preamplifier
5 — Signal Conditioner
6 — Data Acquisition Card
7- Friction force Sensor

The proposed set-up for the measurements of
vibroacoustic and acoustic emission is composed
with three sensors: two high-frequency sensors (1)
and (2), and accelerometer (3) shown in Fig. 1.
Sensors (2) and (3) were fixed on the surface of
samples with DLC-film in a distance of about
15mm to the wear track. The sensor (1) is placed in
the holder of ball with intention to measure acoustic
emission signals generated from damages of the
ball. Registration of the vibroacoustic and acoustic
emission signals was in the 60 s periods in the same
way for all tests.

Tribological conditions are described in [2]. The
performed tests were a kind of multi-pass with
sliding velocity 0.21 mm/s and wear trace length.

2.3. Methodology

The aim of this work is an analysis of the
relation between the tribological properties and the
generated and recorded AE signals. The values and
changes of the momentary friction coefficient and
of the AE signals amplitudes recorded as a function
of test-time in several time periods (A, B, C...) are
compared. We verify if the fluctuations of
momentary friction coefficient are accompanied by
simultaneous impulses of AE signals. AE signal is
analyzed in relation to impulses number, their
duration and reproducibility determined from AE-

time plots. The frequency spectra were calculated.
Due to the non stationary character of AE signals
the Short-Time Fourier Transform (STFT) was
applied. The STFT transform divides up the signal
into small time segments and performs Fourier
transforms on each segment of time to derive the
spectra. The Kaiser-Bessel window was used due to
its higher selectivity than other types of gaps [3-4].
During the friction test several AE signal
measurements were performed in dependence of the
appearance of fluctuation of the momentary friction
coefficient. We named the tests as stage A, stage B.

3. RESULTS AND DISCUSSION

Generally, DLC-films are characterized by very
low friction coefficient approx. 0,1 [1, 5] and their
key feature is an excellent adhesion to the substrate
[5, 6].

In this work we present the results of
tribological tests of DLC-films on Si-substrate
characterized by different adhesion to the support.

The DLC layers of 18nm thick were
characterized by high wear resistance and excellent
adhesion to the Si substrate. Multi-pass friction
tests performed on the 18nm DLC layer did not
show substantial surface damages. The abrasion of
the counterbody was observed only together with
a transfer of wear products. The corresponding AE
signals described the equipment noise and the ball
abrasion. Some AE impulses appeared in data
registered by sensorl located in the support of the
counterbody. The results obtained due to friction on
the 650nm layer are presented in Fig. 2. The
undamaged DLC-film resulted in non- AE activity
[4, 5].

During the friction test the value of average
friction coefficient decreases from 0,15 to 0,08,
however in the 60s periods: A, B, C its variations
are related to the changes of the movement
direction of sliding. The arrows mark one pass of
the ball shift. Few AE impulses were recorded and
their amplitudes were very low. They were
registered only by sensorl. From this fact and from
the analysis of the friction trace one can conclude
that the AE signals originated from small damages
of the ball. Spectra obtained for the subsequent
friction stages showed the higher amplitude of the
registered AE signals in the frequency range of
several to 100kHz.

Average value of friction coefficient for the
18nm DLC layer was about 0,10 during the entire
test. AE impulses were not generated and the
background level did not change in the next stages
of friction. The increase of the load also did not
cause any damage on the layer.
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Fig. 2. Results of tribological and AE signal measurement on 650nm thick DLC layer, registered by sensorl

Completely different properties revealed the
200nm thick DLC layer. During the friction test
three phases of the average friction coefficient
values were observed (Fig. 3).
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Fig. 3. Plot of changes of the friction coefficient
values during test on 200nm thick DLC layer

In the first phase (stages A to D), the value of
average friction coefficient was constant (u=0,08).
It lasted up to 200-300s and corresponded to 20-30
passes. In the next phase a decrease of average
friction coefficient was registered, however,
significant fluctuations were observed. This phase
lasted about 100s (10 passes of ball). After that the
average friction coefficient value increased
catastrophically up to 0,7 with momentary

fluctuations in the range of 0,55 to 0,9. The boxes
in Fig. 3 mark the registered AE signals. Our
intention was the starting of the recording of AE
signals when the first changes of the momentary
friction coefficient values occur.

First phase of friction indicated by low
momentary friction coefficient values shows similar
aspects of the generated AE signals as those
obtained in the case of 18nm thick layer. The
diagrams of AE amplitudes variation and the plots
of momentary friction coefficient superimposed
with the same time axis are presented on the left in
Fig. 4. On the right in Fig. 8 the STFT spectra for
A and D stages are shown.

The amplitude of AE signal is comparable for
all measurements of this non-wear phase. The
STFT spectra for the whole range of frequencies
from several to 600kHz do not manifest any rise of
amplitude. The single peaks for frequencies:
156kHz, 280kHz and 320kHz are the result of
counterbody movements and the activity of
tribometer.

The amplitudes amplification is stable for the
whole range frequencies and does not exceed
-50dB.

The comparison of these results and the
amplification level of noise —90dB provide
information about increase of amplitudes of AE
continuous signals. The next two phases of friction
presented in Fig. 5 have numerous AE impulses
recorded.
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Fig. 4. Diagrams of momentary friction coefficient (dark line) and AE-time (gray lines) registered on 200nm
DLC layer and STFT spectra for A and D stages of friction
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Fig. 5. Diagrams of momentary friction coefficient (dark line) and AE-time (gray lines) registered
on DLC layer of 200nm thick

During E stage of friction non-stationary,
incoherent groups of trancient impulses were
generated. Analysis of the AE signal and the
momentary friction coefficient shows weak
correlation between these parameters. Spectra
STFT for this stage show the amplitude rise for
frequencies range from 480kHz to 560kHz. During
friction at the E stage trancients amplitudes increase
200 times. Perturbations of momentary friction
coefficient correspond to AE-time. The rise of
momentary friction coefficient is accompanied by
augmentation of AE amplitude. Regular pauses
decline of AE signal and low value of friction

coefficient coincide with change of movement
direction of counterbody. It permits they exact
superimpose and comparison of diagrams. At G
stage the momentary friction coefficient value
increases as well as number of trancients. At both
F and G stages simple impulses generated are
repetitive. Phenomenon of reappearance is
presented by zoom of one second diagram AE time
(Fig. 5 on the right). Intervals between successive
trancients indicate the tendency to diminution of
break during friction-time. Thus for F stage
intervals among impulses is 100ms in average,
however for G stage is 65ms. At both cases
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a certain signal modulation occurred. Higher
frequency is obtained for G stage than for F stage.
Another difference between tribological behavior at
F and G stages was shown by AE signals. Only
during G stage the distinction of AE signals takes
place. Values of amplitudes depend on the sliding
direction. They have much higher values in a return
direction. Parallelly momentary friction coefficient
is varied. STFT spectra calculated for AE signal of
G stage are presented in Fig.6. STFT spectra
calculated from whole 60s AE show amplitudes
magnification for all range of frequencies.
Diagrams in Fig.6 b and ¢ expose 8s section of AE
registered respectively by sensorl and sensor2 (see
Fig. 1). This selected AE time part includes strong
signals generated during one pass of friction.

In contrary to the results for the whole range of
AE at G stage, STFT spectra of part AE time show
some preferences of frequencies. For the signal
registered by sensor2 fixed to the surface of the
sample a higher amplification of amplitudes exists
at a frequency about 262kHz. Different appearance
is observed for the spectrum STFT calculated from
AE-time registered by sensorl attached to holder of
counterbody. Fig.6c presents the rank of
frequencies:  110kHz, 140-170kHz, 183kHz
198kHz, 240kHz, 267kHz, 345kHz, 445kHz,
476kHz characterizing trancients with maximal
amplitudes.

Between impulses recorded by sensorl and 2 we
do not observe phase difference. Impulses have
similar profiles and they happen at identical time.

Duration of these two multiple impulses is
comparable. But it seems that sensor 2 is more
sensible and it recorded the biggest number of
tribological events.

Vibroacoustic sensor 3 recorded small number
of impulses and only for terminal friction stage.
STFT spectra exhibit impulses at level -40dB and
in the range of frequencies from several to 15kHz.
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Fig. 6. STFT spectra calculated for G stage a) from

60s AE recorded by sensor2, b) from 8s part of AE

recorded by sensor2, c¢) from 8s part AE, recorded
by sensorl

The presented results of tribological and AE
measurements were correlated with the topography
of wear traces. DLC layer 18nm thick and 650nm
thick were not damaged. The only effects of friction
are the abrasion and product of couterbody
transferred on the surface of sample. This kind of
wear generates AE response with higher amplitude
of continuous signal. Similar results obtained for
plastically deformation were described at [7].

The friction of the sample with 200nm thick
layer significantly damaged its surface, but
damages appeared after relatively long time of
friction. When tribological test was stopped during
first phase of friction where average friction
coefficient was low and AE impulses were not
recorded, we did not observe any wear (by optical
microscope with Nomarski contrast). In E stage
first microcracks and spalling of DLC layer became
visible. Next cycles of friction catastrophically
demolished surface. Fig. 8 presents SEM images
after 630s of friction, it is after 70 passes of ball.

The topography of wear trace was observed by
scanning electron microscope — Fig. 7. For analysis
of all wear tracks succeeding scans were realized
with 200 time magnification.
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Fig. 7. SEM images of wear trace after friction on DLC layer 200nm thick
a) topography whole track b) zoom of track extremity

In whole trace area shown in Fig. 7a appear
almost uniformly spread damages: spallings,
microcracks, agglomerations of wear particles. On
one extremity of trace presented in Fig. 7b occurred
large accumulation of wear particles. It is crushed,
pressed conglomerate of wear particles. Fig. 7c
shows magnification of central trace fragment.
Width of trace marked by arrow, is about 100um.
Clear gray strip zone along wear track is showed on
the Si-substrate. Sideways wear trace were occurred
delaminating of DLC layer. Probably the break took
place during E stage of friction. Products of wear:
DLC, Si (counterbody), Si-substrate particles were
mixed agglomerates of various dimensions. On the
right of trace (Fig. 8¢) numerous microcracks of Si-
substrate are manifested. The surface of trace is
very rough and wear particles are strongly
agglomerated. During F stage number of Fine
cracks are slightly increased, but they are covered
by wear particles.

3. CONCLUSION

Tribological properties of DLC layers depend
on their thickness, on the method and parameters of
processes. The DLC layers 18nm and 650nm thick
produced by RF sputtering were coated by one
sputtering process and they characterized very good
abrasion resistance and excellent adhesion to
Si-substrate. The average friction coefficient is
stable and have low value of 0,1.

In this case the identification of wear using
a registration of AE signal wasn’t useful and non
provided new information for discussion of results.
The amplification of amplitudes signal level is sign
of slight200nm abrasion of couterbody. The DLC
layer has a limited abrasion and delamination
resistance. In the beginning of friction damages do
not appear. This non-wear phase is at 200-300s,
according to associated events. The first changes
are small spallings, short, single cracks and plastic

deformation of DLC-coating. These damages
generated measurable activity of AE signal. During
this stage when adhesion is lost the average friction
coefficient is diminished. In this moment non-
regular and non-stationary AE signals appear. Their
frequencies is the range: 480-560kHz. Terminal
phase of friction consists of the damages formation
and the transfer of wear products. The average
friction coefficient rises catastrophically until value
0,9. In this stage the friction is accompanied by
numerous AE trancients. Size of destruction
intensivity can be described by quantity of AE
impulses generated per second. This number rises
from 10 to 15 impulses/second in terminal 70™ pass
of friction. It means 50% rise of the origin number
of AE impulses or number of damages (tribological
events). Considering continuous regularity of
impulses it is probably appearance of cracks in
substrate.

The measurement AE signal adopted at
tribological tests made possible the damage
detection and identification of the beginning of
cracking of DLC layer, microcutting of Si-
counterbody and breakage of Si-substrate.

Friction monitoring by registering AE signals
provided observation of wear intensification, that
was not visible by measuring the changes of
momentary friction coefficient.
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Summary
In the paper select problems related to diagnosis of onboard generators and alternators with control
systems are discussed. Problems refer to commutator generators and synchronous single and three
phase alternators.
Special attention is paid to commutation effects. Results of incorrectness and possibility to detect

them are discussed. There are also discussed effects concomitant with changes in a character of
a pulsation during short-circuits or isolating clearance in a wiring of a rotor or a stator. Possibility of

diagnosis of generator’s or alternator’s parts by means of analysis of pulsation component parameters
is indicated.

In a case of alternators, there are discussed a number of diagnostic methods based on
an observation of shape changes of voltage or frequency modulation. It provides to detect numerous
mechanical or electrical faults of generators, alternators or their control systems.

Keywords: technical diagnostic, frequency modulation, turbine engine, rolling bearing.
DIAGNOZOWANIE POKELADOWYCH PRADNIC LOTNICZYCH

Streszczenie

Starzejaca si¢ technika lotnicza wymaga powaznego podejScia do problemu oceny trwatosci
statku powietrznego w tym, do niedawna nie zawsze doceniane, trwatosci instalacji
elektroenergetycznej. Szeroko pojety system elektryczny statku powietrznego wptywa swa, czgsto
obnizona, na skutek proceséow starzeniowych, kondycja, na obnizenie trwalosci wszystkich innych
systemow.

W pracy omdéwiono wybrane problemy zwiazane z diagnozowaniem pokladowych pradnic
lotniczych wraz z ukladem regulacji. Problematyka poruszana w tym artykule dotyczy
komutatorowych pradnic pradu stalego oraz przemiennego (synchronicznych pradnic
jednofazowych i trojfazowych).

Podczas omawiania probleméw diagnozowania pradnic pradu stalego szczegdlna uwage
zwrocono na zjawiska komutacji — omodwiono objawy nieprawidlowosci i mozliwosci ich
wykrywania. Omowiono rowniez pewne zjawiska towarzyszace zmianom w charakterze pulsacji
podczas zwar¢ lub przerw w uzwojeniach w wirniku lub stojanie — wskazano na mozliwosé
diagnozowania tych elementow pradnic za pomoca analizy parametréw sktadowych pulsacji.
Zaproponowano zastosowanie metody obserwacji szczeg6élnych korelacji pulsacji do wykrywania
zwaré wirnika lub stojana. Analizujac ksztalt i amplitude sktadowej pulsacji pradnicy
komutatorowej pradu stalego, mozna wykrywaé zwarcia i przerwy w obwodzie wirnika.
W przypadku przerw w obwodzie wirnika zmniejszeniu ulega amplituda sktadowej pulsacji
a w przypadku zwarcia obraz charakterystyczny sktadowej pulsacji. Zwarte uzwojenie podczas
przemieszczania si¢ wirnika pod kolejnym biegunem stojana wywotuje wielokrotnie zwigkszona
pulsacj¢ komutatorowa. Dzigki poglebieniu wiedzy doswiadczalnej na ten temat mozliwe byto
diagnozowanie szeregu uszkodzen zaréwno  pradnic pradu statlego jak i calych weztow
elektroenergetycznych.

