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Vizeni citatelia,

toto cislo vedeckych listov Zilinskej univerzity ,Komunikdcie®, ktoré ste sa rozhodli preci-
tat resp. aj prestudovat nie je vyznamné len tym, Ze je prvym cislom tretieho rocnika vychd-
dzajiceho na prelome storocia ci tisicrocia. Vyznamné je aj tym, Ze je monotematicke,
venované dopravnym prostriedkom a ich zdroju energie.

Vo svojom prvom Cisle dostali vedecké listy ZU v prihovore Jeho Magnificencie rektora
prof- Ing. Milana Dadu, PhD., do vienka iilohu ... stat sa prostriedkom prezentdcie najnovsich
vysledkov vedy a vyskumu .

Ak zoberieme do tivahy skutocnost, Ze jednou z vlastnosti, ktord je v ¢loveku zakorenend
uz od jeho pocatia, je snaha po pohybe, t. j. mobilita (ved uz vyvoj embrya sa uskutocriuje
v neustdlom pohybe matky), tak iicelné premiestiiovanie 0sob, surovin a tovarov zabezpecované
dopravnymi prostriedkami mozno zaradit k pozitivaym iicinkom dopravy. Doprava vsak svojou
existenciou, t. j. prevadzkou a zariadeniami, md aj negativny ucinok na Zivotné prostredie
najmd tym, Ze ho poskodzuje a znehodnocuje. Preto je nevyhnutné v obdobi obrovského rozvoja
mobilit a informacnych technologii nielen si to uvedomit, ale spomenuté problémy aj riesit.

Mojou snahou, ako koordindtora tohto c¢isla, bolo priblizit Vim niektoré problémy doty-
kajiice sa najrozsirenejsich pouzivanych dopravnych prostriedkov a ich zdrojov energie. Je
samozrejmé, Ze nie je mozné v jednom cisle venovat sa riesSeniu vsetkych problémov doprav-
nych prostriedkov. No z uverejneného ziska citatel’ prehlad nielen o spésobe a ceste vysporia-
dania sa s niektorymi uskaliami, ale obozndmi sa aj s tym, comu sa jednotlivé vedeckovyskumné
institucie venuju.

Dear Readers,

This volume of “Communications’, the scientific letters of Zilina University, you have
decided to read or to study is special not only because it is the first volume of the third year
published at the turn of a century or millennium, but because it focuses only on one topic -
means of transport and their source of energy.

The very first volume of the scientific letters contained a foreword by Prof. Ing. Milan
Dado, PhD., Rector of the University of Zilina who expressed his wish: “May Communications
become means of presentation of the latest results of science and research”.

If we take into consideration the fact that one of the properties rooted deeply in every
human being since conception has been a desire to move, i.e. mobility (even the development
of an embryo is realized in a mother’s continuous movement), then purposeful movement of
persons, materials and goods provided by means of transport can be assigned to positive effects
of movement. On the other hand, transport with its existence, i.e., by means of its operation
and equipment, also has a negative impact on the environment as it impairs and deteriorates
it. It is, therefore, vital, in this age of huge growth of mobilities and information technologies,
not only to be aware of the mentioned problems, but also to solve them.

Being a co-coordinator of this volume, I have tried to bring forward some problems con-
cerning the most widely used means of transport and their sources of energy so that you can
get acquainted with them. It is obvious that one volume of any professional magazine does not
provide enough space to solve all the problems arising from the use of means of transport. The
articles contained in this volume will inform you on how some shortcomings are being ap-
proached and on topics some research and scientific institutions are dealing with.

Hlavia Viadimir
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STECHIOMETRICKY ZAZIHOVY MOTOR NA CNG
S TROJCESTNYM KATALYZATOROM

NATURAL GAS-FUELLED, SPARK-IGNITED A = 1 / TWC ENGINE

Popis pouZitia riadeného katalytického systému na motore, pouzivajiceho ako palivo zemny plyn, urceného pre zariadenia na zdruzeni
vwrobu elektrickej energie a tepla. Popis chovania systému spétno-vizobného riadenia zloZenia zmesi a zariadenia pre dodatocnii uipravu spalin.
Priklady postupu a vysledku optimalizdcie konkrétneho motora s ohladom na jeho emisné a energetické parametre. Porovnanie motora s ria-

denym katalytickym systémom a ochudobnenej koncepcie.

Description of the implementation of stoichiometric concept on natural gas-fuelled, spark-ignited engine for co-generation plant (CHP).
Description of behavior of closed loop A-control system and exhaust gas aftertreatment. Examples of optimization procedure and its results at
particular engine concern its environmental properties, power and efficiency. Comparisons are made between the stoichiometric engine and

lean burn one.

1. Gas-fuelled engines for vehicle and stationary use

Combined generation of heat and electrical power (CHP) is
a state-of-the-art method of distributed energy supply. Overall
efficiency of CHP plant reaches more than 90 % when both types
of energy output are taken into account. Transport losses are
eliminated since electricity and heat are produced near the site of
their consumption. Intelligent management of CHP plant opera-
tion can contribute to cope with the necessity of peak shaving
within whole electricity network bringing advantages to end users
and the network supervisor. A natural gas-fuelled engine is often
used as a prime mover of the CHP. That is why the manufacturers
of stationary natural gas-fuelled engines experience expansion of
production and sales. Several types of gas engines for CHP plants
have been developed in ICE laboratory at Faculty of Mechanical
Engineering CTU in Prague. According to author’s meaning some
knowledge gathered at this occasion can be useful for people
engaged in R&D activities aimed at gas-fuelled vehicle engines.

There exist certain differences between stationary and vehicle
gas engines.

For stationary engines emission limits of CO and especially
NOy are very strict. To fulfill the requirement of well-known TA-
Luft regulation (650 mg.m > CO and 500 mg.m* NOy, both
recalculated for 5 % of exhaust gas oxygen) approximately 2.25
gkWh™!of COand 1.5 gkWh™ ' of NOy must be reached. Overall
non-methane hydrocarbons (NMHC) mass flow is limited inde-
pendent from engine size. Thus for small and medium-sized engine

* Michal Takats,

(within hundreds of kilowatts), minimization of hydrocarbon emis-
sion is not necessary. Only stationary regimes are investigated
during the approval procedure.

Despite of continuous innovation of emission regulations,
which is valid for vehicle engines within the whole European
territory, the demands for NOy level are still less strict (such as
7 gkWh™1).

European regulations require the same level of hydrocarbon
emission independent from the kind of fuel used (and from actual
composition of emitted hydrocarbons). The total hydrocarbons
(THC) limits counts 1.1 g.kWh ™! for all heavy-duty vehicle engines
even if the unhealthiness of emitted hydrocarbons from natural
gas-fuelled engines was proved to be almost negligible.

During operation of CHP engines typically only constant
engine speed occurs, defined by synchronous alternator speed.
Especially important is the rated power regime. Moreover, the se-
quence of load changes can often be planned beforehand accord-
ing to prediction of heat and electricity demands.

A wide range of speed and load must be taken into account in
vehicle operation. Low power range is important from the point
of view of average fuel economy.

In any fuel vehicle system layout, the fuel pressure at the inlet
to engine fuel system is high enough. Either mixer or fuel injection
can be chosen purposely.

Czech Technical University, Faculty of Mechanical Engineering, Josef Bozek Research Center of Internal Combustion,
Engines & Automotive Engineering, Technicka 4, CZ-166 07 Praha, Czech Republic,
Tel.: +420-2-20395127, Fax: +420-2-24310292, E-mail: takats@fsij.fsid.cvut.cz
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Only very moderate gas pressure is at disposal in a low-pressure
gas pipeline (In Czech Republic rated overpressure in gas network
is 2.1 kPa). Gas mixer (carburetor) is only solution for fuel meter-
ing and its delivery into engine.

Typically, a water-cooled intercooler is used for turbocharged
CHP engines. Either separate water circuit (approx. 35 °C coolant
temperature) is installed, or the mixture cooler is included as a part
of utility water circuit (75 °C).

