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W SKROCIE

CHLOPEK Z., ZEGOTA M.: Emisja czastek stalych PM10
z pojazdow samochodowych: EiN nr 1/2004, s. 3-13.
Emisja czastek statych PM10 jest jedna z najwazniejszych wielkosci
kryterialnych przy ocenie stanu powietrza atmosferycznego,
zgodnie z wymaganiami dyrektywy Unii Europejskiej 1999/30/
EC. Przy ocenie stanu srodowiska tylko w nielicznych wypadkach
jest mozliwe oparcie si¢ na pomiarach imisji zanieczyszczen.
W pozostatych wypadkach oraz w celu oceny skutkéw przedsig-
wzig¢, wpltywajacych na zmiang stanu srodowiska, konieczne jest
wykorzystywanie modeli emisji i rozprzestrzeniania zanieczyszczen.
W pracy dokonano badan symulacyjnych modelu Lohmeyera,
jednego z najbardziej rozbudowanych. W wyniku przeprowadzonych
rozwazan stwierdzono celowos¢ podijecia skoordynowanych dziatan nad
modelowaniem emisji czastek statych PM10 ze zrodet motoryzacyjnych,
w tym identyfikacji i weryfikacji modeli juz opracowanych.

CHLOPEK Z., ZEGOTA M.: The emission of particulate
matter PM10 from vehicles: EiN nr 1/2004, s. 3-13.

The emission of particulate matter PM10 is one of the most
important criterial values in the assessment of atmospheric
air quality in compliance with European Union directive 1999/
30/EC. The assessment of the state of the environment can be
based on pollution measurement in few cases only. In other
cases, as well as in environmental impact analysis it is neces-
sary to use pollution emission and dispersion modeling. The
paper presents simulation studies of Lohmeyer’s model, which
is one of the most complex. The results point is the necessity
to undertake the coordinated researches into particulate mat-
ter PM10 emission modeling, including identification and veri-
fication of already existing models.

PIKUNAS A., MATULIAUSKAS A., SPRUOGIS B.: Research on the pipeline transport robots elements: EiN nr 1/2004, s. 14-18.

In the article are reviewed constructions of the pipeline transport robots elements and scheme of new original construction is
presented. The mathematical model of the pipeline transport robot is formed and its motion equations are presented.

PIEKARSKI W., DZIENISZEWSKI G.: Analiza mozliwoSci
doladowania silnika o ZI zasilanego gazem LPG: EiN
nr 1/2004, s. 19-29.

W pracy dokonano przegladu systeméw dotadowania i uktadow
zasilania gazem LPG. Wybrano rozwiazania optymalne dla
silnika PN 1600. Metoda symulacji komputerowych okreslono
parametry dotadowania i parametry regulacyjne dotadowanego
silnika gazowego. Wskazano na problemy techniczne
dotadowanych silnikoéw o zaptonie iskrowym i ich ekologiczne
zalety silnikow gazowych. Uzyskane podczas symulacji
numerycznych wskazniki pracy silnika zasilanego LPG
dotadowanego mechanicznie, poréwnano ze wskaznikami
silnika wolnossacego zasilanego benzyng i gazem.

PIEKARSKI W., DZIENISZEWSKI G.: An analysis of the
supercharge possibilities of a spark-ignition LPG en-
gine: EiN nr 1/2004, s. 19-29.

The paper gives a review of supercharge and LPG feed sys-
tems. The optimum solutions for a PN 1600 engine were
selected. The computer simulation method was used to define
the supercharge and control characteristics of a supercharged
gas engine. Technical problems of spark-ignition supercharged
engines and ecological advantages of gas engines were discus-
sed. The numerical simulation working coefficients for a me-
chanically supercharged LPG engine and a petrol and gas nor-
mally aspirated engine were compared.

HEJWOWSKI T., DEBSKI H.: FEM analysis of functionally graded coating applied to diesel engine piston crown: EiN

nr 1/2004, s. 30-34.

Functionally graded thermal barrier coating was analytically investigated by using Abaqus FEM code. Transient temperature and stress
distributions in coatings applied to diesel engine piston crowns were calculated throughout the entire working cycle. Results of
calculations were compared against data obtained for metal piston and classical duplex TBC.

WNUK M., P.: Pojecia i zalezno$ci w liniowej i nielinio-
wej mechanice pekania: EiN nr 1/2004, s. 35-48.

Na poczatku ubiegtego stulecia teoria sprezystosci zostata
uzupetniona nowga hipoteza, ktéra uwzglednita mozliwosc
nieciaglosci pola przemieszczen w continuum sprezystym.
Nieciagloscia taka jest szczelina, stacjonarna lub tez poruszajaca
si¢, a podstawowa hipoteza jest tutaj hipoteza Griffitha, ktéra
uzupetnia wyrazenie na catkowita energi¢ potencjalng
rozwazanego systemu o jeden dodatkowy czton, mianowicie
energi¢ swobodnej powierzchni. Wzor Grifitha wyjasnit ogromne
rozbieznosci migdzy mierzonymi wartosciami wytrzymatosci,
a ich teoretycznymi oszacowaniami wynikajacymi z rozwazan
molekularnych dotyczacych ciat bez defektow. Wzor Griffitha
zostat sprawdzony w praktyce inzynierskiej i dat poczatek
nowej dziedzinie w teorii wytrzymatosci ciat niedoskonatych,
tzn. takich, ktore zawieraja wewngetrzne (lub brzegowe)
peknigcia jeszcze w stanie nieobcigzonym. Teoria ta nosi nazwe
Mechaniki Zniszczenia lub tez Mechaniki Peknieé.

WNUK M., P.: Concepts and relationships in linear and
nonlinear fracture mechanics. Part I. Linear elastic
fracture mechanics: EiN nr 1/2004, s. 35-48.

At the beginning of the past century the Theory of Elasticity
was supplemented by a new hypothesis, which took into ac-
count occurrence of discontinuities within an elastic continuum.
This discontinuity appears in form of a crack, either station-
ary or propagating, and the hypothesis, which was put forward
by Griffith, appended a single additional term into the expres-
sion for the total potential energy of the considered system.
Griffith formula explained the substantial differences between
the measured values of material ultimate strength and those
predicted by the molecular considerations carried out for
a perfect continuum that does not posses any cracks. Exten-
sive testing and the case studies stemming from the engineer-
ing practice confirmed the new formula, and it gave rise to the
new domain within the theory of strength, namely the Me-
chanics of Fracture.

MAZURKIEWICZ D.: Features extraction from laser diagnostic data; EiN nr 1/2004, s. 49-54.

This paper describes how is it possible to extract knowledge from combustion engineering and its experimental data. It is far away to
apply computer science approach for understanding of physical and chemical properties in combustion diagnostics data. In this paper,
these subjects and the way of thinking are discussed: how to see the flow and combustion, how to make instrumentation, how to obtain
and analyse the data, how optimize the experiment, and how to extract knowledge and optimize the system. This research is
conceptual, that is focussing on understanding the problem and its solution. The aim of this paper is also to present and discuss new
challenges for Computer Science engineering applications related to combustion. All presented results were obtained during author’s
scholarships at the Kobe University in Japan.
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Zdzistaw CHLOPEK
Michat ZEGOTA

EMISJA CZASTEK STALYCH PM10 Z POJAZDOW

SAMOCHODOWYCH

THE EMISSION OF PARTICULATE MATTER PM10
FROM VEHICLES

Emisja czqstek statych PM10 jest jednq z najwazniejszych wielkosci kryterialnych przy ocenie stanu
powietrza atmosferycznego, zgodnie z wymaganiami dyrektywy Unii Europejskiej 1999/30/EC. Emi-
sja czqstek stalych z ruchu drogowego pochodzi: z ukladu wylotowego silnika spalinowego, z in-
nych uktadow pojazdu oraz z nawierzchni drogi. Przy ocenie stanu srodowiska tylko w nielicznych
wypadkach jest mozliwe oparcie sie na pomiarach imisji zanieczyszczen. W pozostatych wypadkach
oraz w celu oceny skutkow przedsiewzie¢, wplywajqcych na zmiane stanu srodowiska, konieczne jest
wykorzystywanie modeli emisji i rozprzestrzeniania zanieczyszczen. Dotychczas nie opracowano
ujednoliconych modeli emisji czqstek stalych PM10, ktorych zgodnos¢ z przedmiotem modelowania
zostala powszechnie udowodniona. W pracy dokonano badan symulacyjnych modelu Lohmeyera,
Jjednego z najbardziej rozbudowanych. W wyniku przeprowadzonych rozwazan stwierdzono celo-
wos¢ podjecia skoordynowanych dziatan nad modelowaniem emisji czqstek statych PM10 ze Zrodet
motoryzacyjnych, w tym identyfikacji i weryfikacji modeli juz opracowanych.

Stowa kluczowe: emisja czqstek stalych PM10, modelowanie emisji zanieczyszczen

The emission of particulate matter PM10 is one of the most important criterial values in the assessment
of atmospheric air quality in compliance with European Union directive 1999/30/EC. The emission
of particulate matter in road traffic comes from three sources: exhaust system of a combustion engine,
other vehicle systems, and road surface. The assessment of the state of the environment can be based
on pollution measurement in few cases only. In other cases, as well as in environmental impact
analysis it is necessary to use pollution emission and dispersion modeling. So far, standardized
models of particulate matter PM10 emission, which accordance with the subject of modeling was
generally proved, have not been produced. The paper presents simulation studies of Lohmeyers
model, which is one of the most complex. The results point is the necessity to undertake the coordinated
researches into particulate matter PM10 emission modeling, including identification and verification
of already existing models.

Keywords: Emission of particular matters PM10, modeling of pollution emission

1. Wprowadzenie

Doswiadczenia panstw rozwinigtych gospodarczo
w ocenie stanu srodowiska wskazuja, ze jednym z naj-
bardziej ucigzliwych zagrozen jest imisja czastek sta-
tych PM10, tzn. czastek o wymiarach charakterystycz-
nych mniejszych od 10 um [8, 10 — 13, 15 — 22]. Pyt

1. Introduction

The experience of economically developed coun-
tries in environmental assessment indicates that one
of the most troublesome threats to the environment is
the emission of particulate matter PM10, that is partic-
les less than 10 um in size [8, 10 — 13, 15 —22]. Dust
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o wymiarach mniejszych od 10 um znajduje si¢ na li-
Scie substancji szkodliwych dla srodowiska zgodnie
z dyrektywa Unii Europejskiej 1999/30/EC 1 jest
uwzgledniany przy ocenie stanu srodowiska m.in. ze
wzgledu na programy naprawcze srodowiska [8, 10 - 13,
15-22].

Jednym z najbardziej intensywnych zrédet emisji
czastek statych PM10 jest ruch drogowy [8, 10 - 12,
15 - 20]. Struktura czynnikdw determinujacych emisje
czastek statych PM10 z pojazdow i zrédet tej emisji
jest ztozona — schematycznie zostata ona przedsta-
wiona narysunku 1 [8, 16].

Ecological properties of
vehicles with respect to

consisting of particles smaller than 10 um was placed
on the list of environmentally damaging substances
in accordance with European Union directive 1999/
30/EC and is taken into consideration in state—of—the—
environment assessment [8, 10—13, 15-22].

One of the most intensive sources of particulate
matter PM 10 emission is road traffic [8, 10— 12, 15—
20]. The structure of the determining factors and so-
urces of particulate matter PM 10 emission from vehic-
les is very complex. It was schematically presented in
Figure 18, 16].

%

Properties of materials used 3
in parts of friction pairs

PM emission

Properties of tyre meterials >

Vehicle parameters —>>
Traffic conditions —>>
Atmospheric conditions —
Type and quality of the 3

road surface

Vehicle

surroundings

—> Engine exhaust system

> Friction pairs in a vehicle

e Tyre materials

Other materials of a vehicle
3 that wear out

> Road surface material

Rys. 1. Struktura czynnikow determinujqcych emisje czqstek statych PM10 oraz zrodel emisji czqstek stalych PM10
Fig. 1. The structure of determining factors and sources of particulate matter PM10 emission

Najwazniejszymi zrodtami emisji czastek statych
PM10 z pojazdow sa [8, 10— 13, 15-22]:

1. Silnik spalinowy.

Czastki stale powstaja w cylindrach silnika i w je-
go ukladzie wylotowym, nastgpnie ulegaja rozro-
stowi w atmosferze. Jako czastki state emitowane
z uktadu wylotowego silnika przyjmuje si¢ cala
materi¢ emitowang z uktadu wylotowego silnika,
osadzong na filtrze absolutnym (o skutecznosci
filtrowania 99% czastek o wymiarach mniejszych
niz 0,3 mm) po ochtodzeniu spalin przez miesza-
nie z powietrzem atmosferycznym do temperatu-
ry mieszaniny 52 + 3 °C [5]. W zbiorze czastek
statych emitowanych z uktadu wylotowego silni-
ka znaczacy jest udziat czastek o wymiarach
mniejszych od 10 pm. Struktura czastek statych
jest przedstawiona na rysunku 2 [5]. W sktad cza-
stek statych wchodzi przede wszystkim frakcja
weglowa — sadza oraz zaabsorbowane przez sa-
dzg¢ zwiazki nieorganiczne i organiczne.

The most important sources of the emission of
particulate matter PM10 from vehicles are the follo-
wing [8,10—13,15-22]:

1. Combustion engine.

Particulate matter is produced in the engine cy-
linder and exhaust system. Next, they expand in
the atmosphere. Particulate matter emitted from
engine exhaust system are defined as all matter
that is emitted from engine exhaust system and
deposited on the absolute filter (which separa-
tion efficiency is 99% of particles smaller than 0,3
mm) after fumes have been cooled by mixing with
atmospheric air to the mixture temperature of 52 +
3 °C [5]. In the mass of particulate matter emitted
from engine exhaust system the proportion of
particles smaller than 10um is significant.

The structure of particulate matter is presented
in Figure 2 [5]. Particulate matter consists mainly
of carbonic fraction, that is soot, and inorganic
and organic compounds absorbed by soot.

4 EkspLoaTACJA | NIEZAWODNOSG NR 1/2004
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SOF

Water
Sulphates
Nitrates

PM HC in volatile

PM
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HC |

HC

Rys. 2. Skiad czastek stalych: PM — czqstki state, C

SOLID

— czes¢ weglowa czqstki stalej, INSOL — frakcja nieroz-

puszczalna w dwuchlorometanie, SOF — frakcja rozpuszczalna w dwuchlorometanie, PM, .. — czes¢ we-
glowodorowa czqstki stalej, pochodzqca z oleju, PM,, . — czes¢ weglowodorowa czqstki stalej, pochodzq-
ca z paliwa, HCp — cze$¢ weglowodorowa czqstki statej (wg [5])

Fig. 2. Structure of particulate matter: PM — particulate matter, C,, = — carbonic part of particulate matter,
INSOL — fraction insoluble in dichloromethane, SOF — fraction soluble in dichloromethane, PM, v —
hydrocarbonic part of particulate matter from oil, PM,, . — hydrocarbonic part of particulate matter from
fuel, HCP — hydrocarbonic part of particulate matter

2. Wezty trybologiczne w pojezdzie.
Podstawowymi weztami trybologicznymi w po-
jezdzie, ulegajacymi intensywnemu zuzyciu, sa
uktady trace hamulcéw i sprzegta. W sktad mate-
riatu zuzywanych czgsci wchodza rdwniez mate-
riaty niemetalowe, w tym m.in. organiczne, oraz
metale, w tym réwniez metale cigzkie.

3. Ogumienie kot jezdnych, ktore sa zuzywane we
wspotpracy z nawierzchnia jezdna.
Glownym sktadnikiem materialu zuzywanego
ogumienia kot jezdnych sa zwiazki organiczne,
przede wszystkim guma, oraz w niewielkiej ilosci
metale.

4. Inne materialy cz¢sci pojazdu ulegajacych zuzy-
ciu.
Udzial materialéw czg¢$ci pojazdu ulegajacych zu-
zyciu, wydalanych z pojazdu w czasie ruchu, jest
w stosunku do innych sktadowych czastek sta-
tych PM10 niewielki. Sa to gtéwnie metale.

5. Nawierzchnia jezdna ulegajaca zuzyciu we wspot-
pracy z ogumieniem kot jezdnych.
Sktadnikami materiatu nawierzchni ulegajacej zuzy-
ciu we wspdlpracy z ogumieniem kot jezdnych sa
zwiazki zardwno nieorganiczne, jak i organiczne.

6. Pyt wzniecany z nawierzchni jezdnej przez poru-
szajace si¢ po niej pojazdy.
Sktad pytu wzniecanego z nawierzchni jezdnej
przez poruszajace si¢ po niej pojazdy jest zalez-
ny od bardzo wielu czynnikéw, m.in. od otocze-
nia drogi oraz od warunkéw atmosferycznych.
W tej czgsci czastek stalych znaczny jest udziat
czastek dwutlenku krzemu.

2. Friction pairs in a vehicle.
The basic friction pairs in a vehicle are parts of
brakes and clutch. The material that is worn con-
sists of non—metal materials, such as organic
materials, and metals, including heavy metals.

3. Tyres, the material of which is worn in contact
with road surface.
The main components of the materials rubbed
from tyres are organic compounds, mainly rub-
ber and, in small quantities, metals.

4. Other materials of a vehicle which wear out.
The participation of vehicle materials subject to
abrasive wear that are expelled from a vehicle
during motion is, in relation to other components
comprising particulate matter PM10, insignificant.
These are mainly metals.

5. The material of road surface that is worn in con-
tact with tyres.
The material of road surface that is worn in con-
tact with tyres consists mainly of organic as well
as inorganic compounds.

6. Dust stirred from road surface by passing vehic-
les.
The composition of dust stirred from road surfa-
ce by passing vehicles depends on a great varie-
ty of factors, among others, on the surroundings
of the road and on atmospheric conditions. In
this portion of particulate matter the participa-
tion of silicon dioxide particles is significant.
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Czynnikami determinujacymi emisje¢ czastek statych

zpojazdow sam.in. [2—5,8,9—13,15-22]:

1. Wtasciwosci ekologiczne pojazdow ze wzgledu

na emisj¢ czastek statych.
W zaleznosci od rodzaju silnika (o zaptonie iskro-
wym lub o zaptonie samoczynnym) oraz od po-
ziomu ekologicznego pojazdu réznice w intensyw-
nosci emisji czastek statych sa bardzo znaczne.

2. Wiasciwosci czesci weztow trybologicznych
w pojezdzie oraz materiatdw tych czesci.
Wtasciwosci czesci weztow trybologicznych
w pojezdzie oraz materialow tych czgéci maja
wplyw na intensywnos$¢ emisji czastek statych
oraz na ich sktad, a wigc rowniez na szkodliwos¢
dla srodowiska a w szczegolnosci dla zdrowia or-
ganizmow zywych.

3. Wiasciwosci ogumienia kot jezdnych oraz mate-
riatéw ogumienia.

Uwaga podobna jak w punkcie 2.

4. Parametréw pojazdow.

Podstawowym parametrem pojazdu majacym
wplyw na intensywnos$¢ emisji czastek statych
jest jego masa. W wyniku badan stwierdza sig¢
réwniez rosnacy wpltyw na emisj¢ czastek sta-
tych liczby kot jezdnych.

5. Warunki ruchu pojazdéow.

Najistotniejszym parametrem charakteryzujacym
ruch pojazddéw, majacym wplyw na emisj¢ cza-
stek statych, jest predkos$é. Znaczenie ma nie
tylko wartos¢ predkosci, ale i np. rowniez war-
tos¢ przyspieszen: dodatnich i ujemnych, szcze-
gblnie w wypadku utraty przyczepnosci kot.

6. Warunki atmosferyczne.

Najwazniejszy jest wptyw na emisje¢ czastek sta-
lych oraz na ich rozprzestrzenianie si¢: wiatr i opa-
dy atmosferyczne. Szczegdlnie duzy jest wplyw
opadow atmosferycznych na emisje¢ czastek sta-
lych pochodzacych ze $cierania si¢ materiatléw
ogumienia i nawierzchni jezdnej oraz — przede
wszystkim — na intensywno$¢ pylu wzniecane-
go z jezdni.

7. Rodzaj i jako$¢ nawierzchni jezdne;.
Whasciwosci nawierzchni jezdnej maja wptyw na
emisj¢ czastek statych podobny jak w wypadku
punktéw 2 i 3. Dodatkowym czynnikiem wpty-
wajacym na emisj¢ czastek stalych jest m.in. ro-
dzaj drogi (np. drogi w miescie, poza miastami
lub drogi szybkiego ruchu i autostrady) oraz
uksztaltowanie terenu.

Nalezy zwrdci¢ uwage, ze wymienione czynniki

determinujace emisj¢ czastek statych z pojazdow nie
sa od siebie catkowicie niezalezne, co jeszcze bardziej
utrudnia badania emisji czastek stalych PM10. Przy-

The following are, among others, the factors de-
termining the emission of particulate matter from ve-
hicles [2-5,8,9—-13,15-22]:
1. Ecological properties of vehicles with regard to
particulate matter emission.
Depending on the kind of engine (with sponta-
neous or spark ignition) and on the degree of
environment—friendliness of the vehicle, differen-
ces in the intensity of particulate matter emission
may be significant.

2. Properties of materials used in parts of friction
pairs in a vehicle.
The properties of materials used in parts of fric-
tion pairs in a vehicle have influence on the in-
tensity of particulate matter emission and its com-
position. Consequently, they also affect damage
to the environment, and, in particular, to the he-
alth of living organisms.

3. Properties of tyre materials.
Remarks similar to those in point no. 2.

4. Vehicle parameters.
The basic parameter of a vehicle which has influ-
ence on the intensity of particulate matter emis-
sion is its mass. Studies have indicated a gro-
wing influence of the number of vehicle wheels
on particulate matter emission.

5. Traffic conditions.
The most crucial traffic parameter affecting parti-
culate matter emission is velocity. Not only the
value of velocity is significant, but also, for in-
stance, the values of acceleration: positive and
negative ones, especially in case when wheels
lose their grip.

6. Atmospheric conditions.
Atmospheric conditions, namely wind and preci-
pitation, affect particulate matter emission and
dispersion. Particularly significant is the influen-
ce of precipitation on particulate matter emission
from tyre materials and road abrasion, and, most
importantly, its influence on the intensity of dust
stirred from the roadway.

7. Type and quality of the road surface.
The influence that properties of the road surface
have on particulate matter emission is similar to
that described in points 2 and 3. Type of the road
(e.g. urban roads, rural roads or throughways and
highways) and natural features of terrain are ad-
ditional factors affecting particulate matter emis-
sion.

It should be stressed that the above mentioned fac-
tors determining particulate matter emission from ve-
hicles are not completely independent of one another,
which makes the research into particulate matter PM10
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ktadowo: material ogumienia, parametry pojazdow,
warunki atmosferyczne oraz rodzaj 1 jako$¢ nawierzch-
ni jezdnej maja wptyw na warunki ruchu pojazdow.

Zdecydowanie najlepiej jest rozpoznana emisja
czastek statych z uktadu wylotowego silnika. W wyni-
ku rozbudowanych programéw badawczych z wyko-
rzystaniem obszernych danych powstaly bazy danych
i procedury, umozliwiajace modelowanie emisji czastek
statych w zaleznosciod [1 -5, 14]:

* ckologicznych wlasciwosci pojazddw ze wzgle-

du na emisj¢ zanieczyszczen,
* warunkow ruchu pojazdéw,

* warunkow atmosferycznych.

Istniejagce modele emisji czastek statych PM 10 maja
charakter bardzo uproszczony i nie doczekaly si¢ do-
tychczas ogdlnej akceptacji srodowisk specjalistow
zajmujacych si¢ ochrong srodowiska. Najwazniejsze
prace w zakresie modelowania emisji czastek statych
PM10 powstaty w US EPA (Environmental Protection
Agency w Stanach Zjednoczonych) [8, 11 — 13] oraz
w instytutach badawczych Europy Zachodniej
[8, 15 - 22]. Opracowane modele opieraja si¢ jedynie
na zasadach podobienstwa funkcjonalnego i sprowa-
dzaja si¢ zazwyczaj do prostych zaleznosci korelacyj-
nych, popartych stosunkowo ubogim materiatem em-
pirycznym:

1. Emisja czastek stalych PM10 jest modelowana
jako zalezno$¢ funkcyjna wielkosci charaktery-
zujacych jakos¢ nawierzchni jezdnej, mase¢ pojaz-
du oraz — w niektdrych wypadkach — udziat dni
z opadami atmosferycznymi, a w innych mode-
lach jest rowniez uwzgledniana srednia predkosc¢
pojazdow [8,10—13, 15-22].

2. W drugiej metodzie jest wykorzystywana zalez-
nos¢ korelacyjna imisji czastek statych PM10 1 imi-
sji tlenkow azotu, postulowana jako liniowa na
podstawie wynikdw badan empirycznych [8, 16,
18]. Na podstawie tej zaleznosci jest formutowa-
ny wniosek o liniowej zalezno$ci emisji czastek
statych PM 10 i emisji tlenkdw azotu.