W przypadku pradnic pradu przemiennego omowiono szereg metod diagnostycznych opartych
na obserwacji zmian ksztattu przebiegu modulacji napigcia lub czgstotliwosci, umozliwiajacych
wykrywanie wielu wad mechanicznych i elektrycznych pradnic oraz ich uktadéw regulacji. Referat
omawia aspekty diagnostyczne zwiazane z obserwacja parametréw dynamicznych lotniczych
poktadowych pierwotnych i wtdrnych zrodet pradu przemiennego. Omoéwione zostaly wlasciwosci
diagnostyczne takich parametréow jak: a) impulsy przepigciowe i1 zanikowe dla stanéw
przejsciowych obciazenia sieci poktadowej, b) amplituda obwiedni, ¢) znieksztatcenia ksztattu
przebiegu (calkowita zawarto$¢ harmonicznych, warto$¢ poszczegdlnych harmonicznych,
wspolczynnik amplitudy, odchylenie od ksztaltu sinusoidy), d) dewiacja czgstotliwosci, €) precesja
czgstotliwosci, f) warto§¢ harmonicznych czastkowej transformaty Fouriera czgstotliwosci;

g) przebieg zmian wartosci chwilowej czgstotliwosci.

Stowa kluczowe: diagnostyka techniczna, modulacja czgstotliwosci, silnik turbinowy, lozysko toczne,
pulsacje ztobkowe, pulsacje komutatorowe, impulsy zanikowe, impulsy przepigciowe.
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1. PULSATION CHARACTERISTIC
OF A GENERAT

In a standard, school formulation, a commutate
generator can be presented as it shown on Figure 1.
Figure 2 shows an electromotive force. The
commutate generator consists of:

— a motionless stator, which can be presented as
a pair of permanent magnets (fig. 1), where: “N”-
north pole, “S”- south pole generating permanent
magnetic field with an intensity of B and a sense
from “N” to “S”;

— arotor turned with a velocity of ®, by an outside
mechanical force. On the rotor there is a rolled
winding in which the electromotive force e is
induced. The induced electromotive force (EMF)
can be described by a formula:

e = /k-B sin(wst)/ (1)

where: k — design coefficient of the generator, B

— magnetic induction, ®, — angular velocity
of the generator’s rotor;

commutator

Fig. 1. The rotor with two coil elements
and four-segment commutator
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— a commutator as a ring made of conducted
material. This ring is cut and its segments are
insulated. Segments create so-called sectors
(staves) of the commutator. End of
the winding is connected to each sector — the
commutator is a mechanical current rectifier;

— electric brushes “+” and “-, which slide along
commutator’s sectors. Conductors conducting
electric current to loads are conducted to brushes.
In order to increase induction B, rotor’s windings

are placed on a core made of silicon sheet pack. The
value of electromotive force (EMF) is amplified
about 10 000 times. For good mechanical connection
windings on the rotor with the core, they are placed
in special grooves called skewed slots. In a cross-
section of the rotor’s core these skewed slots have
shape of teeth, therefore a term of “rotor’s teeth” is
used. A comparison of a function described by
formula (1) — (Fig. 2) with the generator’s pulsation
component (Fig. 3) does not show their similarity.

angular (rotational) velocity n = 8 000 rpm; root-mean-square (rms) value of output voltage U, =28.53 V
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Fig. 3. Fluctuations in pulsation component for an aircraft d.c. generator under minimum load
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Fig. 4. The shape of pulsation curve plotted for the
d.c. generator: a) developed view of mechanical
components of the commutator node,

b) commutator-excited pulsations — Uy = f(%),
¢) developed view of rotor grooves, groove-excited
pulsations (solid line) — U; = f{f), with commutator-
excited pulsations indicated (broken line)

Groove pulsation of generator output arises as
a result of changes of reluctance, caused by rotation
of a tooth rotor. The frequency of groove pulsation
f, according to [1 — 4] can be expressed by the
formula:

t, = Z n/60
where: Z — number of rotor’s grooves, n — rotational
speed.

In the references [1 — 3] pole pulsation of voltage
is related to so-called rotational pulsation
considering their similarity. A phenomena of pole
and rotational pulsation is visible as amplitude
modulation of commutate generator’s output
voltage. The envelope presented on Figure 3 testifies
to it. The modulation frequency is directly
proportional to product of number of stator’s poles
and rotor’s angular velocity but amplitude’s depth is
proportional to changes of magnetic reluctance
between the rotor and the stator. The frequency of
pole pulsation f, can be presented by formula:

f, =2pn/60
where: p — number of pairs of stator’s magnetic
poles.

The signal of pole modulation brings information
about anisotropy of plates of generator’s magnetic
circuit. In special references pole modulation is
usually related to rotational modulation, which is
characterized by frequency of that type modulation
equal to frequency of first or second harmonic (in
some cases first sub harmonic) of generator rotor’s
rotational velocity.

This signal brings diagnostic information about
erTors:

— accomplishment of the generator, particularly
about inaccuracy of geometric dimensions,
appearing as asymmetry of an air-gap between
the stator and the rotor;

— assembly of the generator, such as parallelism
error, i.e. shift of the generator’s rotor shaft axis
in relation to the drive shaft, named sometimes
as eccentricity error, as well as angular error of
shift of the rotor’ s shaft in relation to the drive
shaft.

The voltage commutate pulsation is related to co-
operation brushes and the commutator. During
rotation of armature, brushes short-circuit different
number of winding coils, what changes a number of
coils in parallel branches and creates periodic
pulsation of voltage on brushes. The frequency of
that pulsation f, depends on the number of
commutator’s sectors and can be expressed by the
formula [1-2]:

Fr =K n/60
where: K — number of commutator’s sectors.

2. GROOVE PULSATION

The phenomena of different groove pulsation is
described in references related to induction
alternators [1, 2]. Alternators do not have the
winding rotors and useful signal is received from the
winding winded on the stator. The rotor made of
ferromagnetic (most often of silicon-steel sheet
pack) has milled grooves (teeth) and the magnetic
field strength of permanent magnets is modulated. In
these alternators groove pulsation is the basic
phenomena of the useful signal to be arisen. Because
there is not the winding on the rotor, as in typical
commutate alternator, only alternating component of
pulsation occurs (commutate pulsation does not
appear considering the lack of the commutator and
the rotor’s winding). On the base of information
from reference [1-2], it is known that in order to
obtain the output voltage signal in the highest degree
approximate sine curve, skew teeth (fig. 4b) are
most often used in induction alternators.

Rotors with grooves of “swallow’s tail”,
presented on Figure 4c, are rarely used in induction
alternators because they have asymmetrical shape of
output voltage [1]. This shape of grooves is
generally used in typical commutate generators. It
ensures windings are good fastened on the rotor.
Time between groove pulsation crossings the
reference level for the alternator rotor’s angular
velocity ®, = const depends only on angle error of
cuts of teeth. Because these errors appear
periodically after each full rotation of the rotor, they
can be easy filtered. Incontestable is the fact of rigid
mutual angle position of grooves in relation to
themselves. In this connection for w, = var, time
between succeeding crossings “zero” level (after
filtering cut errors of rotor’s grooves) is the measure
of changes of rotor’s angular velocity. Described
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Fig. 5. Typical courses of output voltage of
induction generators with a) trapezoid,
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properties of groove pulsation have been used as
a source of diagnostic information about technical
condition of the alternator’s power unit. It was the
base to elaborate FDM-A diagnostic method, which
is discussed in the another scientific description [5].

The measurement of amplitude of groove
pulsation provides to locate brakes in rotor’s
winding. From data obtained during investigations
[7] appears that after a failure of winding relative
value (related to rms value of alternator’s output
voltage U,) of groove pulsation 3, decreases. This
value can be expressed by formula:

0, =% (Umaxm - Uminm) <100%/Z - U,
where: m — natural number as a number of

succeeding  period of groove  pulsation,
Upaxm — maximal value of voltage of pulsation
component in given period m, Uy, — minimal
value of voltage of pulsation component in given
period m, Z — number of rotor’s grooves.

Simultaneously after the failure of generator’s
winding, changes of rms value of output voltage
AU, occur practically imperceptible, especially for
lower values ;). They are presented in Table 1 — on
the base of data from [7]. Relative value of these
changes for the failure of one winding of the rotor
dU, does not exceed 0,01%. In practice to notice the
failure of alternator, i.e. the break in winding, by
aircrew during operation is impossible. As it results
from practice of staff managed by authors to notice
the failure is possible by using special measure
apparatus.

The failure of alternator’s winding, e.g. its break,
causes decreasing of value of groove pulsation given
in Table 1 as coefficient Ad, from 0,8% to 1,6%,
what can be measured using measure apparatus of
class 0,1%.

3. POLE PULSATION

The phenomena of pole pulsation can be
observed on the curve of output voltage [5] of the
generator as the amplitude modulation shown on
Figure 3. The frequency of modulation is directly
proportional to the product of the number of stator’s
poles and rotor’s angular velocity, but the
amplitude’s depth is proportional to changes of
magnetic reluctance between the rotor and the stator.
This signal brings information about anisotropy of
plates of the generator’s magnetic circuit. The
modulation can cause small errors of AT;
measurement. It is easy to filter, considering
recurrence of it, characteristic for the given
generator.

Relative pole pulsation 8, can be expressed by
the formula:

8p = {(Umaxo - UminO) 100 / (UmaxO + UminO)}MAX (6)

where: 0 — natural number meaning number of
succeeding period of pole pulsation; U —
maximum value of pulsation component voltage
in period 0; Uno — minimal value of pulsation
voltage component in given period 0.
Pole pulsation brings some
information:

a) phase parameter informs about errors of
geometrical distribution of stator’s pole pieces,

b) pulsation amplitude (envelope shown on Figure
3) generally testifies to irregularity of magnetic
field’s distribution under stator’s magnetic
poles but in a few cases also to short-circuit or
break of winding of rotor or stator:

— if amplitude of pole pulsation reaches,
uniformly extended, in a whole period, values
approximated amplitude of rotor’s groove
pulsation it means surcharge of one coil in
consequence extended leakance of its
insulation or partial short — circuit with ground
or between rotor’s coils in the given groove;

— if amplitude of pole pulsation reaches unequal
values in the whole period, e.g. for one rotor’s
rotation peak value of that envelope decreases,
it means surcharge of one coil in consequence
extended leakance of its insulation or partial
short — circuit with ground or between coils of
one stator’s pole;

— if amplitude of pole pulsation decreases
uniformly in the whole period of rotor’s
rotation, as it is shown in table 2, it can indicate
break of rotor’s winding.

Considering diagnostic complexity of signal and
its small amplitude in relation to carrier component

(groove  pulsation) to  localize  damaged

diagnostic
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Table 1. Parameters of groove-excited pulsations prior to and after a failure to the generator

(03 Condition
— | rpm | 4000 | 4500 | 5000 | 5500 | 6000 | 6500 | 7000 | 7500 | 8000 | 8500 | 9000 | 9500 | of winding
Us |V 28,6 28,5 |28,5 |28,5 |28,6 |28,7 |28,7 |28,6 [28,6 28,6 [28,6 |289
Fit for use
d; % 6,3 |58 |56 |58 |55 |56 |57 |58 |54 |54 |59 |55
U, |V 28,6 (28,5 |28,5 |28,9 |28,6 |28,6 |28,5 [28,9 [28,6 [28,6 [28,5 |28,5
Damaged
d; % 50 |3,6 (47 1[40 |44 |46 4,1 42 |45 |43 |48 |47
AU, |V 0 0 0 -0,4 |0 0,1 02 1|-0,3 |0 0 0,1 0,4 Indices
effected by
dU, | % 0,00 | 0,00 | 0,00 |-0,011| 0,00 | 0,00 | 0,01 |-0,01| 0,00 | 0,00 | 0,00 | 0,01 | comparison
between
A3, % L3 |22 |09 1,8 1,1 1 1,6 1,6 | 0,9 1,1 1,1 0,8 | parameters
Table 2. Parameters of pole pulsations prior to and after a failure to the generator
@ | om | 4000 | 4500 | 5000 | 5500 | 6000 | 6500 | 7000 | 7500 | 8000 | 8500 | 9000 | 9500 | Condition
- of winding
Uy | V | 28,6285 | 28,5 | 28,5 | 28,6 | 28,7 | 28,7 | 28,6 | 28,6 | 28,6 | 28,6 | 28,9 Fit for use
S % 42 | 42 | 39 | 44 | 41 41 | 40 | 44 | 4,1 41 | 43 | 43
Up | V | 286|285 | 285|289 | 28,6 | 28,6 | 28,5 | 28,9 | 28,6 | 28,6 | 28,5 | 28,5 Broken
dn % 36 | 32 | 36 | 33 | 34 | 3,6 | 34 | 3,5 | 34 | 33 3,7 | 3,5
A6, | % 0,6 1 0,3 1,1 07 105 1] 06 | 09| 07 | 08 | 06 Comparison

windings by means of the measurement of pole
pulsation is not enough precise. Signal of pole
pulsation grows significantly in the case of failure,
e.g. short — circuit of any winding — its amplitude
grows several times in comparison with amplitude of
groove pulsation. Because during short — circuit of
coil commutate pulsation amplitude considerably
grows, phenomena of short — circuit is discussed

below.
4, COMMUTATE PULSATION

The phenomena of commutate pulsation is not
used in method FDM-A [5 i 6], because it has been
admitted to be interference signal. Previous
investigations carried out by authors
[5, 8] have showed that value of amplitude of that
pulsation is directly proportional to level of current
load. Figure 4 presents interdependence between
commutate and groove pulsation as well as
localization of rotor’s grooves and commutate
staves. From experiments with using onboard
generator it results that for generator’s load current
below 10% rated value - amplitude of commutate
pulsation (fig. 4b) is almost imperceptible against
a background of groove pulsation (fig. 4d). For load
10% pulsation is scarcely visible on output voltage.
Angle displacements of each half — sinusoid of
commutate pulsation (fig. 4d) change in relation to
groove pulsation and are individually displaced
during mechanical vibration of brushes in a brush —
holder as well as generator’s current load. In this
connection commutate pulsation can not be used for

diagnosis of failure value of power unit’s kinematics
pairs.

For rated load peak value of commutate
pulsation reaches level about 50% of groove
pulsation. It means that it can be used as a source of
diagnostic information of failures e.g. generator’s
commutate — brush kinematics pair.

Interesting data were given by controlled short —
circuit in the rotor. When midpoint of one winding
was shorted, it appeared that pole pulsation, visible
as slow changing component, was predominant (fig.
5) but commutate pulsation was fast changing (fig.
6).
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Fig. 6. Output voltage of the d.c. generator at the
rotor winding fault (inter-turn short-circuit fault).
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As far as component of pole pulsation was
stable, in respect of frequency and amplitude, the
component of commutate pulsation reached maximal
value at the moment of passing under succeeding
pole of the generator’s stator. A univocal change of
relation between amplitude of pulsation components
provide to detect short — circuits in rotors of
commutate generators.

5. SUMMARY

In the paper different kinds of pulsation of
generator’s output voltage have been discussed.
However in practice they appear simultaneously,
amplitude — phase relation between them are very
different. Special references describe individually
each of them. Authors, based on own developing, try
to present practical relations between them.
Pulsation component brings much diagnostic
information about both technical condition of power
unit as well as information source, i.e. generator. It
is not mentioned in references. Diagnostic
symptoms, contained in pulsation and precisely
recognized, are used in professional practice of
authors. Others having more than one meaning and
not identified will be able to use after many arduous
investigations that will provide to find precise
relations between succeeding parameters of
kinematics failures and parameters of output voltage
component.
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Summary

Vibration of engine block and head is caused by many input functions and their structure
changes together with the occurrence of mechanical damage, wear and tear, and anomalies
occurring in the combustion process. Due to the above reasons, the vibration signal measured on
an engine block or head is of complex nature, it is non-stationary and contains transient
components. In such case, the traditional methods, such as Fourier analysis are of little use; it is
necessary to apply processing methods as far as time and frequency are concerned.