Airto-mixture heat exchanger is only possibility to perform
the mixture cooling for a turbocharged vehicle engine.

Frequently, water-cooled exhaust manifold is arranged as a part
of waste-heat utilization system in CHP engines. This design feature
is not used as a part of vehicle engine at all.

Design, accessory layout and adjustment of stationary engine
are often tailored to suit the particular user demand.

A vehicle is designed, experimentally developed and optimized
to satisfy the demands of various potential users.

On the other hand, certain equal features of stationary and
vehicle gas engine exist.

High specific power and good fuel economy are desirable.
The durability and reliability demands are enhanced continuously.
At lean burn engines the running roughness must be minimized
purposely.

The same types of basic engines (either diesel or gasoline-
fuelled spark-ignited (SI) ones) are rebuilt to use gaseous fuel. The
same types of ignition systems are used, especially at highly tur-
bocharged lean-burn engines, with high spark voltage demand.

2. Lean-burn and stoichiometric spark ignited engine

In Fig. 1 a plot of engine properties is introduced as they are
measured at constant engine speed at full throttle. Mixture com-
position expressed in term of air-excess value A is used as an inde-
pendent variable. Value pe means brake mean effective pressure
(proportional to engine specific power). Value mpe is brake spe-
cific fuel consumption (reciprocally proportional to engine overall
efficiency). The curves marked CO and NOy introduce the molar
fraction of pollutant in exhaust gas.

A very low level of content of both investigated pollutants is
reached if an engine works with extremely lean mixture (high A
value). This environmental friendly behavior is exploited in lean-
burn engine design. Lean-burn strategy is not applicable in gaso-
line-fuelled SI engines due to the significant fall of engine power
as is also seen in Fig. 1. At natural gas-fuelled engine it is possible
to enhance engine power by turbocharging. Thanks to very good
anti-knock properties of natural gas, it is possible to choose an
engine compression ratio high enough to obtain satisfactory engine

NOx

ANE

Fig. 1. Engine properties depending on mixture strength

thermal efficiency (an even higher compression ratio is usually
used in turbocharged natural gas-fuelled engines than those in
naturally-aspirated gasoline-fuelled ones).

Another possibility to reach acceptable tailpipe emission of
pollutants is the application of so-called three-way catalyst (TWC)
as it is used in conventional gasoline-fuelled engines usually used
as a part of a passenger car power unit. To ensure a good condi-
tion for exhaust gas after-treatment, it is necessary to keep mixture
strength very close to so-called stoichiometric value (A = 1).
Usually a closed-loop mixture strength control system is used to
perform this task.

Additional expense for a catalytic reactor itself is a consider-
able disadvantage of A = 1 / TWC engine concept. Cost of the
catalyst is approximately proportional to engine rated power; thus,
the rise of an investment cost in a great power unit is significant.

On the other hand, certain advantages are obvious.

Molar fraction of CO and NOy in tailpipe exhaust gas (down-
stream of the catalyst) is very low as far as the catalyst itself and
closed loop A-control system works properly. Usually, lower emis-
sion is obtainable as in case of lean-burn engine.

Since the closed-loop control is integrated as a part of an
engine accessory, long-term stability of environmental behavior is
expected.

High heating value of stoichiometric mixture makes it possible
to obtain high engine specific power at the same degree of turbo-
charging (or taking into account both naturally aspirated stoichi-
ometric and lean-burn engines).

Tailpipe emission of A = 1 / TWC engine depends primarily
on technical efficiency of exhaust gas after-treatment and is almost
not influenced by molar fraction of pollutants in raw exhaust gas
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(upstream of the catalyst). Thus, engine design and its optimiza-
tion can be realized by only taking into accounts its power and
efficiency.

Running roughness of an engine operated on stoichiometric
mixture is better than in a case of lean-burn engine. This feature is
especially important when an engine drives synchronous alternator.
In this case the fluctuation of instantaneous crankshaft (flywheel)
speed causes deformation of voltage waveform and/or current of
delivered electricity. With rising amount of small CHP unit within
certain territory the network supervisor authority will constitute
more strict rules concerning quality of delivered electricity to
enable the small power plants to link into the network.

From the mentioned reason it is assumed that the use of
stoichiometric concept in the region of co-generation engines will
be not limited to the lowest edge of rated power range.

3. Description of A-control system

As it was already mentioned, the use of common mixer with
a fixed air-metering orifice is the only possibility to design a fuel
system layout of a CHP engine. A variable cross sectional area of
fuel-metering orifice must be applied for exact mixture strength
control to ensure good technical efficiency of catalyst. Convention-
al layout of closed-loop A-control system is illustrated in Fig. 2.

—
1

A ELECTRONIC
|
i CONTROL UNIT

AR BASC | STEPPER

@ ADJUSTMENT )7

o : EXHAUST GAS

L
‘-——riln—r

I_'_I

)

e —

FUEL
=

ZERO PRESSURE CONTROL VALVE

Fig. 2. Typical A-control layout

A-sensor is installed in engine exhaust manifold upstream of
the catalyst. Sensor generates voltage, which depends on exhaust
gas oxygen content. Its response is very steep when mixture strength
lies within narrow range in vicinity of air-excess value of A = 1.

Usually the movable part of fuel-metering orifice is driven by
step motor. Concerning such a type of A-control actuator it is neces-
sary to take into account possible range of control performance
and rate of its change.

The optimization of behavior of controlled catalytic system
will be discussed later.
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Conventional A-control system for gas-fueled engines (e.g. pas-
senger car ones) works according to the (so-called one-threshold)
algorithm described in Fig. 3 using dashed lines. Electronic control
unit (ECU - see Fig. 2) transmits (constant frequency) pulses for
step motor forcing it to increase (decrease) the cross sectional area
of the fuel-metering orifice as an actual A-sensor voltage becomes
lower (higher) than the preset threshold (point 0 at voltage devia-
tion axis in Fig. 3).

20 B o

A o

™ o

0= ————m = === -——— L

! Q

o< <

n 1 o
-0t & e

5 VOLTAGE DEVIATION

-20

-0.2 -0.15 -0.1 -0.05 0.05 01 015 vl

VOLTAGE THRESHOLD

Fig. 3. Algorithm of A-control operation

During operation a step motor stops only in dead center of its
periodic motion.

Fluctuation of basic parameters of A-control system is illustra-
ted in Fig. 4 (rated power regime of a particular engine and correct
setting). In this figure actuator position is expressed in terms of
number of steps from actuator position corresponding to smallest
possible cross-sectional area of fuel-metering orifice. This means 0
steps correspond to minimum (but still not zero) cross-sectional
area, 180 steps correspond to maximum adjustable size of fuel-
metering orifice.

0.96' g ACTUATOR POSITION

[%2]

(ol

LJ

—

n

60l ASENSOR VOLTAGE
0.8

(V]

0

o 1 2 time [s] 7 8
Fig. 4. Behavior of simplest A-control system
Period and amplitude of periodic changes of actuator position

become greater as the working fluid flow through the engine de-
creases. This phenomenon is caused by increase of delay between
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change of fuel flow at the inlet port of mixer and response of
A-sensor, which takes place as late as the new composition of
exhaust gas reaches the site of sensor installation.

Voltage threshold and basic frequency are electrically adjust-
able. Moreover, the intensity of mixture strength response to actu-
ator movement is influenced by position of manually controlled
screw usually installed in a fuel pipeline upstream of fuel inlet port
of mixer (BASIC ADJUSTMENT screw in Fig. 2). Thus, altogeth-
er three adjustable elements are at disposal (as far as the simplest
algorithm is concerned according to it description by solid lines in
Fig. 3) to optimization of system behavior.

Optimization demands are as follows:

« Level of fluctuation of molar fraction of particular component
of exhaust gas must be high enough to keep heterogeneous
nature of catalytic reaction. On the other hand, the oxygen capa-
bility of the catalyst must not be expired. The curves in Fig. 4
introduce a good example of proper setting. This behavior must
be ensured over whole engine operating range at various atmo-
spheric conditions and so on.