W wypadku obydwu metod modelowania emisji
czastek statych PM 10 nie ma dostatecznej zgodnosci
miedzy soba oraz z wynikami badan weryfikacyjnych
[15—22]. Celowe jest w zwigzku z tym podjgcie prac
o charakterze systematycznym i rozpoznanie podsta-
wowych probleméw zwiazanych z modelowaniem emi-
sji czastek statych PM10.

emission even more difficult. For example, tyre material,
vehicle parameters, atmospheric conditions and the type
and quality of road surface affect traffic conditions.

Particulate matter emission from exhaust system
of an engine is decidedly the best researched area. As
aresult of extensive research programmes utilizing vast
amount of data, databases and procedures were cre-
ated, which enabled modeling of particulate matter
emission dependent on [1 -5, 14]:

* ecological properties of vehicles with regard to

pollution emission,
¢ road traffic conditions,

* atmospheric conditions.

The existing models of particulate matter PM10
emission are very simplified and have not, so far, ga-
ined a widespread acceptance of specialists dealing
with environmental protection. The most important
papers concerning the modeling of particulate matter
PM10 emission were written in US EPA (United States
Environmental Protection Agency) 8, 11 —13] and in
West European research institutes [8, 15 — 22]. The
models that were generated are based only on func-
tional similarity principles and usually boil down to
simple corelational dependences supported by relati-
vely modest empirical material:

1. Particulate matter PM 10 emission is modeled as
functional dependence of quantities characteri-
zing the quality of road surface, vehicle mass and,
in some cases, the participation of days with pre-
cipitation. In other models average velocity of
vehicles is taken into consideration as well [8,
10-13,15-22].

2. The second method uses corelational dependen-
ce of particulate matter PM10 emission and nitric
oxides emission, postulated to be linear on the
basis of the findings of empirical studies [8, 16,
18]. On the basis of this dependence, a conclu-
sion about linear dependence of particulate mat-
ter PM 10 emission and nitric oxides emission is
formulated.

In case of both methods of modeling particulate matter
PM10 emission is no sufficient conformability between
ones and with results of verification studies [15 —22].
With that it is advisable to undertake the systematic
research character and recognition basic problems
related to modeling particulate matter PM10 emission.
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2. Modelowanie emisji czastek stalych
PM10 z pojazdéw samochodowych

Najogdlniej emisje¢ czastek statych PM 10, modelo-
wang na podstawie modeli fizycznych zbudowanych
na zasadzie podobienstw strukturalnego i funkcjonal-
nego [6, 7], mozna przedstawi¢ w postaci funkcji wiel-
kosci charakteryzujacych: pojazd, otoczenie i warunki
ruchu. W postaci czastkowej taki sposéb modelowa-
nia znajduje swe potwierdzenie w literaturze [8, 10 - 13,
15-22].

2. The modeling of particulate matter
PM10 emission from vehicles

In the most general terms, particulate matter PM10
emission, modeled with the use of physical models
built according to the principle of structural and func-
tional similarities [6, 7], can be presented in the form of
the function of quantities characterizing a vehicle,
environment, and traffic conditions. In fragmentary
form, this method of modeling has been acknowled-
ged in literature [8, 10— 13, 15 —22].

bprio = fk.sGW), j.m(E W) 4y (jor, FW), p.r,FW) (0]

gdzie: b, [g/km] - emisja drogowa czastek statych
PM10, k [g/km] - bazowa emisja drogowa czastek
statych PM10 wg EPA, s [g/m?] - masa osadu na jezd-
ni w odniesieniu do pola powierzchni jezdni, j - jakos¢
nawierzchni jezdnej (kategoria), m [Mg] - $rednia masa
pojazddw reprezentatywna dla poszczegdlnych kate-
gorii pojazdow, v, [km/h] - Srednia predkos¢ jazdy
pojazdow, p — srednia liczba kot pojazdu, 7 - udziat dni
deszczowych w okresie bilansowania emisji, F - kate-
goria pojazdow, np. samochody osobowe, samocho-
dy cigzarowe, autobusy, W - kategoria drogi, np. dro-
gi w miastach, poza miastami, drogi szybkiego ruchu
i autostrady oraz tunele.

Zmienne wystgpujace w rownaniu (1) nie sg od
siebie catkowicie niezalezne, co znajduje wyraz w zi-
dentyfikowanych modelach poddanych weryfikacji
[10-13,15-22].

Do modelowania emisji czastek statych PM10 z wy-
korzystaniem empirycznej zaleznosci imisji czastek sta-
tych PM10 i imisji tlenkdéw azotu mozna wykorzys-tac
zalezno$¢ postulowana jako liniowa [8, 16, 18].

Ipyizg=c; W)+ g (W)-Iyo, )]
gdzie: I,  [g/m’] — imisja czastek statych PM10,
Ino, [g/m’] — imisja tlenkéw azotu, ¢ (W), g (W) —
wspodtczynniki réwnania liniowego zalezne od katego-
rii drog.

Na podstawie zaleznosci (2) postuluje si¢ liniowa

zalezno$¢ emisji drogowej czastek statych PM10 i emi-
sji drogowej tlenkow azotu (3).

bpao = W)+ g, (7)-byo, (©)

gdzie: bNOX [g/km] — emisja drogowa tlenkow azotu,
c,(W), g,(W) —wspotczynniki réwnania liniowego za-
lezne od kategorii drog.

Jako przyktad modelu emisji czastek statych PM 10
(1) rozpatruje si¢ model EPA (4) [8,10—13, 16].

where: b, [g/km] - specific distance mass emission
of particulate matter PM10, k /g/km] - base specific
distance mass emission of particulate matter PM10 ac-
cording to EPA, s [g/m’] - mass of sediment on the
roadway with reference to the area of the roadway, j - qu-
ality of road surface (category), m [Mg] - average mass
of vehicles representative of individual vehicle catego-
ries, v, [km/h] - average velocity of vehicles, p - ave-
rage number of vehicle wheels, » - participation of rainy
days in the period of emission balancing, F - vehicle
category, e.g. passenger cars, heavy duty vehicles,
buses, W - road category, e.g. urban roads, rural roads,
throughways, highways, and tunnels.

The variables appearing in equation (1) are not
totally independent of one another, which is reflected
in identified models that have been subjected to veri-
fication[10—13, 15—-22].

For modeling of particulate matter PM10 emission,
with the use of empirical dependence of particulate mat-
ter PM 10 emission and nitric oxides emission, a depen-
dence postulated to be linear can be used [1, 16, 18].

Ipyrg=c; W)+ g, (7)) Ino, ()

where: /

oo 18/M°] — particulate matter PM10 imis-

sion, / No, [g/m’] — nitric oxides imission, ¢ (W),
g,(W) — coefficients of linear equation dependent on
road category.

On the basis of dependence (2) a linear dependen-
ce of specific distance mass emission of particulate

matter PM10 and specific distance mass emission of
nitric oxides (3) is postulated.

bpario = W)+ g, ()-byo, (©)

where: 17]\/0)r [g/km] — specific distance mass emis-

sion of nitric oxides, c,(W), g,(W) — coefficients of
linear equation dependent on road category.

Model EPA (4) is presented as an example of a model
of particulate matter PM10 emission (1) [8, 10— 13, 16].
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bpyig =k-s-mP T, p? Q)

gdzie: «, B, n, y— dodatnie wyktadniki poteg.

Model Lohmeyera, bedacy uogdlnieniem modelu
EPA, jest opisany rownaniem [8, 16, 17]

bpyig =k-s-mP T p? Q)

where: &, B, 1, Y- positive exponents of powers.

Lohmeyer’s Model, which is a generalized version
of EPA model, is described by the following equation
[8,16,17]

bpario =bpys +a-k-s32 m®1 (1-0,5-7)/0.85 ®)

gdzie: b, [g/km] - emisja drogowa czastek statych
z ukladu wylotowego silnika, a - wspotczynnik korek-
cyjny ze wzgledu na jakos¢ drogi.

W obszernej literaturze tematu przedstawiono
wyniki identyfikacji parametréw modeli (4, 5) na pod-
stawie systematycznych badan imisji czastek statych
PM10 oraz ruchu pojazdow oraz innych zjawisk deter-
minujacych emisj¢ i rozprzestrzenianie si¢ czastek sta-
tych[10-13,15-22].

Mimo znacznych §rodkéw przeznaczonych na ba-
dania wyniki weryfikacji istniejacych modeli emisji cza-
stek statych PM 10 s czesto niejednoznaczne, w szcze-
gblnosci sa silnie zalezne od warunkdéw nie uwzgle-
dnionych w jawny sposob w modelach.

3. Badania symulacyjne modelu Lohmeyera
emisji czastek stalych PM10 z pojazdow
samochodowych

W pracy przeprowadzono badania symulacyjne
modelu Lohmeyera (5) wplywu na emisj¢ czastek sta-
tych PM10 udziatu dni deszczowych w okresie bilan-
sowania emisji. Badania przeprowadzono dla modelu
ruchu pojazdéw w miastach ze $rednia predkoscia ru-
chu réwng 30 km/h dla struktury pojazdéw w Polsce
w 2003 r. Do wyznaczania emisji czastek statych PM
z silnikow wykorzystano model INFRAS [1, 14]. War-
tosci parametrow modelu (5) do celéw badan symula-
cyjnych przyjeto zgodnie z [8, 16, 17].

Badania symulacyjne przeprowadzono dla samo-
chodéw: osobowych, dostawczych i ciezarowych oraz
dla autobusow miejskich i dalekobieznych.

Wyniki badan przedstawiono na rysunkach 3 — 7.

Przeprowadzono réwniez badania symulacyjne
w dziedzinie czasu modelowania. Badania przeprowa-
dzono dla modelu ruchu pojazdow w miastach ze sred-
nig predkoscia ruchu réwna 30 km/h dla struktury po-
jazdow w Polsce w latach 2003 —2010. Przy wyznaczaniu
emisji czastek stalych PM10 przyjeto udziat dni desz-
czowych w okresie bilansowania emisji » = 0,3. Wyni-
ki badan symulacyjnych przedstawiono na rysunkach
8-12.

where: b, , [¢/km] - specific distance mass emission
of particulate matter from engine exhaust system,
a - corrective coefficient with regard to road quality.

In a vast literature on the subject, the results of
identification of parameters of models (4,5) have been
described on the basis of systematic studies of parti-
culate matter PM10 emission, road traffic and other
phenomena determining emission and dispersion of
particulate matter [10— 13, 15 —22].

Despite considerable funds allocated for the stu-
dies, the results of verification of existing models of
particulate matter PM10 emission are often ambigu-
ous, as they are highly dependent on conditions not
openly taken into consideration in the models.

3. Simulation studies of Lohmeyer’s model
of particulate matter PM10 emission
from vehicles

The paper conducted simulation studies of Loh-
meyer’s model (5) the influence of the participation of
rainy days in the period of emission balancing on parti-
culate matter PM10 emission. The studies were con-
ducted for the model of urban traffic with average velo-
city of 30 kim/h for the structure of vehicles in Poland in
2003. Model INFRAS [1, 14] was used for estimating
particulate matter PM emission from engines. Values of
parameters in model (5) for simulation studies purpo-
ses were estimated in accordance with [8, 16, 17]

The simulation studies were conducted for pas-
senger cars, light duty vehicles, and heavy duty ve-
hicles, as well as for urban buses and coaches.

The results of the studies are presented in Figures 3 - 7.

Simulation studies concerning time of modeling
were also conducted. The studies were conducted for
the model of urban traffic with average velocity of
30 km/h for the structure of vehicles in Poland in years
2003 — 2010. In the estimation of particulate matter
PM10 emission, it was assumed that the participation
of rainy days in the period of emission balancing
r = 0,3. The results of the simulation studies are pre-
sented in Figures 8 — 12.
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Rys. 3. Zaleznos¢ emisji drogowej czqstek statych PM Rys. 4. Zaleznos¢ emisji drogowej czqstek stalych PM
i PMI10 z samochodow osobowych w ruchu i PM10 z samochodow dostawczych w ruchu
w miastach od udzialu dni deszczowych w miastach od udzialu dni deszczowych
w okresie bilansowania emisji w okresie bilansowania emisji
Fig. 3. Dependence between the specific distance Fig. 4. Dependence between the specific distance mass
mass emission of particulate matter PM and emission of particulate matter PM and PM10
PM10 from passenger cars in urban traffic and from light duty vehicles in urban traffic and
the participation of rainy days in period of the participation of rainy days in period of
emission balancing emission balancing
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Rys. 5. Zaleznosé¢ emisji drogowej czqstek statych PM Rys. 6. Zaleznos¢ emisji drogowej czastek stalych PM
i PM10 z autobusow miejskich od udziatu dni i PM10 z autobusow dalekobieznych w ruchu
deszczowych w okresie bilansowania emisji w miastach od udzialu dni deszczowych
Fig. 5. Dependence between the specific distance mass w okresie bilansowania emisji
emission of particulate matter PM and PM10 Fig. 6. Dependence between the specific distance mass
from urban buses in urban traffic and the par- emission of particulate matter PM and PM10
ticipation of rainy days in period of emission from coaches in urban traffic and the partici-
balancing pation of rainy days in period of emission
balancing
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Rys. 7. Zaleznos$¢ emisji drogowej czastek stalych PM Rys. 8. Zaleznosé¢ emisji drogowej czqstek stalych PM
i PM10 z samochodow ciezarowych w ruchu i PMI0 z samochodow osobowych w ruchu
w miastach od udzialu dni deszczowych w miastach od roku bilansowania emisji
w okresie bilansowania emisji Fig. 8. Dependence between the specific distance mass
Fig. 7. Dependence between the specific distance mass emission of particulate matter PM and PM10
emission of particulate matter PM and PM10 from passenger cars in urban traffic and the
from heavy duty vehicles in urban traffic and year of emission balancing

the participation of rainy days in period of
emission balancing
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Rys. 9. Zaleznos¢ emisji drogowej czqstek stalych PM
i PM10 z samochodow dostawczych w ruchu
w miastach od roku bilansowania emisji

Fig. 9. Dependence between the specific distance mass
emission of particulate matter PM and PM10
from light duty vehicles in urban traffic and
the year of emission balancing
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Rys. 11. Zaleznos¢ emisji drogowej czqstek stalych
PM i PMI10 z autobusow dalekobieznych
w ruchu w miastach od roku bilansowania
emisji

Fig. 11. Dependence between the specific distance
mass emission of particulate matter PM and
PM10 from coaches in urban traffic and the
year of emission balancing

Dlamodelu emisji czastek statych PM 10 wg Lohmeyera
(ze zrodet emisji innych niz uktad wylotowy silnika)
jest znamienne, ze jest on niezalezny od czasu
bilansowania emisji . Oznacza to, Ze nie opracowano
dotychczas modelu zmniejszania si¢ emisji czastek
statych PM10 w miar¢ post¢gpu technicznego,
zwigzanego z rozwojem cywilizacyjnym. Stosunek
emisji drogowej czastek stalych PM10 i PM jest
najwigkszy dla duzych pojazdow: przyjmuje nawet
wartos$¢ zblizong do 100 dla autobuséw miejskich.
Stosunek ten jest najmniejszy dla samochodow
osobowych i dostawczych, dla ktoérych emisja czastek
statych z silnika i z pozostatych zrddet pojazdu i drogi
moze by¢ poréwnywalna.

E —o—PM
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Rys. 10. Zaleznos¢ emisji drogowej czqstek stalych
PM i PMI0 z autobusow miejskich w ruchu
w miastach od roku bilansowania emisji

Fig. 10. Dependence between the specific distance
mass emission of particulate matter PM and
PM10 from urban buses in urban traffic and
the year of emission balancing
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Rys. 12. Zaleznos¢ emisji drogowej czastek stalych
PMiPMI0 zsamochodow cigzarowychw ru-
chu w miastach od roku bilansowania emi-
sji

Fig. 12. Dependence of the road emission of particu-
late matter PM and PM10 from heavy duty
vehicles in urban traffic and the year of emis-
sion balancing

What is distinctive of Lohmeyer’s model of particulate
matter PM10 emission (from sources other than engine
exhaust system), is that it is independent of the time
of emission balancing. This indicates, that so far there
have not been developed a model presenting how
particulate matter PM 10 emission has been reduced
along with technical progress, related to development
of civilization. The ratio of road emission of particulate
matter PM10 and PM is the biggest for large vehicles:
approaching even the quantity of 100 for urban buses.
This ratio is the smallest for passenger cars and light
duty vehicles, for which particulate matter emission
from the engine, other sources of a vehicle, and from
the road surface, is comparable.
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4. Podsumowanie

Emisja czastek statych PM 10 jest jednym z najpo-
wazniejszych zagrozen srodowiska, szczegdlnie w aglo-
meracjach miejskich. Imisja czastek statych PM10 jest
zgodnie z dyrektywa Unii Europejskiej 1999/30/EC
objeta kontrolg przy ocenie stanu srodowiska.

Istotny udzial w emisji czastek statych PM10 ma
motoryzacja, co znajduje potwierdzenie w wynikach
dhugoterminowych badan imisji zanieczyszczen w oto-
czeniach drog komunikacyjnych.

Przy ocenie stanu srodowiska tylko w nielicznych
wypadkach jest mozliwe oparcie si¢ na pomiarach imi-
sji zanieczyszczen. W pozostatych wypadkach oraz
w celu oceny skutkow przedsigwzieé, wptywajacych
na zmiang stanu §rodowiska, konieczne jest wykorzy-
stywanie modeli emisji i rozprzestrzeniania zanieczysz-
czen.

W odrdznieniu od modeli emisji czastek statych
z uktadu wylotowego silnika, ktére sa obecnie wszech-
stronnie zweryfikowane, emisja czastek statych PM10
z pojazdow samochodowych nie doczekata si¢ dotych-
czas ujednoliconych modeli, ktérych zgodno$¢ z przed-
miotem modelowania nie zostata powszechnie udo-
wodniona. Jednoczesnie jest wiadome, ze udzial
innych zrédet niz uktad wylotowy w emisji czastek sta-
tych PM10 jest w niektérych wypadkach dominujacy.
Konieczne jest w zwiazku z tym podjecie skoordyno-
wanych dziatan nad modelowaniem emisji czastek sta-
tych PM10 ze zrédet motoryzacyjnych, w tym identy-
fikacji i weryfikacji modeli juz opracowanych.
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Alvydas PIKUNAS
Arvydas MATULIAUSKAS
Bronislovas SPRUOGIS

RESEARCH ON THE PIPELINE TRANSPORT ROBOTS
ELEMENTS

In the article are reviewed constructions of the pipeline transport robots elements and scheme
of new original construction is presented. The mathematical model of the pipeline transport
robot is formed and its motion equations are presented.

Keywords: a pipeline transport robot, robots elements, vibration exciter.

1. Introduction

Robots of various types and designs are widely
used for effective control and repair of gas pipelines,
water pipelines or communication lines [1, 2, 5, 6]. One
kind namely, the pipeline transport robots those with
elastic elements is discussed here. The object of the
present project is the development of an original ro-
bot with elastic elements and the investigation of its
movement.

2. Designs of Robots Elements

Usually a robot consists of several transporting
blocks connected with elastic elements [3] (Fig 1). The
transporting blocks are equipped with elements that
contact with the internal surface of the pipe in several
points and ensure fixing of the block in the pipe. Be-
cause of a simple structure and sufficiently good fixa-
tion in the pipe robots with elastic elements consi-
sting of rings, half-rings and similar easily deformable
elements may be usable as well.

Fig. 1. The scheme of the transport robot with ring-
shaped elements: 1 - pipe, 2 - transporting
blocks, 3 - elastic support elements

A transporting block of such robots consists of
a drive, deformable elastic elements that pay a role of
block fixing supports and block connecting elements.
‘When one block is fixed, other blocks may turn and
move along the fixed block. This enables the equip-

ment to go round obstacles on a movement in the pipe.

However, some robots with transporting blocks of
this type have some imperfections (such as large si-
zes, limited power supply possibilities) that cause li-
mited possibilities of their application.

The most frequent imperfection — such robots may
be used only in straight fragments of pipelines (Fig. 1)
and their capability to move in sections of different
diameters of pipes is limited.

So, one of newer designs providing extended possi-
bilities of application is a robot with ring elements, consi-
sting of transporting blocks connected with elastic ele-
ments (Figs 2, 3). Such robots consist of rings or their
elements with the ends of the latter connected with ela-
stic link elements and with each other forming blocks.

A A-A
B 1 2 1
/74 //
a) B -@_‘—
2
_ 3 4
A

1

A
I
NE

Fig. 2. The schemes of the robot block with ring ele-
ments a) and its connection b): 1 - ring-sha-
ped elastic element, 2 - the element connec-
ting blocks and their ring elastic elements,
3 — damper, 4 - spring

The interconnected blocks form a chain of the blocks.

In such a way an increased capability of the robot
to manoeuvre and permeability of the robot on its
movement in pipes is ensured.
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Fig. 3. The scheme of a robot blocks with ring ele-
ments located along the direction of its move-
ment: 1 - elastic ring element, 2 - supports
with excitable masses, 3,5 - electrostatic exci-
ting elements, 4 - elastic element, 6 - hinge
block jointing element

3. The Mathematical Model of the Trans-
port Robot with Ring Elements Located
Perpendicularly to the Direction of its
Movement

The mathematical model of a robot is developed
for the determination of its characteristics and at the
beginning it may be usable in a simplified form. So,
a robot with elastic ring elements situated perpendi-
cularly to the direction of its motion (Fig 3) may be
simulated by one-support dynamic model and exami-
ned as a dynamic model of one-dimensional vibration
exciter with two degrees of freedom (Fig 4).

Y
Ca LrlHa
v Fo A(Xo,¥0)
C 3 Fyo
Hy 2
F. Hx Cy Xo
‘ mo
Q

Fig. 4. The scheme of the dynamic model of the sys-
tem of the one-dimensional vibration exciter
with two degrees of freedom

The coordinates of the point 4 (x,; y,) of the
excitable mass 7 in the coordinate system X 0 Y, and
the point 4(x, y) of the same mass in the coordinate
system X0Y are expressed by the following equations
[3,4]:

X=z+Xx)cos0—y,sina; (D)
Y =Xy Ssino+ yy cos o; (¥))
Xg = (x —z)cos a+yg sino; 3)

Yo :—(x—z)sina+ycos a. )

The kinetic and potential energy of the system as
well as its dissipative function shall be expressed as
follows:

T =05mgz? +m(i? + 52 )} )

H=0:5lcxx02+cyy02 +Ca(y_yb‘)2J. (6)
.2 -2 . 2

D=0,5lex0 +H,yp+H,y J )

where m —mass; x, x,, y, y,— shifts of the robot and its
mass; y_— distance between support and the
coordinate axel X, ¢, ¢, ¢, — coefficients of stiffness;

H,H,H, - coefficients of resistance of a linear shift;

1, f,—the coefficients of dry and liquid friction.
The mathematics expression of the dynamic mo-
del of the system shall be the following equations:

* when y<p, there is no contact with the support
at the point 4:

mi+c, [(x—z)cosa+ysin Oc]cosoc+
+cy [(x—z)sin(x—ycos(x]sina+
+H [(x—z)cos o+ y sinat]cos o +

+H, [(x-z2)sina—y cosa]sina = F, ; ®)

my+c, [(x— z)cosoc + ysin Oc]sin a-—
-y [(x— z)sin o —Yycos Oc]cosoc +
+H  [(x—2)cos o+ y sina]sino—

-H, [(i=2)sino—y cosa]cos a =F,; 9

myzZ—c, [(x—z)cosa +ysin a]cosa -
—cy [(x—z)sina—ycosa]sina—
-H, [()'c—z')cosa + y sin a]cosa -

-H, [(:=2)sinot—y cosalsina = F, ; (10)

* wheny 2y, there is a contact with the support at
the point 4 and the following forces appear.

Along the axis 0Y:

Fso=Ha)./+Ca(y_ys) an
Along the axis 0.X:
Fy = foNsignx + f;x. (12)

The normalized force of pressure:
N=F,; (13)
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mx+c, [(x—z)cosa+ysin ocos o+
+cy [(x—z)sina—ycosa]sina+
+H  [(x—z)cos o+ y sinat]cos o +

+H, [(k—2)sina—y cosa]sinOHFf =F. (14

my+c, [(x— z)cos a+ysin a]sin o-—
+ecy, [(x - z)sin o —ycos a]cos o+
+H, [(x —z')cos a+ysin a]sin o-

-H, [()'c—z')sina—j/cosa]cosa+FSO =F,; (15

myz—c, [(x—z)cosa+ysina]cosa—
—cy [(x—z)sinoc—ycos(x]sin(x—
—H [(x-2)cos o+ y sinat]cos o —

-H, [(—2)sino—y cosasino=F,. (16)

5,0E-05
4,0E-05 /

3,0E-05 //
2,0E-05

1,0E-05 /
0,0E+00

The shift according to X axis, m

0 20 40 60 80 100

Time, s

Fig. 5. The shifts of the exciter according to X axis
dependence upon the time

s AN A WA
S I 0 W AR T
S O T I O
P WA W
0,0E+00 ‘\/\ \\/ T

0 2

The shift according to Y axis, m

100
Time, s

Fig. 6. The shifts of the exciter according to Y axis
dependence upon the time

After the solution of the above-presented equ-
ations we find the characteristics of the dynamic mo-
del of the one-dimensional vibration exciter with two
degrees of freedom (Figs 5, 6).