This paper presents an attempt to define the clearance in the piston — cylinder system based on
the vibration acceleration signal. A single-cylinder Diesel engine and a four-cylinder engine with
spark ignition (SI) were tested. In order to obtain damage sensitive symptoms, the vibration
acceleration signals were analyzed with use of a continuous wavelet transform (CWT). Based on
the wavelet analysis, the averaged wavelet power spectra (ASWPS) were defined, which reflect
the energy distribution on a scale being the frequency function. Based on the results obtained, it
has been shown that the averaged wavelet distribution of signal energy can be useful in diagnosing
clearance in the piston — cylinder system.

Keywords: combustion engines, diagnostics, wavelet transform, clearance in the piston — cylinder
system.

USREDNIONE FALKOWE WIDMO MOCY JAKO METODA
DIAGNOZOWANIA LUZU W UKLADZIE TEOK-CYLINDER

Streszczenie

Drgania bloku i glowicy silnika sa spowodowane wieloma wymuszeniami, a ich struktura
zmienia si¢ wraz z pojawianiem si¢ uszkodzen mechanicznych, zuzycia eksploatacyjnego oraz
wystgpowania anomalii w procesie spalania. Z powyzszych powoddéw sygnal drganiowy mierzony
na bloku lub glowicy silnika ma zlozony charakter, jest niestacjonarny i zawiera sktadowe
impulsowe. W takim przypadku tradycyjne metody takie jak analiza Fouriera sa mato przydatne,
konieczne staje si¢ stosowanie metod przetwarzania w dziedzinie czasu i czgstotliwosci.

W artykule przedstawiono probg okreslania luzu w uktadzie tlok — cylinder na podstawie
sygnatu przyspieszen drgan. Badaniom podano jednocylindrowy silnik z zaplonem samoczynnym
(ZS) 1 czterocylindrowy silnik z zaptonem iskrowym (ZI). W celu uzyskania symptomow
wrazliwych na uszkodzenie sygnaly przyspieszen drgan analizowano za pomoca ciaglej
transformaty falkowej (CWT). Na podstawie analizy falkowej okreslono usrednione falkowe
widma mocy (ASWPS), ktore odzwierciedlaja rozklad energii w dziedzinie skali bedacej funkcja
czgstotliwosci. Na podstawie uzyskanych wynikow mozna stwierdzi¢, ze usredniony falkowy
rozktad energii sygnalu moze by¢ przydatny w diagnozowaniu luzu w uktadzie ttok — cylinder.

Stowa kluczowe: silniki spalinowe, diagnostyka, transformata falkowa, luz w uktadzie ttok
cylinder.

the element or system which, due to natural wear or

For the detection of mechanical defects in motor
vehicles, operating processes are used as information
carriers, in which the processing of one energy type
into another or its transfer takes place. The carrier of
information on the technical condition of
combustion engines, which is used more and more
frequently, is a vibroacoustic signal
[2,3,4,5,7,8,10]. The diagnostic systems used in
the modern combustion engines [9] aim at locating

damage, cannot further perform its function as
specified by the manufacturer.
From the point of view of their effects,
mechanical damages can be divided into:
— damages causing the increase of toxic
compounds emission or the increase of fuel
consumption,

— damages having direct influence upon the safety

of driving.
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— non-emmission damages of the power
transmission system, imparing the vehicle’s
dynamics.

Increasing  requirements  concerning  the
durability and reliability of combustion engines and
the minimisation of costs and disadvantageous
influence upon the environment necessitate the
acquiring of information on their condition during
operation. Introduction of the obligation of
manufacturing motor vehicles compliant with the
OBDII standard resulted in the possibility of
accessing data stored in the programmers of
individual systems. Owing to this solution, new
possibilities of diagnosing the technical condition of
those systems arise [9]. The main sources of
vibrations and noise generated by the piston
combustion engine, are thermodynamic processes
taking place in it, including the combustion process,
percussion phenomena in the piston — cylinder
system and operation of the timing gear system.
Combustion of the material filling the cylinder is
a quickly-changing process and it occurs in a small
range of the crankshaft rotation angle corresponding
to the piston location close to its top dead point
(GMP). The impulse nature of inductions initiates
the vibrations of the resonant engine structure.
Vibration acceleration signal are registered on the
head and engine block may be used in tests aiming
at limiting vibroactivity of combustion engines and
they are a good source of diagnostic information on
the condition of various engine kinematic pairs.

2. AVERAGED WAVELET POWER
SPECTRUM (ASWPS)

The vibration signal measured on engine block
or head is complex, non-stationary and contains
transient components, and therefore, traditional
methods, such as Fourier analysis, are of little use
here. In recent years, diagnostic methods are
developed which use signal analysis in time and
frequency respect (Wigner—Ville distribution —
WV) or in respect of time and scale, being
a frequency function — continuous wavelet transform
(CWT) [1] defined by the following equation:

CWT (a,b)=C,, :j; Iy/*(t;bj-x(t)dt, )

where:
a — means scale parameter,
b — value of the analysing function shift,
w(t) - analysing wavelet,

X(t) — signal analysed.

Characteristics obtained by means of wavelet
transformation are called scalograms or time and
scale characteristics and they are usually presented
as SD or 3D charts. The time axis of the
characteristics corresponds to the time shift the base
wavelet is subject to, whereas another axis contains

the values of scale which are the frequency function.
Similarly to spectogram which is the square of STFT
Fourier transformation module, the scalogram is the
square of wavelet transformation module, that is,
time-scale representation:

SfCAL(a,b)z‘CWTx(a,b)‘z =‘Cx(a,b)‘2. )

Based on this transformation, it is possible to
determine the so-called scale wavelet power
spectrum used for the evaluation of energy change
of the signal analysed in selected scopes of scale and
crankshaft rotation angle:

by b,
E(a)= I\Cx(a,b)\zdb = ijCAL (ab)db. (3)
by b

where:
b;, b, —limits of integration, corresponding to
the analysed scope of time or
crankshaft rotation angle.

Based on the spectrum so determined, it is
possible to define the signal energy in a selected
range of scale a; + a, and the crankshaft rotation
angle b; + b,:

E= TE(a)da = TTSfCAL(a, b)dadbb. (4)
a a; b,

3. ANALYSIS OF SI ENGINE SIGNALS

During the tests of a vehicle equipped with
aspark ignition engine of 1.2 dm’ capacity
acceleration of vibration was recorded in the
function of time and the crankshaft rotation angle. In
the measurements, a DPA crank angle encoder
produced by Kistler and ICP vibration acceleration
converters produced by PCB were used together
with an SV006 signal amplifier. Three converters
were used, two of them were located close to the
fourth cylinder. One of them allowed recording
vibration in a direction perpendicular to the cylinder
axis and the other one — paralelly. The third sensor
was placed on the head near the first cylinder and it
allowed recording the vibrations parallel to the
cylinder axis. The signals were recorded with use of
an eight-channel NI PCI-6143 data acquisition card,
controlled with a programme developed in the Lab
View 7.1 environment.

Fig. 1 shows the courses of vibration
accelerations, recorded in the direction
perpendicular  to  the cylinder axis and
simultaneously, perpendicular to the piston pin axis
in case of an engine operating with a rotational
speed of 2500 RPM. The measurements were
performed before and after the repair of the engine,
consisting of replacement of the pistons worn out.
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Based on the tests results analysis it was stated that
the repair performed did not influence the peak
values of vibration accelerations (Fig. 1). It did not
influence the root-mean-square value of vibration
accelerations, calculated based on the root-mean-
square values of 23 cycles of engine’s operation

(Fig. 2).
a)

500+

0 90 180 270 360 450 540 630 720

ol
b)

0 90 180 270 360 450 540 630 720
al
Fig. 1. Course of the vibration accelerations
recorded on the fourth cylinder in the direction
perpendicular to the cylinder axis and
simultaneously perpendicular to the piston pin axis:
a) before engine repair, b) after engine repair

Similarly, the results of the spectrum analysis of
vibration signal in the scope of low frequencies from
0 to 500 Hz do not show significant differences in
the bands connected with the induction frequency
equaling 83.34 Hz (Fig. 3). It is possible to note
asmall amplitude change in the spectrum of
vibration acceleration recorded after the engine
repair in the band connected with the ignition.
Spectrum analysis was conducted for the time course
comprising fifteen full working cycles of the engine
tested.

<}
o

a

©

2]
|

W Before
@ After

3]
©
I

aRMS0-7200 [m/SZ]
8
(6]
!

[4)]
<3
I

signal ax (4)

Fig. 2. Comparison of root-mean-square value
calculated based on the vibration accelerations
registered on the fourth cylinder in the direction
perpendicular to the cylinder axis before and after
the engine repair
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Fig. 3. Spectra of vibration accelerations recorded on
the fourth cylinder in the direction perpendicular to
the cylinder axis before (a) and after (b) repair of the
engine

In the studies described in papers [7, 8],
a nonaveraged wavelet power spectrum was applied
for clearance detection in the piston — cylinder
system of Diesel engine. Due to the existence of
a stochastic constituent of the vibration signal and,
for example, the possibility of misfiring, this method
may lead to untrue conclusions. For this reason, in
this article, a method of diagnosing clearance in the
piston — cylinder system has been suggested, which
method is based on the averaged scale - wavelet
power spectrum (ASWPS), determined according to
the diagram presented in Fig. 4. Using the Morlet
wavelet, a wavelet transform was calculated based
on 23 full engine’s working cycles. Next, the scope
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of analysis was narrowed to the crankshaft rotation
angle of 350-420°, since in this scope the piston hits
the cylinder wall. Fig. 5 shows the scale wavelet
power spectra (SPWT) of 23 engine’s working
cycles before and after its repair: In order to enable
easier comparison of spectra obtained for the
conditions before and after the engine repair, they
were averaged. It is possible to see in Fig. 6 that
after the repair, the values of constituent amplitudes
of obtained spectra decreased. The energy of CWT
coefficients, calculated from the dependence 4 on
the basis of SWPS (Fig. 7) was proposed to be the
diagnostic measure. The measure proposed is
sensitive to the clearance change in the piston —
cylinder system (Fig. 8).

Signal (t) Signal (t) Signal (t)
Cycle No. 1 Cycle No. 2 Cycle No. k
At | et e
CWT(t,a) CWT(t,a) CWT(t,a)
Cycle No. 1 Cycle No. 2 Cycle No. k
2 i e vy
v | . : v
CWT(t,a) CWT(t,a) CWT(t,a)
Fragment of cycle No. 1| |Fragment of cycle No. 2 Fragment of cycle No. k
E N 4
- | - | - |
{ & { & { & Averaged
Scale-Wavelet
Scale-Wavelet Scale-Wavelet Scale-Wavelet Power Spectrum
Power Power Power AQWPS
Spectrum Spectrum - Spectrum
swes.  jmmy  swps. ) |* SWPS. |» : ]E
Fragment of Fragment of Fragment of
cycle No. 1 cycle No. 2 cycle No. k skalad |
Energy Energy Energy
CWT CWT “aa CWT Averaged
Fragment of '» Fragment of '» '* Fragment of '» Energy
cycle No. 1 cycle No. 2 cycle No. k CWT

Fig. 4. Diagram of calculating the Averaged Scale
Wavelet Power Spectrum (ASPWT)

4. ANALYSIS OF DIESEL ENGINE SIGNALS

In order to check the usefulness of the method
suggested, another object of analysis were vibration
signals of a single-cylinder Diesel engine with direct
injection, produced by Ruggerini of 477 cm’
capacity and of 91mm cylinder diameter. In the
tests, the following items were recorded:

— pressure inside the cylinder,

— vibration accelerations of engine wall blocks in
the direction parallel to the cylinder axis and
perpendicular to the cylinder axis and
simultaneously in the direction perpendicular to
the piston pin axis,

— crankshaft rotation angle and GMP (top dead
point) of piston,

— engine’s torque,

- subatmospheric pressure in the suction manifold.
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Fig. 5. Scale wavelet power spectra (SPWT) —
measurement on the fourth cylinder in the direction
perpendicular to the cylinder axis: a) before, b) after

repair of the engine
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(ASPWT) — of 23 engine’s operating cycles in the

direction perpendicular to the cylinder axis:
a) before, b) after repair of the engine
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Fig. 7. Energy of CWT coefficients of 23 cycles
of engine operation - measurement on the fourth
cylinder in the direction perpendicular to the
cylinder axis: a) before, b) after repair of the engine
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Fig. 8. Average energy of CWT coefficients
of 23 engine’s operating cycles - measurement
on the fourth cylinder in the direction perpendicular
to the cylinder axis

During the tests, the engine operated with
a rotational speed of about 1250 [r.p.m.] and was
loaded with torque of 2.8 [Nm].

The measurements were conducted for three
clearance values: nominal clearance, double nominal
clearance and four times nominal clearance. For the
selected experimental clearance values, the
compression pressure on the same level was kept.

Observing the presented in Fig. 9 averaged
wavelet power spectra (ASPWT) of the signals
registered in two mutually perpendicular directions,
it can be noted that the amplitudes of those spectra
in the whole scope of scale increase together with
the increase of clearance in the piston — cylinder
system. Similarly, the energy of CWT coefficients
changes (Fig. 10).
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Fig. 9. Averaged scale wavelet power spectrum
(ASPWT) — 30 cycles of engine operation:
a) of vibration acceleration signal of engine block,

b) of head
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5. CONCLUSIONS

Based on the research and analyses performed,

the following conclusions have been formulated:

Based on an appropriate phase and spectrum
analysis, it is possible to determine appropriate
measures of vibration signal, sensitive to
operational wear of the piston — cylinder system.
In case of both engines, the suggested measure,
based on the averaged wavelet power spectrum
(ASWPS) was sensitive to the clearance change
in the piston — cylinder system.

Using the vibration signals in diagnosing
mechanical combustion engines is more
effective when applying signal decomposition
by means of time-frequency (scale)
representations.

Differences in the obtained spectra for the tested

engines may be caused by:

0 a different number of cylinders — SI engine
has 4 cylinders, whereas Diesel engine has
1 cylinder,

0 maximal pressures in combustion chamber -
SI and Diesel engines,

0 construction of the engine — SI engine is
cooled with liquid and Diesel engine is
cooled with air.

It seems reasonable to develop appropriate
algorithms  supplementing OBD  systems,
allowing the detection of mechanical defects in
engines, which can be masked by electronic
control devices of the contemporary automotive
vehicles.
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DIAGNOZOWANIE WYCIEKOW Z RUROCIAGOW PRZESYLOWYCH
Z. WYKORZYSTANIEM NOWEJ INFORMACJI DIAGNOSTYCZNEJ
- SYGNALOW SLABYCH INTERAKCJI MIEDZYOBIEKTOWYCH

Pawet OSTAPKOWICZ

Politechnika Bialostocka, Wydziat Mechaniczny, Katedra Automatyki i Robotyki
15-351 Bialystok, ul. Wiejska 45C, fax.: (085)7469248, email: ostad@pb.bialystok.pl

Streszczenie

Rurociagi sa obiektami, ktore wykazuja ograniczenia lub nawet brak podatnosci
diagnostycznej, $ci§le zwiazanej z mozliwoécia pomiaru iloSciowo i jakosciowo dostepnej
informacji diagnostycznej. Ma to zasadniczy wplyw na mato zadowalajaca skuteczno$¢ obecnie
stosowanych metod diagnozowania wyciekéw opartych na informacji diagnostycznej w postaci
pomiardw natgzenia przeptywu i cisnienia w rurociggu. Wsrod takich metod mozna wyrézni¢
techniki oparte na detekcji fal ci$nienia. Ich skuteczno$¢ moze ulec polepszeniu poprzez
zastosowanie opracowanej metody polepszania podatnosci diagnostycznej rurociagdw. Metod¢ ta
umownie nazwano metoda stabych interakcji migdzyobiektowych. Ide¢ metody stanowi
pozyskiwanie nowej informacji diagnostycznej, tj. sygnatéw diagnostycznych. W niniejszym
artykule poza teoretycznym opisem proponowanej metody przedstawiono wyniki badan
przeprowadzonych z jej zastosowaniem na 380-cio metrowej dlugo$ci laboratoryjnym rurociagu.