« Reasonable compromise must be found between system stability
at stationary condition and its adequate response when change
is demanded (in transient regimes).

o The amplitude of motion of actuator movable part must be
maintained as low as possible to ensure sufficient durability, reli-
ability and long-term stability of engine properties (still taking
into account previous items of this list).

» The limits of stepper motion must not be exceeded. The limits
are determined either by the mechanical design of fuel-metering
orifice or by the enabled format of numbers for digital opera-
tion inside ECU processor (maximum = 255 occurs frequently
as a limit to make possible one-byte expression)

To enable high effectiveness of the development procedure
mathematical model of A-control system behavior was created.
The following items are used as inputs for calculation process:

o Description of the relevant part of engine geometry (engine
displacement, volume of intake manifold between mixer and
engine inlet, volume of exhaust manifold between engine outlet
and position of A-sensor.

o Description of running regime (engine rpm and its actual
volumetric efficiency, which depends on throttle position and
exhaust temperature)

« Description of A-control system setting (actuator position limits,
threshold voltage, frequency of driving pulses)

« Additional metering orifice cross sectional area (position of
BASIC ADJUSTMENT screw in Fig. 2) is defined indirectly
entering starting actuator position (this means in the moment
of start of computation) and corresponding air-excess value.

On the other hand, certain features are not included in the
mathematical model properly, including:

« \-sensor characteristic is transferred into model from manufac-
turer’s documentation. Impact of appearance of particular com-
ponents on actual relationship between air excess and sensor
voltage is not taken into account. Especially in case of natural

gas fuelled engine the influence of relatively high methane
concentration is not negligible.

« The flow coefficients of metering orifices were not investigated.
Only pure geometry sizes and their changes appear in the
model.

Even if above mentioned simplifications were applied the
model results show good agreement with experimental reality as is
documented in Fig. 5. Real shapes of actuator position were acquir-
ed using RS232 of A-control ECU. Shapes of sensor voltage were
recorded using conventional A/D converter. In presented case the
change of working fluid flow was caused by change of engine
speed maintaining fully open throttle. Both period and amplitude
of fluctuation of stepper position as well as sensor voltage in-
crease, as working fluid flow becomes lower. The reason was de-
scribed above.

0 AU
Steps — Model e 1550rpm
—— Measurement — 3100rpm
50 . ?J’ N =
. S.‘stor‘.yoltagg
(V]
0

0o 2 4 6 time [s] 14

Fig. 5. Model / experiment comparison

The model is usable for various optimization purposes. Either
experimental result can be extrapolated or the behavior of real
engine (in this case of its electronic control system) can be predict-
ed. It is even possible to simulate transient behavior entering start-
ing value of air excess outside the range of its natural fluctuation
during steady state operation.

An example of integral result of model computation is intro-
duced in Fig. 6.

Threshold voltage adjustment is used as independent variable
in this figure. All other items in the set of input values for com-
putation were kept constant.

The fluctuation of sensor voltage, actuator position and air
excess value is represented by plot of maximum and minimum
value of their periodic changes (in case of sensor voltage the
average value is also plotted). It is to be seen that over wide range
of independent value in the midst of horizontal axis all investigated
values are not influenced by change of adjustment of threshold
voltage.

In this time only very simple mathematical model exists to
describe the chemical reaction which takes place inside of the
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Fig. 6. Predicted influence of treshold voltage

catalytic reactor. This model does not take into account any of
mentioned features of closed loop control system behavior. Only
equilibrium composition is calculated and reaction rate is estima-
ted to obtain good agreement with experimental results. Such
a model is not suitable as a tool for research and development
work. Thus only empirical knowledge is at disposal concerning
technical efficiency of exhaust gas after-treatment.

Large-scale amount of experiments must be performed to
obtain complete set of information describing the behavior of
catalytic reaction depending on whole set of adjustable element of
closed-loop control system. One example of measured curves is
introduced in Fig. 7.

3000

MOLAR FRACTION
2500 NOx
[ppm]
2000
1500 +
1000 +
HC
500
Cco
ol
0.8
SENSOR VOLTAGE
v
04
0.2
Uset [mV]
0 " .

540 560 580 600 620 640 660 680 700 720 740 760 780

Fig. 7. A = 1 / TWC system behavior depending on
treshold voltage setting
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Similarly to Fig. 6 threshold voltage level is used as indepen-
dent variable in Fig. 7. All other circumstances were maintained
unchanged during measurement including operation regime (rated
power was maintained during measurements whose results are in
Fig. 7).

The measured sensor voltage range (in bottom part of Fig. 7)
shows good agreement with theoretically predicted shapes in
Fig. 6. For particular running regime and the given position of all
other adjustable entries the optimum setting of threshold voltage
can be read from shape of molar fraction of pollutants (expressed
in Fig. 7 in terms of ppm). Approximately 750 mV seems to be
best choice in the presented case. It is seen in Fig. 7 that optimum
setting from the point of view of hydrocarbon emission corres-
ponds with the threshold voltage value leading to low tailpipe
emission of both CO and NO,, simultaneously. This statement is
valid even if the technical efficiency of the catalyst is relatively low
as far as hydrocarbon afterburning is concerned. This feature is
out of scope for CHP engine manufacturers, but it is of interest
for designers of vehicle engines.

Nevertheless, the problem of retrieval of optimum setting for
whole range of running regimes remains still unsolved.

Full satisfaction of all demands by only three adjustable ele-
ments seems to be questionable.

A more sophisticated algorithm of step-motor control is de-
scribed in Fig. 3 by a solid line. In this case driving-pulse frequency
for the stepper depends on the difference between A-sensor voltage
and voltage-threshold value. The step motor does not move at all
as far as the voltage difference lies within the range = A (Fig. 3).
Driving frequency increases stepwise as the voltage difference
exceeds each of the B intervals. In this algorithm’s particular
application, values A and B are adjustable from computer console
using ECU RS 232 interface. Threshold voltage is adjustable in
the same way. The basic frequency, the slopes of its change and
the maximum frequency are programmed in ECU processor and
are not user accessible.

4. Optimization procedure and its results

The last described system (multi-threshold one) was imple-
mented on a 6-cylinder naturally aspirated engine coupled with
a synchronous generator 75 kW/1500 rpm. CHP unit was connect-
ed during the realization of R&D tasks to public 400 V electricity
network. Natural gas was delivered from a low-pressure gas pipe-
line (2.1 kPa overpressure) through the conventional zero-pres-
sure control valve as is indicated in Fig. 2.

Typical behavior of the multi-threshold A-control system is
illustrated at Fig. 8. This time the voltage threshold level was
adjusted to a 680 mV value. At engine operation at the rated load
(and high working fluid flow) the delay of A-control response is
short. Fuel-metering orifice cross-sectional area changes during
steady state operation only to correct the occasional fluctuation
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Fig. 8. Behavior of multi-treshold A-control system

of mixture strength. As the working fluid flow becomes lower the
closed-loop response delays more and the system behaves perio-
dically (similarly to a simple one-threshold system). Amplitude
and period of periodical fluctuation increase with throttling of the
mixture flow. Unlike one-threshold system behavior (Fig. 4) step-
motor position shapes (upper part of Fig. 8) do not resemble
a symmetrical triangle since driving-pulse frequency changes within
one period of periodical motion. This feature is caused by nonli-
near shape of A-sensor voltage due to its nonlinear characteristic
as it was briefly described in the comment to Fig. 2.

After carefully performed optimization of electrical and mecha-
nical adjustment, parameters were obtained as they are described
in Fig. 9.

In this figure fluctuation of actuator position (upper part of
Fig. 9) and sensor voltage (middle part) are visualized by plot of
maximum and minimum value recorded during 10-second
intervals by a data acquisition system.

In the range from rated regime to zero load (generator dis-
connected from network, unit still runs at rated speed = 1500 rpm
- so-called high idle) conventional part-load characteristic is plotted.