On the further analysis of the obtained solution
and the optimization of the parameters of the dynamic
models it was concluded that the design of the robot
requires improvement. The obtained shifts of the vi-
bration exciter were very small increasing the exciting
force. So in order to ensure more effective dynamic
characteristics of the robot it was decided to change
its design for the one where deformable rings are de-
formed in the direction of the movement of the robot
(Figs 2, 7).

4. The Mathematical Model of the Trans-
port Robot with Ring Elements Situated
Along the Direction of its Movement

Developing a mathematical model of a robot with
elastic ring-shaped elements (Figs 2, 7) some changes
are introduced to simplify the calculations. Points of
a ring element may be singled out and their coordina-
tes may be used for the description of the model or the
ring elements may be replaced with solid members.

Fig. 7. The scheme of a robot with ring elements
1-pipe, 2, 3, 4 - the blocks formed of elastic
elements and united into the chain

The coordinates of the points of the simplified

model of a robot (Fig 8) [4] may be written as follows:

A34

Al12 A23

Lo

E——

X

Fig. 8. The simplified scheme of a robot calculation
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4y (x ij+1.Lo Y ji1 ): (17)
1
Xiger =5 i+ Xy ); (8)
2 1 2
Vs =R* -2 (X =Xiy )5 9)

here R-the length of a section;

. 1. )
Xiis1 :E(Xi +Xip); (20)
__ X=X (p

el = —TM(XI' - Xi+1); Q1)

here =—-.
€re dt

The kinetic energy of the system:

] af. . )i q+l (.
T=—mZ(Xfi+1+Yi,2i+1)+—mo ) (Xzz) (22)
2 i 2 i=1
here g=1,2,...n;
where

) - I/ .
Xiiv1+ Y :Z(Xi +Xi+1)2 +

1

I L
+ZKi,i+I(Xi - Xi+1)2 ; 23)
I X;.—-X ;
i1 = —| 2 =K (X - X)), 4
4 Yi,i+1

T=%[(1+K12)(Xf +X§)Z +2(1-K )X, X5 +
P+ Koy K24 23] 4 20-K 53 )X, X5 +
F UK K2+ 52 20— K5 )X 3, +
(1+K s )(Xj +X§)2 +2(1—K45)X4X5]+
+m0(Xf+X§+X32+Xf+X52). 5)

The forces of inertia are found:

——.——'=](Xi). (26)

1(x )Z%[(”K]z))?] +(1-K )X+
i C o ,
+3(K12)X1 (XI_X2)2:|+m()XI;

[(Xj)zg[(l*'Kjfl,j))?j+(]_Kj71,j)).‘;j71 +(1+Kj,j+1))?j -

—<I—Kj,j+] "j+] _é(Kj—I,j)Xj_I (Xj—l —Xj)z +
+§(Kj.j+1))(j (¥, - Xj+1)z]+ mX 27)
herej=2,...,q-1
](Xq>= % [(1 +Ky-14 )).(.q + (1 —Ky-14 )Xq—l -
- é (qul,q )qul (qul - Xq)2:| + mqu . (28)

The potential energy of the system:

My, =C(X;-X,+L); 29)
My=c0x,-X,;-X;1);  (0)
My =clx, X, -L). 31)

The dissipative function:

D=§|:(XI—X2)2+<X2—X3)Z+

+...+(Xq_1—Xq)2] : 32)
Dy, =H(X,-X); (33)
Dy, =H@X; =X =X p1); (34)
Dy =H(X, - X, ) (9)

The differential equations of the movement of
the system

1(X;)+ Iy, +Dy +Fp, = Fp5; (36)
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X+ mmy +D i+ Fr =
=~Fj 1t Fy g (37

1(x, )+ ¥, +Dy +Fy,  ==F,

q.9-1 -k, ; (38)

here F - the useful resistance force.

The friction force in the point 4., is equal to
JJ*1

Fp = 3N Tosign(X;+ X 1), 39)

here N, , — the normalised force at the point 4, ac-
ting between the immovable surface of support and
the rob.ot’s ring element point 4, J, — dry friction
coefficient.

At the point 4, the external exciting force is equal

+],kain+Xj_1 >0,
Slgl/l(Xj +Xj—]): —],kain+Xj_1 < 0, (41)
(—1+1) kaiX ;+ X ;_; =0.

When Y, =Y, i.c. to the distance to the support,
in the equations F, a0 And when Y.<Y, then
Fra=0-

The solution of these equations and a further ana-
lysis of the obtained results as well as the optimiza-
tion of parameters of the mathematical model allow to
improve the design of the robot and to develop its
optimal variant.

5. Conclusions

Designs of pipeline transport robots elements are

to: . .
reviewed and the scheme of a new original construc-
Fy=~F; ;.1 +F; i, (40) tion is presented. Mathematical models of robots with
elastic elements are developed and their dynamic equ-
ations are written.
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Wiestaw PIEKARSKI
Grzegorz DZIENISZEWSKI

ANALIZA MOZLIWOSCI DOEADOWANIA SILNIKA O ZI
ZASILANEGO GAZEM LPG

AN ANALYSIS OF THE SUPERCHARGE POSSIBILITIES

OF A SPARK-IGNITION LPG ENGINE

W pracy dokonano przegladu systemow doladowania i ukiadow zasilania gazem LPG. Wy-
brano rozwiqzania optymalne dla silnika PN 1600. Metodq symulacji komputerowych okre-
Slono parametry doladowania i parametry regulacyjne doladowanego silnika gazowego.
Wskazano na problemy techniczne dotadowanych silnikow o zaplonie iskrowym i ich ekolo-
giczne zalety silnikow gazowych. Uzyskane podczas symulacji numerycznych wskazniki pra-
¢y silnika zasilanego LPG doladowanego mechanicznie, porownano ze wskaznikami silnika
wolnossqcego zasilanego benzynq i gazem.

Stowa kluczowe: silnik gazowy, doladowanie, analiza komputerowa, parametry pracy,
charakterystyki silnika

The paper gives a review of supercharge and LPG feed systems. The optimum solutions for
a PN 1600 engine were selected. The computer simulation method was used to define the
supercharge and control characteristics of a supercharged gas engine. Technical problems of
spark-ignition supercharged engines and ecological advantages of gas engines were discussed.
The numerical simulation working coefficients for a mechanically supercharged LPG engine
and a petrol and gas normally aspirated engine were compared.

Keywords: gas engine, supercharging, computer analysis, working parameters,

engine characteristics

1. Wprowadzenie

Dazenie do ograniczenia emisji toksycznych sktad-
nikow spalin przez kraje o wysokim poziomie nasyce-
nia motoryzacyjnego, znajduje odzwierciedlenie
w sukcesywnym zaostrzaniu norm. Prace badawcze
z zakresu silnikéw spalinowych dowiodly, ze najtan-
sza 1 najprostsza metoda spetnienia norm toksyczno-
$ci spalin jest gazowe zasilanie silnika. Jednym z naj-
bardziej rozpowszechnionym na $wiecie paliw
gazowych jest propan-butan. Niestety zasilanie ga-
zem LPG posiada takze istotng wade polegajaca na
pogorszeniu wskaznikdéw pracy silnika spowodowa-
nych obnizeniem wspodtczynnika napetniania cylindra
oraz specyfika zasilania gazowego.

Jednakze dotadowanie silnika zasilanego paliwem
LPG, moze skutecznie wyeliminowaé jego wspomnia-
na zasadnicza wadg i dodatkowo zintensyfikowac pro-
ekologiczne zalety. Propan-butan posiada bowiem
bardzo wysoka liczbe oktanowa, znacznie wyzsza od
maksymalnej warto$ci dla benzyn bedacych w sprze-
dazy, dlatego tez jest szczegolnie predestynowany do
stosowania w silnikach dotadowanych o zaptonie iskro-
wym ze wzgledu na odpornos$¢ na spalanie stukowe.

1.Introduction

Reduction of toxic fumes emission in highly mo-
torized countries is reflected in stricter regulation stan-
dards. Research on combustion engines has proved
that the cheapest and simplest method of compliance
with fumes toxicity standards is the gas feeding of
engines. One of the most common gas fuels in the
world is propane-butane. However, working parame-
ters of an LPG engine are relatively low due to a lower
cylinder filling coefficient and to the character of gas
feeding.

The supercharging of an LPG engine can not only
eliminate the above-mentioned disadvantage but also
strengthen the pro-ecological character of the engi-
ne. As propane-butane’s octane rating is very high,
much higher than the maximum rating in the petrol
fuels on the market , the gas is especially suitable for
use in supercharged spark-ignition engines because
of its resistance to knock combustion.

Turbo-supercharging of LPG engines is not very
common, mainly because of high exhaust fumes tem-
perature, turbo-compressor’s durability and lower
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Turbodotadowanie silnikow zasilanych gazem LPG
nie jest powszechnie stosowane gtdwnie ze wzgledu na
wysoka temperatur¢ spalin, trwato$¢ turbosprezarki
i mniejsza elastycznos$¢ silnika. Nalezy jednak sadzic,
ze sprezarki napgdzane mechanicznie nadaja si¢ wyjat-
kowo dobrze do dotadowania silnikéw zasilanych LPG,
atemperatura spalin nie stanowi ograniczenia.

Nowatorstwo podejmowanego zagadnienia oraz
brak podobnych konstrukcji, moga by¢ istotnym roz-
wiazaniem przy prowadzenie badan metoda symulacji
komputerowych. Analiza komputerowa umozliwia wie-
loparametrowa symulacjg, ktora bytaby trudna do re-
alizacji oraz kosztowna w warunkach badan silnika na
hamowni. Metody numeryczne umozliwiaja takze ,,za-
dawanie” ekstremalnych zmiennych parametrow pra-
cy, ktorych praktyczna realizacja grozi uszkodzeniem
obicktu badan. Istotnym jest, ze obecnie wyniki analiz
komputerowych stanowia etap wstgpny wigkszosci
projektow i sa ,,fundamentem” jego praktycznej reali-
zacji. Do analiz uzyto programu OPD [5] oraz DBOPD
pracujacego w srodowisku MATLAB, opracowane-
g0 przez autoréw niniejszej publikacji.

Celem badan jest ocena stusznosci zastosowania
dotadowania w silniku o ZI zasilanym gazem LPG oraz
rozeznanie poziomu trudnosci technicznych wynika-
jacych z przeprowadzonych zmian. Analiza obejmuje
wybor odpowiedniego rodzaju sprezarki, systemu do-
tadowania oraz optymalnego stopnia zwigkszenia gg-
stosci tadunku i nastaw regulacyjnych silnika. Efek-
tem koncowym jest pordwnanie wskaznikow pracy
silnika zasilanego benzyna i gazem LPG w wersji wol-
nossacej z silnikiem zasilanym gazem LPG wyposazo-
nym w odpowiedni rodzaj dotadowania, sprowadzaja-
cym si¢ do oraz zaopiniowanie celowo$ci dokonanych
modyfikacji.

2. Uklady zasilania gazem LPG

Aby optymalnie wykorzysta¢ zalety paliw gazo-
wych, nalezy zaprojektowac ,,od podstaw” silnik prze-
znaczony do takiego zasilania. Z przyczyn ekonomicz-
nych przyjmuje si¢, ze wspodtczesne silniki samocho-
dowe zasilane gazem to prawie wylacznie zaadapto-
wane jednostki o ZI lub o ZS. Nalezy wyr6znié tu trzy
grupy silnikow:

* Silniki dwupaliwowe o zaptonie iskrowym, moga-
ce pracowaé zardwno na paliwie gazowym, jak
i na benzynie z mozliwoscia zmiany rodzaju pali-
wa w czasie jazdy. Adaptacja polega w tym przy-
padku na montazu uktadu zasilania gazem i na-
staw regulacjnych silnika. Gléwna wada tego
rozwigzania jest obnizenie mocy silnika oraz nie-
wykorzystanie w petni wysokiej liczby oktano-
wej paliwa gazowego.

engine’s flexibility. It seems, however, that mechani-
cally driven compressors are especially suitable for
LPG engines supercharging and the high temperatu-
re is not a drawback here.

Due to the pioneer character of the present rese-
arch and lack of similar constructions, the method of
computer simulations seems the best solution here.
The computer analysis makes a multi-parameter simu-
lation possible, which would be very difficult and
expensive in an engine test house. Numerical methods
also allow for experiments with extreme variables of
working parameters, the practical realization of which
may cause damage to the object. It is crucial that
nowadays results of computer analyses are taken into
consideration during an initial phase of most of the
projects and serve as the basis for their practical reali-
zation.

The analyses were made with the programs OPD
[5] and DBOPD working in the MATLAB environ-
ment, created by the authors of the present paper.

The research aimed at an evaluation of the validity
of supercharging an LPG engine with ZI and an as-
sessment of the level of technical difficulties resulting
from the introduced changes.

The analysis involves a selection of an adequate
kind of compressor, supercharging system, an opti-
mum density level and regulation settings of an engi-
ne. Finally, a comparison is made between the wor-
king parameters of a petrol and LPG normally aspirated
engine and an LPG properly supercharged engine so
that the validity of the introduced modifications can
be assessed.

2.LPG feed systems

In order to make an optimum use of gas fuels ad-
vantages an engine for that kind of feeding should be
originally designed. For economical reasons it is ge-
nerally accepted that modern gas-fed car engines are
almost exclusively adapted units with ZI or ZS. Three
groups of engines should be distinguished here:

* Dual-fuel spark-ignition engines can work on
both gas and petrol fuel with a possibility of chan-
ging the kind of fuel in motion. In this case the
adaptation consists in the fitting of the gas fe-
eding system and the regulation settings of an
engine. The lowering of an engine’s power and
an impossibility to fully use the high octane ra-
ting of gas fuel are the main disadvantages of
this solution.
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* Silniki dwupaliwowe o zaptonie samoczynnym,
zasilane olejem napgdowym lub paliwem gazo-
wym w systemie ,,dual-fuel”, gdzie zapton gazu
nastgpuje w wyniku wtrysku niewielkiej dawki
oleju napgdowego. Wyniki ekologiczne, eksplo-
atacyjne i ekonomiczne tego rozwiazania sa nie-
zadowalajace, dlatego tez badania nad tymi roz-
wiazaniami zostaly ograniczone.

Silniki jednopaliwowe zasilane tylko paliwem
gazowym i zoptymalizowane pod katem tego
paliwa. Wspomniana optymalizacja obejmuje
zwigkszenie stopnia sprezania i zmiang charak-
terystyk regulatorow kata zaptonu. Bardziej zto-
zona jest adaptacja silnika o ZS do zasilania ga-
zem 1jednoczesnie zaptonu iskrowego [1].

Z aktualnie stosowanych systemow zasilania ga-
zem LPG mozna wyr6zni¢ nastepujace rodzaje:

* uktady mieszalnikowe;

* uktady z wtryskiem gazu w fazie lotnej;

* uktady z wtryskiem fazy ciekte;.

3. Rodzaje i systemy doladowania

Powigkszenie cisnienia, a stad takze gegstosci powie-
trza dostarczonego do cylindra, uzyskuje si¢ przez [2]:

* Dotadowanie z wykorzystaniem skrzyni korbo-
wej 1 wewngtrznej strony ttoka. W silniku cztero-
suwowym przypada wowczas dwa suwy spreza-
nia powietrza na jeden suw ssania silnika.
W silnikach dwusuwowych spreza si¢ fadunek
wewnetrzna strong ttoka w skrzyni korbowej w ce-
lu napehienia (fadowania) cylindra lub zwigksze-
nia ci$nienia powietrza juz spr¢zonego wstepnie
w zespole turbospr¢zarkowym;

* Dotadowanie mechaniczne, w ktérym spr¢zarka
napedzana jest przez dotadowany silnik lub przez
inne zrédlo energii;

* Dotadowanie zespotem turbosprezarkowym, w kté-
rym sprezarka napedzana jest przez turbing gazo-
wa zasilana spalinami dotadowanego silnika;

* Dotadowanie dynamiczne (bezspr¢zarkowe), przy
ktorym wykorzystuje si¢ zjawiska dynamiki ga-
zo6w w specjalnie dobranych uktadach ssaco -
wydechowych.

Do dotadowania mechanicznego uzywa si¢ najcze-
Sciej sprezarek typu Rootsa lub Lysholma oraz niekie-
dy sprezarek tlokowych; natomiast bardzo rzadko spre-
zarek promieniowych lub lopatkowych. Przy
stosowaniu turbiny gazowej najczesciej stosuje si¢
sprezarki promieniowe, a rzadziej osiowe. Dolng grani-
ca mocy silnika, ponizej ktorej nie stosuje si¢ dotado-
wania zespotem turbosprezarkowym (poza sporadycz-

* Dual-fuel self-ignition engines fed with diesel oil
or gas fuel in the dual-fuel system, where gas
ignition results from an injection of a small amo-
unt of diesel oil. The ecological, exploitation and
economical results of this solution are unsatis-
factory so further research in this field is being
discouraged.

* Mono-fuel engines fed only with gas fuel and
optimized for that fuel. The optimization invo-
Ives an increase of compression ratio and chan-
ge of the characteristics of ignition angle regula-
tors. A more complicated adaptation is that of an
engine with ZS to be fed with gas and of a spark
ignition at the same time [1].

The following kinds of currently used LPG feeding
systems can be distinguished:

* mixing systems

* systems with gas injection in volatile phase

* systems with liquid phase injection.

3. Supercharge kinds and systems

An increase of pressure and the resulting incre-
ase of air density in the cylinder are obtained by [2]:

* Supercharge by a crankcase and the inner side of
a piston. Then in a four-stroke engine two stro-
kes of air compression fall on one stroke of an
engine’s aspiration. In two-stroke engines the
load is compressed by the inner side of the pi-
ston in the crankcase in order to load the cylin-
der or to increase the pressure of the air pre-com-
pressed in the turbo-compressor unit.

* Mechanical supercharge in which a compressor
is driven by a supercharged engine or by ano-
ther energy source.

* Supercharge by a compressor unit in which
a compressor is driven by a gas turbine fed by
the fumes from the supercharged engine.

* Dynamic ( without a compressor) supercharge in
which the dynamic principles of gases are used
in especially selected aspiratory-exhaust units.

For mechanical supercharge the Rootse or Lysholm
type compressors and sometimes piston compressors
are used; centrifugal or bucket compressors are very
rarely used. With a gas turbine centrifugal compres-
sors or, more rarely, axial-flow compressors are used.
100-150 KM is the lowest engine’s power limit, below
which supercharge by a turbo-compressor unit is not
used (apart from sporadic cases). At this kind of an
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nymi przypadkami) jest moc ok. 100 - 150 KM. Przy
takiej mocy silnika powstaja trudnosci w zaprojekto-
waniu dostatecznie sprawnej turbiny gazowej oraz
w opanowaniu duzych predkosci obrotowych, kto-
rych wymagaja zespoty turbospr¢zarkowe matych roz-
miaréw. Przy mniejszych mocach stosuje si¢ raczej do-
tadowanie mechaniczne [4].

4. Dobér i optymalizacja ukladu doladowu-
jacego silnik PN 1600 zasilany gazem LPG

Podczas doboru i optymalizacji uktadu dotadowu-
jacego silnik o ZI gléwnym kryterium jest niedopusz-
czenie do wystapienia spalania stukowego. Mozliwos¢
wystapienia nienormalnego spalania, ogranicza mak-
symalny stopien zwigkszenia ci$nienia przed cylindrem
ijednoczes$nie wyznacza granice dotadowania [3]. Jed-
noczesnie stosujac doladowanie silnika dazy si¢ do
wzrostu jego mocy, momentu i sprawnosci ogolne;j.
Do dotadowania silnika PN 1600 zasilanego gazem LPG,
racjonalnym rozwigzaniem jest zastosowanie dotado-
wania mechanicznego, powszechnie stosowanego,
w ttokowych silnikach lotniczych. Wydatek sprezarki
Rootsa proponowanej do dotadowania silnika PN1600,
jest wprost proporcjonalny do predkosci obrotowej
silnika, a wigc nie jest w tym przypadku zmieniany
charakter przebiegu wspotczynnika napetniania w sto-
sunku do silnika wolnossacego.

Zastosowanie przeston przeciwwybuchowych
podyktowane jest mozliwoscia powstania wybuchu
powrotnego w kolektorze dolotowym. Przestony umoz-
liwiaja ,,rozszczelnienie” kolektora i ochrong sprezarki
w czasie wybuchu. Czujnik spalania stukowego umoz-
liwia przesterowanie (zmniejszenie) kata wyprzedze-
nia zaptonu, tak aby mozliwa byta poprawna praca sil-
nika dotadowanego przy zasilaniu benzyng. Uktad
sterowania wtryskiem MULTEC ma mozliwos¢ obstu-
gi czujnika spalania stukowego i korekty kata wyprze-
dzenia zaptonu.

Stopien dotadowania nalezy tak dobra¢, aby dota-
dowany silnik zasilany gazem LPG wykorzystywat stan-
dardowe mapy kata wyprzedzenia zaptonu systemu
MULTEC XM opracowane dla silnika PN 1600, a przy
,»przejsciu” na zasilanie benzynowe (LOB =98, zamiast
LOB = 103 dla gazu LPG), analizujac sygnaly z czujni-
ka spalania stukowego, korygowat kat wyprzedzenia
zaptonu tak, aby wykluczy¢ spalanie stukowe. Taka
optymalizacja pozwoli prawidlowo wykorzysta¢ cha-
rakterystyki zapisane w pamigci uktadu oraz uniknaé
koniecznos$ci ponownego programowania pamigci sta-
lej kalkulatora wtrysku.

Rozwazono trzy najlepsze z dziesigciu mozliwych
konfiguracji regulacyjnych oznaczonych jako ‘4’, 9’,
‘10’ (tab. 1).

engine power it is difficult to design an adequately
efficient gas turbine or to control the high rotational
speeds required by small turbo-compressor units. At
such low power values it is more typical to use mecha-
nical supercharge [4].

4. Selection and optimization of a superchar-
ging unit for a PN 1600 LPG-fed engine

During selection and optimization of a superchar-
ging unit for an engine with ZI the main criterion is an
elimination of knock combustion. The possibility of
an occurrence of abnormal combustion causes a limi-
tation of the maximum pressure increase level before
the cylinder and consequently determines the super-
charging limitations [3]. At the same time, the super-
charging of an engine aims at an increase of its power,
torque and general efficiency. A rational solution for
the supercharging of an LPG-fed PN 1600 engine is an
application of mechanical supercharge, generally used
in piston engines for aviation. An output of Rootse
compressor recommended for supercharging a PN1600
engine is directly proportional to an engine’s rotatio-
nal velocity , so in this case the course of the filling
factor is not changed in relation to a normally aspira-
ted engine.

Application of anti-explosion walls is necessary
due to a possibility of counter-explosion in the suc-
tion manifold. The walls make it possible to ‘unseal’
the manifold and to protect the compressor during an
explosion. The knock combustion sensor allows for
a shift (reduction) of an ignition advance angle so as
to enable a supercharged engine to work normally on
petrol. The injection control unit MULTEC XM can
control the knock combustion sensor and adjust the
ignition advance angle.

Supercharging level must be set at such a value as
to enable a supercharged LPG-fed engine to use stan-
dard maps of an ignition advancement angle of the
MULTEC XM system worked out for a PN1600 engi-
ne, and as to enable it, by means of an analysis of
signals from the knock combustion sensor, to adjust
the ignition advance angle and thus to eliminate knock
combustion during the shift to petrol feeding (LOB=98,
instead of LOB=103 for LPG). This optimization will
allow for a correct application of the characteristics
stored in the system’s memory and to avoid the ne-
cessity of reprogramming the ROM of the injection’s
calculator.

The best three out of ten possible regulation con-
figurations were considered (here they are named ‘4’,
‘9°,°10° - Tablel).
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Tab. 1. Zestawienie wybranych parametrow dla analizowanych punktow optymalizacji
Tab. 1. Comparison of selected parameters for the analyzed optimization points

Punkt | NJkW] | My[Nm] | NJW] [N/N.4] | MyM,[4] [ N/N,[4] [n[obr/min]] pe/ps
4 67,1 | 1166 | 23575 1 1 1 5500 13
9 69,1 120 | 3422,2 [1,029806]1,0291595]1,451622] 5500 1.4
10 714 | 1239 | 45283 [1,064083]1,0626072]1,920806] 5500 1,5

Z przedstawionego porownania (rys. 1) wynika, ze
niewielkiemu wzglgdnemu przyrostowi mocy i momen-
tuw punktach 91 10 towarzyszy bardzo znaczny wzgled-
ny (w odniesieniu do 4 punktu) przyrost mocy do na-
pedu sprezarki. Ponadto istotnym atutem optymalizacji
wg parametrow punktu 4 jest brak koniecznosci zmia-
ny stopnia sprezania. W tabeli 2 przedstawiono war-
tosci optymalnych parametrow.