Stowa kluczowe: diagnostyka procesow przemystowych, rurociagi, diagnozowanie wyciekow.

DIAGNOSING OF LEAKAGES FROM TRANSMISSION PIPELINES
BASED ON NEW DIAGNOSTIC INFORMATION
— SIGNALS OF WEAK INTERACTIONS BETWEEN OBJECTS

Summary

Transmission pipelines are the objects showing limitations or even a partial absence of the
diagnostic susceptibility, which is closely connected with a possibility of the measurement of
quantitatively-available and qualitatively-available diagnostic information. It has an essential
influence on a hardly satisfactory efficacy of currently used leak detection methods based on
diagnostic information in the form of flow and pressure measurements in pipeline. Among such
methods are techniques based on pressure wave detection. The efficacy of such techniques can be
improved by the use of an elaborated method of improving the diagnostic susceptibility of
pipelines. This new method has been conventionally named the method of weak interactions
between objects. Its essence consists in acquiring new diagnostic information i.e. diagnostics
signals. Except a theoretical description of the proposed method this paper presents the results of
research conducted on a 380-metre-long laboratory pipeline.

Keywords: diagnostics of industrial processes, pipeline, leakages diagnosing.

1. WSTEP

Diagnozowanie nieszczelnosci 1 wyciekow

z rurociagdw przesylowych obejmuje nastepujacy

zakres zadan:

— wykrycie wycieku (z wygenerowaniem alarmu),

— zlokalizowanie wycieku,

— oszacowanie natezenia wycieku (a dodatkowo
ilosci medium, ktére wyplyneto z rurociagu).
Realizacja powyzszych zadan odbywa si¢ przy

uzyciu odpowiednich metod diagnozowania, na

podstawie  ktorych  opracowuje si¢  system

diagnostyczny typu LDS (leak detection system).
Metody diagnozowania wyciekdw ogolnie

mozna podzieli¢ na dwie kategorie rozwiazan:

— metody bezposrednie (zewngtrzne) — gdzie
detekcja 1 lokalizacja wycieku wiaze sig
z ujawnieniem tloczonego produktu na zewnatrz
rurociagu, poprzez  zastosowanie  badan
organoleptycznych lub uzycie specjalnych
urzadzen,

— metody posrednie (analityczne, wewngtrzne) —
gdzie  diagnozowanie = wycieku  wynika
z pomiardw i analizy parametréw przeptywu
(ci$nienia, natezenia/predkosci przeplywu).
Ograniczajac obszar zainteresowania niniejszej

pracy do rurociagow przesylowych cieczy,

w przypadku tego typu obiektow powszechne

zastosowanie znalazly gldéwnie metody wewngtrzne.
Wsrod wielu metod wewngtrznych stosowanych

do diagnozowania wyciekbw z rurociagdéw
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przesytowych cieczy mozna wyrdzni¢ metody oparte
na detekcji  fal cisnienia. Metody takie daja
mozliwosé bardzo szybkiego wykrycia
i zlokalizowania zaistniatych wyciekow. Sa one
szczegdlnie przydatne do identyfikacji naglych
wyciekow'. Ich skuteczno$é jest jednak mato
zadowalajaca. Pozwalaja one wykrywac jedynie
duze wycieki (tj. o wartosci powyzej 1 %
nominalnego natgzenia przeplywu — wedlug
informacji odnajdywanych w literaturze, a nawet
o warto$ci 3+5 % — wedtug informacji podawanych
przez operatoréw rurociagdéw) i lokalizowac je ze
zgrubna doktadno$cia (rzedu od kilkuset metrow,
nawet do kilkunastu kilometréw).

Przyczyn takich probleméw nalezy upatrywaé
w podatnosci diagnostycznej rurociagu, ktora jest
SciSle zwiazana z mozliwos$cia pomiaru ilo§ciowo
i jakosciowo dostepnej informacji diagnostyczne;j.
Do sytuacji, gdy systemy diagnostyczne LDS
dysponuja tylko czgScia uzytecznych danych
pomiarowych moze dochodzi¢ dos¢ czgsto [8].

Skutecznym sposobem polepszania podatnosci
diagnostycznej rurociagéw przesylowych jest nowo
opracowana metoda, umownie nazwana mefodq
stabych interakcji miedzyobiektowych.

2. METODY OPARTE NA DETEKCJI FAL
CISNIENIA

Metody te wykorzystuja towarzyszace wycickom
zjawisko powstawania 1 rozchodzenia sig¢ fal
cisnienia. Fale te powstaja wskutek naglego spadku
cisSnienia w miejscu, w ktérym wystapit wyciek
i rozchodza si¢ od tego miejsca w obu kierunkach
rurociagu z predkoscia dzwicku c¢. W przypadku
nagtych wyciekow fale maja wyraznie widoczne
czota (rys. 1), a dla wyciekoéw narastajacych powoli,
z uwagi na bardziej tagodny przebieg zmian
ci$nienia, maja wygladzony ksztatt. Za czotem fali
ciSnienie w rurociaggu maleje o tym mniejsza
warto$¢, im wigksza jest odleglos¢ danego punktu
od miejsca wycieku.

ol e
84
p [Pa] czolo fali cisnienia
Piro 1 L»_/
D20 P
o b P21
P30 o o Pss
P40 s (i W pi
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Ps_1
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Rys. 1. Przebiegi sygnatow cisnienia w punktach
pomiarowych 1-6 rozmieszczonych wzdtuz
rurociagu

' Nagly wyciek — jego natezenie osiaga warto$é
nominalng w krotkim czasie od momentu
pojawienia sig¢ nieszczelnosci.

w stanach z wyciekiem, ktoéry miat miejsce pomiedzy
punktami 2 i 3; #,,. — poczatek wycieku

Przykltadem takich rozwiazan jest metoda
Sledzenia czol fal cisnienia [7]. Pozwala ona wykry¢
i zlokalizowa¢ wyciek w oparciu o zaobserwowane
zmiany wartosci ci$nienia w rurociagu wywolane
propagacja fal ciSnienia powstalych wskutek
wystapienia wycieku. Takie zmiany w postaci
spadkéw  ci$nienia  pojawiaja  si¢  najpierw
w punktach pomiaru najblizej potozonych miejsca
wycieku, a nastgpnie z pewnym opodznieniem
w kolejno odlegtych punktach.

Lokalizacji wycieku dokonuje si¢ na podstawie
ustalonych chwil 7 (z,) detekcji przejs¢ czot fal
cisnienia przez poszczegélne punkty pomiarowe z, .
Znajac kolejno$¢ przejs¢ fal cisnienia przez
poszczegdlne punkty pomiarowe 1 odleglosc
pomiedzy punktami, miejsce wycieku mozna
wyznaczy¢ na podstawie wykresu (rys. 2), jako
punkt przecigcia prostych A-C i C-B, wedlug
zaleznosci (1). Punkt 4 na wykresie okre$la czas
przejscia czota fali cisnienia od miejsca wycieku do
poczatku rurociagu, a punkt B czas przejscia czota
fali ci$nienia do konca rurociagu.

t(z) 6 B

z1(0) =z Zyye Z3 7y 25 7Zg(L) z[m]

Rys. 2. Rozklad czasu przejscia cz6t fal cisnienia
wzdluz rurociagu po wycieku w punkcie z =z,

a A+ tz(o)_tz(L)
a,+a a,+a

z wye T

(M

gdzie: a,=1/c,, a,=1/¢, — wspolczynniki
nachylenia prostych 4-C i C-B; ¢,, ¢, — $rednie

predkosci dzwigcku na odcinkach: O0<z<z

wye 2

<z<L; L —dlugosé¢ rurociagu; ¢,(0), ¢, (L) —

ZW'VC
ustalone chwile dotarcia czot fal ci$nienia do
punktow: z=0, z=1L.

Metoda ta jest stosunkowo szybka, przy
rozmieszczonych co kilka — kilkanascie kilometrow,
bezinercyjnych przetwornikach ci$nienia (bez
wygorowanych wymagan co do ich dokladnosci).
Wymaga jednak precyzyjnej synchronizacji pomiaru
czasu w trakcie dokonywania pomiar6w ci$nienia
w poszczegolnych punktach rurociggu. Szczegdlna
uwage nalezy tez zwrdci¢ na okres probkowania
sygnatow T, ktory decyduje o bledzie
Az, =(+3)c-T,, z jakim sledzone jest polozenie
czota fali ci$nienia. Okres ten powinien wynosié
setne, a nawet tysigczne czgsci sekundy. Nalezy tez

pamigtaé, ze jezeli wyciek nie zostanie od razu
zauwazony (np. wskutek chwilowego zawieszenia
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lub wylaczenia systemu LDS), nigdy juz nie
zostanie wykryty ta metoda.

3. METODA SEABYCH INTERAKCJI
MIEDZYOBIEKTOWYCH

W dotychczasowym podejéciu, rozpatrujac
funkcjonowanie rurociagu zgodnie z zasadami
automatyki jako obiektu regulacji — taki opis jest
dokonywany z wykorzystaniem transmitancji
obiektu i moze tu by¢ uzyta nastgpujaca zalezno$¢:

Y=GZ )

gdzie: G — transmitancja obiektu; Z — transformata
zaktocenia (wynikajacego z oddziatywania otoczenia
na obiekt, takim zakloceniem jest wyciek);
Y — transformata sygnalu wyjsciowego obiektu
(takim sygnalem jest mierzony sygnat ci$nienia).

Analizujac wzor (2) nietrudno doj$¢ do wniosku,
ze praktycznie rzecz biorac zmiany dostgpnego
sygnalu Y moga wynika¢ ze =zmian stanu
technicznego obiektu opisanego parametrami
transmitancji G i/ lub ze zmian oddzialywania
otoczenia na obiekt, reprezentowanego tu przez
sygnat Z.  Taka  wlasnie sytuacja  jest
charakterystyczna dla niepodatnych diagnostycznie
obiektow technicznych (w tym rurociagow)
— diagnosta dysponuje jednym rownaniem
z dwiema niewiadomymi, zatem problem
diagnozowania takiego obiektu staje si¢ niemozliwy
do jednoznacznego rozwiazania.

3.1. Idea metody

Proponowane podej$cie polega na polepszaniu
podatnosci  diagnostycznej rurociagdw poprzez
zastosowanie uktadow korekcyjnych (opisanych
i stosowanych w automatyce) do pozyskiwania
nowej informacji  diagnostycznej  (sygnatow
diagnostycznych) [3, 4, 5, 6].

Informacja ta, w odréznieniu od dotychczas
stosowanych sygnaléw cisnienia, sa mierzalne
sygnaty  oddziatywan, wynikajace z pracy
specjalnych obiektow badawczych (korektorow)
dotaczonych do diagnozowanego rurociagu.

Sprowadzajac rurociag do UAR i wprowadzajac
element korekcyjny — korektor (o transmitancji Gy),
otrzymuje si¢ uktad zgodny z rys. 3.

Z  _Z-Mg Y Y
T G '
My | My G W-Yi w

Rys. 3. Uktad z badanym obiektem (rurociagiem)
o transmitancji G i dolaczonym korektorem
o transmitancji Gx: My — transformata sygnatu
wyjsciowego z korektora

Dla uktadu mozna otrzymac¢ nastgpujace relacje
pomigdzy sygnatami:

Y=(Z-My)G

) 3
My =W -Y)Gy
a po przeksztalceniach zaleznos¢:
7 WM
w-r, “

opisujaca zaklocenie Z dziatajace na obiekt (ktorym
jest wyciek) w funkcji dostgpnych sygnatow:
Y, W, M. Zgodnie z powyzsza zaleznoscia i po
uwzglednieniu, ze sygnatem zadanym do korektora
W jest warto$¢ sygnatu wyjsciowego Y w chwili
poprzedniej, zaklocenie (wyciek) moze by¢
identyfikowane bez znajomo$ci transmitancji
obiektu G, ktora wskutek powstatego uszkodzenia
ulegta zmianie i moze by¢ nieznana.

3.2. Praktyczna realizacji metody

Praktyczna realizacja proponowanej metody
polega na dotaczeniu do diagnozowanego rurociagu
minimum dwoéch korektorow o odpowiednio
dobranych transmitancjach G, 1 Gy, : na poczatku

i koncu rurociagu.

Schemat konstrukcji korektoréw przedstawiono
na rysunku 4. Zasadniczym elementem korektorow
jest zasobnik ci$nieniowy (akumulator
hydrauliczny), sktadajacy si¢ z dwoch komor,

rozdzielonych przepona.
my7o2 3 1 4 5 6

- sygnat
stabych
interakcji

Rys. 4. Schemat konstrukcji korektora:
1 —komora z ciecza; 2 — komora z powietrzem;
3 — przepona; 4 — kanat pomiarowy; 5 — kryza
pomiarowa; 6 — czujnik roéznicy cisnien; 7 — zawor

Zastosowane na  obiekcie  rurociagowym
korektory — jako urzadzenia pomiarowe — maja
shuzy¢ do obserwacji zmian ci$nienia w rurociagu,
w szczegdlnosci fal cisnienia, wywotanych przez
pojawienie si¢ wycieku. Dotyczy to fal o wyraznie
widocznych czotach, generowanych przez nagle
wycieki. Przy wystapieniu takich zmian ci$nienia,
dochodzi do ,zadzialania” korektora (zmiany
polozenia przepony) i w jego kanale pomiarowym
pojawia si¢ fluktuacja przeptywu m, — okreslana
jako sygnal stabych interakcji miedzyobiektowych.
Wielkos¢ tej fluktuacji jest miara wzajemnych
oddzialywan pomigdzy rurociagiem a korektorem,
a jej pomiaru dokonuje si¢ na kryzie z uzyciem
czujnika réznicy ci$nien.

Korektory maja réwniez stanowic
zabezpieczenie przewodu rurociagu przed skutkami
naglego wzrostu ciSnienia, wywolanego przez
zatrzymanie pomp, zamknigcie zaworow.



102

DIAGNOSTYKA’ 2(50)/2009
OSTAPKOWICZ, Diagnozowanie wyciekow z rurociqgow przesytowych z wykorzystaniem nowej informacji...

W celu poprawy skuteczno$ci metody w zakresie
poziomu wykrywalno$ci wyciekow, skrocenia czasu
ich wykrycia i poprawy bledow lokalizacji, zaktada
si¢ rozmieszczenie kilku dodatkowych korektorow

wzdtuz rurociagu, np. w obrgbie stacji zasuw.

4. WERYFIKACJA METODY SLABYCH
INTERAKCJI Z WYKORZYSTANIEM
MODELU FIZYCZNEGO RUROCIAGU

4.1. Stanowisko badawcze

Proponowana  metoda  zostala  poddana
weryfikacji  eksperymentalnej na  stanowisku
badawczym z modelem fizycznym rurociagu

o dlugosci

[ =380m,

wykonanym z rur
z polietylenu PES80 DN40 o $rednicy wewngtrznej

d =34 mm (rys. 5). Rurociagiem tloczono wodg.