ACONTROL INACTIVE

/

LOW IDLE
P et ULL

HIGH IDLE
| e

A SENSOR VOLTAGE[V];

Cco

NOx

0 10 20 POWER [kW el] 60 70

Fig. 9. Final results of optimization

The points with horizontal coordinates of —5 kW were measured
by unloaded (disconnected from network) generator and engine
speed approx. 1300 rpm (so-called low idle). The points with hori-
zontal coordinates of —10 kW describe situation with A-control
switched off. Negative powers were used as a coordinate only to
ensure good readability of graph.

It is seen in Fig. 7 that over whole load range (from rated
power to low idle):
+ (O emission lies below 1/2 of legislative limit
» NO, emission lies approx. at the level of 1/10 of legislative limit
« amplitude of fluctuation of sensor voltage and actuator position
is low (except for slightly higher amplitudes of sensor voltage
variation at engine idle)
« actuator position moves inside the limits (between 0 and 180
steps in this case).
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STYK KOLESA S KOIAJNICOU V POCITACOVE] ’SIMULACII
DYNAMIKY VOZIDLA A DYNAMIKY POHONU NAPRAVY

CONTACT OF WHEEL AND RAIL IN COMPUTER SIMULATION
OF VEHICLE DYNAMICS AND AXLE DRIVE DYNAMICS

V pocitacovych simuldcidch sa pouzivajii rozdielne metddy pre vypocet tangencidlnych sil medzi kolesom a kolajnicou v dynamike vozidla
a pri analyze trakcéného systému. Pre simuldciu interakcie dynamiky vozidla a jeho pohonu je potrebné tieto metody skombinovat a vytvorit
Jednotny model. PouZitim sucinitela trenia klesajiiceho s rastiicou skizovou rychlostou medzi kolesom a kolajnicou méze byt v simuldcidach
dynamiky vozidla zohladnena klesajiica cast skizovej charakteristiky po prekonani medze adhézie ako aj najroznejsie adhézne podmienky.

Navrhovand metoda vypoctu sil koleso-kolajnica bola testovand pomocou modelu Stvorndapravovej lokomotivy v programe ADAMS/Rail.
Simuldcie jazdy oblitkom s roznymi taznymi silami ukazuju jej vplyv na rozdelenie sil medzi kolesom a kolajnicou. Simuldcia adhéznej skiisky
demonstruje pouzitelnost navrhovanej metody pre vyskum interakcie dynamiky pohonu a dynamiky jazdy vozidla.

In computer simulations different methods are used to calculate tangential wheel-rail forces in vehicle dynamics and in the analysis of
traction systems. For the simulation of vehicle dynamics and drive dynamics interaction, the varying methods have to be combined into one
method. Using the friction coefficient decreasing with increasing slip velocity between wheel and rail, decreasing part of creep-force function
behind the adhesion limit as well as various adhesion conditions can be taken into account in the vehicle dynamics simulations.

The proposed method of wheel-rail forces calculation was tested using an ADAMS/Rail model of a four axle locomotive. The curving
simulations with a varying tractive force show the influence on the wheel-rail forces distribution. A simulation of the adhesion test demonstrates
the applicability of the proposed method for investigations of drive dynamics and vehicle behaviour interaction.

1. Introduction

Virtual engineering is an increasingly important part of the
design process. Computer analyses and numerical simulations are
used to test and optimise the product before actually producing it.
In the simulation of railway vehicle behaviour the contact between
wheel and rail is a crucial factor. Dependent on the type of analyses
different mathematical models of the wheel-rail contact can be
used. The paper describes the differences in the computation
methods of the tangential forces between wheel and rail used in
railway vehicle dynamics and in axle drive dynamics.

Standard methods of vehicle dynamics investigate only a part
of the complex mechatronic systems of railway traction vehicles.
To investigate (e.g. influence of locomotive-tractive effort on the
forces between wheel and rail in the curve) influence of traction
control parameter on the wheel-rail forces, on the dynamic behav-
iour of the locomotive or of the train set, etc., the mechanics,
electric and electronics have to be simulated simultaneously. The
model of wheel-rail forces used in such computer simulations
should contain the properties necessary for vehicle dynamics as
well as for axle drive and traction-control dynamics. A possible
method to be used in the simultaneous investigation of the systems

* Doc. Ing. Oldiich Polach, CSc.
Adtranz Schweiz, Ziircherstr. 41, CH-8401 Winterthur, Switzerland,
E-mail:oldrich.polach@ch.adtranz.com

mentioned above will be presented and verified by comparison
with measurements.

2. Methods of wheel-rail forces computation in vehicle
dynamics

2.1 Survey of methods used in computer simulations

There are various methods for the computation of wheel-rail
forces. The best known methods can be divided into four groups:
« exact theory by Kalker (programme CONTACT)

« simplified theory by Kalker (programme FASTSIM)
« look-up tables
« simplified formulae and saturation functions.

The exact theory by Kalker (computer programme CONTACT
[5]) has not been used in the simulations because of its very long
calculation time.

The simplified theory used in Kalker’s programme FASTSIM
[3] is much faster than the exact theory, but the calculation time
is still relatively long for use in complicated multi-body systems.

KOMUNIKACIE / COMMUNICATIONS 1/2001 11
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FASTSIM is used in the railway vehicle simulation tools ADAMS,
MEDYNA, SIMPACK, GENSYS, VOCO.

Another possibility for computer simulations consists in the
use of look-up tables with saved pre-calculated values (ADAMS,
VAMPIRE). Because of the limited data in the look-up table, there
are differences to the exact theory as well. Large tables are more
exact, but searching in such large tables consumes calculation
time.

Searching for faster methods some authors found approxima-
tions based on simple saturation functions (e.g. Vermeulen-Johnson
[18], Shen-Hedrick-Elkins [17]). The calculation time using these
approximations is short, but there are significant differences to
the exact theory especially in the presence of spin. Simple appro-
ximations are often used as a fast and less exact alternative to stan-
dard methods (e.g. in MEDYNA, VAMPIRE, SIMPACK).

2.2 A time saving method

A very good compromise between the calculation time and
the required accuracy allows a fast method for the computation of
wheel-rail forces developed by the author [9], [10], [14]. In spite
of the simplifications used, spin is taken into consideration. Due
to the short calculation time, the method can be used as a substi-
tute for Kalker’s programme FASTSIM to save computation time
or instead of approximation functions to improve the accuracy.

The proposed method has been used in the simulations in
different programmes since 1990. The experience with use of this
method in various simulation tools was published in [15]. The
algorithm is implemented in ADAMS/Rail as an alternative paral-
lel to FASTSIM and to the table-book. The calculation time is
faster than FASTSIM’s and usually faster than the table-book as
well. The proposed algorithm provides a smoothing of the contact
forces in comparison with the table-book and there are no con-
vergence problems during the integration. The programme was
tested as user routine in programmes: SIMPACK, MEDYNA,
SIMFA and various user’s own programmes with very good expe-
rience.

The proposed method assumes an ellipsoidal contact area with
half-axis a, b and normal stress distribution according to Hertz.
The maximum value of tangential stress 7 at any arbitrary point is

Toax =f* O (H

where f - coefficient of friction,
o - normal stress.

The coefficient of friction f'is assumed constant in the whole
contact area.

The solution described in [9], [14], based on the work of
Freibauer [ 1], obtains the resulted tangential force (without spin)
as

__ 20 e
F= - <1+Ez+arctane> 2)

where Q - wheel load
f - friction coefficient
€ - gradient of the tangential stress in the area of adhesion
2C-m-d b
E=————35 3)
3 0-f
where C - proportionality coefficient characterising the contact
elasticity (tangential contact stiffness)
s - creep

s = s)zc-l—sﬁ 4)

sy, 8, - creep in x and y directions.