Tab. 2. Optymalne wartosci parametrow zmiennych

Tab. 2. The optimum values of variable parameters

From the presented comparison (Fig.1) it can be seen
that a small relative power and torque growth at points 9
and 10 is accompanied by a very significant relative (in
relation to point 4) growth of power to the compressor’s
drive. Moreover, optimization according to the parame-
ters of the point 4 does not require any change of com-
pression level ,which is a significant advantage. Table 2
presents values of the optimum parameters.

Static ignition advance angle
aWZ

Level of pressure growth before cylinder
Pd/Po

Compression level
g

5

1,3

9,5

Przyjety uprzednio optymalny stopien dotadowa-
nia umozliwia zachowanie dwupaliwowego charakte-
rusilnika. W przypadku zasilania benzyna (LOB = 98),
parametry wedtug tab. 2 pozwalaja wyeliminowac spa-
lanie stukowe przez op6znienie kata wyprzedzenia za-
ptonu. Sygnatem inicjujacym zmiang kata jest impuls
czujnika spalania stukowego. Przy zasilaniu gazem LPG
silnik wykorzystuje mapy kata wyprzedzenia zaptonu
opracowane z systemem MULTEC XM dla standar-

dowego silnika PN 1600.

5. Problemy aparatury paliwowej zwiazane
z zastosowaniem doladowania

Podczas adaptacji dotadowania wykorzystnej dla
silnika PN 1600 wyposazonego w uklad wtryskowy
MULTEC XM, szczegdlnej uwagi wymagaja nastepu-
jace elementy sktadowe tego uktadu: regulator ci$nie-
nia paliwa, czujnik ci$nienia bezwzglednego, czujnik
temperatury powietrza.

Regulator cisnienia paliwa ma za zadanie utrzymy-
wanie stalej rdznicy ci$nienia, mi¢dzy cisnieniem pali-
wa w kolektorze wtryskiwaczy, a podci$nieniem (nad-
cisnieniem dla silnika dotadowanego) w kolektorze
dolotowym. Gdy nadcis$nienie w komorze paliwowej
przekracza 300 kPa, w stosunku do podcisnienia (nad-
ci$nienia) wystepujacego w kolektorze dolotowym,
regulator otwiera zawor przelewowy. W silniku wolnos-
sacym dla podcisnienia 90 kPa ci$nienie paliwa wynosi
210 kPa, przy pelnym obciazeniu (podci$nienie okoto

The previously accepted optimum supercharge
level enables the preservation of a dual-fuel character
ofan engine. In case of feeding with petrol (LOB = 98),
the parameters according to Table 2 allow to eliminate
knock combustion by delaying the ignition advance
angle. The signal that initiates the angle’s change is
an impulse from the knock combustion sensor. At LPG
feeding the engine uses maps of the ignition advance
angle worked out by means of the system MULTEC
XM for a standard engine PN 1600.

5. Supercharge related problems with fuel
equipment

During a supercharge adaptation used for a PN
1600 engine equipped with an injection unit MUL-
TEC XM, special consideration should be given to
the following elements of the unit: fuel pressure regu-
lator, absolute pressure sensor, air temperature sen-
SOr.

Fuel pressure regulator has to maintain a stable
pressure difference between the fuel pressure in in-
jector collector and subatmospheric (above atmosphe-
ric for a supercharged engine) pressure in suction
manifold. When above atmospheric pressure in the
fuel chamber exceeds 300 kPa, in relation to the subat-
mospheric ( above atmospheric) pressure in the suc-
tion manifold, the regulator opens the overflow valve.
In a normally aspirated engine for subatmospheric
pressure 90 kPa the fuel pressure is 210 kPa, at full
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Rys. 1. Zestawienie charakterystyk wybranych parametrow
Fig. 1. Survey of the characteristics of selected parameters
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0 kPa) cisnienie paliwa wynosi 300 kPa. W silniku dota-
dowanym (maksymalne nadcisnienie w kolektorze do-
lotowym rowne jest 30 kPa przy catkowicie otwartej prze-
pustnicy), wowczas cisnienie paliwa wynosi okoto
330 kPa. ,,Seryjnie” zamontowany regulator spetnia za-
tem wymagania silnika dotadowanego, zapewniajac od-
powiednio wyzsze cisnienie w kolektorze wiryskiwaczy,
co umozliwia dostarczenie wigkszych ilosci paliwa, od-
powiednich do dodatkowych ilosci powietrza dostar-
czanych przez sprezarke. Poniewaz regulator jest przy-
laczony za przepustnica, uwzglednia rdzne stany pracy
silnika (np. hamowanie silnikiem przy zamknigtej prze-
pustnicy) i realizuje odpowiednia korekte cisnienia pa-
liwa w kolektorze wtryskiwaczy.

Niewielkich zmian wymaga usytuowanie czujnika
temperatury powietrza, gdyz ,,fabrycznie” jest on
umieszczony w obudowie filtra powierza. W silniku
dotadowanym nalezy umiesci¢ ten czujnik pomigdzy
sprezarka a kolektorem dolotowym, poniewaz sprezar-
ka powoduje podniesienie temperatury powietrza (mie-
szanki dla zasilania LPG), a przy standardowym poloze-
niu czujnik rejestrowatby zanizong temperaturg. Jest to
bardzo istotne ze wzgledu na to, ze sygnaty z czujnika
temperatury zasysanego powictrza pozwalajg central-
nej jednostce sterujacej korygowac informacje otrzy-
mywane z czujnika ci$nienia bezwzglgdnego, dotycza-
ce ilosci powietrza dostarczanego do cylindrow.

Czujnik cisnienia bezwzglednego mierzy wartosé
podcisnienia (lub nadcisnienia) w kolektorze dolotowym
podczas pracy silnika. W zwiazku z tym, ze czujnik za
,»punkt odniesienia” przyjmuje prozni¢, podcisnienie ma
wartos¢ ,,dodatnia”. Nie wystgpuja wigc problemy w sy-
tuacji, gdy cisnienie w kolektorze dolotowym jest wy-
zsze od atmosferycznego (silnik dotadowany). We wspo-
mnianym przypadku warto$¢ cisnienia jest takze
prawidtowo interpretowana przez kalkulator wtrysku.
Na podstawie sygnatéw z czujnika cisnienia bezwzgled-
nego jednostka centralna oblicza ilo§¢ powietrza do-
starczonego do silnika, kompensujac wahania jego ge-
sto$ci (czujnik temperatury powietrza). Fabryczne
potozenie czujnika ci$nienia bezwzglednego nie wyma-
ga zmiany w silniku dotadowanym.

6. Analiza poréwnawcza osiagoéow silnika
wolnossacego i doladowanego zasilane-
go gazem LPG

Poréwnanie wskaznikow pracy silnika PN 1600 za-
silanego gazem LPG w wersji wolnossacej i dotadowa-
nej, umozliwia zaopiniowanie celowosci stosowania do-
fadowania w silniku gazowym. Do analizy wybrano:
silnik zasilany paliwem LPG wolnossacy, silnik zasilany
LPG dotadowany wedtug optymalnych parametréw pra-
cy przyjetych uprzednio oraz silnik benzynowy wol-
nossacy stanowiacy punkt odniesienia dla uzyskanych

loading (subatmospheric pressure about 0 kPa) the
fuel pressure is 300 kpa. In a supercharged engine
(the maximum above atmospheric pressure in suction
manifold equals 30kPa at a completely open choke
valve), the fuel pressure is about 330 kPa. A ‘serially’
fitted regulator then fulfills the requirements of a su-
percharged engine ensuring adequately higher pres-
sure in the injector collector, which enables to provi-
de larger quantities of fuel, suitable for additional
amounts of air supplied by the compressor. As the
regulator is fitted behind the choke valve, it accounts
for different working states of an engine (e.g. braking
the engine at a closed choke valve) and adequately
adjusts the fuel pressure in the injector collector.

Certain changes are needed in the location of air
temperature sensor, as ‘serially’ it is fitted in the ca-
sing of an air filter. In a supercharged engine the sen-
sor should be placed between the compressor and
suction manifold, as the compressor raises the tempe-
rature of the air ( mixture for LPG feeding), and at stan-
dard location the sensor would record a lower tempe-
rature. This is extremely important because signals
from an aspirated air temperature sensor enable the
central unit to adjust information from an absolute
pressure sensor as to the amount of air supplied to
the cylinders.

An absolute pressure sensor measures the subat-
mosheric (above atmospheric) pressure in the suction
manifold during an engine’s work. As the sensor ac-
cepts vacuum as the ‘reference point’ , subatmosphe-
ric pressure has a ‘positive’ value. So, there are no
problems in the situation when pressure in suction
manifold is higher than the atmospheric one ( a super-
charged engine). In such a case the pressure value is
also correctly read by the injection calculator. On the
basis of signals from the absolute pressure sensor the
central unit counts the amount of the air supplied to
an engine compensating the fluctuations of its densi-
ty (air temperature sensor). The manufacturing loca-
tion of an absolute air sensor does not require to be
changed in a supercharged engine.

6. A comparative analysis of results in nor-
mally aspirated and supercharged LPG-
fed engines.

Comparison of working parameters between PN
1600 LPG-fed supercharged and normally aspirated
engines enables to give an opinion on an effective-
ness of application of supercharging to an LPG engi-
ne. The analysis involved: a normally aspirated LPG-
fed engine, an LPG-fed engine supercharged
according to the previously applied maximum working
parameters and a normally aspirated petrol engine as
areference point for the obtained results. The compa-

EkspLoaTACJA | NIEZAWODNOSC NR 1/2004 25




NAUKA | TECHNIKA

Charakterystyka zewnetrzna silnika PN1600
Analiza porbwnawcza osiggow silnika

®  ocuntezraNe
A ronert corolow Mo
©  jednostione zyde pelivage
R ginorezuwyde peliva Gh
— zaslanyLPGdoladoweny
— — — zasilanylPGwdnossaoy
— . — . zasilany benzyng walnossagy
Ne Mo Gh
kW] [Nm] kgl
70 F 135 E 32
130
65 E 125 30
120 28
60 £ 115
26
55 £ 110
105
24
50 4 100
95 22
£ 9
BE 20
40 £ 80 18
75 *
35 F 70 ge 16
65 KWh
30 4 gk £ 14
360 E 1n
259 350
10
20 4 340
30 F ¢
15 o 320
310§ 6
10 300 4
290
57 280 F 2
T e = USSR A e )

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Predkos¢ obrotowa [obr/min]

23 2 87
2 8 8 8 &4
Q¢

o
)
=3

7 -y
=3 S
S S

FERVE FTRTA PRETI FRUTY FTRUE IRUTY FRETY FTRY I

IS
)
=3

Zalezno$¢ wybranych parametrow
na charakterystyce zewnetrznej silnika PN1600
Analiza porownawcza osiggow silnika
[ ] tenrperatura spain Ts
A zvatox COwspinach
@ zawartos¢NOxwspaiinach
X nesymEne déniienie wyteczne pmex

— zaslanyLPGddadoweny

— — ~ zaslenylPGwdncssacy

— - — - Zzasiary bereyna wolnossacy
CO pmax
[%] [MPa]

150

IS
=3
S

T T
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Predkos¢ obrotowa [obr/min]

Zalezno$¢ wybranych parametrow
na charakterystyce zewnetrznej silnika PN1600
Analiza poréwnawcza osiggéw silnika
®  grawncssnapeniania TV
A wplicymik redmiaupowetza N
©  sramoogdna 1p
X

a:)ral\rnér':rr'ed‘a'iara‘1 m
zasilany LPG dotedoweny
~ zasilany LPGwolncssacy
P\]’ — - — zaslany berzyng wolnossacy

0.94

2.92 e Tt T e — .. — .

2.90

.88

.86

0.84

0.82

0.80

0.78

0.76 3

.74

2.72

2.70

.68

2.66 A

2.64 4 [

0.62 < 0.98 |
E 0.96 E|
£ 0.94 E
E 092 3
E 0.90 3
E 088 El
E 0.86 3
E 0.84 E|
E 08~ E
E 0.80 E|
E 0.78 E|

£ 0.76 0.24 o
T T T T T T T T

1500 2000 2500 3000 3500 4000 4500 5000 5500 600
Predkos¢ obrotowa [obr/min]

0.96
0.94
0.92
0.90
0.88
0.86
0.84
0.82
0.80
0.78
0.76

0

Zalezno$¢ wybranych parametrow
na charakterystyce zewnetrznej silnika PN1600
Analiza poréwnawcza osiggow silnika

®  nocdonepedusprezaki Ns
A zavartost wedonocordww spdinach HC
©  gedie dénienie wyteczre pe
R terperturaczymika zasprezaig Td
— zasilany LPGdotadowary
— — — zasilany LPGwolrnossaoy
— - — - zasilany benzyng wolnossacy
HC
[Ppm]
g 170
A
£ 160 TTA — e
A A~y
F 150 TAL
~.
F 140 N
- —AT
F 130 oo = A — —4& — —A— — A — — &
E 120
E 110
E 100
F 90
Ns
£ 80
W]
40003~ 70 1050
3500 1000
E 950
3000 E 900
2500 850 3
2000 800 3
E| 750 3
ISOOE 700 4
1000 650 3
500 600 3
3 550 4
0 T T T T T T T T

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Pradlenéi nhrntrwam Tnhr/minl

Rys.2. Charakterystyki porownawcze
Fig. 2. Comparative characteristics
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wynikéw. Pordwnanie wskaznikdw pracy zaprezento-
wano graficznie w postaci zbioru charakterystyk rys. 2,
oraz na wykresie indykatorowym rys. 3.

Prezentowana narys. 2 i rys. 3 analiza porownaw-
cza dowodzi, ze zastosowanie dotadowania do silnika
zasilanego gazem LPG, powoduje znaczne zmniejsze-
nie emisji toksycznych sktadnikow spalin oraz wzrost
mocy i momentu obrotowego do poziomu przewyz-
szajacego parametry pracy standardowego silnika
benzynowego.

Podsumowaniem analizy jest poréwnanie charak-
terystyk ogdlnych silnikéw zasilanych gazem LPG —

rison of the working parameters has been presented
graphically as a set of characteristics in Fig. 2. and on
the indicator chart in Fig.3.

The comparative analysis presented in Fig.2 and
Fig.3 proves that an application of supercharging to
an LPG-fed engine results in a significant reduction of
toxic fumes emissions as well as in the growth of po-
wer and torque to a level higher than the working pa-
rameters of a standard petrol engine.

The analysis is summarized by a comparison of
the general characteristics of LPG-fed engines (the
normally aspirated one in Fig.4 and the mechanically

Wykres indykatorowy zamknigty silnika PN 1600
dla predkosci obrotowej n = 5500 [obr/min]
Analiza porownawcza osiggow silnika
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Rys. 3. Porownawcze wykresy indykatorowe
Fig. 3. Comparative indicator charts
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Rys.4. Charakterystyka ogdlna silnika wolnossqcego zasilanego gazem LPG
Fig. 4. General characteristics of a normally aspirated LPG-fed engine
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Rys.6. Chard of unitary consumption for supercharged engine sed with LPG

wolnossacego (rys. 4) oraz dotadowanego mechanicz-
nie (rys.5) wraz z wykresem przestrzennym jednostko-
wego zuzycia paliwa przez silnik dotadowany zasilany
gazem LPG (1ys.6).

7. Podsumowanie i wnioski

Prezentowane poréwnania wynikéw symulacji
komputerowych dowodza korzystnego wptywu do-
tadowania mechanicznego na wskazniki pracy silnika
zasilanego gazem LPG. Zastosowanie spr¢zarki spra-
wia, ze moc i moment gazowego silnika dotadowane-
go przekracza w sposdb istotny osiagi wolnossace-
go silnika zasilanego benzyna, jednoczesnie poprawia
si¢ jednostkowe zuzycie paliwa i sprawnos¢ ogolna.

supercharged one in Fig.5) involving a three-dimen-
sional chart of specific fuel consumption by a super-
charged LPG-fed engine (Fig.6).

7. Conclusions

The presented comparison of the results of com-
puter simulations prove a positive effect of a mecha-
nical supercharging on the working parameters of an
LPG-fed engine.

Due to the application of a compressor, the power
and torque of a supercharged gas engine significan-
tly exceeds the results of a normally aspirated petrol-
fed engine, at the same time the specific fuel consump-

28

EkspLoaTACJA | NIEZAWODNOSG NR 1/2004




NAUKA | TECHNIKA

Wsrod czynnikéw ekologicznych efektowna jest re-
dukcja NO mozliwa dzigki zastosowaniu dotadowa-
nia w silniku gazowym. Moc potrzebna do napgdu
sprezarki jest niewielka, podobnie jak wzrost tempe-
ratury czynnika za sprezarka, ktorej poziom wyklucza
konieczno$¢ chtodzenia tadunku. Zaprezentowane
wykresy indykatorowe (rys. 3) dla analizowanych
systemow zasilania, potwierdzaja brak spalania stu-
kowego i prawidtowy przebieg procesu oraz dowo-
dza poprawnosci przyjetych parametréw dotadowa-
niairegulacyjnych.

Poprawa parametrow ekologicznych dotadowane-
go silnika zasilanego LPG, zwiazana jest z dwoma uzu-
pehiajacymi si¢ wzajemnie czynnikami. Po pierwsze -
zastosowanie dotadowania w silniku zasilanym gazem,
pozwala osiagnaé¢ bardzo niskie jednostkowe zuzycie
paliwa 1 utrzyma¢ wysoka sprawnos¢ ogolng silnika,
czyli umozliwia bardzo racjonalne wykorzystywanie
energii zgromadzonej w paliwie. Skutkuje to mniejsza
iloscig spalanego paliwa w celu wytworzenia okreslo-
nej mocy. Po drugie - specyfika gazu LPG wptywa bar-
dzo pozytywnie na obnizenie zawartosci toksycznych
sktadnikow w spalinach. Proekologiczne cechy propa-
nu-butanu sa dodatkowo potggowane w wyniku zasto-
sowania dotadowania w silniku zasilanym gazem. Szcze-
gblnie spektakularna jest redukcja tlenkow azotu
uzyskana dzigki dotadowaniu silnika zasilanego LPG.
Synteza wymienionych czynnikoéw sprawia, ze silnik
dotadowany mechanicznie zasilany LPG spala ,,mniej”
paliwa i wytwarza ,,czystsze” spaliny w odniesieniu do
silnika wolnossacego zasilanego propanem-butanem.

8. Literatura

tion and total efficiency achieve better results. A spec-
tacular ecological factor is the reduction of NO_due
to the supercharging of a gas engine. The power ne-
eded for a compressor’s drive is not high, neither is
the growth of the temperature of the factor behind the
compressor, which eliminates the necessity of load
cooling. The presented indicator charts (Fig. 3) for the
analyzed feeding systems confirm the lack of knock
combustion and the proper course of the process and
prove the correctness of the applied supercharging
and loading parameters.

The improved ecological parameters of a super-
charged LPG-fed engine involves two complementary
factors. Firstly, the application of supercharging in
a gas-fed engine results in a very low specific fuel
consumption and in high total efficiency of the engi-
ne, consequently it allows for a very rational exploita-
tion of the energy stored in fuel. It results in a smaller
amount of fuel burnt to generate a certain amount of
power. Secondly, the characteristics of the LPG fuel
has a very positive effect on the reduction of the toxic
substances content in fumes. The pro-ecological cha-
racteristics of propane-butane are additionally streng-
thened due to the application of supercharging in a as-
fed engine. The reduction of nitric oxides due to the
supercharging of an LPG-fed engine is especially spec-
tacular.

All the above-mentioned factors make the mecha-
nically supercharged LPG-fed engine burn ‘less’ fuel
and exhaust ‘cleaner’ fumes than a normally aspirated
engine fed with propane-butane.
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FEM ANALYSIS OF FUNCTIONALLY GRADED COATING
APPLIED TO DIESEL ENGINE PISTON CROWN

Functionally graded thermal barrier coating was analytically investigated by using Abaqus
FEM code. Transient temperature and stress distributions in coatings applied to diesel engine
piston crowns were calculated throughout the entire working cycle. Results of calculations
were compared against data obtained for metal piston and classical duplex TBC.

Keywords: Thermal Barrier Coating, Diesel engine, Finite Element Method,

Functionally graded coatings

1. Introduction

It follows from an approximate heat balance for
naturally aspirated diesel engine that the extent of heat
rejected to exhaust can be reduced by 35-45%, that
transferred to cooling system by 15-35% and mecha-
nical losses can be reduced by 5-10% [1]. The most
promising way to raise fuel economy is heat insula-
tion of combustion chamber walls and elimination of
cooling system. According to early prognoses fuel
consumption can be reduced by 30%. Results of ana-
lytical studies of Groth and Thiemann demonstrated
that the major efficiency benefit can be obtained thro-
ugh piston crown insulation and an attempt to apply
thermal insulation to liner surface alone is groundless
[2,3]. The temperature raise at the surface of thermal
barrier coating (TBC) made of 0.5 mm thick zirconia
layer was estimated at approximately 20% and the drop
in volumetric efficiency at 0.4%. Schnabel [4] found
that application of thermal insulation to diesel engi-
nes can reduce fuel consumption by 10-15%. Other
studies on adiabatic engines showed that improve-
ment of thermal insulation by 60% raises fuel econo-
my by 8% and application of thermal insulation of
cylinders and exhaust system combined with turbo-
compounding increases by 11%, further gain by ano-
ther 4% is due to cooling system partial elimination
with its attendant mass and space [5].

At present, two concepts of an engine are distingu-
ished: the adiabatic engine with ideal heat insulation
and the engine with low heat rejection (LHR). Compu-
ter simulations reveal that in passenger car engine hi-
gher fraction of energy, compared to heavy-duty truck
engine, is transferred to cooling system [6]. The most
effective way to gain higher economy of LHR engine is
turbocompounding, the effect depends on engine load
which favours large engines [7].

The LHR approach is realized through applying TBC
coatings, monolithic ceramic inserts, articulated pistons
with air gaps or, finally, applying new piston materials.

Because of combustion knock risk, low heat conducting
TBCs are considered ill-suited to spark ignition engines.

The following arguments were put forward to
explain lower than expected engine economy [8]: the
alteration of heat release history in the engine cycle,
the need of injection timing optimization, the convec-
tion-vive effect. Two competitive effects appear- hi-
gher temperatures of combustion chamber walls dete-
riorate volumetric efficiency but, on the other hand, it
makes combustion process better.

Kvernes [9] applied thick (2mm) coatings to piston
crowns of marine diesels and claimed 5% reduction in
fuel consumption. Schihl et al. [10] found in tests on
diesel engines with cast iron pistons minute increase in
fuel consumption compared to baseline engine, which
was explained by longer combustion phase.

In [11] the results of the test performed on the
baseline spark ignition Daihatsu engine and the engi-
ne with pistons covered with TBC are presented. It
was found that TBC increases maximum cylinder pres-
sures and lowers by 6% fuel consumption at low lo-
ads. Mendera [8] in his analysis of published results
of tests carried out on thermally insulated engines
claimed that efficiency of turbocharged engines can
be achieved at low engine speeds and low loads, whe-
reas for naturally aspirated engines- at low loads. Kamo
et. al. [12] considered a problem of optimum coating
thickness. Compared to thick coatings, thin coatings
offer the advantage of longer durability and the mo-
derate increase in surface temperature.

Thermally sprayed TBCs are usually two-layer, the
layer adjoining the substrate provides adequate ad-
herence of the coating, protects base metal from cor-
rosion and facilitates stress relaxation, the outermost
layer is sprayed with ceramic material. Typical TBC on
aviation gas turbine comprises 0.13 mm thick bond
coat and a 0.25 mm thick layer of partially stabilized
zirconia [13]. An example of a sophisticated coating is
the triplex TBC applied to the walls of combustion
chamber of the Rolls-Royce RB 211 engine. In this
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case, the TBC consists of a nickel-chromium bond
coat and zirconia with 24 wt.% magnesia interlayered
with a coating sprayed with the mixture of both [14].
Because the substrate and the coating typically have
different physical and mechanical properties, failure of
the coating is commonly associated with the interface.
To reduce the likelihood of failure, additional layers
having intermediate chemical compositions are applied
between the bond coat and the ceramic coating. Nume-
rical calculations, along with experimental data on gra-
ded coatings, lead to the conclusion that distribution
of thermal stresses caused by a mismatch in thermal
expansion coefficients is more even than in duplex co-
atings and their magnitude lower, stress concentrations
at coating edges could be less dangerous and crack
propagation in the coating hindered [15,16].