Rurociag modelowy wyposazono w odpowiednie
standardowe przyrzady i przetworniki pomiarowe,
umozliwiajace ~ pomiar  ci$nienia,  natgzenia
przeptywu i temperatury.

Korektory badawcze My, 1 My, do wywotywania
sygnatlow stabych interakcji zamontowano na
poczatku 1 koncu rurociagu, w poblizu punktow
pomiaru ci$nienia P, i Pg (rys. 5).

Informacje na temat zastosowanych

przetwornikow cis$nienia i przetwornikow roznicy
oraz

ciSnien zamontowanych w korektorach

lokalizacji tych urzadzen zestawiono w tabeli 1.

=] Korektor |

ktr

Rys. 5. Widok rurociagu modelowego
i zamontowanych korektorow

Tab. 1. Lokalizacja i charakterystyki urzadzen

. Przetworniki Korektory .
Urzadzenie . przetworniki
cisnienia L,
rbéznicy cisnien
lokalizacja [m] | P1=1 P2=75; My =-3:
. P;=141; P;=281; M :379’2
" Ps=355; Pc=378 K2 ’
zakres: zakres:
charakterystyki 0+10 [bar] -0,5+0,5 [Abar]
pomiarowe doktadnosc: doktadnosé:
0,1% zakresu | 0,2% zakresu
blad” + 0,026 [bar] |+ 0,0036 [Abar]

btad "= przetwornik + 12-bit A/C karta pomiarowa

Do symulowania wyciekdw uzyto rgcznie
sterowanych zaworow kulowych wyposazonych
w specjalne gniazda z wymiennymi kryzami
o roznych  $rednicach  otwordw.  Zawory
zainstalowano w kilkunastu wybranych punktach
rurociagu.

Prowadzone na stanowisku eksperymenty
obejmowaly rézne nastawy punktu pracy rurociagu
oraz miejsca, wielkosci 1 tempo symulowanych
wyciekow.

4.2. Charakterystyka nowo pozyskanych

sygnaléw. Ocena wpltywu korektorow

na dzialanie rurociagu

W trakcie badan ustalono, ze w reakcji na
wyciek  sygnaly  stabych interakcji  (jako
rézniczkowane  postacie  sygnaldw  cisnienia)
przyjmuja ksztalt charakterystycznych impulséw
(rys. 6¢). Parametry takich impulsow sa zalezne od
wielko$ci, polozenia i tempa narastania wycieku.
Osiagaja one najbardziej pozadane wielkoSci
(4. najwyzsze amplitudy i najkrétsze szerokos$ci) dla
nagtych wyciekow z wyraznie widocznymi czotami
fal ci$nienia. Dla wyciekéw narastajacych wolniej
parametry impulséw pogarszaja sig.

Na podstawie analizy przebiegow sygnatow
i relacji do ich po6l biedow stwierdzono, ze
w  przypadku sygnalow  stabych interakcji
wykraczaja one poza pola btedow (rys. 6d), czego
nie mozna powiedzie¢ o sygnalach cisnienia (rys.
6b). Pomiar sygnatow stabych interakcji jest zatem
bardziej dokladny (wiarygodny) od pomiaru
sygnaloéw cisnienia.

538

/
3% petnego

) T :
E 5TT zakresu 1
= 561 poczatek wycieku* pomiarowego |

e

55 L L

10

1 % pelego
zakresu

L
25 2

o

3 15% petnego
% zakresu

s poczatek wycieku‘ pomiarowego

- 1 1 A
-5 0 5 10

0.01 T T T
d ' 2 % pelnego
_ D.00s¢ +0.0036 zakresu b
2 A
1= -0.0036

-0.005} 1

y

. . . .

45 4 -35 -3 25 2
t[s]

Rys. 6. Poréwnanie przebiegu sygnatu stabych
interakcji my; (z pierwszego korektora)
z przebiegiem sygnatu ci$nienia p;, z zaznaczonymi
polami btedéw pomiaru; dla przypadku 6 % nagltego
wycieku symulowanego na 195 m rurociagu
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Ustalono réwniez, ze dotaczenie do rurociagu
korektorow nie  wplywa na jako$¢ jego
funkcjonowania 1 jest fatwe do zrealizowania.
Korektory w obszarach ich zamontowania obnizaja
poziom pulsacji ci$nienia w rurociggu o okoto 10%.

5. ZASTOSOWANIE NOWEJ INFORMACJI
DIAGNOSTYCZNEJ - SYGNALOW
SEABYCH INTERAKCJI DO
DIAGNOZOWANIA WYCIEKOW

Nowo pozyskane sygnaly diagnostyczne —
sygnaty stabych interakcji poddano ocenie
w zakresie mozliwosci ich zastosowania do
diagnozowania wyciekow metoda $ledzenia czot fal
ci$nienia, majac na uwadze polepszenie skutecznosci
tej metody.

5.1. Opracowane procedury diagnostyczne
Zasadniczym elementem takiej oceny bylo

opracowanie algorytmow przetwarzania sygnalow
stabych interakcji 1 sygnaléw ci$nienia, ktore
pozwalatby wykry¢ zaistnialy wyciek, uzyskac
informacje o propagacji fal ci$nienia, a nast¢pnie
zlokalizowa¢ wyciek.

Badania przeprowadzono w
o nastgpujace zatozenia:

— pozyskiwanie sygnatow z okresem probkowania
7, =0,01s,

— uzycie pakietu sze$ciu sygnaldw cisnienia:
Pi=Py=Ps=Ps—Ps—Ps 2 przetwornikow
rozmieszczonych wzdluz rurociagu (pakiet A),
a nastgpnie dla poréwnania zastgpienie skrajnych
sygnatow cisnienia sygnalami slabych interakcji
z korektorow, uzyskujac w ten sposob kolejny
pakiet sygnatow: my, —p,—p;—p,—ps—m,
(pakiet B),

— poroéwnanie wynikow uzyskanych przy uzyciu
pierwszego pakietu sygnatow z wynikami
uzyskanymi przy uzyciu drugiego pakietu
sygnatow,

— uwzglednienie  wystgpowania  zaklocen —
zaszumienie porownywanych sygnatéw szumem
gaussowskim o zerowej wartosci S$redniej
i odchyleniu standardowym rownym 0,2 %
i 0,5 % wielkosci ich zakresow pomiarowych
i wynikajaca stad konieczno$¢ zmiany przyjetych
progéw alarmowych,

— ustalenie warto$ci progow alarmowych dla
sygnatow stabych interakcji i sygnatow cisnienia,
niezaszumianych i zaszumianych, w sposob
zapewniajacy niewystgpowanie alarmu dla
stanow bez wycieku (w catej rozpatrywanej serii
eksperymentow).

Do wykrywania i lokalizowania wyciekow przy
uzyciu sygnatow stabych interakcji 1 sygnatow
ci$nienia zastosowano identyczne procedury. Ich
podstawg stanowi algorytm (rys. 7), opracowany
W oparciu o rozwigzania opisane w pracach [1, 2, 7].
Stuzy on do wykrywania fal ciS$nienia

oparciu

z jednoczesnym okresleniem momentéw przejscia

ich czoét przez poszczegdlne punkty pomiaru

sygnatow stabych interakcji i sygnatow cisnienia.
Dziatanie algorytmu oparte jest o:

— filtrowanie rekursywne poszczegolnych
sygnatow x,: p, Py, Ps, Ps4s Pss Pg»> Mgis
my,; gdzie przyjeto identyczne nastawy
wspotczynnikow  korekcyjnych dla filtrow
a =0,995,

— obliczanie odchylen (residuow) Ax,,

— filtrowanie rekursywne obliczonych residuow

z funkcjami wynikowymi fAx,, ktore po
przekroczeniu wartosci odpowiadajacego im
progu alarmowego P x, informuja o pojawieniu
si¢ czota fali ci$nienia, z jednoczesnym zapisem
chwili czasowej ¢ x, dla takiego przekroczenia;
gdzie przyjeto identyczne nastawy
wspotczynnikow  korekcyjnych dla  filtrow
£ =0,900.

krok: £ =0
sygnalizator alarmu: alarm =0
¥
’—>| odczyt pomiaru y ¢
- - ¥
zwigkszenie kroku obliczenie biezacej
k :f +1 wartosci odniesienia
uaktualnienie X' =(a-x )+ (-a)x,")
wartosci - - - -
kel ok obliczenie odchylenia (residuum)
Xn =Xn k k ok
) Ax,” =x, —xu
uaktualnienie i ¥ i
wartodci kﬁltrowamf 1odchylema )
Jax = fax xS = (B fAx, )+ ((1-B)-Ax,)
[ — j NIE
| sprawdzenie warunku
| | alarm =0 P .
| SAx, < Px,
|
|—| alarm =1

{

zapamigtanie
chwili czasowej
tx,=kT,

P x, - warto$¢ progu alarmowego

T, - okres probkowania sygnatow

Rys. 7. Algorytm wykrywania cz6t fal ci$nienia

Na rysunkach 8a 1 8b przedstawiono
przyktadowe przebiegi funkcji fAx, (fAp, — dla
sygnatu ci$nienia p, i fAmy, —dla sygnalu stabych
interakcji  my,), z zaznaczonymi warto$ciami
progéw alarmowych Px, (Pp, 1 Pmy),
a dodatkowo rowniez funkcji Ax, (Ap, 1 Amy,).
Analizujac przebiegi funkcji fAx, i Ax, mozna
zauwazy¢, ze zastosowane filtrowanie rekursywne
residuéw Ax, pozwala wyeliminowa¢ zaklocenia,

dzigki czemu mozna zawgzi¢ margines pola
alarmowego. Wprowadza to jednak opoOznienie
w wykryciu czota fali cisnienia, ktora zostaje
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wykryta w chwilach 7 x,"" (£ p," i £.m,,'"), co
moze nastgpnie skutkowac bledami w lokalizacji
wycieku.

a)

oo2f

001|

ol

001f

o0z}

Apy fApy

003

o004l

005

D06 poczatek wycieku‘

t[s]

b) 01|

I

Amk - fAmk,

021

03

041 poczatek Wycieku‘

. . . .
-1 05 0 0.5 1 15
tis]

Rys. 8. Przebiegi funkcji fAx, i Ax, oraz sposob
okreslania chwil ¢ x,'"" i 7_x,"": a) dla sygnatu

cisnienia p,, b) dla sygnatu stabych interakcji my,;
2 % nagtly wyciek symulowany na 115 m rurociagu

Zaproponowano zatem modyfikacje powyzszych
procedur. Polega ona na zastgpieniu ujawnionych

. 1 . 11
chwil czasowych 7 x," przez nowe chwile 7 x,"" .

Chwile ¢ x,"

wyznaczane sa w oparciu o specjalnie wydzielany
(P) (K)

dla poszczegdlnych sygnatow

przedziat czasowy T x,=<t.x, ,t.x, >, jako
pierwsze zaobserwowane w przedziale

przekroczenie przez funkcjg residuum Ax, progu
alarmowego Px, (rys. 8). Poczatek przedzialu
ustalany jest jako najblizszy wstecz wzglgdem

wyznaczonej chwili tfx"“) *

moment ¢ x,
jednoczesnego przekroczenia przez obie funkcje
fAx, 1 Ax, poza wprowadzony dodatkowy prog
Pfxn(_) — definiowany wedlug =zaleznosci (5).
) )

Rxn(i) :b‘R.X" 2 (5)
gdzie: b — jest wspotczynnikiem.

Konicem przedziatu jest chwila tfxn(K =tx

Po wykryciu wycieku, na podstawie ustalonych
chwil czasowych 7 x,"" Tub ¢ x,"" przejscia czot

fal ci$nienia przez poszczegdlne punkty pomiarowe,

nastgpuje jego lokalizacja w oparciu o zaleznos$¢ (1).

5.2. Zastosowanie opracowanych procedur do

diagnozowania symulowanych wyciekow
Opisane procedury zostaly zastosowane do
diagnozowania symulowanych wyciekow. Wyniki
ich uzycia prezentowane ponizej dotycza serii badan
przeprowadzonych przy nastgpujacych warunkach:

— funkcjonowaniu rurociagu modelowego
w warunkach stanu ustalonego przed wyciekiem
z: ci$nieniem na wlocie p, = 5,7 bara, ci$nieniem
na  wylocie Ps =2,2bara,  nominalnym

natgzeniem przeptywu ¢, = 951/min, $rednia

~20°C,

— symulowaniu naglych wyciekow (poprzez
bardzo szybkie pelne otwarcie zaworéw
kranikéw upustowych) o wielkosciach 1+8 %
nominalnego  natgzenia  przeplywu 9
w punktach o wspoétrzednych: 155, 195, 235 m.
Istotnym elementem poprawnego dziatania

opracowanych algorytméw wyznaczania chwil
)

temperaturg ttoczonego medium 7,,,,,

czasowych ¢ x, 1 t_xn(”) byt odpowiedni dobor

wartosci progdéw alarmowych P x, .

Dla rozpatrywanych poszczegdlnych sygnalow
ciSnienia 1  sygnaldow  stabych interakcji,
niezaszumianych i zaszumianych, doboru wartosci
progébw alarmowych dokonano pod katem jak
najmniejszych opdznien w wykrywaniu czo6t fal
cis$nienia, w oparciu o uzyskane minimalne warto$ci
funkcji fAx, w stanach bez wycieku. W przypadku

sygnalow zaszumianych, w celu wyeliminowania
falszywych alarméw, dodatkowo uwzgledniono ich
kilkukrotne zaszumianie. Informacje na temat
przyjetych wartoS$ci progow alarmowych
przedstawiono w tabeli 2.