Using the Kalker’s linear theory to express the coefficient C,
the equation (3) has then the form (in the case of only longitudi-
nal creep)

1G-m-a-b-cy
Ee=————""—35;
4 0-f
where ¢, - Kalker’s coefficient for longitudinal direction [2]
G - modulus of rigidity.

(%)

The calculation of tangential forces for general case with
combination of longitudinal and lateral creep and spin allows the
algorithm published in [14].

The proposed method was verified by making a comparison
between curving behaviour calculations used for the computation
of wheel-rail forces programme FASTSIM and the proposed
method, and by comparison with measurements. A model of the
SBB 460 locomotive of the Swiss Federal Railways was built by
means of the simulation tool ADAMS/Rail. The locomotive design
combines very good curving performance with high maximal
speed due to the coupling of wheel sets, realised by a mechanism
with a torsion shaft assembled to the bogie frame [12], [13]. The
model used in simulations consists of 51 rigid bodies and contains
266 degrees of freedom (Fig. 1). The results, using both calcula-

Fig. 1. ADAMS/Rail model of the SBB 460 locomotive
of the Swiss Federal Railways
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Fig. 2. Measured lateral whell-rail forces in a curve with 300 m radius compared with the simulations
using the method developed by the author [14] and using FASTSIM

tion methods mentioned, are similar, see Fig. 2. However, there is
a significant difference in the calculation time. The results com-
puted using the proposed method show good agreement with the
measurements. Especially in the case of the leading wheel sets,
they are nearer to the actually measured values than the results
obtained in the simulations using FASTSIM.

3. Computation of wheel-rail forces useful for
simulation of vehicle dynamics and axle drive
dynamics interaction

3.1 Differences between the vehicle dynamics and axle
drive dynamics

Depending on the aim of the tests, different measured creep-
force functions can be found in literature [7]. Because of the variety
of measurements, different models are used for the same physical
phenomenon - forces between wheel and rail - in the vehicle
dynamics and axle drive dynamics (Fig. 3). How is this possible?
The reasons for this are different fields of parameters and diffe-
rent areas of investigations.

In vehicle dynamics small creep values are of main import-
ance. Tangential forces in longitudinal as well as in lateral direc-
tions influence the vehicle behaviour; therefore, longitudinal and
lateral creep as well as spin should be taken into account. Based
on the theory of rolling contact, the creep forces depend on the
creep as non-dimensional value. The friction coefficient is assumed
to be constant. The difference between dry and wet conditions is

Vehicle Dynamics

dry
3]
5 wet
(o8
Q
g
o
Creep
Drive Dynamics
dry
3
5 wet
o
()
g
o
Slip velocity

Fig. 3. Differences between the typical creep-force functions used
in the vehicle dynamics and in axle drive dynamics
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usually expressed only with the value of friction coefficient and
not with a change of the creep-force function gradient.

In the drive dynamics large values of longitudinal creep influ-
ence its behaviour. In the simulated systems usually only the lon-
gitudinal direction is taken into account. Based on the experiments,
the creep forces are usually assumed as dependent on the slip velo-
city between wheel and rail. There is a maximum of creep-force
function, so called adhesion optimum, and a decreasing section
behind this maximum. The gradient and the form of creep-force
functions for wet, dry or other conditions are different.

3.2 Wheel-rail contact model applicable for both vehicle
and axle drive dynamics

For the complex simulation of dynamic behaviour of locomo-
tive or traction vehicle in connection with drive dynamics and
traction control, high longitudinal creep and decreasing section of
creep-force function behind the adhesion limit has to be taken into
account. The different wheel-rail models described above have to
be combined into one model, which is suitable for both vehicle
dynamics and drive dynamics simulations.

A creep-force law with a marked adhesion optimum can be
modelled using the friction coefficient decreasing with increasing
slip velocity between wheel and rail. The dependence of friction
on the slip velocity was observed by various authors and is describ-
ed in [16], [6], [8].

The variable friction coefficient can be expressed by the
following equation

[=Jo (1 =4) e ™" + 4] (6)

where f, - maximum friction coefficient
w - slip velocity [m/s]
B - coefficient of exponential friction decrease in function
of slip velocity [s/m]
ratio of limit friction coefficient f,, at infinity slip velo-
city to maximum friction coefficient f,
ot
Jo
From the point of view of tractive effort and traction dynamics
the creep law for bad adhesion conditions is of main importance:
wet rail and surface pollution e. g. oil, dirt, moisture. Even for dry
conditions the gradient of creep-force functions is usually lower
than the theoretical value. The reason of this is layer of moisture,
which can be taken into consideration in the “stiffness coeffi-
cient” of surface soil [4]. In the vehicle dynamics, these real con-
ditions are taken into account simply with a reduction of Kalker’s
creep coefficients [2]. This method is used for the linear creep
force law but can be used generally as well.

A

The combination of
« the friction coefficient as a function of slip velocity between
wheel and rail and

« the reduction of Kalker’s creep coefficients

allows

« on the one hand to achieve the form of creep-force function with
an adhesion optimum as known from measurements and as
necessary for traction investigations

« and on the other hand to keep the principles of creep forces
computation in dependence on longitudinal and lateral creep
and spin.

In this manner, the creep-force functions can be adapted for
various conditions of wheel-rail contact, see Fig 4.

04, Measurement 0.4 1 Calculation

water+sand water+sand

0.3 A 0.3 1
=3 =
0.2 4 0.2 4
0.1 1 soap 0.1 soap
solution solution
0 T T T T | 0 T T T T ,
0 10 20 30 40 50 0 10 20 30 40 50

Sx [%] Sy [%]

Fig. 4. Modelling of various adhesion conditions using the friction
coefficient as function of slip velocity between wheel and rail
(V=20 km/h)

At the same time, using this principle, the adhesion maximum
decreases and parallel to this creep value at this maximum decreas-
es with increasing of vehicle speed, which is a phenomenon well
known from measurements. It can be observed on Fig. 5, which

s .
e
I A
(AT ALT

° km/h
v [km
9 100 [ ]
sx [%] 12 15
Fig. 5. Influence of vehicle speed on the form of creep-force
functions using the friction coefficient as function of slip
velocity between wheel and rail
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shows examples of creep-force functions modelled using the method
according to Polach [14] with the extension described above. The
same principles can be used to extend the model of wheel-rail
forces based on FASTSIM or any other method of creep force
computation.

3.3 Extension of the time-saving method for use in both
vehicle and axle drive dynamics

Although the method described above allows reproducing the
basic tendencies of measured creep-force functions at high creep
values, there are some limitations. To achieve the adhesion optimum
at high creep values, a significant reduction of Kalker’s coefficients
would be necessary (less than 0.1). But the measurements of the
creep-force function gradient do not usually show so low values.

The explanation may lie in the combination of dry and wet
friction. For small creep values, the area of adhesion extends to
the greater part of the contact area. The conditions are similar to
dry friction. For large creep values, there is slip in the main part
of the contact area. The layer of water or pollution influences the
resulted force. The “stiffness coefficient” of surface soil decreases
and, as a result of this, the creep-force function changes signifi-
cantly its gradient.

In spite of complexity of this phenomenon, a good possibility
was found to model the wheel-rail contact forces in good agreement
with the measured functions using a simple extension of the time
saving method proposed by the author [14].

In this method the tangential force (equation (2)) is express-
ed as a function of the gradient € of the tangential stress (equation
(5)). Using a reduction of Kalker’s coefficient with a factor k, the
equation (5) has the form

1 G-7mrabkocy
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In (2) there are two terms: one of them connected to the area
of adhesion, another one to the area of slip. Using different reduc-
tion factors k, in the area of adhesion and kg in the area of slip,
the equation (2) has the form

2 . Q f kA -€
1+ (k- €

F= 7 + arctan (kg * e)) (8)

T

Using k, > kg, there is nearby no reduction of the creep-func-
tion gradient at small creepages but a significant reduction of the
gradient near saturation. The gradient of the creep-force function
at the co-ordinate origin corresponds to the reduction of Kalker’s
coefficient

ky + kg
k=—— 9
5 )

The form of the creep-force functions is more similar to the
form of measured functions than with the reduction factor £, see
Fig. 6. The diagram shows creep-force functions for longitudinal
direction in non-dimensional co-ordinates
« non-dimensional wheel-rail force

F
fo=— (10)
Q-

« non-dimensional longitudinal creep

9. = G-ab-cy s,
0-f

Using the proposed method various measured creep-force
functions were modelled. As an example, Fig. 7 shows measure-
ments with the Adtranz SBB 460 locomotive [11]. There are
results of seven measurements with speed of 40 km/h on wet rail.
The measured points were classified and average values, maximal
and minimal values were calculated. Using the model described,
parameters were found which provide a creep-force model with
a very good agreement with the measurements.