2. Calculation of temperatures and stres-
ses in coating applied to diesel engine
piston crown

The aim of FEM calculations presented in the pa-
per was to find transient temperature and stress distri-
butions throughout the entire working cycle. Values
of assumed average in-cycle convection coefficients
and temperatures of surroundings are given in [17],
the top view of half piston crown and mesh are shown
in Fig. 1. The piston model is simplified, which was
necessary to complete the calculations in reasonable
time, static temperature and stress distributions were,
however, close to those obtained by using more pre-
cise model.

In analysis, the following assumptions were made:

* Metal piston is made of Al-Si (AK 12) alloy. Pi-
ston height is 87 mm, diameter — 89 mm. Piston
side surface is assumed to be even. Piston alloy
and coating are isotropic and linearly elastic.
Convection coefficients and temperatures of
surroundings at bottom and side piston surfaces
are constant throughout the cycle. The contact
between successive layers of material is tight.

Temperatures of gas and values of heat convec-
tion coefficients over piston’s crown at any mo-
ment of time are equal to the product of their
average values by values of relative temperature
or heat convection coefficient, similarly to [17].
* The moments of time, at which actual gas tempe-
rature and heat convection coefficient are equal
to their average values, are considered to corre-
spond to the same crankangle. Stresses and tem-
peratures were plotted as functions of time me-
asured from this moment.

Piston was motionless, the effect of gas forces is
omitted.

The analysis was divided into two steps, in the
first, the engine was warmed-up and conditions of
steady operation were achieved, in the second, final
calculations were done. Input values are listed in Tab. 1.
Piston crown was covered with 0.15 mm thick NiCrAl
bond coat and the 0.35 mm thick three-layer coating
containing partially stabilized zirconia. The content
of ceramics gradually increased toward the free sur-
face. The engine was naturally aspirated 4C90 diesel
engine with swirl chamber, calculations were perfor-
med for engine speed of 1800 rpm. Results of calcula-
tions are shown in Figs 2-7. Fig.2 presents variation of
temperatures at TBC’s surface throughout the cycle.
Numbers of data lines refer to locations of points
(see Fig. 1). Maximum temperature attained by the sur-

Fig.1. Piston model, mesh and locations of points

face is 543.6 K with the swing of 36.2 K. It is seen that
temperatures at particular points considerably differ.
Fig. 3 shows temperature variations over surface of
the metal piston covered with TBC. The maximum tem-
perature is 477.2 K, whereas temperature variations in
the cycle are only 1.2 K. Compared to Figs 2 and 4,
temperature gradient is considerably lower. Fig. 4
shows temperature distribution in the piston covered
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Fig. 2. Temperature variations throughout the cycle
at the TBC's surface
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Fig. 5. Variation of von Mises’ stresses in the cycle at

at the metal surface the TBC s surface
Tab. 1. Input properties of Al.-Si alloy and coatings
. AK12 NiCrAl | ZrO,+8wt% | 33 vol.% 66vol.%
Material ; .
alloy bond coat Y,0; ceramics ceramics
Young’s modulus,GPa 80 150 11.25 104 57.5
Poisson’s ratio 0.28 0.25 0.25 0.25 0.25
Thermal expansion coeff.,
[1/K]-10° 21 19 10.9 16.3 13.6
Specific heat [J/kgK] 960 452 620 495.28 549.7
Thermal conductivity
[W/mK] 155 15 1.4 3.539 2.006
Density , [kg/m’] 2700 8000 5560 7187 6373

with TBC. It can be noticed that maximum temperatu-
res are higher than those recorded at chosen points
(Fig.2). Variation of von Mises’ reduced stresses at
the free surface of the coating is depicted in Fig. 5. In-
cycle stress variations are relatively small, coating fa-
ilure does not commence at the surface. Uneven di-
stribution of temperatures at TBC’s surface causes
stress gradients to appear- Fig. 6. Fig. 7 shows the
distribution of the normal component of stress at the
bond coat/piston interface. At the edge of the recess
in metal piston crown, the normal component of stress
exceeds the adhesion force of plasma sprayed co-
atings.

3. Discussion

The maximum temperature at the metal piston
crown is 485.8 K, cyclic temperature variation at this
point is of approx. 8.9 K. Double layer coating conta-
ining 0.3 mm thick ceramic layer reduces metal tempe-
rature by approx. 10 K, functionally graded coating
comprising bond coat and three layers containing ce-

ramics reduces metal temperature by 8.6 K. Maximum
temperature of ceramics is of 543.6 K. Metal surface
covered with TBC is no longer exposed to thermal
fatigue. In graded coating, temperature variations at
the top surface are even 36.2 K. Application of TBC,
either duplex or graded, considerably increases tem-
perature differences between particular points at the
free surface.

4. Conclusions

Calculations showed that spalling of the functio-
nally graded coating is most likely to appear at the
edge of the recess. To alleviate this effect, edges of
the recess should be redesigned to reduce stress con-
centration. Functionally graded coating comprising
bond coat and three layers containing ceramics redu-
ces metal temperature by 8.6 K. Metal surface covered
with TBC is no longer exposed to thermal fatigue.
Maximum temperature of ceramics is 543.6 K. In gra-
ded coating, maximum temperature swings at the top
surface were 36.2 K.
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Mitosz P. WNUK

POJECIA 1 ZALEZNOSCI W LINIOWEJ I NIELINIOWEJ
MECHANICE PEKANIA

CONCEPTS AND RELATIONSHIPS IN LINEAR AND
NONLINEAR FRACTURE MECHANICS

PART I. LINEAR ELASTIC FRACTURE MECHANICS

Na poczqtku ubieglego stulecia teoria sprezystosci zostala uzupelniona nowq hipotezq, ktéra uwzglednila
mozliwos¢ nieciqgtosci pola przemieszczen w continuum sprezystym. Nieciqglosciq takq jest szczelina,
stacjonarna lub tez poruszajqca sie, a podstawowq hipotezq jest tutaj hipoteza Griffitha, ktéra uzupelnia
wyrazenie na catkowitq energie potencjalng rozwazanego systemu o jeden dodatkowy czlon, mianowicie
energie swobodnej powierzchni. Energia ta powstaje w trakcie propagacji szczeliny, a zrodlem jej jest albo
praca sil zewnetrznych, albo tez energia sprezysta zmagazynowana w ciele poddanym obciqzeniu.

Z kryterium energetycznego Griffitha wynika wzor na krytyczne naprezenie, przy ktorym nastepuje inicja-
¢ja pekniecia. Wzor ten jest rozny od wzoru Neubera zawierajqcego wspotczynnik koncentracji naprezen,
a roznice miedzy obydwoma wzorami sq tym wieksze im mniejszy jest promien krzywizny u wierzchotka
szczeliny, kiedy to wspotczynnik Neubera zmierza do nieskonczonosci, a klasyczne wyrazenie na napreze-
nie krytyczne traci sens. Okazuje sie, ze iloczyn wspolczynnika Neubera oraz promienia krzywizny posiada
skonczonq granice, proporcjonalng do miary intensywnosci pola naprezen w poblizu wierzchotka szcze-
liny. Takq miarq jest "SIF", wprowadzony przez Irwina, czyli wspolczynnik intensywnosci naprezenia,
zalezny od przylozonych sil, wielkoSci defektu oraz geometrii probki.

Wzor Grifitha wyjasnit ogromne rozbieznosci miedzy mierzonymi wartosciami wytrzymatosci, a ich teore-
tycznymi oszacowaniami wynikajqcymi z rozwazan molekularnych dotyczqcych ciat bez defektow. Wzor
Griffitha zostal sprawdzony w praktyce inzynierskiej i dal poczqtek nowej dziedzinie w teorii wytrzymatosci
cial niedoskonatych, tzn. takich, ktore zawierajq wewnetrzne (lub brzegowe) pekniecia jeszcze w stanie
nieobciqzonym. Teoria ta nosi nazwe Mechaniki Zniszczenia lub tez Mechaniki Peknigc.

Stowa kluczowe: proces pekania, szczelina Grifitha, wspolczynniki intensywnosci
naprezenia, ocena materiafu, odpornos¢ na pekanie, funkcja na-
prezen Westergaarda, catka Greena, dekohezja, schematy pekania

At the beginning of the past century the Theory of Elasticity was supplemented by a new hypothesis, which
took into account occurrence of discontinuities within an elastic continuum. This discontinuity appears in
form of a crack, either stationary or propagating, and the hypothesis, which was put forward by Griffith,
appended a single additional term into the expression for the total potential energy of the considered system.
The additional term describes the surface energy of the newly formed crack, and it is drawn either from the
work of the external forces or from the strain energy stored in an elastic medium.

The energy criterion of Griffith produced an expression for the critical stress, at which the crack growth will
initiate. The predicted values of this stress are significantly different from those calculated on the basis of
Neuber's classic formula involving he stress magnification factor. The differences become unacceptable for
the limiting case, when the radius of curvature, measured at the crack tip, approaches zero. While the
classic formula looses then its sense, it turns out that the product of the radius of curvature and the Neuber's
factor reduces in the limit of sharp crack to a finite value, namely the SIF. The symbol designates "stress
intensity factor" and - as defined by Irwin - it dependls on the applied stress, size of the defect and geometry
of the specimen.

Griffith formula explained the substantial differences between the measured values of material ultimate
strength and those predicted by the molecular considerations carried out for a perfect continuum that does
not posses any cracks. Extensive testing and the case studies stemming from the engineering practice
confirmed the new formula, and it gave rise to the new domain within the theory of strength, namely the
Mechanics of Fracture.

Keywords: fracture, stress intensity factors, Griffith crack, Westergaard stress func-
tion, Green integral, material fracture toughness, material evaluation

EkspLoaTACJA | NIEZAWODNOSC NR 1/2004 35




NAUKA | TECHNIKA

1. Introduction. Why do we need Fracture
Mechanics?

Loss of structural integrity may occur in a number
of ways. The most puzzling and dangerous way is
that which is commonly described as “brittle fractu-
re”. When metals of high strength and of relatively
high yield stress are applied in engineering practice
certain unexpected phenomena may occur. Let us men-
tion here, choosing out of numerous examples of spec-
tacular failures of large structures, just three events
which have drawn attention of engineers and scienti-
sts alike to a material property called “brittleness” or
“notch sensitivity”. These events were:

* in-flight fractures of the first few passenger jet
airliners “Comet” manufactured by the British firm
DeHavilland;

* catastrophic and rather expensive fractures of
heavy rotating components of large steam turbi-
ne electric generators made by the General Elec-
tric Company in the USA; and

* the “explosive” fractures of the rocket chambers
during the pre-flight tests performed at the Jet
Propulsion Laboratory in Pasadena, California.

In all of these cases the fracture problem was rela-
ted to use of a relatively new metallic alloy of high
strength.

To understand the origin of the problem let us take
a closer look at the diagram shown in Fig. 1. Two ste-
els are compared with respect to their respective
“notch sensitivities”. Steel A is an expensive material
of high strength &, , while the other steel B is of les-
ser quality and lower ultimate strength &, * but of hi-

Grom

gher fracture toughness, K, * > K, *. One is tempted
to conclude that steel A is a “better” material. This
indeed is the case if no initial defects of any kind are
present in the components made of these two steels.
To ensure this condition, we would have to exclude
the residual stresses, surface scratches, notches or
other fabrication defects. If we allow, however, that no
structure is ever perfect, then a different picture emer-
ges. The graphs shown in Fig. 1, which depict the
material sensitivity to the pre-existing defects (like,
say, one existing at the point P), should convince us
that in certain situations it would indeed be dangero-
us to use the high strength steel. Suppose that the
component is subjected to a nominal service stress
o, ,which is much lower than the ultimate stress for
either of the steels considered. Suppose also that the
material, of which the component is fabricated, conta-
ins a certain small initial defect, which under service
conditions may grow slowly in a stable manner due to
fatigue or stress corrosion cracking. Let the initial size
of such pre-existing defect be denoted by a*. We see
from Fig. 1 that the point corresponding to a* determi-
nes the actual stress, at which structure made of such
imperfect material will fail when subjected to the nomi-
nal stress o, , well below the ultimate strength of
both materials considered. Obviously, our conclusion
is that should the condition represented by point P
occur in service, the structure made of steel A (the
“strong” one) will fail, while that made of steel B (the
“weaker” one) will remain undamaged.

Why does this happen and how were the two gra-
phs shown in Fig. 1 obtained? What is the meaning of
the “stress intensity factor” K, and of the material

steel B, K; :Klg

as

R O s

Qcr

Fig. 1. Principles for material selection based upon the fracture toughness
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property named “fracture toughness”, denoted by K, *
and K, ” in the equations supporting Fig. 1? In the
following sections we shall attempt to answer these
questions. It should be realized that a design based
on the classical criterion of safety, which involves such
concepts as admissible stresses and safety factors of
various kinds, may not be a sufficient tool to ensure
the structural integrity of a component. In particular,
this insufficiency may become prominent when any
one (or all) of the following conditions occur in servi-
ce
1 — use of welded structures containing residual
stresses of unknown magnitude;
2 — low service temperature or high rates of lo-
ading associated with dynamic loads;
3 — large dimensions of the component;
4 — presence of fatigue or an aggressive environ-
ment during the service life of the component.

To further illustrate the statement about inadequ-
acy of the design based on “admissible stress” con-
cept, we shall give here three numerical examples. All
examples involve the high strength pressure vessel
steel designated by AISI as 4340. The input data are
as follows:

* ultimate strength, o, = 2000 MPa,

* fracture toughness, K, = 40 MPa(m)’. (D)

Examples 1 and 2

Consider a plate subjected to a tensile stress orien-
ted perpendicularly to a small centrally located crack-
like defect. Supposing that the size of the defect is
about 3 mm, calculate the critical stress at which the
plate will break in half. We shall choose first to ignore
the crack altogether and apply the strength criterion
of admissible stress. Then, of course, the plate should
not break until the applied tensile stress attains the
magnitude of the ultimate strength, which is 2000 MPa.
If we accept the fact that the crack is there, then em-
ploying the fracture mechanics approach we arrive at
this equation

ovra=K,, @
and thus we would predict
K, 40

o =582.7MPa

— Ic
" Jra Jras007) ®)
This is 243% lower than the critical stress for an
undamaged plate. If this crack-like defect was two ti-
mes smaller but located at the surface of the plate,
then the fracture mechanics prediction for the critical
stress would be

K, 40
et 1ra 1124r(1.5107)

[o.]

=520.2MPa )

This is about 284% smaller than the breaking stress
predicted without use of fracture mechanics.

Example 3

Consider a cylindrical pressure vessel manufactu-
red out of the same steel 4340. The vessel is pressuri-
zed to a pressure level p. Let the cylinder be weakened
by a small initial defect inclined at a certain angle to
the cylinder axis, see Fig. 2. Let the crack length be
denoted by 2a, the radius of the cylinder by R and the
thickness of its wall by t. The maximum allowable in-
ternal pressure can be found (without regard to frac-
ture mechanics) from the well-known formulae

o, = pRit o, = pR/2t ®)

Setting 0, = 0,, we would obtain the critical
pressure p = 2000(#/R) for the undamaged material.
If, however, one accepts the presence of the initial
defect located in a bi-axially loaded element (see Fig. 3),
then the state of stress turns out to be most severe at

R

Fig. 2. Crackedcylindrical pressure vessel

6-9'
red
/A
Gz GZ
G‘G‘

Fig. 3. Cracked element under biaxial tension
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the tip of the defect. Severity of stress concentration
at the dangerous point, i.e., at the tip of the crack, is
described by two stress intensity factors

K, :Z—f\/ﬂa(l+sin2 B)

K, =%%(sinﬁcosﬁ) ©

The energy contained in a small volume element
adjacent to the crack front can be shown to depend
on the angle 3 and the two K-factors, K, and K, cor-
responding to the two modes of deformation preva-
lent at the root of the defect. When this energy attains
a certain critical magnitude, the pressure vessel will
explode; and the higher is the ultimate strength of the
steel used to manufacture the vessel, the more disa-
strous will be appearance of the final act of fracture.
Pressure at which such catastrophe will occur may be
computed in a rather lengthy way. Omitting the deta-
ils, let us quote the end result. For the input data gi-
ven above and for f=60°, a =3 mm, v = 0.25, the
critical pressure is found to be

p, = 545.4W/R)  MPa 0

This is about 254% lower than the critical pressure
predicted by a designer who has never heard of frac-
ture mechanics.

This philosophy of fail-safe design, based on the
notion of the pre-existing defects in a structure of any
kind, can perhaps be best summarized by the schema-
tic drawing shown in Fig. 4. Suppose that the smallest
crack, which may be detected by a NDT technique
(such as X-rays, neutron diffraction, magnetic method
or acoustic emission detection) is denoted as “NDT
threshold” as it appears to the extreme left in Fig. 4.
Suppose we want to be on the safe side and will not
accept any component, which contains cracks greater
than that of the specific size designated in Fig. 4 as
“acceptance limit”. Of course, the acceptance limit
should be greater than the NDT threshold, since only
then we can detect a defect of this size. At the same
time it must be smaller than the fracture growth initia-
tion level, K. Imagine now that due to a human error
or some other unpredictable factor, an initial defect of
size slightly greater than the growth initiation limit

NDT threshold K K

=

-

acceptance limit

Iscc

was present in the component under service condi-
tions, and that it began to enlarge in a stable manner
due to ductile tear process (the toughness threshold
for this process is denoted by K)). This growth is ac-
celerated when the crack attains the size, at which the
stress corrosion mechanism becomes active (this le-
vel is denoted by K, ). Finally, if the crack remains
unnoticed during the subsequent inspections, it may
well reach the critical size, denoted by K, , at which
fracture can no longer be controlled. At this point the
structure undergoes catastrophic failure.

Without any further discussion of catastrophic
fractures encountered in service (examples of such
are indeed numerous), let us proceed to describe brie-
fly the mathematical and physical concepts, which are
fundamental in understanding fracture.

2. Fundamental Relations in Linear Elastic
Fracture Mechanics (LEFM)

The basic assumption of the linear fracture me-
chanics (shortly: LEFM) is that of validity of Hooke’s
law within the bulk of the material containing a crack.
At the same time, however, it is recognized that within
a small volume near the crack tip a nonlinear physical
law prevails, and thus the strains and stresses in this
small domain cannot be really computed from the ela-
stic theory. Characteristic dimension of this non-line-
ar zone can be estimated as

2

; =L(&] ®)

" 2m| o,
in which the denominator is a measure of material
strength in presence of the defects of finite size, the
so-called “fracture toughness”, denoted customarily
by K, if measured under plane strain condition and
by K if measured under the plane stress situation.
Symbol o, is used to denote the yield stress corrected
for tri-axiality condition existing at the crack tip.

The quantities K, or K_can be theoretically evalu-

ated from the integral

2% S(x)dx
KIC(O”KC)Z\/;_([ N ©)

KIc

S

Fig. 4. Characteristic defect size levels for crack growth
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Here, the symbol S(x) denotes the stresses, or
the “restraining force” within the non-linear zone
which extends by the distance R = 2r ahead of the
crack front. Formula (9) has rather a limited use, since
the distribution of the stresses S(x) prevailing within
the non-linear domain adjacent to the crack front is
not known. In (9) symbol “x” is used to designate the
distance measured from the crack tip. Despite of this
uncertainty about the precise nature of the distribu-
tion of the restraining forces, the integral (9) can be
determined in an empirical way (it has been observed
that the value of K, is not strongly dependent on the
specific form of the function S(x)). Therefore, the qu-
antity defined by equation (9) can be directly measu-
red by one of the experimental techniques discussed
in detail in the later sections concerned with measure-
ments of fracture toughness. One useful relation can
be derived from equation (9), if one assumes the most
simple form of the function S(x), namely S(x) = const.=
o,. Then it follows

K, (orK.)=20,2R/m
R=8K, /no; (10)

which differs only by a constant factor from the Ir-
win’s approximation R = 2rp = (I/m) (K,/o,)’. The
specific fracture energy required to create a unit area
of new fracture surface is related to the quantity K
by a simple equation

K, =EG,(1-v)" (11)
This equation will be derived in the next section. An
extensive research in the materials sciences field is
directed toward determination of the influence of the
microstructural parameters such as the average inclu-
sion spacing, volume fraction of the particles of the
second phase, the ferrite grain size, and the geometri-
cal parameters, such as notch depth and notch tip
radius on the value of the specific fracture energy G, .
Now, when the characteristic dimension, the so
called “radius of the plastic zone”, r, is evaluated and
found negligible against the initial crack size and the
dimension of the component containing a crack, one
may conclude that the LEFM approach to the compu-
tation of stresses and strains in the space surroun-
ding the defect is applicable. Argument to justify this
approach is that while the small non-linear domain is
totally contained within the elastic stress field, its ef-
fect on the distribution of stresses some distance away
from the crack front may be neglected. Interestingly,
one may use the purely elastic solution for stress ahe-
ad of the crack front (see Fig.5):

_K
[Gy(x,y)]yzo’m—\/%ﬁ.. (12)

<
T\N b
7

b %
=X X

Fig. 5. Crack profile end the opening stress in the
plane of the crack. External load is perpendi-
cular to the crack plane. The size of nonline-
ar zone 2rp is small compared to crack lenght
(LEFM)

and for the opening displacement within the crack,
i.e., considered at the distance -x from the crack tip,

(k+D(1+v) —X
[uJ’ (x, y)]v=l),x<l) = E K’ E te
3— (13)

v
K =—— plane stress

K =3—4v plane strain
I+v

to evaluate the work required to propagate the crack
by an incremental distance da. In order to do so, we
shall consider the energy balance for an extending
crack.

Since only the dominant term is given (note the
symbol +...) in the equations written above, the for-
mulae (12) and (13) are valid in the asymptotic sense,
i.e. for the distance x approaching zero, and restricted
by any particular requirement regarding geometry of
the component containing the crack. Tensile loading
is applied remotely from the crack in the direction per-
pendicular to the crack plane (Mode I loading). We
shall restrict the derivations which follow to a Mode |
crack only (cleavage crack), but analogous conside-
rations could be given for cracks opened in in-plane
shear (Mode II crack) and in anti-plane shear (Mode
III crack), see Fig.6.

1 II 11

Fig. 6. Three modes of fracture
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Influence of the geometry, specimen dimensions
and loading configuration are all included in one para-
meter, denoted by K, and named “stress intensity fac-
tor”. By definition, the stress intensity factor for the
opening mode is a measure of the stress magnitude
directly ahead of the crack tip, namely

K, = lim{(©0, 2] 14

Now, let us return to the considerations of the ener-
gy balance at the crack tip. General equation of the
energy balance set up for a virtual increase of crack
length (da) reads

S(W—-U) =85 (15)

Here, W denotes work of external forces, U is the
strain energy contained within the elastic body, and S
stands for the surface energy. The increment 0S will
be assumed equal to a product of a certain material
constant G,, which is a specific energy of fracture,
and the area 04. Equation (14) may be re-written in an
equivalent form

0 (Energy available) = 6 (Energy absorption) (15a)

The increments appearing in this equation, 8 (En.
Av,) and 6 (En. Ab.), can be replaced by the appropria-
te derivatives

§(En.Av.) = (—9P/34)6 4
§(En.Abs.)=G,8A(orG. 5 4) (16)

in which the symbol P denotes the potential energy of
the system (note that the system consists of a body
containing the crack and of the external forces which
eventually cause the crack to propagate), while the
symbol 04 is employed to denote the area of the new-
ly created fracture surface. Ifthe rate of the potential
energy decrease —0P/d4, is denoted by G, then the
fracture criterion assumes the form

G,=G,(orG) (17)

—_———
—_—
—_—

The quantity G, (G,) represents the energy per
unit area required to create a new surface behind the
front of a propagating crack. This quantity can be
measured in a laboratory test (see the following sec-
tions concerned with the experimental techniques
aimed at determination of fracture toughness). The
quantity appearing on the left hand side of equation
(17), G, is called “energy release rate” or “crack dri-
ving force”. G, can be evaluated by solving an appro-
priate stress analysis problem, which most likely is
a boundary value problem belonging to a class of pro-
blems considered in the theory of elasticity.