Tab. 2. Wartosci przyjetych progéw alarmowych

Sygnaty Zaszumianie
bez (A) ] 0.2% (Ag2)][0,5% (Ags)
p1 -0,0230 | -0,0280 | -0,0570
p. | -0,0185 | -0,0255 | -0,0555
ciénienia 23 -0,0170 | -0,0250 | -0,0540
ps | -0,0180 | -0,0260 | -0,0550
ps | -0,0160 | -0,0240 | -0,0530
ps | -0,0165 | -0,0245 | -0,0535
stabych | mg; | -0,155 -0,160 -0,170
interakcji | mg, | -0,125 -0,130 -0,140

W tabeli 3 przedstawiono wyniki lokalizacji
symulowanych wyciekéw oraz ich bledy. Wyniki
dotycza uzycia standardowego pakietu sygnalow
cisnienia (pakiet A) i pakietu obejmujacego sygnaty
stabych interakcji (pakiet B), niezaszumianych (A)
i zaszumianych (A, Aos), z uwzglednieniem
lokalizacji wycieku w oparciu o ustalone chwile

1 .
czasowe ¢ x,"’ (metoda I) oraz chwile czasowe

t_xn(”) (metoda II).
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Tab. 3. Poréwnanie wynikéw lokalizacji symulowanych wyciekow, gdzie obliczone miejsca wyciekéw
sa warto$ciami $rednimi z trzech eksperymentdw; ,.— oznacza nie wykrycie i nie zlokalizowanie
danej wielkos$ci wycieku

Zastosowane pakiety sy gnatow
Wy cieki Szum Pakiet A: p; —p2— Ps — Ps— Ps— Ps Pakiet B: mg; —p; — ps — ps— Ps — M
Metoda | Metoda IT Metoda I Metoda IT
[m] [% qo] miejsce [m] | btad [m]| miejsce [m] |btad [m]| miejsce [m] | btad [m]| miejsce [m] |btad [m]
A — — — — — — — —
1,0 % Ay, - - - - - - - -
Ao B B B B B B B B
A 164,2 +9,2 172,9 +17,9 — — — —
1,5 % Ao 172,2 +17,2 132,6 -22,4 — — - —
Ags — — — — — — — —
A 158,6 +3,6 1554 +0,4 161 +6 156,7 +1,7
2,0 % Apa 160,1 +5,1 164,3 +9,3 152,2 -2,8 163,2 +8,2
155 Ags - - - - 147,3 -1,7 135,9 -19,1
A 159 +4 158 +3 158,2 +3,2 159,3 +4,3
2,5% Aja 158,9 +3,9 157,5 +2,5 150,8 -4,2 159,8 +4,8
Aos - - - - 117,3 -37,7 132,9 22,1
A 153,7 -1,3 153,7 -1,3 151,2 -3,8 153 -2
3,0 % Aoa 150 -5 157 +2 141,4 -13,6 1542 -0,8
Ags 199,8 +44.,8 179,7 +24,7 151,6 -3,4 137,4 -17,6
A 152,3 -2,8 151,4 -3,6 152,6 2,4 152,9 2,1
4,0 % Apa 157,3 +2,3 156,3 +1,3 153,2 -1,8 153,8 -1,2
Aos 165 +10 1335 -21,5 134,9 -20,1 136,8 -18,2
A — — — — — — — —
1,0 % Ay, - - - - - - - -
Aos - - - - - - - -
A 187,9 -7,1 195,2 +0,2 - - - -
1,5 % Ag» 180,6 -14,4 198,5 +3,5 — — - —
Ags - - - - - - - -
A 185,6 9.4 190,5 -4,5 186,9 -8,1 192,6 2,4
2,0 % Apa 186,6 -8,4 190,2 -4,8 175,9 -19,1 186,3 -8,8
195 Aos — — - — 178 -17 192,8 2,2
A 185,7 93 190,5 -4,5 184,7 -10,3 190,4 -4,6
2,5% Ajs 185,7 -9,3 190,1 -4,9 178,5 -16,5 190 -5
Aos 208,4 +13,4 210,8 +15,8 204,2 +9,2 187,7 -7,3
A 192 -3 191,1 -3,9 191,4 -3,6 191,9 -3,1
3,0% Ajs 194,7 -0,3 189,4 -5,6 191,4 -3,6 189,4 -5,6
Ays 187,7 -7,3 181,4 -13,6 173,1 21,9 184,6 -10,4
A 193,2 -1,8 195,5 +0,5 192,6 -2,4 196,1 +1,1
4,0 % Ao 190,6 -4.4 196,7 +1,7 188,6 -6,4 1944 -0,6
Ays 187,9 -7,1 182,9 -12,1 189,5 -5,5 189,9 -5,1
A — _ — — — _ — —
1,0 % Aja - - - - - - - -
Ags - - - - - - - -
A 2133 21,7 225,5 -9,5 - - - -
1,5 % Ag» 217,6 -17,4 224.5 -10,5 — — - —
Ags — — - — — — - —
A 222,1 -12,9 2282 -6,8 2222 -12,8 228.8 -6,2
2,0 % Ag» 2194 -15,6 224 -11 215,8 -19,2 228,1 -6,9
235 Aos — — — — — — — —
A 2282 -6,8 230,7 -4,3 2282 -6,8 232,7 -2,3
2,5% Ajs 2273 -1,7 235,4 +0,4 2272 -7,8 2353 +0,3
Aos 221 -14 224,1 -10,9 240,3 +5,3 223,6 -11,4
A 226,9 -8,1 2283 -6,7 228 -7 227,77 -7,3
3,0% Ag» 229,5 -5,5 2271 -7,3 231,4 -3,6 2279 -7,1
Aos 248.8 +13,8 230,6 -4.4 2593 +24.3 226 -9
A 2278 -7,2 226,5 -8,5 2273 -7,7 2254 -9,6
4,0 % Ag» 2324 -2,6 231 -4 230,5 -4,5 229,5 -5,5
Ays 220,3 -14,7 231,9 -3,1 231,8 -3,2 237,1 +2,1
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Dokonujac lokalizacji wyciekow, wystepujace
we wzorze (1) wspotezynniki a, i a, nachylenia
prostych wyznaczano w oparciu o dwa podzbiory
danych {zn, tfx"} : poczatkowy — dla pierwszej trojki
czujnikow z danego pakietu i koncowy — dla drugiej
trojki czujnikow z danego pakietu, wykorzystujac
metode aproksymacji Sredniokwadratowej, zwanej
takze metoda najmniejszych kwadratow.

Do okreslenia warto$ci progdw P,xn(_) przyjeto
identyczne warto$ci wspotczynnikow b =0,4.

Na podstawie analizy uzyskanych wynikoéw
mozna stwierdzi¢, ze przy uzyciu pakietu
standardowych niezaszumianych sygnatéw cisnienia
mozliwe bylo wykrycie i zlokalizowanie naglych
wyciekow o wielkosciach 1,5 %, gdzie dla
poréwnania przy uzyciu pakietu obejmujacego
niezaszumiane sygnaly stabych interakcji poziom
wykrywalnosci wyciekow wynosil 2 %, a btedy ich
lokalizacji nie odbiegaty znaczaco od wynikow
uzyskanych dla sygnatéw ci$nienia.

Wraz ze wzrostem poziomu zaszumienia
sygnatow, w przypadku uzycia sygnatdéw ci$nienia
znacznemu pogorszeniu ulegly poziom
wykrywalnosci i1 btad lokalizacji wyciekow, gdzie
dla poréwnania w przypadku uzycia sygnatow
stabych interakcji zmiany nie byly az tak znaczne.

Wzrost zaszumienia spowodowal réwniez
konieczno$¢ zmiany przyjetych progdéw alarmowych
Px, dla poszczegélnych sygnalow, gdzie
w przypadku sygnatow stabych interakcji poziom
zmian byl niewielki, a w przypadku sygnatow
ci$nienia po identycznym ich zaszumieniu wartosci
progow nalezato zmieni¢ na kilkukrotnie wyzsze.

Zaobserwowano rowniez wzrost doktadnosci
lokalizacji ~ wyciekow, poprzez  zastosowanie

modyfikacji opracowanych procedur w zakresie

.. . . . I
zastapienia ujawnionych chwil czasowych t_xn()

. 11
przez nowe chwile czasowe 7 x,"" .

Prezentowane wyniki potwierdzily istnienie
probleméw zwigzanych z wykrywaniem
i lokalizowaniem wyciekow w odniesieniu do uzycia
standardowych sygnalow cis$nienia. Dla poréwnania,
pomimo uzycia sygnatow slabych interakcji tylko
z dwoch korektorow, uzyskano wigksza odpornosé
na mozliwo$¢ wystapienia zaklocen (zaszumianie)
oraz lepszy poziom wykrywalnosci i bledow
lokalizacji wyciekow.

PODSUMOWANIE

Dotaczenie do rurociagéw korektoréw stwarza
mozliwos¢  pozyskiwania  cennej  informacji
diagnostycznej, ktora sa sygnaly stabych interakcji
migdzyobiektowych. Sygnaly te maja dobre
wlasno$ci metrologiczne: sa czule na wycieki
i odporne na zakldcenie. Dzigki tym sygnalom
mozliwe jest polepszenie podatnosci diagnostycznej
rurociagébw, a stad skutecznosci diagnozowania
wyciekow, realizowanego w oparciu o metodg

Sledzenia czo6t fal ci$nienia. Sygnaty stabych
interakcji moga stanowi¢ cenne uzupehienie
dotychczas stosowanych sygnatoéw ci$nienia.
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Streszczenie
Ograniczona  dostgpno$¢  pomiarowa  sygnaléw  generowanych  podczas  pracy
zautomatyzowanych kottéw pomocniczych zmusza do wykorzystywania w procesie tak
modelowania jak i rzeczywistego dozorowania stanéw kottdw na podstawie wybranych sygnatow
odwzorowujacych stan techniczny kottow. Przeprowadzono dekompozycje strukturalna
i funkcjonalna okrgtowego pomocniczego kotta parowego. Sygnaty podzielono na: cieplno-
przeptywowe, emisji toksycznych zanieczyszczen w strumieniu spalin wylotowych, jak réwniez
wibroakustyczne. Przedstawiono estymacj¢ parametrow sygnaldw na podstawie wynikow
pomiarow wielko$ci wyjsciowych ogdlnego modelu kotta. W pracy zdefiniowano sygnaly
tworzace relacje diagnostyczne, jakich mozna oczekiwaé w procesie oceny stanow kotlow
okrgtowych. Ich identyfikacja moze by¢ uzasadnieniem do wdrozenia strategii eksploatacji kottow

okretowych z tzw. obslugiwaniem quasidynamicznym.

MODELS OF SIGNALS GENERATED BY A SHIP BOILER

Summary

The especially limited measurement availability of signals generated at operation of automated
auxiliary boilers enforces the application of modeling as well as actual monitoring of their
condition on the basis of a significant number of reliable measurement signals. A structural and
functional decomposition of an auxiliary ship boiler has been carried out. Signals have been
divided into: thermal-flow, exhaust toxic pollutant emissions in gas flows of marine boilers, as
well vibroacoustic and acoustic. Estimation of signals parameters, basing on the results of
measurements of output values for a general boiler model, has been suggested. Diagnostic
relations which can be expected to be valid for ship boilers have been defined. Establishing their
validity may be a justification for implementing a ship boiler quasidynamic maintenance.

Keywords: ship boiler, signal, diagnostic, parameter, marine power plants, maintenance.

1. ISTOTA ROZPATRYWANEGO Powstawanie osadow, od strony spalin
PROBLEMU BADAWCZEGO i kamienia kottowego od strony wodnej, jest
niesprawno$cig  charakterystyczna dla  kottow,

sa eksploatowane

Stowa kluczowe: kociot parowy, sygnat, diagnoza, parametr, okretowy uktad energetyczny, obslugiwanie.

rozwijajaca si¢ w procesie eksploatacji ewolucyjnie,

z zastosowaniem strategii eksploatacji opartej na
metodzie planowo — zapobiegawczej. Strategia ta nie
obejmuje nieplanowanych czynno$ci obstugowych,
jako konsekwencji zaistniatlych losowo w historii
uzytkowania kottow zdarzen — niezdatnosci [1, 2].
Stan taki, zacheca do stosowania zrdéznicowanych
metod postgpowania eksploatacyjnego w celu
wypracowania tak diagnozy uzytkowej jak
i obshugowe;j.

Szersze zastosowanie diagnostyki w eksploatacji
kotléw, pozwoli na dynamiczne podejmowanie
decyzji eksploatacyjnych, utrzymanie w stanie
zdatnosci,  wzrost  dyspozycyjnosci  kotlow,
uprzedzajac ewentualne zaistnienie niezdatnosci.

a jej skutki powoduja znaczng liczbg niezdatnosci
iawarii kottow [1]. Z tego powodu wynika
znaczenie faktu odpowiednio wczesnego
rozpoznawania wszelkich niezdatnosci. Mozliwos¢
rozrozniania uszkodzenia lub stanu technicznego
zalezy od wlasnosci diagnozowanego obiektu — typu
kotta. Wymagana rozréznialno§¢ wiaze si¢ z jego

wyposazeniem w odpowiedni zbioér urzadzen
pomiarowych.
Przedstawione zagadnienie rozpatrzono

kompleksowo, w oparciu o model diagnozowanego
rzeczywistego obiektu technicznego — okrgtowego
kotta parowego i wyniki pomiarow.

Identyfikacja parametréw modelu moze nastgpi¢
metoda bezposredniego pomiaru lub posrednimi
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metodami obliczeniowymi. Ograniczenia
i stosowalnos¢ kazdej z tych metod wynikajg
z przeznaczenia modelu 1 specyfiki struktury
konstrukcyjnej kotta. Do ekstrakcji cech kottow
stosowane sa przede wszystkim metody analizy
sygnalow, obejmujace opis sygnalow 1 modele
sygnatow. Od ich relacji z cechami stanu zalezne sa
metody rozroznialnosci niesprawnosci kottow.

2. SYGNALY W RELACJACH
DIAGNOSTYCZNTCH KOTLOW

Dysponowanie wiarygodnymi metodami
diagnozowania kottéw bez ich wylaczania z ruchu
zwiazane jest z identyfikacja cech sygnalow
generowanych przez kociol podczas pracy.
Jednoczes$nie ich znajomos¢ jest niezbedna do oceny
warunkow pracy kotta dla potrzeb sterowania
procesem w kierunku realizacji racjonalnego
sposobu  eksploatacji  zdefiniowanego  przez
uogolnione kryterium  wybranej strategii.
W pierwszym przypadku beda wykorzystywane
modele diagnostyczne relacji typu [7, 9]:
parametry sygnalow — parametry stanu

Yi=Fi1(X) (1)
oraz
parametry sygnatow — stany
Yi=K (W) (2)
w drugim:
parametry sygnatdw — miara eksploatacji
Yi=Gi (L) 3)
oraz
miara eksploatacji — parametry sygnatow
L=G;(Y) “)
gdzie:
Y; - zbiory parametrow sygnatow ,,i”,
X - zbiory parametrow stanu,
W —  zbiory stanéw,
L —  zbiory miar eksploatacji,

i —  identyfikator rodzaju sygnatu.

Kazda z relacji (1) — (4) jest modelem obiektu
technicznego/kotta, jak 1 modelem procesow
przetwarzania energii i procesow towarzyszacych —

resztkowych, roéwniez innych urzadzen
wspolpracujacych z kottem [6, 8].
W pracujacym  kotle, funkcjonujacym

w srodowisku okrgtowym zachodza procesy fizyko-
chemiczne, migdzy innymi takie jak: przeptyw
strumieni energii z réwnoczesna konwersja,
strumieni masy wody, pary, powietrza, paliwa
i spalin, drgania, emisj¢ akustyczna, promieniowanie
ciepta itp., ktore sa zrodlem generowanych
sygnatow. Opisuja je przebiegi w czasie wielkoSci
fizycznych transmitujacych informacje w sposob
zalezny od rodzaju sygnalu (jego wlasciwosci).
Sktadowe sygnatu, niosace informacj¢ sa
parametrami sygnatu [9]. Przy nieznajomosci
petnego modelu, a taka sytuacja jest rozpatrywana,

do detekcji uszkodzen kotta wykorzystywane sa
metody kontroli ograniczen oraz zwiazkoéw migdzy
zmiennymi procesowymi [7, 9]. Postgpowanie takie
zastosowano w odniesieniu do kotla w eksploatacji,
gdy podstawa oceny jego stanu maja by¢ wyniki
badan procesow: glownego roboczego, cieplno-
przeptywowego i proceséw resztkowych: emisji
produktow spalania oraz wibroakustycznych.

3. OBIEKT, PRZEDMIOT, WARUNKI
I PROGRAM BADAN

Identyfikacje parametryczng sygnatow
przeprowadzono w oparciu o instalacj¢ kotlowa
uktadu energetycznego m/f ,,Polonia”. Uklad
wyposazony jest w 3 pomocnicze kotly parowe
produkcji Anders Halvorsen A/S Flekkefjord —
Norwegia [10]. Jeden typu PARAT Mod. B — 3, jest
poziomym kottem ptomieniowkowym, z palnikiem
ci$nieniowym typu Weishaupt 132/150-2 opalanym
paliwem ciezkim HFO, o wydajnos$ci pary 6000
kg/h, cisnieniu projektowym pary 9 bar, ciSnieniu
roboczym dla stanu eksploatacyjnego 7 bar. Kociot
jest uzytkowany przede wszystkim podczas postoju
statku w porcie. Dwa kotly utylizacyjne typu
PARAT o wydajnosci pary kazdy 1250 kg/h,
zasilane spalinami z silnikow gtownych, pracuja
wylacznie podczas podrozy morskiej. Ogdlna
budowg obiektu badan, kotla  opalanego,
przedstawiono na rysunku 1.