(1)

€= 2 - s, =k-€ 7 The wheel-rail models with parameters presented above were
Q-f tested for various speeds and for range of longitudinal creep from
1 1 T A A——A—A—4D —
0.8 - 0.8 - B
\
\
— 061 — 08T T T ka=1, ks=
< x | —1.00
= 047 04 —+0.67
[ ——0.50
0.2 4/ 02y~ ——0.40
| —*-0.33
0 3 T 0 = T T T +
6 10 0 2 4 6 8 10
Iy [%] Ix [%]
Fig. 6. Reduction of Kalker's coefficients: the standard method (left) and the proposed method
with two different reduction factors (right)
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Fig. 7. Model of wheel-rail contact forces based on the measurements
with the Adtranz SBB 460 locomotive (7 measurements on wet rails;
V' = 40 km/h; model parameters: k, = 0.16, kg = 0.07, f, = 0.305,
A =050, B=10.16s/m)

very small to high creep values. Even in this large range the results
are plausible and the model is not limited to one speed or to
a small creep range. Of course, change of conditions in contact of
wheel and rail as well as other effects; e. g. the cleaning effect due
to large creep (so called rail conditioning) will cause change of
wheel-rail model parameters.

The examples confirm that the method gives a very good pos-
sibility to model the functionality of wheel-rail contact necessary
for the investigation of axle drive systems. Parallel to this the
method allows to keep the principles of creep forces computation

-10 -10
F e —— | | i s

20-10 0 10 20 30
X [kN]

-
]
]

— T 0 0
20410 0 10 20 30 _ 4 . 10
X | [kNI g E
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= -30 & -30
> >

-40 40
-50 -50

Tractive force: Forces between wheel and ralil
mZ=0kN 0 0
0Z =100 kN zg ¥ zg ¥
= 20 = 20
W Z =200kN 5 10 s 10
>~ 0 g 0

in dependence on longitudinal and lateral creep and spin, which
is necessary for vehicle dynamics investigations.

As application examples of the proposed wheel-rail model,
the quasi-static and dynamic investigations of the influence of
locomotive traction effort on the wheel-rail forces and curving
behaviour will be presented.

4. Investigation of the influence of locomotive tractive
effort on its curving behaviour using the proposed
wheel-rail contact model

In order to verify the method of wheel-rail force computation,
the ADAMS/Rail model of the SBB 460 locomotive was extended
by a full model of the driving system (Fig. 8), and runs through
a curve on wet rails were simulated.

Fig. 9 shows the distribution of longitudinal and lateral quasi-
static wheel-rail forces in a curve of 300 m radius, running at
a speed of 87.7 km/h (lateral acceleration a,, = 1.0 m/s?). The
wheel-rail forces change with increasing tractive effort. Without
tractive effort, there are opposite longitudinal forces on the left
and right wheel. With increasing tractive effort the longitudinal
forces on the outer wheel of the first wheel set and on the inner
wheel of the second wheel set increase. An even distribution of
the longitudinal forces will be achieved first on the adhesion limit.
The angle between the wheel sets in the horizontal plane (so called
steering angle) depends on the tractive effort as well. Without trac-
tive effort, the angle between the wheel sets achieves the maximal

Steering angle

Bl |

2010 0 10 20 30
X [kN]

B [mrad]

20410 0 10 20 30
Xz [kN]

Fig. 9. Longitudinal and lateral wheel-rail forces and steering angle between wheelsets for different tractive effort
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Fig. 8. Model of the locomotive bogie including drive system

value due to the steering moment of longitudinal forces. With in-
creasing tractive effort the distribution of longitudinal forces changes
as explained before, the steering moment acting on the wheel sets
decreases and the steering angle between the wheel sets decreases
as well. In spite of this the experience with these locomotives con-
firms that there is no negative influence on the wear of wheels and
rails because of the statistically rare occurrence of maximal trac-
tive effort. On the Gotthard-route the locomotives achieve three to
four times longer intervals between the renewals of wheel profiles
than the previous ones [19].

In order to test the possibility of simulating the dynamic
change of traction torque, the adhesion tests [11] of the locomo-
tive SBB 460 with test composition shown on Fig. 10 were simu-
lated. In the course of curving simulation, the traction torque was
increased from zero to the adhesion limit, in a similar way as during
the adhesion test measurements. In this manner, a run on the
unstable (decreasing) section of creep-force function was simulat-
ed. The influence of increased tractive effort on longitudinal and
lateral wheel-rail forces and the steering angle between the wheel
sets of one bogie were investigated. The simulation results show
the same behaviour as observed during the tests. The time plots of
traction torque, longitudinal wheel-rail forces, lateral displacements
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Fig. 10. Test composition (test locomotive SBB 460, measuring coach
and braking locomotive SBB 460) during the adhesion tests

of the wheel sets relative to track and steering angle between
wheel sets for the speed of 70 km/h are shown in Fig. 11. With in-
creasing tractive effort, the wheel set steering ability decreases.
Simultaneously, the first wheel set of the bogie moves to the inner
rail. The calculation shows the same dynamic behaviour tendency
due to the change of the tractive effort as observed during the tests.
Thereby the proposed method was proven as suitable for the inves-
tigation of problems regarding the interaction of traction dyna-
mics and vehicle behaviour.

5. Conclusions

A fast method for the computation of wheel-rail forces deve-
loped by the author allows saving calculation time. With the
presented extension of this model, various wheel-rail contact con-
ditions can be modelled. The proposed method is suitable for the
investigations of problems regarding the drive dynamics and their
interaction with the traction control and vehicle dynamic behavi-
our. The results calculated using the proposed method show good
agreement with measurements and confirm this as a possible way
for the simulation of complex mechatronic systems of railway
vehicles.

[1] FREIBAUER, L.: Adheze kola vozidla na drdze. Proc. of ,VIL védecka konference VSDS, 3. sekce: Dopravni technika - ¢ast A“,

VSDS Zilina 1983, pp. 214-219

[2] KALKER, J. J.: On the rolling contact of two elastic bodies in the presence of dry friction. Thesis, Delft 1967

[3] KALKER, J. J.: 4 fast algorithm for the simplified theory of rolling contact. Vehicle System Dynamics 11 (1982), pp. 1-13

[4] KALKER, J. I.: Uber die Mechanik des Kontaktes zwischen Rad und Schiene. ZEV-Glasers Annalen 102 (1978), pp. 214-218
[5]1 KALKER, J. J.: Three-dimensional elastic bodies in rolling contact. Kluwer Academic Publishers, Dordrecht, Netherlands 1990
[6] KRAGELSKIJ, I. V., VINOGRADOVA, 1. E.: Koeficienty trenija. Moskva 1962

[71 POLACH, O.: Experimentdini vyzkum adheze v podélném a piicném sméru. Prace a §tudie VSDS, séria strojnicka, 17 (1987), pp. 131-144

[8] POLACH, O.: On problems of rolling contact between wheel and rail. Archives of Transport. Polish Academy of Sciences, Vol. 2 (1990),
No. 4, pp. 311-330

[9] POLACH, O.: Matematické modelovini adhezni vazby kola a kolejnice. In: Proc. of the conference ,Dynamika kolejovych vozidel
a ZelezniCnich trati“, Marianské Lazné 1990, pp. 91-96