Let us now relate the energy release rate G, to the
stress intensity factor, K. In order to perform this
computation, we consider a virtual growth of a crack
by the amount da. Fig. 5 is now re-drawn as shown in
Fig. 7, so that both states before the crack has exten-
ded and after crack extension, are shown. The energy
necessary to propagate the crack by an incremental
distance da may be calculated as an integral over the
newly created area 04 of the product (1/2) (displace-
ment x stress). Following Irwin we take the displace-
ment in this product to be that corresponding to a sli-
ghtly longer crack, i.e., u =u (x,a + da), while the
stresses are taken to be those for the crack at its origi-
nal length “a”, namely o, = 0, (x,a). The energy requ-
ired to open up the crack by an amount 64 (=B da, in
which B denotes thickness) can be thus calculated as
follows

ba
G= —(ﬂj= 2 lim B JO'),(x, ayu,(x,a+d0a)dx =
0

AA 54-02 85 A
ba
=limij K, (x+D)(1+v) 6a_xK,dx=
6a>0 §q o N2mx E 2 (18)
2 ba
_(x+D(1+v)K; lim ij 5a—xdx
AnE sa0| §a 5 X

a+8a

Fig. 7. Crack shown before and after the incremental virtual growth
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The integral involved in the equation above is ele-
mentary and it equals (7/2)da, thus the final result
assumes this simple form

_|K}/ E— planestress
" |(1-v*)K?/ E - plane strain (19)

The global energy criterion for fracture, as expres-
sed by the Eq. (15), can now be written in a form of a
local criterion for failure, which involves only the
stress intensity factors, the applied K -factors, and
their critical values K, or K , namely

K, — plane strain
1= (20)

K_— plane stress

Critical magnitude of the K-factor could in princi-
ple be computed from the expression (9), but in fact it
is established in an empirical way during a laboratory
test. The quantity of energy absorbed during an in-
cremental extension of fracture can be computed from
the known value of the critical K-factor in the follo-
wing way

2 2
G, = % — plane strain 21)
K2
G = ? — plane stress (2la)

Quantity G, is believed to be a material property
independent of a particular geometry and loading con-
figuration of the component in question. Some repre-
sentative values of this material constant are given in
Table 1.

i
\
[
[

§A

R

3. Methods for determination of the stress
intensity factors

Application of equation (20) to specific fracture
mechanics problems requires that the stress intensity
factor K, is known for any particular geometry and
loading configuration encountered in engineering
practice. We shall discuss now briefly three techni-
ques for determination of this important stress field
characteristics, namely

1- semi-empirical method for determination of

K-factor by measurements of compliance.

2- determination of the K-factor by the complex

stress function, i.e., Westergaard approach

3- determination of the K-factor by the Green func-

tion and method of superposition (integral re-
presentation).

Compliance method

The first of the methods listed here can be applied
to a component of an arbitrary shape, provided that
one is willing to perform a series of compliance tests,
i.e., measurements of load (F) vs. load point displace-
ment curves recorded at various initial sizes of the
defect. Itisrealized that an increasing defect will tend
to reduce the slope of the F. v line as shown in Fig. 8.
Thus, the compliance, which is given by the recipro-
cal of this slope, will increase with an increasing size
of the initial defect. If the elastic spring constant is
denoted by k, then the compliance C equals k7, as it
follows from the known relations

F=kv or Fz% 22)
dv=FdC
F
B 1 C
|
\
y 4
oy |
= % |
$ < [ |
re! { |
o ]
§ | |
|
A ! L
V'| V2 v

Fig. 8. Compliance calibration of the signal edge noth specimen

EkspLoaTACJA | NIEZAWODNOSC NR 1/2004 41




NAUKA | TECHNIKA

Consider now the work 6Wpr absorbed while the
crack has propagated by an infinitesimal amount da
at a constant load. This work, on one hand, equals
the product of the energy release rate and the incre-
ment in the area of fracture surface, G,, B da; on the
other hand, 5Wpr can be calculated from the known
area of the triangle ABC in Fig. 8, i.e.,

_{G,Béa

(1/2)F dv=(1/2) F*dC 23)

o

The increment in load point displacement dv is
calculated as F6C, which follows from the Eq. (22)
when F is considered constant during the virtual crack
growth, while the compliance increases when the crack
extends. Setting

G,Bda = (1/2) F* dC 24)

we obtain the energy release rate G, as a function of
the compliance C, or strictly speaking, of the derivati-
ve dC/da, namely

1 F* dC

“ =25 da @)
The approach suggested by the equation (25) re-
quires that the reciprocal of the slope of the F vs. v
curves is recorded (see Fig. 9a) as a function of the
crack length, and then by a graphical procedure the
derivative of this curve is generated and replotted (see
Fig. 9b) as a function of crack length. This latter dia-
gram, in fact, gives the desired result, which is the
dependence of the energy release rate on the initial
crack size for a given specimen geometry. The multi-
plicative factor (F?/2B) should of course be taken into
account to obtain G, from the dC/da vs. *“a” curve.
The usual way to generate the compliance curve
shown in Fig. 9a is to pre-cut the cracks of varying
length in the specimens of the same geometry and
dimensions, subjected to identical loading configura-

tion. In this way one obtains the G, vs. “a” relation-
ship, i.e., the curve shown in Fig. 9b, from which the
stress intensity factor K, can be computed as follows

K, =(E'G))"”
' E — plane stress 26)
B E(1-v*)" - planestrain

To conclude this section we note that the same
relationships, i.e., (25) and (26), can be used to deter-
mine the critical values of the energy release rate and
the stress intensity factor, i.e., G, and K,. All one
needs to do then is to record F vs. v curve till the
point of fracture, characterized by the set of critical
parameters, F_and a. Evaluating dC/da at a, and
substituting F', for F in equation (25) yields the critical
energy release rate (G, ) and the fracture toughness
(K,) in equation (26).

Complex stress function, Westergaard method

For any two-dimensional crack problem the stres-
ses can be calculated from the complex stress func-
tion suggested by Westergaard, Z = Z(z), in which
z denotes the complex variable, z=x + iy, and i is the
imaginary unit /_]. Function Z(z) is related to the

Airy stress function F(x,y) in this way
F(x,)=Re[[([ Zdo)dz)+ yIm[[ Zdz]  (27)

From the theory of elasticity we recall that the com-
ponents of the stress tensor for a two-dimensional
problem can be calculated as partial derivatives of

Fixy),ie.,

’F _ O°F J’F

0= T T Ty @

If we also recall the Cauchy relations applicable to
function of complex variable

dC/da

b.

Fig. 9. Compliance and its derivative shown as function of crack lenght
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aReZ:ReZ‘ aImZ:ImZ'
ox X

aReZ:—ImZ' almZ:ReZ' 29)
dy )y

in which Z’ denotes dZ/dz, we can reduce equations
(28) to the following form suggested first by Wester-
gaard (it is a special case of Kolosov-Muschelishvili
potential)

0,=ReZ-yImZ' 6, =ReZ+yImZ' 1, =—yReZ (29a)

The components of the displacement vector
(u fuy), and in particular, the so-called “opening di-
splacement”; i.e., u evaluated at y=0 and |x|<a, can
be also computed from a given Westergaard function,
namely

u, =1+—U{K—_1ReUZdz:|—ylmZ}

E | 2
u, =1+TU{KT+11mUZdz:|—yReZ} (30)

There exists a large amount of papers published
on the topic of stress analysis in the presence of crack-
like defects. Our objective here is to outline the me-
thod only, rather than give the mathematical details.
Therefore, let us confine this brief description of the
Westergaard method to the evaluation of the stresses
and the stress intensity factor (K)) for a simple geome-
trical and loading configuration. For example, consi-

-

z

<l

(a) System of coordinates attached
to the crack front.

der a problem of semi-infinite Mode I crack. Note that
the real crack may of course be finite; all we are doing
here is consider the limiting case when the distance
r from the crack tip approaches zero (Fig. 10). In that
way the near-tip stress field in the immediate vicinity
of the crack tip may be computed. This is so called
“microscopic” approach, since we take a close look at
the immediate vicinity of the crack tip. Using the co-
ordinate system shown in Fig. 10, we may write the
Westergaard stress function in a following form

— KI
‘ 2rz GD
where the factor X, is yet undefined, z=x + iy, if the
Cartesian coordinates are to be used, and z=r exp (i0,
if the polar coordinates are employed. In fact, the
polar system is the most convenient one for the case
considered. Therefore, let us express the quantities Z,

Z’ and J'Zdz , which enter into egs. (29a) and (30), in

terms of the radius r and angle 6. One obtains

z=-K__ & [cosg—isin—]
N2mz A 2mr 2 2
z=—_K__ & [cosﬁ—isinﬁ]
22\/ 2rz Zr\/ 2rr 2 (32)
3K 2K 30 30
Zdz = L_ = L_| cos——isin—
J. 3z2rz  3r2mr [ 2 :|

__ crack front

(b) Triaxial state of stress in the
vicinity of crack front.

Fig. 10. Cartesian and polar coordinate systems associated with crack front
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Now, it is an easy matter to separate the quantities
listed above into the real (Re) and the imaginary (Im)
parts, and then substitute those into egs. (29a) to ob-
tain the near-tip stress field

_Kicos®/2) {1 +sin gsin ﬁ}
2 2

2rcr
_ K, cos(072) '2) l—singsinﬁ
g 2rr 22
T = K, [lsine cos ﬁ]
> a2 2 (3)
v (0'r +0, ) —planestress
o, = A
0 — plane strain

Similarly, equations (30) yield the components of
the displacement vector in the immediate proximity of
the crack tip

uv=1+vK, /L (K—l)cosg+sin9sing
Y E 27 2 2

34
uV:H_vK, /L{(Kﬂ)sing—sinecosg} 9
’ E 2r 2 2

All these results may be briefly summarized when
the tensor notation is employed

K/
- \/E f:j(e)

u; =K1\/zgij(0) )
2r

Here, the angular distribution functions f (6) and
g,(0) depend only on the angle 0. It becomes clear
now how we obtained the results (12) and (13), which
were introduced in the preceding section. Setting 6=0°,
we obtain from the second equation in (33)

(0] =7

N (352)

and setting 6=180° from the second equation in (34),
we get the opening displacement

_(I+v)(x+1) o
[uy ]9:180° - E K’\/; (35b)

Before we proceed further let us recall that the
mathematical theory presented here is valid for a Grif-
fith crack, i.e., a line cut obtained by shrinking the
minor axis of an elliptical defect to zero. This implies
zero radius of curvature (p) at the tip of a crack in an
unloaded solid. Some researchers in the field questio-
ned the fact of occurrence of the zero radius of curva-
ture. Therefore, it would be worthwhile to consider
a finite tip radius crack, such as the one shown in
Fig. 11. If one places the origin of the polar coordina-
tes inside the crack at the distance r=p/2 from its tip
(Fig. 11), and solves the appropriate stress analysis
problem, one arrives at the following result

o .= cosg[l smesmﬁ] K, ﬁcos§+ .

Yoo 2 2 N2mr 2r

o, = K, cosg|:1+smes1n§:|+ K pcos—+

Y 2nr 2 2 \2mr 2r 2 (36)
K, 6 6 3 K p .30

T = Sin—Cos — cos— — - n—+

T Y o o

It is seen that the same K-factor governs the stres-
ses at the front of a finite tip-radius defect as that
which controls the stress field generated around the
Griffith crack, i.e., when p=0. Also, it is now an easy
matter to show that the maximum tensile stress occur-
ring at the crack border, i.e., at r=p/2, equals

2K

O =0, )52 =7/; 37)

or, if K, is replaced by 0v7a (see the following sec-

tion), then
a
O =20, |— 38
6o e

/2

T

Fig. 11. Blunted crack endowed with a finite radius of curvature p at the tip
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as it would be expected from the exact solution of
Inglis derived for an elliptical defect

a a
O =0 | 1+2 |— || ss,=20,[—
ol

Finally, we combine equations (37) and (38) to ob-
tain the well-known relationship between the K-factor
and the maximum stress at the root of the notch, i.e.,

1
K, =lim [5\/% O ] (40)

p—0

Alternatively, if the stress concentration factor is
introduced, k=0, /0, as it is widely accepted in the
notch stress analysis suggested by Neuber, then the
following expression results

= hm[ Jmp k] (40a)

In the limit of the Griffith crack the stress concentra-
tion factor k becomes infinite, while the radius of the
crack root approaches zero in such a fashion that the

expression k\/; has a finite value. The result of such

limit considerations is the stress intensity factor, K.

It should be noted that all the stress fields descri-
bed above, i.e., egs. (28a), (30), (35) and (36), are deter-
mined within the accuracy of one free parameter, K.
In order to establish the precise value of this factor,
one must consider the appropriate boundary value
problem, which includes, of course, the specific lo-
ading configuration and the description of the outer
boundary of the body containing the crack. To illu-
strate this point, let us consider a crack located in an
infinite plate subjected to a tensile load perpendicular
to the crack plane. Westergaard suggested a stress
function for a similar problem in which the stresses at
infinity are biaxial 0, =0,=0, ie.,

76)= 75— G

2 —d’

Note that the origin of the Cartesian coordinate
system (x,y) is now placed at the center of the crack,
not at its tip. The biaxiality does not complicate the
problem at all, since we can always apply the principle
of superposition and subtract the lateral stress 0. =0
from the final result. Omitting the details, we shall
discuss only the essential part of the computation
aimed at the determination of the K-factor. The quic-
kest way to derive the K-factor from equation (41) is
to consider the opening stress o, directly ahead of the
crack, .i.e, in the plane y=0 and x—a*. From equation
(29a) it follows

_ _ (x+iy)o | oOx
[O-‘ ]y:O.\x\)u =ReZ= Re{ \/xz - }_ \/ P — 42)

The crack is of course stress free. This follows
from the fact that for |x|<a and y=0, the expression in
the denominator of equation (42) becomes imaginary,
and thus the stress o, along the crack surface, y=0,
|x|<a, equals zero. The next step is to apply the defi-
nition (14) for the stress intensity factor, in which
expression (42) is substituted for the opening stress
at the crack front, i.e.,

K,=}ir§}{6y\/2ﬂ(x—a)} —hm{o-x\/zfia)} (42a)

x—a*

to obtain:
K, =o~rma (42b)

Perhaps it is an opportune moment to note that,
historically, Griffith was the first researcher to obtain
the result (42b). He derived it in an entirely different
way, through a consideration of elastic strain energy
contained in an infinite medium surrounding an ellip-
tical defect of vanishingly small minor axis. Today
such mathematical model of a defect is called a “Grif-
fith crack”.

Before we conclude this section, let us compute
the opening displacement in the plane y=0 and for
|x|<a, which in fact gives the profile of the Griffith
crack. Combining equations (30) and (41) and using
some algebra, one obtains

1+v k+1 { Ha?—x* top surface

()= 5 © (420)

a* —x* bottom surface

When both equations given above are combined,
one arrives at the well-known result of Sneddon, i.e.,

an ellipse
2 2
I E ] =1 42d
)t (@2d)

Here, the symbol u, denotes the opening displa-
cement at the crack center

I+v x+1
“o—TT( a)=0al/2E' 43)

or, shortly, u,=(K*/2m)/c E’.

If the plate containing the crack had a finite width
2b, then an approximate expression for the K-factor is
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K, =0ma 2lg za (validf0r£<0.5) (44)
ma 2b b
or, yet better

K, =oma /sec(%)(mlid for%< 0.8) (44a)

The best closed-form approximation yet found for
this configuration reads

1—0.5%+0.326

K, =
=
b

For a double edge notch specimen of finite width
the K-factor can be expressed approximately as fol-
lows

(s

(44b)

ovza. 22 [ tan(E%)+0.15in (%)
TTa 2b b
2
K, = 1.122—0.561;’—0.015(2’) +0.91(

=
b

For a single edge notch specimen (Fig. 12) one has
this approximation

a

b ) 45)

1.5 T \ | T

Ky = GVta Afa/b)

0 ? I 1 | | |

Al Lot A

0 0d

0.2 0.3 0.4 0.5 0.6 07

0.857+0.265 %

_ay @0
b

It can be easily seen that the form (46) reduces to

the Koiter result K, =1.1220+ma when the aspect

ratio a/b—0.

Several examples of formulae for K-factors evalu-
ated for some other geometrical and loading configu-
rations are known. Most of these results were obta-
ined by numerical approaches such as

1 - boundary collocation analysis,
2 - finite difference method, and
3 - finite element method.

4
K, =o<ra 0.265(1—%) +

Green function and the superposition me-
thod. Integral representation of K-factor for
arbitrary loading

Consider a crack of length 2a as shown in Fig. 13,
subjected to a pair of point forces applied at the di-
stance x,, from the crack center. The Westergarrd func-
tion for such a case reads

F\a" -x}
n(z=x, Wz’ -a’ “7)

Z(z)=

[t sl

a/b

Fig. 12. Centrally cracked finite width specimen (CCP) and a single edge notch test piece (SEN)
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X
!._a__ 2

Fig. 13. Cracked component with a pair of points
forces applied directly to crack surface

When this expression is substituted into equation
(28a) and the opening stress o, in the plane of the
crack is computed, we obtain

“ReZ = F«/az—xf

[O-y ]y:O,\xbu . (x —x, )\/xz — &

Now, let us consider the limit which this form ap-
proaches as x—a+, i.e.,

48)

a+x0
F a—x
| xoat _ L VAT 49)
y0pa= \/7 (¢

When this expression is multiplied by /27 (x—a),

one retrieves the K-factor corresponding to the lo-
ading configuration shown in Fig. 13, i.e.,

iahti F Ja+x
Knghtnp — 0 50
! Jra\a-x, (50)

By a similar procedure applied at the left tip of the
crack (x—a) one obtain the K-factor for the left tip of

the crack
; F a+x
K;eﬁnp — 0 5 Oa
Jra\a-x, (502)

Of course, for the point load applied at the crack
center, i.e., x,=0, both equations (50) and (50a) reduce
to the well-known formula:

K,=F/ra (50b)

We shall now use equation (50) as the Green func-
tion to generate the K-factors for situations involving
loads arbitrarily distributed along the crack face. To
do so, let us replace the point force F by the product
of element dx, and the stress acting directly on the

crack surface, —0'3 (x,)dx, , and then integrate the re-

sulting contribution to the K-factor due to such unit
load. In this way, one obtains

ALy LA S P

Jﬂ—axo

Before we proceed to demonstrate the applications
of this very general formula, let us point out that any
crack problem involving an arbitrary distribution of
stresses applied either remotely or directly to the crack
surface, can be solved through an evaluation of the
integral (51). This statement becomes clear when one
considers the situation shown in Fig. 14. A solid body
shown to the left containing a traction free crack is
loaded in an arbitrary manner at the outer boundary.
The resulting state of stress may be shown to be equ-
ivalent to a superposition of two component states, |
and II, as shown to the right of Fig. 14. State II is that
of a body without the crack; note the internal stress

11

Fig. 14. Superposition of states of stress I (cracked body) and II (uncracked body) as a representation of the

original state of stress shown to the left
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0'3 (x) which exists at the location of the crack, y=0,

|x|<a. If we consider now the same body free of exter-
nal forces but containing a crack opened up by the
exactly same stress which now has a reversed sign
(this is a pressurized crack problem), then it becomes
obvious that the superposition of the states I and II
erases the stresses along the crack faces, leaving the
external load equal to that of the original loading con-
figuration, as shown to the left in Fig. 14.

One of the important applications of formula (51)
is for the case of symmetric stress distribution, say

—c)‘?(xo):p(xo). Let us assume p(x,) to be an

even function, p('x,) = p(x,), and let us decompose
the integral /, into two parts

a a+x /2
Iy= JP(XO)( "]

—a a—xp

’

q a-xY"? M a+x /2
dip= | p(—xo{ ; ) (-a)+] p(xo)( "J b0 (52)
0

Za a+x a—x

The new variables x "=-x . Since p(-x") = p(x"),
and since x” and x, are the dummy variables, both
integrals can be added together as follows

4. References

¢ a-x\" (a+x\" % p(x)dx
I = — 1 + dx=2
0 JP(X)|:(Q+XJ (G—Xj } a() \ a2 _x2 (53)
Thus, for symmetric loads we obtain the following
integral representation for the K-factor

p(x)dx

K _o @ px)dx
S

We leave up to the reader to show that this expres-
sion does indeed reduce to /g for a constant ap-

plied pressure p(x )= o, as it would be expected.

A conscientious reader is encouraged to apply
the formula (54) in order to derive equation (9). This
result follows from equation (54) if one assumes that
the only load, which contributed to K, , is the restra-
ining force acting on the small end zone, 0<x "<R,
which is included into the crack (the variables x " and
x are related to each other by an obvious relation, a +
x” =x). Assuming also that R is so small vs. “g” that
it is possible to use the asymptotic approach for x—a,
one may prove that the form (54) reduces to (9).
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Dariusz MAZURKIEWICZ

ROZPOZNAWANIE PRZYPADKOW W ZBIORZE DANYCH
DIAGNOSTYKI LASEROWEJ

FEATURES EXTRACTION FROM LASER DIAGNOSTIC
DATA

This paper describes how is it possible to extract knowledge from combustion engineering
and its experimental data. It is far away to apply computer science approach for understan-
ding of physical and chemical properties in combustion diagnostics data. In this paper, these
subjects and the way of thinking are discussed: how to see the flow and combustion, how to
make instrumentation, how to obtain and analyse the data, how optimize the experiment, and
how to extract knowledge and optimize the system. This research is conceptual, that is focus-
sing on understanding the problem and its solution. The aim of this paper is also to present
and discuss new challenges for Computer Science engineering applications related to com-
bustion. All presented results were obtained during author s scholarships at the Kobe Univer-

sity in Japan.

Key words: laser diagnostic, combustion, computer science, experimental data, neu-

ral networks

1. Introduction

Combustion accompanies human beings since the
very beginning. The combustion process itself is all
the time almost the same, but our knowledge and un-
derstanding of combustion changed from its very pri-
mitive use ages ago to very special, advanced tech-
nological applications in present days. Unfortunately,
even now we still cannot say that our knowledge and
understanding of the process is complete. Its comple-
xity causes that even with the use of modern research
tools there are still several problems and topics that
have solutions beyond our availability. In addition,
huge progress in technology development requires
new, more advanced applications of combustion pro-
cess for which better understanding of the process is
strongly needed. This is why combustion researches
concentrate not only on just physics of the process,
but most of them are related to its special applications
such as: Diesel engines particulate matters, air-planes
engines, power generation, incinerating plants or com-
bustion-generated pollutants (for example dioxin and
CO,) reduction. It means that researches in this disci-
pline are necessary not only for the science itself, but
also for engineering and its application to our society
[Ikeda Y., Mazurkiewicz D., 2000, 2001, 2002; Hunicz J.,
Mazurkiewicz D., Niewczas A., 2002]. As interesting
research subject, the phenomenon is complex and its
researches in various fields have been carried out all
over the world. There are several questions to be an-
swered and solutions to be found.

In the last decade laser diagnostic techniques [Chi-
gier (Ed.), 1991] became the most popular and promi-
sing tool in combustion process researches - such
new techniques as Phase Doppler Anemometry (PDA)
or Particle Image Velocimetry (PIV) allowed making an
important progress in the researches [Taylor (Ed.),
1993]. With the use of lasers, new combustion experi-
ments become possible and new information together
with better understanding of the process available.
Several previous borders are widely opened now, but
as a result of this - some new and unexpected pro-
blems appeared too. It seems that for most of them,
solutions can be found within Computer Science (CS)
tools. It can be expected that the next huge step in
combustion researches can be made with the use of
Discovery Science (DS) tools and techniques, espe-
cially after a huge boom of neural networks and fuzzy
logic technologies during the last two decades.

This is why - the aim of this paper is to discuss
how to access combustion essentials in terms of CS
tools, to extract knowledge and discovery dominant
relations in combustion physical and chemical reac-
tions and scale factors, for example in industrial com-
bustors? What should be the CS algorithms and me-
thods of combustion parameters optimization and its
systems in situ control? What should be the rules
generated using expert knowledge? Do we have eno-
ugh knowledge to apply these technologies or any
further researches will be necessary?
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2. Combustion laser diagnostics and its
experimental data

For better understanding of combustion process
characteristics and especially its dynamics, laser me-
asurement techniques have been used in various fields
including: internal combustion engines, gas turbines,
furnaces, power generation and so on. Some typical
research topics are related to: analysis of fluid dyna-
mic mechanisms for different geometries, limitation and
applicability of measurement systems, spatial spray
structure and its time-dependent motion analysis, in-
vestigations on droplet and air behaviour together
with their interactions, etc. In our case different rese-
arch topics of the combustion process are investiga-
ted [Ikeda Y., Nakajima T., Kurihara N., 1996, 1997].

Let us take into consideration two examples, which
will be later examined — gasoline injector spray for self-
ignition 4-stroke engine and 0.1 MW class oil burner
for industrial furnaces. Typical experiments on air as-
sist injectors are related to unsteady spray investiga-
tions (Fig. 1) and are important in the technology of
gasoline injectors used in engines for automobiles. Fuel
spray formation by gasoline injectors have been used
in internal combustion engines in order to improve en-
gine performance and reduce exhaust emission. Under-
standing of mixture formation requires data such as:
each fuel droplet velocity, diameter, evaporation rate,
mass flux, entrained air, drag coefficient, spray shape,
penetration and others [Lefebvre, 1989; Ikeda etal, 1996].