Przedmiotem przeprowadzonych badan byty
parametry  sygnaldow  generowanych  przez
pomocniczy kociot opalany. Procesy zachodzace w
czasie  pracy kotta  generowaly  sygnaly
wielowymiarowe, opisywane przez zbiory wielu
parametrow.

Badania przeprowadzono w trybie eksperymentu
biernego, w warunkach eksploatacyjnych statku.
Instalacja kotla opalanego znajdowala si¢ w stanie
pelnej zdatnos$ci technicznej, po wykonanym
stoczniowym przegladzie klasyfikacyjnym. Woda
zasilajaca kociol o temperaturze 85 — 95 °C,
w zakresie zalecanym przez producenta, byta
odgazowana 1 uzdatniona chemicznie. Kociot
opalany byt paliwem ciekltym o temperaturze 160° C
1 zawarto$ci siarki 1,49%. Kociot pracowat w trybie
automatycznym, cyklicznie wlaczajac palnik przy
ci$nieniu pary $wiezej 5,1 bar i wylaczajac przy
ci$nieniu 6,3 bar, w zaleznosci od zapotrzebowania
na parg przez okretowe instalacje pary grzewczej.
Dopuszczalny zakres zmian cis$nienia pary w kotle
podczas automatycznej pracy kotta wynosit 4,4 — 7,0
bar. Wykonano dwie serie pomiardow, po
kilkadziesiat obserwacji w kazdej. Na rys. 2
pokazano przyktadowy fragment przebiegu zmian
parametrow eksploatacyjnych uktadu
energetycznego, w tym cisnienia pary w kotle, na
monitorze centrali kontrolno — manewrowe;j sitowni
statku, w funkcji czasu pracy.

Wybér  punktéw  pomiarowych  sygnalow
podyktowany byt konstrukcja kotta 1 jego
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1. Main steam valve
2. Sofety valves

3. Feed water valve -
4. Blow-down valve L1
5. Smoke exhaust

6. Burner
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Rys. 1. Schemat ogdlnej budowy pomocniczego kotta opalanego typu Parat Mod. B—3 [11]: 1 -gléwny zawor
parowy, 2 - zawory bezpieczenstwa, 3 - zawor zasilania wodnego, 4 - Zawor szumowania dolnego,
5 - wylot spalin, 6 — palnik

podzespotéw, uktadem monitorowania parametry
pracy sitlowni oraz rodzajem badanego sygnahu.
Ocena stanu dynamicznego kotta za pomoca
generowanych procesow  fizycznych wymaga
jednoznacznego skojarzenia jego parametrow funk-
cjonalnych ze zbiorem miar procesow wyjsciowych
oraz kryteridow ich oceny. Identyfikacja charakteru
sygnatow 1 mechanizmu ich generacji musi
w diagnozowaniu kottow poprzedzac zastosowanie
informacji zawartych w emitowanych procesach
wyjsciowych.

P S Y. ). | SE— - -

L ]
. |

r; WL TR R N U &

Rys. 2. Przyktadowy fragment przebiegu zmian
ci$nienia pary w kotle na monitorze centrali
kontrolno — manewrowej sitowni statku w funkcji
czasu pracy (linia zo6tta)

4. IDENTYFIKACJA PARAMETROW
SYGNALOW GENEROWANYCH PRZEZ
PROCESY ZACHODZACE W KOTLE

Zrodlem sygnaléw generowanych przez kociot
okretowy jest glowny proces roboczy wymiany
ciepta pomigdzy produktami spalania strumienia
paliwa w atmosferze strumienia powietrza, woda

ipara wodna z udzialem materialow elementow
kotla Nadzorowanie pracy kotta odbywa si¢ przede
wszystkim w oparciu o wartosci parametrow
sygnalu cieplno — przeplywowego oraz metodami
wizualizacyjnymi. Stosujac  jednak jedynie te
metody nie mozna sterowaé procesem eksploatacji
kotta.

4.1. Sygnat cieplno - przeplywowy

Parametry  sygnatu  cieplno-przeptywowego,
stanowia integralny skladnik systemu regulacji
1 sterowania pracg kotla. Migdzynarodowe standardy
opieraja si¢ aktualnie na stacjonarnych modelach
entalpowych  [6]. Miara jakoSci  przemian
w takich modelach s3 sprawnosci i jednostkowe
zuzycia ciepta. Dla pomocniczego kotla parowego
bedzie to sprawno$¢ 7y, definiowana zaleznoScia

W postaci
_ Mpam (’paryl _’wz)
T = - (5
mpal d +mp0w0 lpowO
gdzie:
M paryt >k paryl — strumien masy 1 entalpia

pary wodnej opuszczajacej

kociot,

i\ - enta}pia wody zasilajacej
kociot,

1l —  strumien masy paliwa

zasilajacego kociol,
strumien masy i entalpia
powietrza atmosferycznego
zasilajacego kociol,

warto§¢  opatowa  dolna
paliwa.

Zmienne modelu (5) sa zmiennymi zaleznymi od
wielko$ci wejscia 1 wyjécia podzespotow kotta. Dla
potrzeb analizy sygnatow kociot zdekomponowano
rozrézniajac w nim: walczak, komorg spalania
i palnik. Modelami entalpowymi F) sygnalu beda

M pow0 sl powd

Wd -
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wowczas zwiazki miedzy cieplno-przeptywowymi
wielko§ciami zaleznymi, a parametrami cieplno-
przeptywowymi niezaleznymi i geometrig walczaka,
komory spalania oraz palnika. W takim ujgciu model
jest okre§lony przez uklad réwnan bilansowych
masy i energii dla walczaka W, komory spalania KS
wraz z palnikiem P, zapisany symbolicznie
W postaci

Ngn = Fj {Dpary (ppl’tpl )fKS [Ks, fir (7 )]} (6)

gdzie:

(p polpt ) — wydajnos¢ pary przy ci$nieniu
Dpi1 temperaturze ¢,

KS =P pai >t pat W' P powo >t powo’

wspolcz .korekc.} (7)

D pary

mpal ’ mpowO ’ lpowO;

— zbiory zmiennych (rozdzielone $rednikami),
niezaleznych, zaleznych i1 wspolczynnikow
korekcyjnych komory spalania,

w=|

th 5ppl9tp1;mparyl’lwz’lparyl

;L,D,H,..) (8)

— zbiory zmiennych (rozdzielone $rednikami)
niezaleznych, zaleznych 1  wymiaréw
geometrycznych podzespotow, ktore decyduja
o wilasnosciach  cieplno-przeptywowych
walczaka kotta/elementow przeptywowych.

Przez zmienne niezalezne determinujace stan
cieplny kotta w zapisach (6) — (8) rozumiane sa
zbiory parametrow z danymi poczatku (indeks 0)
ikonca (indeks 1) procesu odparowania wody
w kotle. Parametry niezalezne moga by¢ zadawane
jako zbior zmiennych wejscia/zewngtrznych (outside
parameters) lub  stanowi¢  zbior  wielkosci
mierzonych/kontrolowanych. Niektore z nich moga
by¢/sa dla kotta parametrami alarmowymi.

Modele  sygnatow  cieplno-przeptywowych
budowane sa jako zero wymiarowe (o parametrach
skupionych). Przy zidentyfikowanych parametrach
sygnatu miara degradacji kotla beda réznice migdzy
warto$ciami aktualnymi i warto$ciami
referencyjnymi wybranych parametrow sygnatu
cieplno-przeptywowego.

4.2. Sygnal emisji produktéw spalania

Wspolczesne kotly okrgtowe opalane sa
paliwami ptynnymi, produktami destylacji ropy
naftowej lub gazowymi. W skiadzie paliw dla
kotlow wystepuja: wegiel < (85 — 90)%, wodor (10 —
12)%, siarka < (0,6 — 2)%, tlen i azot 0,5% oraz inne
domieszki.

W procesie zupelnego spalania paliwa nastgpuje
utlenianie czastek palnych, a w rezultacie reakcji
egzotermicznej emitowane sa w postaci gazowej:
zwegla — CO, (dwutlenek wegla), wodoru — H,O
(woda), siarki — SO, (dwutlenek siarki) lub w postaci
dymu. Reszty w postaci osadow, ktore sa lub nie sg
korodujace oraz moga, ale nie musza, hamowac
przenikania ciepta moga czgSciowo pozostawac
w kotle. Azot i tlen w spalinach pochodzi

z powietrza podawanego do paleniska, a takze
w niewielkiej ilosci z paliwa [1, 4, 5, 8, 11].

Podczas spalania paliwa przy niedostatecznej
iloSci podawanego powietrza pozostaja oprocz
czastek CO, rowniez i CO oraz nie spalone
weglowodory, ktore moglyby podlega¢ dalszemu
utlenianiu. Jednakze spalanie to poza komora jest
wysoce utrudnione ze wzgledu na zbyt niskie
temperatury, zbyt mala ilo§¢ tlenu lub/oraz
niedostateczng w mieszanie sktadnikow palnych.

Miara oceny jakosci funkcjonowania kotta na
podstawie parametrow sygnatu emisji produktow

spalania jest sprawno$¢ kotta 77, , definiowana

zaleznoscia z uwzglednieniem straty wylotowej ¢

i straty niezupelnego spalania g , W postaci [4, 5, 8]

Nxal%]=100[%] - g 4 (%]~ ¢ 4, [%]
o Y ©)
= UAf[A’]_ qu[A)]

gdzie:

7.4 [%6]=100[%] - g 4, [%] (10)
jest sprawnoscia procesu spalania w kotle okre§lana
z wykorzystaniem straty wylotowej q

A
%] = pat | C |~ pomo | C || =—=—=+B| (11
qu[ 0] (spal[ ] powO[ D( COZ [%] J ( )
gdzie:
A, B — wspélczynniki Siegerta [4, 5, 8]
charakterystyczne dla danego paliwa,
q, _ strata niezupelnego spalania,
g obliczana w oparciu o zmierzona
zawarto$¢ COemier: w spalinach wg
wzoru.
a COzmierz [%]
qu = (12)
COzmierz [%] + COZ [%]
gdzie:
a — wspolczynnik charakterystyczny dla

danego rodzaju paliwa, tutaj dla oleju
opatowego o =48,

CO, — zawarto$¢ objetosciowa dwutlenku
wegla CO, w spalinach, obliczona
z zaleznoSci.

Oszierz [%]
COZ COZmax(l 20’95[%] ] (13)
gdzie:

COspee — Wwspblczynniki  Siegerta [4, 5, 8]
charakterystyczne  dla  danego
paliwa,

20,95% — zawarto$¢ tlenu O, [%] w czystym
powietrzu,

Osmie- — zmierzona zawarto$¢ tlenu O, [%].

Strata niezupelnego spalania okresla procentowa
strat¢ ciepta spowodowana obecnoScia gazéw
palnych CO w spalinach. Wsréd szkodliwych
sktadnikéw emitowanych w spalinach oprocz tlenku
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wegla CO i tlenku azotu NO spaliny zawieraja
rowniez wyzsze tlenki, glownie NO,. Stezenie
tlenku azotu, wyrazone w (ppm) mozna z duza
doktadnoscia wyrazi¢ jako sume stezen NO i NO.,.
Jezeli analizator nie posiada czujnika dwutlenku
azotu NO,, a jedynie czujnik tlenku azotu NO,
wowczas zawartoS$¢ NO, jest szacowana na
podstawie zmierzonej koncentracji NO. Najczgsciej
przyjmuje sig, ze tlenek azotu NO wystgpujacy
w spalinach stanowi okoto 95% ogolnej ilosci
tlenkow azotu NOy wowczas

NOzm[erz [ppm]
NO, [ppm]= ==+, (14)

Wpltyw na zawarto$¢ tlenkéw siarki SOy
w spalinach ma ilo$¢ siarki w paliwie.

W  praktyce niemozliwym  jest  takie
rozdrobnienie paliwa, aby wszystkie molekuty
otrzymatly jednoczesnie niezbgdna do spalenia ilosé
powietrza. Wspotczynnik nadmiaru powietrza A
z zastosowaniem parametrow emisji produktow
spalania obliczany jest na podstawie znanej dla
danego paliwa wartosci CO,,,, oraz zmierzonej
warto$ci COo. e, W spalinach wedlug zwiazku

A =—"" 15
COszierz ( )
lub poprzez pomiar w spalinach zawartosci tlenu O,
0
20,95% (16)

20,95% - Oszierz [%]
Jest on zmienng zalezna wyjscia palnika.
Niezbedne do wyznaczenia sprawnosci kotla
zwiazki (9) — (16) mozna, analogicznie do
zaleznosci (6) — (8), zapisaC w postaci ogolnego
modelu  sygnatu emisji  produktow  spalania
pomocniczego kotta okrgtowego w postaci:

Mka = F410,.5kl.pal 2., f 4, |AF, £, (4G)}  (17)

gdzie:
sklpal — sklad paliwa,
Af — zbiory  zmiennych  (rozdzielone

$rednikami), niezaleznych, zaleznych
i wspotczynnikow  korekcyjnych
zwiazanych ze stratag wylotowa,

Af =4 pou0> 023 gaz» 9 4r; Cwpal, 4, B,20,95},  (18)

toas — temperatura spalin wylotowych,
Cwpal  — zawarto$¢ wegla w paliwie,
Ag — zbiory  zmiennych  (rozdzielone

$rednikami) niezaleznych, zaleznych
1 wymiarow geometrycznych palnika
zwiazanych z niezupelnym
spalaniem,

Ag ={0,,CO, a,skl.pal;q 4, ; wym.geom.pal} ~ (19)

Do pomiaréw parametrow sygnalu emisji
produktéw spalania poshluzono si¢ analizatorem
spalin typu IMR 3000 P [4, 5], ktorego widok
ogblny przedstawiono na rysunku 3. Pomiary
parametrOw sygnalu prowadzono w stanach

zalaczenia, stanach posrednich i wylaczania palnika
kotta, rejestrujac podczas jednej obserwacji
kilkadziesiat  sekwencji  czasowych  wzrostu
i zmniejszania ci$nienia w kotle. Na rysunku 4
przedstawiono przykladowy wydruk protokotu
pomiaru parametrow sygnatu emisji produktow
spalania uzyskany przy pomocy analizatora spalin.

Rys. 3. Widok og6lny zastosowanego do pomiarow
analizatora spalin IMR 3000 P [4]

Dokumentuje on warto$ci parametrow sygnatu
emisji  produktow spalania oleju opatowego,

w prezentowanym protokdle przy najwyzszym
osiggalnym w kotle cisnieniu pary 6,3 bar.