KOMUNIKACIE / COMMUNICATIONS 1/2001 17



KOMNIKOCIe

C O M M UNICATI ON:S

Rotor traction torque

15 -
~ 10 Rotor 1
g 5 | Rotor 2
X
= 9 =
59 5
time [s]
Longitudinal force of wheelset 1
30 -
20 | Ws 1 left
—
E —— Ws 1 right
~ 10 A
X 5l ~
10§ 5 10 15 20
time [s]
Longitudinal force of wheelset 2
30 -
— 20 - Ws 2 left
2 .
—Ws 2right
< 10+ 9
X' M
-10 A 20 -
time [s]
Lateral displacement of wheelset relative to track
6 -
4 —— Wheelset 1
'E 2 Wheelset 2
S o —apoagl
0 1 T T T T
> _2.( WMWM
-4
time [s]
Steering angle between the wheelsets
3 -
)
8
S
@ T
10

time [s]
Fig. 11. Time plots of adhesion test simulation (curve R = 400 m, V = 70 km/h)

18 « KOMUNIKACIE / COMMUNICATIONS 1/2001



KOMNIKOCIe

C O MMUNICATION:S

[10] POLACH, O.: Solution of wheel-rail contact forces suitable for calculation of rail vehicle dynamics. Proc. of the 2% Int. Conference
on Railway Bogies, Budapest, Sept. 14-16, 1992, pp. 10-17

[11] POLACH, O.: SBB 460 Adhdsionsversuche. Report No. 414, SLM Winterthur 1992

[12] POLACH, O.: Lok 2000 aneb vysoké rychlosti na $vycarsky zpiisob. In: Proc. of the seminar ,Zelezniéni vozidla®, Loucen
u Nymburka, 1992, part 2, pp. 111-115

[13] POLACH, O.: Svycarskd lokomotiva SBB 460. Zeleznice (1993), No. 5, pp. 16-17

[14] POLACH, O.: A Fast Wheel-Rail Forces Calculation Computer Code. Proc. of the 16" TAVSD Symposium, Pretoria, August 1999,
Vehicle System Dynamics Supplement 33 (1999), pp. 728-739

[15] POLACH, O.: Experience with use of a time saving method for wheel-rail forces calculation. Scientific Papers of the University of
Pardubice, Series B, 5 (1999)

[16] RABINOWICZ, E.: Friction and wear of materials. John Wiley and Sons, New York, 1965

[17] SHEN, Z.Y., HEDRICK, J. K. and ELKINS, J. A.: A comparison of alternative creep force models for rail vehicle dynamic analysis.
Proc. of the 8th IAVSD-Symposium, Cambridge, MA, August 15-19, 1983, pp. 591-605

[18] VERMEULEN, P. J., JOHNSON, K. L.: Contact of non spherical bodies transmitting tangential forces. Journal of Applied
Mechanics, Vol. 31 (1964), pp. 338-340

[19] MULLER, R.: Verinderungen von Radlaufflichen im Betriebseinsatz und deren Auswirkungen auf das Fahrzeugverhalten (Teil 1).
ZEV+DET Glasers Annalen, Vol. 122 (1998), No. 11, pp. 675-688

KOMUNIKACIE / COMMUNICATIONS 1/2001 19



KOMNIKOCIe

C O M MUNICATI ON:S

Vladimir Hlavna - Pavel Fitz - Rastislav Istenik *

ANALYZA MOBILNEHO PROSTRIEDKU S DUALNYM POJAZDOM

AN ANALYSIS OF A MOBILE VEHICLE WITH DUAL RUN

V' prispevku je urobeny teoreticky rozbor rovinného pohybu
modelu mobilného energetického prostriedku s pridavnym zariade-
nim. Dalej sa zaoberd priestorovym riesenim pohybu kolesa
v dudlnom pojazde a dynamikou jeho pohybu. PouZity postup umoz-
nuje velmi jednoducho a efektivne riesit vplyv zvolenych parametrov
na vytypované parametre stroja. V prispevku je poukdzané na vplyv
zmeny rychlosti, hmotnosti, tuhosti a tlmenia na jeho pohyb. Je
navrhnuty tiez skiusobny stav na zistovanie zdkladnych vlastnosti
dudlneho pojazdu.

Uvod

V ¢lanku je analyzovany trakény mobilny prostriedok (malo-
traktor vo funkcii tfahaca s pridavnym zariadenim - navesom)
s dualnym pojazdom (obr. 1).

Dualny pojazd umoznuje ¢in-
nost tahaca v pasovom (obr. la),
alebo kolesovom rezime (obr. 1b);
je teda kombinaciou pasového
a kolesového pojazdu. Zabezpecu-

Plane motion of a model vehicle with additional equipment is
theoretically solved in this paper. The paper further deals with some
questions concerning spatial motion of a dual-run wheel and
consequences of such motion. The used method allows changing an
arbitrary parameter in a very simple and effective way. The objective
of the paper is to compare velocity, mass, stiffness and impact of
damping on the vehicle motion. A test stand to measure properties of
wheel-track-ground interactions was also designed.

Introduction

A traction mobile vehicle (a small tractor used as a trailer
equipped with an additional device - a semi-trailer) with dual run
is analyzed. (Fig. 1).

Dual run enables the tractor to
operate in a tracked regime (Fig. 1a),
or in a wheel regime (Fig. 1b); it is,
therefore, a combination of a track-
ed and wheel run. It provides an ope-

je funkciu pasu, resp. funkciu kole-
sa, odvalujuceho sa po vnutornej
strane pasu, ktory je z vonkajsej
strany v styku s podlozkou. Preto
pri ur€ovani odporu takto rieSené-
ho pojazdu je potrebné uvazovat
aj s vnutornym valivym odporom
kolesa po pase. K rie§eniu takéhoto
pripadu je vyhodné riesit problém

ration of the track or a wheel rolling
along the inner side of the track that
is in contact with ground on its outer
side. When resistance of the run solv-
ed in this way is determined it is ne-
cessary to take into consideration
internal rolling resistance of the
wheel along the track. To solve this
case it is advantageous to pay atten-

v§eobecného pripadu odvalujiceho
sa kolesa. Z dovodu radidlneho
kmitania elementov pneumatiky
boli zobraté do uvahy aj straty
energie, vznikajuce pri kmitani.

Pre zvoleny dynamicky model
(obr. 2) s rovnakymi parametrami
vsetkych naprav boli odvodené
prislusné pohybové rovnice [6]. Pre rozne hodnoty parametrov
naprav bol vytvoreny dynamicky model (obr. 6) rieSeny pomocou
programu DYNAST [4]. Hlavnym zamerom rieSenia modelov je

Obr. 1. Malotraktor s ndvesom s pdasom a) nezdvihnutym,
resp. b) zdvihnutym
Fig. 1. Small tractor-semi trailer and a track:
a) non-lifted, b) lifted

tion to a problem of a general case
of a rolling wheel. Because of radial
vibrations in the tire elements, ener-
gy losses resulting from vibrations
were also taken into consideration.

For the chosen dynamic model
(Fig. 2) featuring the same parame-
ters for all axles, the corresponding
equations of motion [6] were derived. A dynamic model (Fig. 6)

was designed for different values of axle parameters and was solv-

ed by means of the program DYNAST [4]. The main objective of

* Prof. Ing. Vladimir Hlavia, PhD., Ing. Pavel Fitz, PhD., Ing. Rastislav Istenik, PhD.
University of Zilina, Faculty of Mechanical Engineering, Department of Railway Vehicles, Engines and Lifting Equipment,

E-mail: hlavna@fstroj.utc.sk
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analyza vplyvu niektorych parametrov malotraktora (hmotnost
motora, vplyvy tuhosti a timeni pneumatik, vplyvy niektorych roz-
merov a pod.) na jeho ergonomické vlastnosti, mechanické nama-
hanie atd.