The shape of spray and individual droplet detailed
dynamics can be measured with very high temporal
resolution, up to 40 kHz at a certain location [Ikeda et al,

1997]. Such a high temporal resolution measurement is
necessary because of specific characteristics of the
process. In combustion time scale for physical pheno-
mena is 10~ — 10 sec and time scale for chemical reac-
tion is equal to about 10-°— 10 sec. Time scales of the
process and measurement time resolutions cause addi-
tional problems resulting in limitations of data acquisi-
tion area. On the other hand — steady flow of heavy oil
spray is analysed when gun type burners for industrial
furnaces are investigated. The performance of spray
combustion in oil burner is associated with fuel atomi-
sation, fuel droplet dispersion, evaporation and so on.
One of purposes is for example to investigate the rela-
tion between droplet dynamics and spray combustion
characteristics near a burner where recirculating flow
holds the flame [Kawahara et al, 1996].

Problems, which appear during experiments, are
almost the same for all researches of this kind. For
example, a gasoline injector spray has been measured
with the use of PIV technique to understand its in-
stantaneous spatial spray structure [Ikeda et al, 1996].
But the data size of each image was equal to about 1
MB for each, single laser shot. In this case, at least
one thousand images were needed just for statistical
analysis. It means, that several GB datasets had to be
stored only for one, single experimental operation. Si-
milarly during typical PDA experiments there are 264
points and 5 measured parameters in each of them.
Each of these parameters has 10.000 measured values
just during one operation. It means, that single opera-
tion dataset includes more than 13 million of different
values. It makes the process of data analysis and in-
terpretation more complicated and time-consuming.

Fig. 1. Typical spray spatial observations in case of air assist injector
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Experimental database size is not the only problem of
combustion process experiments with the use of laser
diagnostics. Also the data structure makes the analy-
sis more complicated [Tkeda Y., Mazurkiewicz D., 2001.
On effective fuel injection an influence have for exam-
ple such phenomena as: injection itself, collisions,
evaporations, agglomerations, mixing, ignition, flame
propagation, etc. In addition combustion flow is a mi-
xture of gases, solids and liquids that properties also
have to be taken into consideration.

From the industrial point of view very important
for the combustion process is good understanding of
turbulent motion, which is unsteady and 3D. But
unfortunately, as a result of rapid mixing - this motion
is random and irregular. Such a list of problems accru-
ing when combustion process is analysed can be
extended almost to infinity. Does it mean, that so many
different problems make researches on combustion
impossible? Of course they are possible and necessa-
ry, but complicated. In addition, these problems cause
the necessity to search for new solutions beyond ty-
pical combustion research methods. First references
shows that such solution can be found with the use
of Data Mining (DM), Knowledge Discovery in Data-
bases (KDD) and other similar CS tools.

3. DS in combustion researches

Investigations of combustion process are complex
and involve interactions between many different scien-
tific disciplines. Observed phenomena understanding,
practical datasets analysis, theoretical modeling, for-
mulation and combustion problems solving requires
support from mathematical and analytical methods.
Described above several problems of which combu-
stion complexity consists, makes it evident that its
experiments have to be extended by some additional
interactions with numerical and theoretical research
methods. This problem was deeply described by Roy
[Roy (Ed.), 1998], who proved that there is no experi-
mental technique that would be able to provide all
information necessary to explain or predict the occur-
rence of combustion instabilities, which typically ap-
pear in several, sometimes completely different fields
or systems.

Progress in Computer Science (CS) allows now to
analyse and explain physical phenomena, such as
combustion is. But not only explanations and data
analysis for better understanding of the process is
needed. In some cases predictions are also necessary.
All this can be done with high accuracy or reliability,
when CS tools are applied. But unfortunately, only
relatively small group of combustion researches is in-
volved in the process analysis with the use of CS.
Some of these few applications are:

* Algorithm for detecting laminar flow and turbu-
lences [Nogawa et al, 1997], which makes possi-
ble to obtain not only qualitative, but also quan-
titative information about the flow field.

* 3D vortices extraction in turbulent fluid flow
[Zhong et al, 1998], during which the classifica-
tion study of fluid motion together with vortex
structure detection in the boundary layers of tur-
bulent flows were done.

* Artificial Neural Networks (ANN) were used for
combustion process prediction and description.
The target of these investigations was to make
a temporal evolution model of reduced combu-
stion chemical system with the use of ANN [Bla-
sco etal, 1998]. Two different networks were used
for this topic. The first one was used for predic-
tion, representing the temporal evolution of the
reactive chemical species. The second one was
used for modeling of some relationships, there is
- temperature and density of the mixture as a func-
tion of the chemical composition of the system.

* ANN were also used in another project [Blasco
et al, 1999] for some simulation of methane-air
combustion.

* Homma and Chen [Homma and Chen, 1999] made
combustion process optimization by genetic al-
gorithms. They have obtained some NO, emis-
sion reduction as a result of post-flame process
optimization.

All of above described examples come from very
new references. Results are valuable for better under-
standing of combustion process, but most of them are
just preliminary and concern only on basic research
topics. Data analysis, optimization and control needs
more advanced CS applications. But what is the re-
ason that only few examples of such applications are
available? Why they are so basic in comparison to
other disciplines? First of all combustion is too com-
plex. CS commercial software available on the market
is not suitable for this process analysis, which should
be done in interactions with several scientific discipli-
nes. It is necessary to prepare special CS algorithms
only for combustion process analysis. Such an algori-
thm should be readjusted to specific characteristics
of the process. It should include several CS tools and
sub-algorithms for separate, parallel and serial sup-
port of combustion process sub-topics analysis. This
way, as the first step, separate research objects sho-
uld build for each sub-topic of the combustion. As
was described before — combustion is a very complex
and determined by many different parameters which
has different time scale and data structure. This is
why first of all its understanding and splitting into
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several basic sub-topics is necessary. According to
chosen research topics, converting into future, for exam-
ple Data Mining problems should be done. In addition
- proper experimental equipment should be also desi-
gned in consideration of limitation and applicability of
measurement methods, accessibility to the measure-
ment point, enough data number, enough resolution,
suitable data format, uncertainty and error estimation
of the measurements. For each of these sub-topics all
given and measured variables together with uncertain
parameters and dominant factors should be described.
This step is equal to problem understanding and pro-
blem viewing in typical data analysis or process mode-
ling with the use of CS. From each experiment designed
for such research objects, separate datasets will be
obtained. Each of them should be described, including
the structure, missing values, data uncertainty, data
storage and its resolution. It is especially necessary in
the case of combustion data, which are discrete and
have some characteristic time and spatial resolution.
All these sub-datasets will create new combustion da-
tabase. The database will include raw data, which pre-
paration with the use of CS tools is necessary. In the
case of combustion this step should include especially
— data visualization, reduction, decomposition, missing
values estimation, transformation, cleaning, etc. Prepa-
ring the raw data typically includes all necessary activi-
ties to construct of initial raw data the final database.
This final combustion process database will be fed into
further modeling methods.

The next step of data analysis is its modeling. Se-
veral different modeling techniques can be used ac-
cording to analysed data type, the sub-topic or expec-
ted final result. This is because each one has different
purpose, structure or was acquiesced to give diffe-
rent information about each of sub-topics separately
or about whole phenomena. Modeling requires the
use of trial-and-errors method, this is why in some
cases additional return to raw data preparation step
will be necessary to reduce the modeling step error or
increase modeling efficiency. The final step of combu-
stion sub-topics analysis with CS is results valida-
tion. This step will help to compare all models and
choose the best one for future use or further applica-
tions. This way better phenomena understanding will
be obtained as a final result.

These are basic steps that should be taken into
consideration when creating any algorithm for com-
bustion process analysis with the use of CS tools.
Several problems of combustion itself and its data
analysis or modeling has an influence on the structu-
re of the algorithm. This is why typical commercial
software cannot be used for solving such complex
problem as combustion researches are. Special softwa-
re or additional algorithms have to be prepared for

this kind of researches. The same as was done in the
case of medical investigations of brain images or astro-
nomical images processing.

Computer Science (CS) includes several tasks tools
and topics, such as data cleaning and data reduction,
prediction, classification, etc. In the case of combu-
stion process most of them have to be applied parallel,
according to basic sub-topic, researches target or data
type. It causes additional complication, especially when
our aim is to apply laser diagnostics and process mode-
ling with some data analysis for process control, moni-
toring or optimization. It is strongly required to create
some kind of combustion control. Researches and data
analysis with the use of CS tools for better understan-
ding of the combustion phenomena is just the begin-
ning of very long way. Technology development
requires on-line monitoring of the process together with
its control or optimization. The whole laser diagnostics
measurement together with data analysis and further
decision making in process optimization should be con-
sidered as one integrated system.

The software, data analysis tools and algorithms
together play important role in whole integrated pro-
cess. It should help to regulate emission of pollu-
tants, combustion intensity and flammability limits
[Roy (Ed.), 1998] or allow making automated vortex
structure detection. It is known that combustion con-
trol or optimization can be achieved through energy
release control or optimization. At this moment we are
able to control combustion chemistry, but fluid dyna-
mics in situ controlling, optimization and/or monito-
ring is still a big challenge. For both — combustion and
CS researchers, who together have to find proper
ways. There is no doubt that especially in this case,
CS tools and methods can help a lot.

As described above interactions with several re-
search topics are necessary for combustion pheno-
mena better understanding and development. These
interactions require also better understanding of them
process and its research problems in CS community.
All the applications can be made only as a result of
close combustion and CS communities cooperation.
But is there any research filed comparable to combu-
stion which previous experience with CS applications
we can use? Answer for these questions can be fo-
und when analysing the history of brain or astronomi-
cal image analysis and processing systems. Both of
these disciplines had several problems because of their
researches complexity and difficulty to apply theore-
tical CS solutions in practice. No typical models or
commercial software was possible to be used. And
after several years of close cooperation with CS com-
munity they have established Astronomical Image
Processing System (AIPS) and comparable brain ima-
ge processing methods. For example the AIPS uses
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several CS tools to reduce and analyse astronomical
data. It includes very good and successful selection
of individual programs for analysis and visualization
of optical astronomy data. It seems that in the case of
combustion researches we should follow the same way.

4. Conclusions and future work

Combustion phenomena have been taking place in
various industrial applications such as internal combu-
stion engines, furnaces, gas turbine, heater and so on.
Combustion is complex and as a result its researches
are very complicated, but also extremely wanted for
social or environmental development. Progress done in
laser diagnostics methods helped to achieve also a huge
progress and new results in combustion process expe-
riments. But the development and new problems that
appeared when laser techniques were used, requires
new solutions. These solutions are among CS tools
and methods. CS application can help to make another
huge step, especially in the case of process in sifu con-
trol, monitoring or optimization. This is why investiga-
tions, which results are presented in this paper were
done in order to apply CS approach to analyse combu-
stion data, extract knowledge and understand the phy-
sics. Laser diagnostic data and its measurement limita-
tions are considered and examined for making
“problem understanding and viewing” map. It was
found that experimental dataset was discrete and its
resolution was not enough well suitable for ordinary

CS tools. The map of thinking to establish the research
direction could be one of subjects in DS research. The
goal of our research is to develop algorithm and flow
chart in order to implement it into practical combustion
diagnostics. This paper describes the first step of our
researches which aim was to identify the research fra-
me structure with applications of CS tools. Future inve-
stigations researches will concentrate on next steps -
there is each process deeper analysis according to al-
gorithms described above. Final goal is to make mode-
ling of knowledge extraction from combustion data, espe-
cially in real-time analysis.

It is also extremely necessary to find a proper tool
among CS techniques to solve some of the combu-
stion laser data analysis. For this purpose the author
continues researches on neural networks and their
scientific and industrial applications, also with links
to other topics, including models and systems of “in-
telligent” real-time industrial control (Fig 2.).

Why are the neural networks so attractive compa-
red with alternative techniques? Partly because they
simplify the modelling process itself, and also because
they enable comparably easy practical application also
in real-time industrial systems, which are strongly rela-
ted to investigated topic. From numerous practical ap-
plications published over the past decade there seems
to be substantial evidence, that these techniques inde-
ed posses an impressive ability [Mazurkiewicz D., 1999;
Norgaard M. et al, 2000; Sohlberg B., 1998].
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Fig. 2. Example model of computer based real-time control system
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REGIONALNA STRATEGIA INNOWACJI —- OBECNE
I PRZYSZLE EFEKTY WSPOLPRACY URZEDU
MARSZALKOWSKIEGO ORAZ POLITECHNIKI

LUBELSKIEJ

Regionalna Strategia Innowacji to zaktadany pro-
dukt finalny projektu finansowanego przez Komitet
Badan Naukowych oraz Samorzad Wojewodztwa Lu-
belskiego. Zleceniodawca projektu jest Urzad Marszat-
kowski a wykonawca Politechnika Lubelska. Umowa
pomigdzy Urzedem Marszatkowskim, Politechnikg Lu-
belska a Komitetem Badan Naukowych o wykonanie
projektu celowego Regionalnej Strategii Innowacji
zostala podpisana 25 lutego 2003 roku. Tym samym w
grupie 11 wojewodztw, ktdre podpisaly z Komitetem
Badan Naukowych w okresie pozniejszym podobne
umowy, Wojewddztwo Lubelskie bylo pierwsze.

Gléwnym celem opracowania Regionalnej Strate-
gii Innowacji jest rozwoj spoleczno-gospodarczy re-
gionu oraz przyczynienie si¢ do wzrostu jego konku-
rencyjnosci, szczegdlnie w dziedzinie zaawansowanych
technologii, ushug, zarzadzania, jakosci zycia, zdrowia,
rolnictwa, ekoturystyki itp. Posrednim celem jest réw-
niez stworzenie stabilnej ptaszczyzny wspierania i pro-
mocji innowacyjnosci przedsigbiorstw regionu dzigki
blizszej wspolpracy srodowisk biznesowych i nauko-
wo-badawczych oraz samorzadowych. Nie mniej istot-
ne jest rdwniez podniesienie poziomu kultury innowa-
cyjnej w regionie. Jako jeden z celéw strategii innowacji
przyczyni si¢ to do wigkszej efektywnosci w wykorzy-
stywaniu funduszy strukturalnych, czy tez srodkéw
z krajowych i migdzynarodowych programéw badaw-
czych.

Zgodnie z wytycznymi Komitetu Badan Nauko-
wych oraz doswiadczeniami krajow Unii Europejskiej
realizacja projektu zaplanowana zostata na 24 miesia-
ce i podzielona na trzy etapy.

W 2003 w ramach realizacji fazy pierwszej majacej
na celu budowanie konsensusu i zwigkszanie Swiado-
mosci innowacyjnej utworzona zostata strona inter-
netowa projektu www.rsi.lubelskie.pl . Poza funkcja
promocyjng strona internetowa stuzy jako narzedzie
komunikacji pomigdzy partnerami projektu, a takze
umozliwia wymiane pogladéw z beneficjentami pro-
jektu — firmami, osrodkami naukowymi oraz instytu-
cjami otoczenia biznesu. Odbyty si¢ dwa posiedzenia
Regionalnego Komitetu Sterujacego, na ktorych szcze-
gbétowo omawiane i konsultowane byly kluczowe za-
dania realizowane w projekcie. W czerwcu 2003 roku
odbylo si¢ zainicjowane w ramach realizacji projektu -
I Regionalne Forum Innowacji. Celem forum jest mig-
dzy innymi promocja tematyki innowacyjnosci oraz
zainicjowanie dzialan innowacyjnych we wspotpracy
srodowisk gospodarczych, naukowych i samorzado-
wych regionu w aspekcie efektywnego wykorzysta-
nia funduszy rzadowych i unijnych. W konferencji
wzieli udziat eksperci z Finlandii i Francji prezentujac
doswiadczenia tych krajow w budowaniu regionalne-
go systemu innowacji. Konferencji towarzyszyta wy-
stawa firm innowacyjnych regionu. W listopadzie 2003
miato miejsce Forum Przedsigbiorcow Innowacyjnych,
podczas, ktérego zaprezentowana zostata idea utwo-
rzenia Klubu Przedsigbiorcy Innowacyjnego. Celem
klubu jest integracja srodowiska lubelskich przedsig-
biorcéw wdrazajacych nowe technologie i rozwiaza-
nia innowacyjne. W ramach promocji innowacji oraz
zwigkszania §wiadomosci innowacyjnej wydane zo-
staty publikacje: ,,Innowacje — perspektywa europej-
ska i zwigzane z niag mozliwosci finansowego rozwoju
firm regionu lubelskiego” oraz ,,Nauka a przemyst, suk-
ces transferu innowacji — narzgdzia i przyktady roz-
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wiazan”. Ukazal si¢ szereg publikacji opisujacych re-
alizacj¢ projektu RSI: min. w Kurierze Lubelskim, Gaze-
cie Wyborczej, Dzienniku Wschodnimi i wielu innych
specjalistycznych wydawnictwach. W ramach reali-
zacji drugiej fazy projektu RSI powotana zostata grupa
robocza ds. analizy podazy i popytu na innowacje,
czyli zesp6t majacy za zadanie opracowanie metodo-
logii badan innowacyjno$ci w regionie oraz jej dia-
gnozy. Pracami grupy kierowat prof. Wiestaw Janik.
Na przetomie listopada i grudnia przeprowadzono ba-
dania ankietowe 350 potencjalnie najbardziej innowa-
cyjnych firm oraz wszystkich jednostek badawczo-roz-
wojowych i instytucji wsparcia dziatajacych na terenie
Wojewodztwa Lubelskiego. Obecnie finalizowany jest
etap analizy wypelnionych ankiet.

Politechnika Lubelska oraz Grupa Zarzadzajaca
projektem RSI realizowali rowniez zadanie, ktére zgod-
nie z harmonogramem projektu rozpoczgto si¢ w kwar-
tale IV roku 2003. Celem tego zadania jest opracowa-
nie koncepcji wdrazania innowacji w regionie Lubel-
skiem z wykorzystaniem funduszy strukturalnych UE.
W tym celu, po wstepnym rozpoznaniu obszarow stra-
tegicznych przystapiono do przygotowania koncep-
cji nastgpujacych projektow pilotazowych:

¢ ,.Dolina ekologicznej zywnos$ci” - gospodarstwo
wzorcowe oraz klaster producentdw ekologicz-
nej zywnosci,

* Gospodarstwo wzorcowe w rolnictwie klasycz-
nym,

* Centrum Transferu Technologii dla struktury Par-
ku Naukowo-Technologicznego,

* Centrum Doradztwa Finansowego w Parku Na-
ukowo-Technologicznym

* Przedsigbiorczo$¢ Akademicka,

* E-inkubator,

* Regionalny System Informacji i Promoc;ji Tury-
styki Wiejskie;j.

Przygotowanie projektow jest zréznicowane pod
wzgledem zaawansowania, co wynika z charakteru pro-
jektow oraz stopnia ich ztozono$ci. Koncepcje projek-
tow pilotazowych przygotowywane sa przez specjal-
nie w tym celu powolane grupy robocze, w sktad
ktérych wehodza przedstawiciele przysztych benefi-
cjentow wdrozen finansowanych ze srodkow struktu-
ralnych UE. Trwajq réwniez prace majace na celu zde-
finiowanie innych obszaréw i dziedzin wsparcia,
w ktorych celowym byloby przygotowanie koncepcji
projektoéw pilotazowych.

Jednym z wazniejszych etapdw i form realizacji przez
Politechnike Lubelska projektu celowego ,,Regional-
na Strategia Innowacji” (RSI) sa spotkania Regional-
nego Komitetu Sterujacego. Zgodnie z zapisami pro-
jektu - Komitet Sterujacy jest organem konsulta-

cyjno-doradczym dla Grupy Zarzadzajacej. W jego
sktad wchodza delegowani przez Marszatka Wojewddz-
twa Lubelskiego reprezentanci partneréw projektu.
Przewodniczacym Komitetu Sterujacego jest Marsza-
tek Wojewodztwa Lubelskiego. W miarg potrzeb do
Komitetu Sterujacego powotywani moga by¢ dodat-
kowo reprezentanci srodowiska biznesu, organizacji
skupiajacych i wspierajacych przedsigbiorczos¢,
przedstawiciele wtadz lokalnych i regionalnych, a tak-
ze kluczowe osoby zajmujace si¢ problematyka inno-
wacji. Zakres zadan Komitetu Sterujacego obejmuje
migdzy innymi: ustalenie harmonogramu prac, doradz-
two w zakresie wyboru grup roboczych i ekspertow
odpowiedzialnych za realizacj¢ kluczowych zadan pro-
jektu, wspolpraca z otoczeniem zewngtrznym w celu
zapewnienia wlasciwych stosunkdéw ze spoteczen-
stwem (tzw. odpowiedni public relations), zaprezento-
wanie ostatecznego dokumentu RSI dla uzyskania
akceptacji sejmiku wojewodztwa

Zgodnie z zatozeniami projektu RSI, Grupa Zarza-
dzajaca zobowiazana jest do organizacji dwoch spo-
tkan rocznie Regionalnego Komitetu Sterujacego. Dru-
gie w 2003 roku spotkanie RKS odbyto si¢ w Sali
Senatu Politechniki Lubelskiej w dniu 15.12.2003.
Gospodarzami spotkania byli: Henryk Makarewicz,
Marszatek Wojewddztwa Lubelskiego — przewodni-
czacy RKS oraz prof. Jézef Kuczmaszewski, Rektor
Politechniki Lubelskiej.

Specjalnym gosciem Rektora PL na spotkaniu byta
prof. Ewa Okon-Horodynska — Podsekretarz Stanu
w Ministerstwie Nauki i Informatyzacji, ktéra przed-
stawita informacj¢ na temat roli i udzialu KBN w two-
rzeniu i wzroscie potencjatu innowacyjnego regionow.
W swojej prezentacji Pani Minister odniosta si¢ row-
niez do inicjowanych i wspdtfinansowanych przez KBN
projektéw Regionalnych Strategii Innowacji opraco-
wywanych w poszczegdlnych wojewddztwach, pla-
sujac RSI Lubelskie w grupie najciekawszych koncep-
cji.

Ze wzgledu na fakt, ze RSI bedzie w przysztosci
wdrazana gléwnie z wykorzystaniem funduszy struk-
turalnych, organizatorzy posiedzenia wystosowali za-
proszenie do pani Danuty Jabtonskiej — Dyrektora
Departamentu Zarzadzania Programem SPO WKP
w Ministerstwie Gospodarki, Pracy i Polityki Spotecz-
nej. W trakcie posiedzenia, Pani Dyrektor Jabtonska
przekazata zebranym szereg informacji na temat Sekto-
rowego Programu Operacyjnego ,, Wzrost Konkuren-
cyjnosci Przedsigbiorstw”, szczegolnie z punktu wi-
dzenia wykorzystania jego §rodkow do wspdtfinanso-
wania projektow tworzonego Regionalnego Systemu
Innowacji.
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Gosciem posiedzenia byla Pani Minister Ewa Okon-Horodynska

Szczegdtowy program spotkania Regionalnego
Komitetu Sterujacego projektu RSI obejmowat naste-
pujace prezentacje (pliki z pelnymi tekstami prezenta-
cji dostgpne sa na stronie internetowej projektu
www.rsi.lubelskie.pl):

,»Rola Ministerstwa Nauki i Informatyzacji we
wzroscie potencjalu innowacyjnego regiondw
w Polsce” — prof. Ewa Okon-Horodynska Pod-
sekretarz Stanu, Ministerstwo Nauki i Informa-
tyzacji,

,, Mozliwosci wspotfinansowania projektow
wspierajacych Regionalny System Innowacji
w ramach SPO Wzrost Konkurencyjnos$ci Przed-
sigbiorstw” - Danuta Jablonska, Dyrektor De-
partamentu Zarzqdzania programem SPO WKP,

* ,,Zadania zrealizowane w ramach projektu RSI oraz

plan dziatan na rok 2004 — dr Dariusz Mazurkie-
wicz, czlonek Grupy Zarzqdzajqcej projektem
RS,

,» Okreslenie potrzeb innowacyjnych oraz analiza
potencjalu instytucji wspomagajacych innowa-
cyjnos¢ wojewodztwa lubelskiego — kluczowe
badania w ramach projektu RSI” - prof. Wiestaw
Janik, kierownik Grupy Roboczej ds. analizy
podazy i popytu na innowacje,

,, Koncepcja dokumentu koncowego RSI Lubel-
skie — Ryszard Boguszewski, pelnomocnik Mar-
szalka Wojewaodztwa ds. projektu RSI

Celem spotkania bylo poinformowanie cztonkdéw

Komitetu o pracach prowadzonych w ramach projek-

Ministerstwo Gospodarki, Pracy i Polityki Spo- anel
tu w roku 2003 oraz planie dziatan na rok 2004. Istot-

lecznej,
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nym elementem byta rowniez prezentacja koncepcji
badan podazy i popytu na innowacje oraz koncepcji
dokumentu koncowego RSI. Intencja Grupy Zarzadza-
jacej byto w tym przypadku przeprowadzenie konsul-
tacji opracowanych programow i dokumentéw z czton-
kami RKS oraz uzyskanie ich akceptacji dla wytyczo-
nych kierunkdw realizacji projektu RSI.