IMR SO98F 89,87

Oled oPalowy ciezki

T—gaz 195°C T-POw. 3I6°C
coz 11.4 % 0z J.9 %
co 5 PFmM SN2 3583 eFm
MOx 2V8 pPm

af 8.9 % LAMBDA 1.39

Rys. 4. Wybrany protokét pomiaru parametrow
sygnalu emisji produktéw spalania w chwili
wylaczenia palnika

Szkodliwe produkty spalania z okrgtowych
kottéw parowych CO, CO,, SOx i NOx wplywajac
destrukcyjnie na stan techniczny kotlow okrgtowych
stanowia realne zagrozenie dla $rodowiska
morskiego, szczegblnie podczas postojow w portach,
stoczniach i1 zegludze w poblizu ladu. Dopuszczalne
wartosci  udziatbw  zwiazkow  toksycznych
w strumieniu  emitowanych produktow spalania
ropopochodnych paliw okrgtowych zostaty objete
przepisami Konwencji MARPOL. Stosujac reguly
wnioskowania diagnostycznego ich przekroczenie
klasyfikuje formalnie kociot do stanu niezdatnosci,
natomiast wartosci parametrow sygnatu emisji
produktéw spalania jako skutek jakosci organizacji
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tego procesu sa  no$nikami

diagnostycznej.

informacji

4.3. Sygnal wibroakustyczny

W kotle obserwuje si¢ dwa rodzaje wymuszen
generujacych sygnaly wibroakustyczne zwiazane ze
zjawiskami przeptywowymi, z ktorych pierwsze jest
spowodowane przez procesy zachodzace w komorze
paleniskowej, pozostale natomiast przez zjawiska
wystepujace podczas omywania peczkéw w ciagu
konwekcyjnym. Pewien wplyw moga mie¢ roéwniez
wymuszenia ze strony pompy  paliwowej
i wentylatora powietrza.

W komorze spalania, przy -ci$nieniu spalin
wynoszacym 10 kPa, moga pojawi¢ sig
charakterystyczne drgania widoczne
w czestotliwosci rzedu 30 - 200 Hz. Zmiany te
przenosza si¢ na $ciany komory i zwiazane z nimi
elementy, a. zjawisku towarzyszy hatas. Oprocz
drgan akustycznych moga tez wystgpowac
infradzwigki o czestotliwosciach 3 - 10 Hz, ktore sa
trudne do zaobserwowania. Widmo drgan moze
zmienia¢ si¢ na skutek zmian: obcigzenia kotla
(poboru pary), stanu eksploatacyjnego pracy palnika
(parametrow powietrza, rodzaju dysz, stosunku
nadmiaru powietrza) oraz rodzaju i parametrow
paliwal[8, 11].

Czestotliwosci drgan wilasnych mozna okresli¢
w zalezno$ci od przyjetego modelu zrodia drgan,
w ktorym odpowiednie wymuszenie generuje fale
stojace o czgstotliwosci podstawowej okreslonej
prawami akustyki. Dla komory spalania moze to by¢
model typu zamknigtej rury, otwartej lub rezonatora
Helmbholtza. Przy dlugosciach fali wyraznie
wigkszych od wymiar6w komory, modele
rezonatora Helmholtza i rury jednostronnie otwartej
staja si¢ identyczne [11]. Na skutek doprowadzania
energii plomienia do gazow wypetniajacych komorg
paleniskowa  wystepuja  pulsacje  ci$nienia
wywolujace takie zjawiska jak:

— rezonans ukladu zasilania paliwem i1 komora

spalania,

— pulsacje spowodowane niestabilnoscia procesu
spalania,

— szum spalania.
Ci$nienie  akustyczne  strumienia  spalin

emitowane przez plomien moze oddziatywaé na
komore spalania, generujac jej drgania. Moga by¢
one przyczyna drgan akustycznych, w zaleznosci od
rozmiarow  kotla. Plomien wytwarza szum
o szerokim zakresie czestotliwosci. Sklada si¢ on
z szumu przeplywu turbulentnego i szumu spalania
od fal ci$nienia wywotanych chwilowymi wzrostami
objetosci podczas spalania. Szum turbulentny i szum
spalania zaleza od typu palnika i obciazenia kotta.
Spalanie znacznie podwyzsza poziom halasu
w stosunku do przeptywu burzliwego.

Uproszczone modele sygnatéw drgan wlasnych
iemisji akustycznej mozna znalezé w stosownej
literaturze, migdzy innymi np. [3, 8]. Z modeli tych
wynika, ze kazdy kociot moze generowac drgania

o wlasciwych tylko dla siebie czestotliwosciach
wiasnych.

Najwigkszy problem przy korzystaniu z tych
modeli stanowi okreslenie wielko$ci wynikajacych
zcech  konstrukcyjnych  kotla, np. statych
charakteryzujacych  sposdob ~ mocowania  rury,

logarytmicznego  dekrementu  tlumienia  itp.
Wielkosci te  mozna  wyznaczy¢  jedynie
doswiadczalnie  poprzez  pomiary  potaczone

z rejestracja amplitudy 1 czasu zanikania drgan
wlasnych po wzbudzeniu.

Dla pomiar6w parametréw drganiowych i emisji
akustycznej wyrdzniono stany: z pracujacym
palnikiem i z wylaczonym plomieniem a pracujaca
tylko dmuchawa palnika. Badania ukierunkowano
na okre§lenie pasma czgstotliwosci  sygnatlu
drganiowego i emisji akustycznej kotla zwiazanego
bezposrednio z praca:

— pompy paliwowej zasilajacej pracujacy palnik
(pomiar na kadtubie pompy),

— na kotnierzu mocujacym pracujacy palnik do
kotta — pomiar w kierunku poziomym,

— przeplywem strumienia powietrza
dostarczanego  przez =~ dmuchaweg  bez
pracujacego palnika.

Akwizycja 1 archiwizacja danych sygnatu
drganiowego  oparta byla na  platformie
multianalizatora PULSE® firmy Briel & Kjer
z przenosna kaseta pomiarowa typu B&K 3650C.
System ten byt wyposazony w pigciokanatowy
modut kontrolera wejscia/wyjscia typu 7537 oraz 12
kanalowy modut wejsciowy z technologia Dyn-X®.
Modut wejsciowy umozliwia synchroniczny pomiar
do 17 sygnatéw w szerokim pasmie czgstotliwosci
od 0 do 256 kHz. System pomiarowy
wspolpracowat z przetwornikami przyspieszen
drgan typu B&K 4514B oraz B&K 4504 A réwniez
firmy Briiel & Kjar. Na rysunku 4 przedstawiono
wybrane widmo przy$pieszen drgan zarejestrowane
na kadlubie pompy paliwowej zasilajacej pracujacy
palnik kotta.

Autospectrum(Signal 2) - Input
Pulse Time :.Input.: Inout : FFT Analvzes
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Rys. 4. Przyktadowe widmo przyspieszen drgan
zarejestrowane na kadtubie pompy paliwowej
pracujacego palnika
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Analizujac otrzymane wyniki pomiaréw sygnatu
drganiowego zidentyfikowano charakterystyczne
sktadowe harmoniczne zwigzane 2z procesem
spalania, widoczne dla czgstotliwosci 10,5 kHz oraz
sktadowe harmoniczne napgdu pompy paliwowej
palnika w niskim pasmie czgstotliwosci rzgdu 60
1 180 Hz, obliczone z predkosci obrotowej napgdu
pompy. Sa one widoczne na widmie przyspieszen
drgan zarejestrowanych na kohierzu mocujacym
palnik do walczaka kotla.

W przypadku rejestracji sygnaldw emisji
akustycznej  istotne  znaczenie ma  wybor
doswiadczalnie ~ wyselekcjonowanego  punktu
pomiaru. W celu zapewnienia skutecznej separacji
sygnatow zwiazanych z praca kotla parowego
zastosowano uklad wzmacniajacy sygnat czujnika
emisji akustycznej charakteryzujacy si¢ niskimi
szumami wilasnymi i $ci$le okreSlonym pasmem
przenoszonych czgstotliwosci.

Do pomiaréw zastosowano aparaturg

opracowana w Pracowni Analizy Sygnatu Emisji
Akustycznej Instytutu Podstawowych Problemow
Techniki PAN, pod kierunkiem prof. dr hab. inz.
Zbigniewa Ranachowskiego. Poniewaz sygnal
z typowego czujnika emisji akustycznej posiada
niski poziom napig¢ (rzedu miliwoltow) i pasmo od
okoto 0,1 kHz do 1,5 MHz, konieczne bylo
uprzednie odpowiednie przeksztalcenie sygnahu.
Sygnat emisji akustycznej byt najpierw wzmacniany
w przedwzmacniaczu, a nastgpnie odfiltrowany. Do
rejestracji sygnalow szumowych emisji akustyczne;j
generowanych przez przeplyw paliwa oraz
powietrza zasilajacego, potrzebny byl wzmacniacz
niskoszumny o impedancji wejsciowej > 0.5 Ohma
i pasmie przenoszenia 0.5 — 40 kHz. Zastosowano tu
zapis sygnalu z nastgpujacymi parametrami: wejscie
liniowe, czgstotliwo$¢ probkowania 88,2 kHz,
rozdzielczo$¢ 16 bitow, waga najmiodszego bitu
7 zastosowaniem wzmocnienia X 100-2
mikrowolty.
Na rysunku 6 przedstawiono wybrany przebieg
czasowy sygnatu zrodtowego emisji akustycznej
z pracujacej pompy paliwowej zasilajacej kociot i na
rysunku 6 jego wizualizacje amplitudowo
czestotliwosciowa.

g

o
ul
|

Rys. 5. Przebieg czasowy sygnatu zrodtowego
emisji akustycznej z pracujacej pompy paliwowej
zasilajacej kociot

Amplituda

Czgstotliwosé

Rys. 6. Wizualizacja procesu emisji akustyczne;j
z pompy paliwowej zasilajacej pracujacy palnik
kotta

Wizualizacje sygnalu emisji akustycznej dla
przeptywu powietrza podawanego przez dmuchawe,
bez pracy palnika przedstawiono na rysunku 7.

Rys. 7. Wizualizacja sygnatu emisji akustycznej dla
przeptywu powietrza podawanego przez dmuchawe
(bez pracy palnika)

Klasyczne metody Fouriera nie moga by¢
stosowane do analizy proces6w niestacjonarnych.
Nie daja one informacji na temat lokalnych
rozktadow czgstotliwosciowych. Zamiast klasycznej
transformacji Fouriera zastosowano transformacjg
falkowa, gdzie czgstotliwos¢ reprezentowala
wspotczynnik  skalujacy. Na  rysunku 8
przedstawiono dekompozycje¢ falkowa sygnatlu
emisji akustycznej kotla z zapalonym palnikiem.
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Rys. 8. Dekompozycja falkowa sygnatu emisji
akustycznej kotta z pracujacym palnikiem
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Stosujac  metode  dekompozycji  falkowe;j
analizowano sygnal z gorsza rozdzielczoscia
w dziedzinie  czgstotliwosci w  porOéwnaniu
z przeksztalceniem Fouriera, natomiast mozna byto
pozyska¢ informacj¢ o ewentualnych zmianach
charakterystyki widmowej sygnatu w kolejnych,
wzglednie krotkich, przedziatach czasu pracy kotla.

Skutki degradacji i niesprawnos$ci odwzorowuje
wzrost drgan i zmiana charakteru widma czasowo-

widmowego generowanego sygnalu
wibroakustycznego kotta. Do jego opisu moga/sa
powszechnie  stosowane modele diagnostyki

wibroakustycznej [3, 9, 10].
5. WNIOSKI KONCOWE I PODSUMOWANIE

Nadzor ceksploatacyjny kotta odbywa sig
dotychczas przede wszystkim w oparciu o wartosci
parametrow sygnatu cieplno — przeptywowego oraz
metodami wizualizacyjnymi. Osady
i zanieczyszczenia kotla wplywaja znaczaco na
jako$¢ procesu przejmowania ciepla, a regulacja
palnika na proces spalania paliwa. Dlatego sposrod
sygnalow generowanych przez parowy kociot
okregtowy za podstawowy w  nadzorowaniu
poprawnosci funkcjonowania kotta nalezy uznad
sygnat cieplno — przepltywowy. Jego modele
doczekaty si¢ w literaturze  dostatecznie
wszechstronnych opracowan [6, 8, 11, 12].

Ze wzgledu na tatwos$¢ pozyskiwania wartoSci
parametrow sygnatu emisji produktow spalania
modele (9) — (19) moga mie¢ one zastosowanie
w uwiarygodnianiu parametréw modeli cieplno —
przeptywowych (5) — (8). Wynik tej konfrontacji
bedzie dobrym  uzupelieniem uzasadnienia
podejmowanych obstugowych decyzji
eksploatacyjnych. Zalezno$¢ (9) dzigki swej
prostocie dobrze oddaje tendencje zmian wartosci
sprawnosci kotla, natomiast sprawnos¢ spalania 7 4,

obliczona ze zwiazku (10) jest wygodna jako
parametr kontrolny podczas regulacji palnika.
Modele te moga by¢ réwniez pomocne w ocenie
skutecznosci  przeprowadzanych  obstug -
odtwarzania stanu technicznego powierzchni
wymiany ciepla kotla (czyszczenia) i1 regulacji
palnika.

Kotty parowe podczas pracy generuja drgania,
hatas i1 pulsacje czynnikow roboczych. Sa one
przyczynami i/lub efektami degradacji stanu
technicznego kotlow. Bezposrednim powodem
emisji akustycznej moze by¢ zmiana naprezen,
temperatury, promieniowanie, erozja a nawet
korozja materialu  kotla.  Zaistnienie emisji
akustycznej nabytej w trakcie eksploatacji nalezy
uzna¢ za sygnal degradacji/zmiany wlasno$ci
struktury warstwy wierzchniej i wnetrza materialu
elementu konstrukcji. Sygnat ten ze wzgledu na
dorazny charakter pozyskiwania jego parametrow
nalezy uzna¢ za zrodlo informacji diagnostycznej,
po wnikliwej ich identyfikacji w ramach systemu
diagnostycznego.

Zebrane doswiadczenia i pozyskane wyniki
podczas eksperymentalnej identyfikacji parametrow
sygnatu wibroakustycznego nasuwaja w badaniach
celowo$¢ pomiarow:

a/ w komorze spalania:
— cisnienia  akustycznego —
ci$nienia,
— czgstotliwosci w komorze spalania,

czujnikami

— ci$nienia akustycznego do okreslenia zmiany
fazy,
b/ dla elementéw kotta:
— drgan czujnikami predkosci i przyspieszenia,

— natezenia dzwigku wyemitowanego przez
elementy kotla.

Przedstawione modele sygnatow generowanych
przez kotly i otrzymane wyniki ich identyfikacji
parametrycznej wnosza zachgcajace przestanki do
wdrozenia quasidynamicznego obstugiwania kotlow
okrgtowych.
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The presented in the book considerations lead to
the conclusion that a classic diagnostic task very
often requires application of a nonlinear description.
The following postulate can be formulated on the
basis of numerous papers (including papers of the
authors).

A new (‘after an initial usage’) machine can be
described with an adequate accuracy by a linear
model. During exploitation certain nonlinear
disturbances related to wear and tear — occur. Thus,
an observation of nonlinear effects allows solving
a diagnostic task.

This postulate is also true for technical devices,
which operations require a nonlinear description
from the “very beginning” (e.g. piston-and-crank
mechanism). In such situation we will observe an
increase of nonlinear disturbances.

Resonant  increases of the  amplitude
in bands, in which the vibration level in a new
machine was low, local losses of motion stability,
generation of self-exited vibrations, as well as strong
dependence of parasitic vibration processes on the
load — are typical symptoms frequently utilised
in vibroacoustic diagnostics.

Thus, purposefulness of application nonlinear
descriptions seems to be doubtless similarly as
looking for vibration measures (more precisely:
methods and techniques of signal analysis) sensitive
to the nonlinear disturbances evolution.

The Authors considerations are illustrated by
many technical examples from the field of rotating
machinery and new nonlinear materials.
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