Koncowy produkt Projektu RIS, czyli Regionalna
Strategia Innowacji powstanie pod koniec 2004 roku
i prawdopodobnie zostanie zatwierdzona przez Sejmik
Wojewodztwa Lubelskiego w roku 2005. Bedzie doku-
mentem, na podstawie ktorego bedzie mozliwe przy-
znawanie $srodkow unijnych w ramach Zintegrowane-
go Programu Operacyjnego Rozwoju Regionalnego

(dziatanie RIS) oraz Sektorowego Programu Operacyj-
nego — Wzrost Poziomu Konkurencyjnosci. Zanim jed-
nak to nastapi w najblizszej przysztosci planujemy sze-
rokie konsultacje jej zapisow szczegolnie z przedstawi-
cielami lubelskich przedsigbiorcow, oraz z najwickszy-
mi jednostkami badawczo-rozwojowymi, w tym z uczel-
niami wyzszymi.

Samorzad Wojewodztwa Lubelskiego ma $wiado-
mos¢ faktu, ze wlasnie na administracji regionu ciazy
obowiazek tworzenia warunkow do pobudzenia przed-
sigbiorczosci, upowszechniania nowych technologii,
a tym samym przyczynienia si¢ do wzrostu konkuren-
cyjnosci gospodarczej wojewddztwa.

Monika KLOS
Jarostaw MOMOT
Urzad Marszatkowski Wojewodztwa Lubelskiego

Dariusz MAZURKIEWICZ

Politechnika Lubelska
www.rsi.lubelskie.pl
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Marek ROZMUS
Radostaw DOLECKI

DZIALALNOSC ODDZIALU PAN W LUBLINIE

THE SCIENTIFIC ACTIVITY OF PAN BRANCH IN LUBLIN

Oddziat Polskiej Akademii Nauk w Lublinie zostat
utworzony, jako siddmy (po Gdansku, Katowicach,
Krakowie, Lodzi, Poznaniu i Wroctawiu), na podsta-
wie uchwaly Nr 1/97 Zgromadzenia Ogolnego PAN
z dnia 23 maja 1997 roku, przyjetej na posiedzeniu Rady
Ministrow w dniu 15 lipca 1997 roku. Jest jedynym
Oddziatem po prawej stronie Wisly.

Dzigki przychylnosci Wiadz UMCS w Lublinie,
Oddziat uzyskat pomieszczenie w budynku Wydziatu
Biologii i Nauk o Ziemi, przy ul. Akademickiej 19 w Lu-
blinie. W grudniu ub. roku Oddzial zmienit siedzibg.
Obecnie miesci si¢ ona w Patacu Czartoryskich przy
Placu Litewskim 2 w Lublinie. Obstuge finansowa
Oddziatlu zabezpiecza Instytut Agrofizyki im. Bohda-
na Dobrzanskiego PAN w Lublinie.

W dniu utworzenia Oddziat skupiat 10 cztonkdw,
prezesem do chwili $mierci (6.06.2001) byt Profesor Zbi-
gniew Lorkiewicz, wiceprezesem - Profesor Jan Glin-
ski, cztonkiem Prezydium - Profesor Marian Truszczyn-
ski. Kolejnym prezesem zostat wybrany Profesor Jan
Glinski, 1 petni t¢ funkcj¢ w obecnej kadencji 2003-2006.
Wiceprezesem jest Profesor Ryszard Walczak. W cia-
gu 5 lat dziatalnosci Oddziatu ubyto w sposob natural-
ny 3 cztonkow, zas po wyborach w 1998 . przybyto 2,
aw 2002 r. kolejnych 3, tak wigc obecnie Oddziat liczy
12 cztonkow.

Czlonkowie Oddziatu brali czynny udzial w realiza-
cji kilkudziesigciu programéw badawczych i opubli-
kowali blisko 200 prac.

2

Palac Czartoryskich - nowa siedziba Oddzialu PAN w Lublinie

The Lublin Branch of the Polish Academy of Scien-
ces was established on 23 May 1997 by Resolution
1/97 of The General Assembly of the Polish Academy
of Sciences, passed by the Government on 15 July
1997. The Lublin Branch is the only PAN branch situ-
ated on the right bank of the Vistula river.

Owing to the courtesy of the authorities of Maria
Curie-Sktodowska University in Lublin, the Branch
established its office in the building of the Faculty of
Biology and Earth Sciences, Akademicka 19 in Lublin.
In December last year the Brach moved its office and
now it is situated in the Czartoryski Palace, P1. Litew-
ski 2, Lublin. The financial activity of the Branch is
guaranteed by Bohdan Dobrzanski Institute of Agro-
physics PAN in Lublin.

On the day of its creation the Branch comprised 10
members, with Professor Zbigniew Lorkiewicz as pre-
sident until his death (6.06.2001), vice-chairman - Pro-
fessor Jan Glinski, member of the Presidium - Profes-
sor Marian Truszczynski. Professor Jan Glinski was
elected the next President and he performs this func-
tion in the present term of office 2003-2006. Professor
Ryszard Walczak is the Vice-chairman. During the
5 years of its activity the Branch lost 3 members due
to natural causes, while after the elections in 1998 two
members joined the Branch, and three more in 2002,
thus at present the Branch counts 12 members.

The members of the Branch actively participated
in the realisation of numerous scientific programmes
and published nearly 200 papers.

The Czartoryski Palace - the new seat of the Lublin Branch of PAN
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Przy Oddziale powotano 15 specjalistycznych ko-
misji naukowych, odgrywajacych rolg integracyjna
wobec placowek osrodka lubelsko-putawskiego; sa
to wedhug kolejnosci powstania:

* Komisja I Chemii Plazmy Niskotemperaturowej;

* Komisja Il Podstaw i Zastosowan Fizyki i Chemii
w Technice i Rolnictwie;

* KomisjaIII Biotechnologii;

* Komisja IV Filozoficzno-Przyrodnicza;

* Komisja V Motoryzacji i Energetyki Rolnictwa;

* Komisja VI Polsko-Ukrainskich Zwiazkow Kultu-
rowych;

* Komisja VII Medycyny Wsi;

* Komisja VIII Rolnictwa;

* Komisja IX Ochrony i Ksztattowania Srodowiska
Przyrodniczego;

* Komisja X Ekonomii i Zarzadzania;

* Komisja XI Historyczna;

* Komisja XII Budowy i Eksploatacji Maszyn, Elek-
trotechniki, Budownictwa;

* Komisja XIII Nauk Medycznych;

* Komisja XIV Prawnicza.

Liczba cztonkow Komisji wynosi blisko 400 osob.

Pod auspicjami i przy wsparciu finansowym Od-
dziahu zostalo zorganizowanych wiele konferencji na-
ukowych na szczeblu regionalnym, krajowym oraz mig-
dzynarodowym, przy duzym zaangazowaniu i aktywno-
$ci poszczegdlnych komisji naukowych. Oto niektore
konferencje migdzynarodowe:

+ Udziat w konferencji dotyczacej “ Utworzenia Lu-
belskiego Parku Naukowo-Technologicznego”
z gosé¢mi zagranicznymi m.in. prof. Jacky Chef,
dyrektora Promtech — z Nancy we Francji. (20.07
110.09.19981.)

« Sytuacja Ekologiczna Zachodniej Ukrainy i Srod-
kowo-Wschodniej Polski. (16-17.11.1998 1)

* Problemy regulowania zatrudnienia i problemy
bezrobocia na regionalnym rynku pracy
(30.03.20001.)

* Transformacja ekonomiczna w kierunku gospo-
darki wolnorynkowej w Polsce i na Ukrainie
(24.10.20001.)

+ III Migdzynarodowa Konferencja Naukowo-Tech-
niczna nt. Motoryzacja i Energetyka Rolnictwa -
MOTROL 2001 (19-21.09.2001 r.) - Komisja Mo-
toryzacji i Energetyki Rolnictwa O.L. PAN

Fifteen scientific commissions have been establi-
shed within the Branch, playing an integrating role for
the scientific institutions of the Lublin region. These
are (in the order of establishing):

* Commission I - Low-Temperature Plasma Chemi-
stry;

* Commission II - Bases and Applications of Physics
and Chemistry in Technology and Agriculture;

* Commission III - Biotechnology;

* Commission IV - Philosophical-Natural;

* Commission V - Motorization and Power Indu-
stry in Agriculture;

* Commission VI - Polish-Ukrainian Cultural Ties;

* Commission VII - Agricultural Medicine;

* Commission VIII - Agriculture;

* Commission IX - Protection and Formation of
Natural Environment;

* Commission X - Economics and Management;

* Commission XI - Historical,

* Commission XII - Mechanical, Electrical, Civil
Engineering

¢ Commission XIII - Medical Sciences;

* Commission XIV - Legal;

* Commission XV - Nonlinear Sciences

The number of Commission members has reached 400.

Under the auspices and with the financial support
of the Branch, numerous regional, national and inter-
national scientific conferences have been organised,
with great engagement of particular scientific com-
missions. Below are given some of the international
conferences:

* Participation in the conference on “Establishing
Lublin Scientific-Technological Park” with fore-
ign guests, among others prof. Jacky Chef, direc-
tior of Promtech — in Nancy, France. (20.07 and
10.09.1998)

* Ecological Situation of the Western Ukraine and
Middle-Eastern Poland. (16-17.11.1998)

* The problem of controlling employment and
unemployment on the regional job market.
(30.03.2000)

* Economic transformation into a free-market eco-
nomy in Poland and Ukraine (24.10.2000)

* 3" International Research and Technical Confe-
rence “Motorization and Power Industry in Agri-
culture - MOTROL 2001 (19-21.09.2001) - Com-
mission of Motorization and Power Industry in
Agriculture of the Lublin Branch
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I Mi¢dzynarodowa Konferencja Naukowa ,,0d-
dziatywanie P61 Elektromagnetycznych na Sro-
dowisko Przyrodnicze” Agrolaser 2001 (26-
28.09.2001 r.)

Migdzynarodowa konferencja naukowa ,,Dialog
kultur w polskiej i ukrainskiej literaturze”
(01.03.2002) - Komisja Polsko-Ukrainskich Zwiaz-
kow Kulturowych O.L. PAN

Ogolnopolskie Sympozjum Naukowe nt. Proble-
my Motoryzacji Rolnictwa (12-13.03.2002) - Ko-
misja Motoryzacji i Energetyki Rolnictwa O.L.
PAN

“Polsko-ukrainskie powiazania jezykowe” (26-
27.04.2002) - Komisja Polsko-Ukrainiskich Zwiaz-
kow Kulturowych O.L. PAN

Jezyk ukrainski- wspotczesnos¢ i historia (16-
17.05.2002) - Komisja Polsko-Ukrainskich Zwiaz-
kow Kulturowych O.L. PAN
Polsko-Ukrainsko-Biatoruska Konferencja Na-
ukowa ,,Srodowisko Przyrodnicze Polesia - Stan
Aktualny i Zmiany” (16-20.06.2002)

VII Ogolnopolska Konferencja Chemii Plazmy
(16-18.09.2002) - Komisja Chemii Plazmy Nisko-
temperaturowej O.L. PAN

Kultura i jgzyk na pograniczu polsko-ukrainsko-
biatoruskim. Problemy globalizacji i regionalizacji
(26.02.2003, Wola Uhruska) - Komisja Polsko-
Ukrainskich Zwiazkéw Kulturowych O.L. PAN
Kategorie gramatyczne w jezyku polskim i ukra-
inskim (8-9.05.2003, Wola Uhruska, Wiodawa) -
Komisja Polsko-Ukrainskich Zwiazkéw Kulturo-
wych O.L. PAN

Migdzynarodowa Konferencja Naukowa “Moto-
ryzacja i Energetyka Rolnictwa: MOTROL 2003”
(20-24.05.2003, Lublin-Kijéw) - Komisja Motory-
zacji i Energetyki Rolnictwa O.L. PAN
Srodowisko - Zwierze - Produkt - Komisja Ochro-
ny i Ksztattowania Srodowiska Przyrodniczego
O.L.PAN(22-23.09.2003)

Byt czy dobro? Metamorfozy neoplatonizmu -
O.L.PAN(7-10.10.2003)

Kultura polska i ukrainska a mysl filozoficzno-
religijna - Komisja VI Polsko-Ukrainskich Zwiaz-
kow Kulturowych O.L. PAN (17-18.10.2003)

X Migdzynarodowa Konferencja Naukowa “Za-
rzadzanie przedsigbiorstwem w erze postindu-
strialnej - ekonomia, prawo, kultura, etyka” - O.L.
PAN (23-24.10.2003, Kazimierz Dolny)

Historia duszpasterstwa wojskowego na ziemiach

polskich na przestrzeni wiekow - Komisja Histo-
ryczna O.L. PAN (5-7.11.2003)

¢ 1% International Scientific Conference ,,Influence

of Electromagnetic Field on Agricultural Environ-
ment” Agrolaser 2001 (26-28.09.2001)
International Scientific Cultural Dialogue in Po-
lish and Ukrainian Literature” (01.03.2002) - Com-
mission of Polish-Ukrainian Cultural Ties of the
Lublin Branch

Polish Scientific Symposium on “The Problems
of Motorization of Agriculture” (12-13.03.2002) -
Commission of Motorization and Power Industry
in Agriculture of the Lublin Branch
“Polish-Ukrainian linguistic ties” (26-27.04.2002)
- Commission of Polish-Ukrainian Cultural Ties
of'the Lublin Branch

Ukrainian language - the presence and the past
(16-17.05.2002) - Commission of Polish-Ukrainian
Cultural Ties of the Lublin Branch
Polish-Ukrainian-Belorussian Scientific Confe-
rence “The Natural Environment of Polesie - the
Present State and Changes” (16-20.06.2002)

VII National Conference on Plasma Chemistry
(16-18.09.2002) - Commision of Low-temperature
Plasma Chemistry of the Lublin Branch

Culture and language in Polish-Ukrainian-Belo-
russian Borderland. The problems of globalisa-
tion and regionalisation (26.02.2003, Wola Uhru-
ska) - Commission of Polish-Ukrainian Cultural
Ties of the Lublin Branch

Grammar categories in Polish and Ukrainian - (8-
9.05.2003, Wiodawa, Wola Uhruska) - Commission
of Polish-Ukrainian Cultural Ties of the Lublin Branch
International Scientific Conference “ Motoriza-
tion and Power Industry in Agriculture: MOTROL
2003” (20-24.05.2003, Lublin-Kijow) - Commission
of Motorization and Power Industry in Agricul-
ture of the Lublin Branch

Environment - Animal - Product (22-23.09.2003)-
Commission of Protection and Formation of Na-
tural Environment of the Lublin Branch

Being or Good (Goodness)? Metamorphoses of Neo-
platonism (7-10.10.2003) - the Lublin Branch of PAN
Polish and Ukrainian Culture and phylosophical-
religious thought (17-18.10.2003) - Commission of
Polish-Ukrainian Cultural Ties of the Lublin Branch
10" International Scientific Conference “Mana-
ging the company in the post-industrial era - eco-
nomy, law, culture, ethics” (23-24.10.2003, Kazi-
mierz Dolny) - the Lublin Branch of PAN

The History of Military Priesthood in Poland (5-
7.11.2003) - Historical Commission of the Lublin
Branch
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Podpisanie umowy miedzy O.L. PAN a LTN dotyczqcej wynajecia pomieszczen na siedzibe Oddzialu w Patacu
Czartoryskich w Lublinie (od lewej, profesorowie: Marian Wielosz - Wiceprezes LTN, Edmund Prost - Prezes LTN,
Jan Glinski - Prezes O.L. PAN, Ryszard Walczak - Wiceprezes O.L. PAN).
The signing of the agreement between the Scientific Society of Lublin (LTN) and the Lublin Branch of PAN (from
left to right, professors: Marian Wielosz - Vice-President of LTN, Edmund Prost - President of LTN, Jan Glinski -
President of O.L. PAN, Ryszard Walczak - Vice-President of O.L. PAN).

W ramach dziatalnosci statutowej Oddziat: As part of its statutory activity the Branch:

* poparl inicjatywe lokalnych wladz samorzado- * supported the initiative of local authorities con-

wych utworzenia Lubelskiego Parku Naukowo-
Technologicznego (LPNT), delegujac swoich
przedstawicieli do Rady Naukowej Parku,

¢ utrzymywat kontakty z lokalnymi wtadzami woje-
wodzkimi i samorzadowymi,

¢ wilaczyt si¢ do opracowania tematdw dotyczacych
wykorzystania dla regionu lubelskiego tzw. offsetu
wynikajacego z przetargu zwigzanego z zakupem
samolotu wielozadaniowego dla polskiej armii. Na
Lubelszczyznie offset obejmowatby: problemy
ochrony §rodowiska, rolnictwo ekologiczne, pro-
dukcje biopaliw, agroturystyke oraz szkolenia off-
setowe o0 zasiegu krajowym w oparciu o materialy
szkoleniowe partnera zagranicznego.

Oddziat prowadzit dziatalno$¢ wydawnicza, publi-

kujac:

¢ Biuletyn Informacyjny (8 numerow), zawierajacy
biogramy cztonkéw PAN zwigzanych z Lubelsz-
czyzna, prezentacje wybitnych naukowcdw, pla-
coéwek i wydarzen naukowych, wywiady z wybit-
nymi naukowcami - gosé¢mi Oddziatu, kronike
wydarzen zwigzanych ze statutowq dziatalnoscia,

¢ ., Tek¢ Komisji Oddziatu PAN w Lublinie”, gdzie
poszczegdlne komisje prezentuja najwartosciow-
sze prace. Do tej pory wydano 3 tomy ,,Teki Ko-
misji Motoryzacji i Energetyki Rolnictwa Oddzia-
u PAN w Lublinie” oraz 1 tom ,,Teki Komisji
Budowy i Eksploatacji Maszyn, Elektrotechniki,
Budownictwa”,

cerning the creation of Lublin Scientific-Techno-
logical Park (LSTP), delegating its own represen-
tatives to the Scientific Council of the Park,

* maintained relations with the local voivodeship

and municipal authorities,

* participates in elaborating projects which would

make use of the so-called offset (resulting from
the purchase of a multi-purpose aircraft for the
Polish army) for the benefit of the Lublin region.
In the Lublin region the offset would involve:
environmental protection, ecological agricultu-
re, the production of biofuels, agritourism and
nationwide offset training on the basis of mate-
rials provided by the foreign partner.

The Branch has conducted editorial activity, issu-

¢ Information Bulletin (7 issues), containing biograms

of members of PAN associated with the Lublin re-
gion, presentations of distinguished scholars, in-
stitutions and events interviews with outstanding
scientists - guests of the Branch, a chronicle of
events connected with the statutory activity,

¢ . Teka - Archives of the Commission of the Lu-

blin Branch of PAN”, where particular commis-
sions may present their most important works.
Until present time, three volumes of ,,Archives of
the Commission of Motorization and Power In-
dustry in Agriculture of the Lublin Branch of
PAN” and one volume of ,,Archives of the Com-
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* materialy towarzyszace migdzynarodowym kon-
ferencjom - ,,Problemy ochrony i uzytkowania ob-
szarow wiejskich o duzych walorach przyrodni-
czych”, ,,Rynek pracy w procesie transformacji
ustroju gospodarczego”, ,,Srodowisko przyrod-
nicze Polesia - stan aktualny i zmiany”, ,,Advan-
ces in Plasma Chemistry”,

* Zeszyty Naukowe (2 numery) dotyczace zagad-
nien prezentowanych na organizowanych kon-
ferencjach,

¢ folder informujacy o powolaniu jednostki PAN,
obszarze dziatania Oddziatu i sktadzie osobowym
zwkladka zawierajaca sktad komisji Oddzialu PAN
w Lublinie,

¢ Informator o placéwkach dydaktyczno-nauko-
wych Lubelszczyzny” (aktualizowany kazdego
roku).

Oddziat objat patronat nad dwujgzycznym (polsko-
angielskim) kwartalnikiem ,,Eksploatacja i Niezawod-
nos$¢”. Posiada rowniez wlasng strong internetowsq
(www.pan-ol.lublin.pl) prezentujaca szczegoétowo
wszystkie wydarzenia zwiazane z biezaca dziatalnoscia,
i udostepniajac wlasne publikacje w formie elektronicznej.

mission of Mechanical, Electrical, Civil Engine-
ering of the Lublin Branch of PAN”, have been
published,

* proceedings of international conferences - ,,Pro-
blems of Protection and Exploitation of Rural
Areas of Great Natural Value”, ,,Job Market in the
Process of Ecomomic Transformation”, ,,The
Natural Environment of Polesie - the Present Sta-
te and Changes”, ,,Advances in Plasma Chemi-
stry”,

* Scientific Fascicles (2 issues) concerning the is-
sues presented at conferences,

* a folder informing of the establishment of a new
PAN unit, the territory on which it operates and
its members, as well as presenting the members
of'the Commissions of the Lublin Branch of PAN,

¢ ,Directory of didactic and scientific institutions
of the Lublin region” (updated yearly).

A bilingual quarterly “Maintenance and Reliabili-
ty” is also published under the auspices of the Branch.
Additionally, a bilingual website (www.pan-ol.lublin.pl)
is continuously being updated and developed, pre-
senting current events and offering the access to
Branch publications online.

28 listopada 2003 na zaproszenie Wojewody Lubelskiego Andrzeja Kurowskiego w Sali Kolumnowej Urzedu
Wojewodzkiego w Lublinie odbyla sie 14. Sesja Zgromadzenia Ogolnego Czlonkéw O.L. PAN, poswiecona dziala-
niom lubelskiego srodowiska naukowego na rzecz regionu oraz perspektywom rozwoju Lubelszczyzny i mozliwej

w tym roli nauki.

On 23 November 2003 the Lublin Voivode Andrzej Kurowski invited the Branch to hold the fourteenth session of
the General Assembly of O.L.PAN in his office. The session dealt with the activities of the scientific circles benefi-
cial to the region as well as the projected development of the region and the possible role of science.

Posiedzenia Oddzialu w ilosci 13 zebran ogdlnych
120 zebran prezydium byty organizowane w réznych
jednostkach naukowych Lublina i Putaw, gdzie zapo-
znano si¢ z charakterem i problematyka prac badaw-

Branch meetings ie., 13 general sessions and 20
presidium sessions, were organised in various scien-
tific institutions of Lublin and Putawy, where the par-
ticipants could learn about the character and main is-
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czych tych jednostek. Statym punktem zgromadzen
byly autoprezentacje wybitnych naukowcow osrod-
ka lubelsko-putawskiego.

Oddziat szczegdlna wagge przywiazywat do rozwi-
jania naukowych i kulturalnych kontaktéw z Ukraina
i Biatorusia, organizujac wspdlne konferencje i spo-
tkania. Brat udziat m.in. w Wystawie Polskiej Ksiazki
Naukowej we Lwowie i Wilnie, gdzie uczestniczyto kil-
kadziesiat oficyn akademickich, w tym wydawnictwa
PAN, a zaprezentowane egzemplarze ksigzek podaro-
wane zostaly gospodarzom wystawy.

W krétkim okresie swej 6-letniej dziatalnosci Od-
dziat zostat zaakceptowany w srodowisku i zyskat uzna-
nie realizujac zadania statutowe, a w szczegolnoscei:

* pehiac funkcje integracyjna w stosunku do zy-
cia naukowego regionu,

popierajac prace naukowe o istotnym znaczeniu
dla gospodarki i kultury narodowej oraz uczest-
niczac w upowszechnianiu ich wynikdw,
petniac funkcje tacznika miedzy Akademia oraz
organami wladzy i administracji panstwowej, sa-
morzadowej, organizacji spotecznych i srodowi-
ska uczonych.

sues of the conducted research. Self-presentations of
distinguished scholars of the Lublin-Pulawy region
were also a regular point on the agenda.

The Lublin Branch considers the co-operation with
Ukrainian and Byelorussian scientific centres to be
especially important, organising common conferen-
ces and meetings. Lublin PAN Branch participated in
Polish Scientific Books exhibitions in Lwdéw, and in
Wilno presenting PAN Publications’ books, which
were then donated to the local university libraries.

During the five years of its activity the Branch
gained acceptance in the milieu, which received with
appreciation the realisation of the statutory aims of
the Lublin Branch, namely:

* helping to integrate the academic life of the re-

gion,

* supporting research of considerable importance
for the national economy and culture and partici-
pating in the publication of findings,

* performing the function of a link between the
Academy and the state authorities, the local go-
vernment, social organisations and the scientific
milieu.

Mgr inz. Marek ROZMUS
Mgr Radostaw DOLECKI

Oddziat PAN w Lublinie
Patac Czartoryskich

PI. Litewski 2

20-080 Lublin

64 EkspLoaTACJA | NIEZAWODNOSG NR 1/2004





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