Na overenie niektorych vlastnosti dualneho pojazdu malo-
traktora bolo navrhnuté prislusné zariadenie, umoznujuce merat
jeho vlastnosti pri priamej jazde a pri zatacani.

1. Dynamicky model sustavy s rovnakymi
parametrami naprav

Na obr. 2 je znazorneny dynamicky model tahaca s navesom,
kde su za suradnice zvolené: zvislé posunutia x,, x, taZisk 7,, 7,
a natoCenie ¢,; tahaca. Systém ma 3° volnosti. Deformacie pruzin
¢, ako aj suradnice x a ¢ boli merané vzhladom na rovnovaznu
polohu. Potencidlna energia tiazi bola zanedbana.

Predpoklady: (x)t x, %, X, Fo; (H)U @, ¢ & ¢, = @53 X, = X,
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the model solution is an analysis of impact of some parameters of
the tractor-semi trailer (engine mass, influences of the tire stiff-
ness and damping, impact of some dimensions, etc.) on its ergo-
nomic properties, mechanical stress, etc.

To verify some properties of the tractor-semi trailer with dual
run specific equipment was designed to measure its characteris-
tics during a straightforward run as well as during turning.

1. A dynamic model of the system featuring the same
parameters of all axles

Fig. 2 presents a dynamic model of a tractor-semi trailer in
which vertical displacements x,, x, of centers of gravity 7,, 7, and
swivel of the ¢, trailer were chosen as coordinates. The system
has three degrees of freedom. Deformations of springs &, as well
as coordinates x and ¢ were measured with regard to the equilib-
rium position. Potential energy of masses was neglected.

Assumptions: (x)1 x, X, X, Fi; (F)U @, @ & @1 = @3 X = X,

a
< d+e
1 ' m1, J1 p=c
E.31 X1 Y / I m2, J2 ’Fi&ls
L)1 2
7z I , 7 o b
u k k
7 e Y p

Obr. 2. Schéma tahaca s ndvesom
Fig. 2. A tractor-semi trailer

Deformacie pruzin mézeme vyjadrit pomocou geometrickych
rozmerov, uvedenych na obr. 2.

L=x1—uy—(@a—¢o) ¢,

Spring deformations can be expressed by means of the geo-
metric dimensions given in Fig. 2.

=K —x—(a—c—d) ¢/d+e)

G=x—u;—(p—e)-(x,—x,—(@a—c—d)- ¢/(d+e).

Ako kinematické budenie bola zvolena ojedinela nerovnost
tvaru:

gy = 0.05(1 — cos(7 - x)),

uy = ult],

uy = ult + apl,

Rare unevenness of surface was chosen as kinematic excita-
tion:

ugy = 0.05[1 — cos(m v+ 1)],

us =ult+ (a + p)h].
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Pohybové rovnice boli zostavené pomocou Lagrangeovych
rovnic druhého druhu:

d [ OEk oD O0Ep d (O0Ek
—N =ttt =—=0, — (= |+
dt \ 0x, 0%, Ox, dt \ 0%,

Ich aplikovanim na rieSeny pripad mozno dostat vysledné
pohybové rovnice (platia pre malé uhly ¢,, ¢,) danej sustavy
(pricomplatiL=d +e,P=p—e,N=a — ¢):

AR AR LNV P (P P . PN
m1+? ATE I e 7‘P1+x1 2+7 b—x, Z+F b+ ¢ (2c—a)—7

Equations of motion were constructed by means of Lagrange
equations of second type:

O0Ep d ( OEk oD 0Ep
+—=0, —|—]|+—+—=
0¢, 0¢, d¢,

Applying the above mentioned for the solved case we get the

0Ox,

resultant equations (hold for small angles ¢,, ¢,) of the system

(while the following relation holds L =d +e, P=p —e¢, N=

=a-—o):

)b— b — iy +

(P P? P P PN P
+ il I b+ x, 2+7 k — x, Z+? k+ ¢ (26—[1)—? k — uk — uyk + uy 7 k=0, (1)

Bt

P2b+ 1+P2b+ PN+P2Nb 1+ 2)s
% a\T Tt L\UETT

2 P P? P
k+x2 1+ k+(p1 LN+PNk*u3 1+Z k:0, (2)
J2N N\ PPN\ (PN PN P’N
L +L2 o T X 2—? b+x2 T+7b <p1c+(c—a) + — B b —

PN PN PN
— b — b — b-i-xl +t—5 kt x| —+—%
L L L?

—wk — uyk — 143( 7 )k 0.

Pri poziadavke zohladnenia rozdielnosti parametrov jednotli-
vych naprav (radialna tuhost pneumatiky, kinematické, dynamické
a energetické vlastnosti ...), musia byt tieto vo vypoctoch respek-
tované, ako je uvedené dalej.

2. Kinematika kolesa v dualnom pojazde

Z hladiska kinematiky su pri odvalovani kolesa mozné tri
pripady. Ak v stykovej ploche kolesa a podlozky nedochadza k vza-
jomnému pohybu, ide o idealne odvalovanie (pripad vleceného
kolesa). V pripade, ze v dotykovej ploche dochadza k relativnemu
pohybu, ide o odvalovanie s preklzom (prenos hnacej sily), resp.
odvalovanie so Smykom (prenos brzdnej sily). V dualnom pojazde
je mozny vyskyt vSetkych spomenutych pripadov. Nezavisi to len
od toho, aka sila je prenasana (hnacia resp. brzdna), ale aj od
toho, ¢i sa koleso odvaluje po pase s hladkym vnutornym povr-
chom, alebo je zabezpeCeny bezsklzovy styk kolesa a pasu
vhodnym dezénom pneumatiky kolesa a tvarovanim vnutornej
plochy pasu.

Pri urCovani sucinitela odporu valenia dualneho pojazdu je
potrebné zohladnit jeho Specifika. Dochadza tu k odvalovaniu
pruzného kolesa po vnutornej strane pasu a k odvalovaniu pruz-
ného pasu po pruznej podlozke. V pripade, Ze bude posobit bocna

P2N2

(3)

In compliance with the requirement of paying attention to dif-
ferences in parameters of particular axles (radial stiffness of a tire,
kinematics, dynamic and energetic characteristics, ...), these have
to be respected in calculations, as will be shown later.

2. Kinematics of a wheel with dual run

From the viewpoint of kinematics there are three possible cases
during a wheel rolling. If there is no reciprocal motion in the
contact patch of a wheel and ground it is a case of ideal rolling
(a case of a towed wheel). When there is relative motion in the
contact area, it is a case of rolling with slip (transmission of trac-
tive effort) or rolling with skid (transmission of braking effort). In
dual run all three above mentioned cases are possible. It does not
only depend on type of effort which is transmitted (tractive or
braking), but also on the fact whether the wheel is rolling along the
track having a smooth inner surface or whether slide-free contact
of the wheel and the track is provided by means of a suitable tread
of the wheel tire and also by the shaping of the inner surface of
the track.

When determining the coefficient of rolling resistance of dual
run it is necessary to pay attention to its specific features. A fle-
xible wheel rolls along the inner side of the track and a flexible
track rolls along flexible ground. If there is side force acting on
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sila, bude dochadzaf k vytvaraniu mikrozon preklzavania nielen
elementov behuna pneumatiky po vnutornej ploche pasu, ale aj
elementov vonkajsej plochy pasu po podlozke a k bocnej defor-
macii pneumatiky i pasu. To sposobi hysterézne straty v pruznych
¢lenoch systému. Dosledkom tohto je ekvivalentné zvySenie vali-
vého odporu dualneho pojazdu.

V pripade, Ze je potrebné riesit nielen kinematické ale aj
dynamické problémy odvalujuceho kolesa, je vhodné zaviest tri
suradné pravouhlé systémy, ktoré su charakterizované jednotko-
vymi vektormi a dalej uvedenymi stvislostami - obr. 3.

Prvy - vztazny, nepohybhvy system so suradnymi osami x,,,
¥, 2, a jednotkovymi vektormi 7,, 7, k,.

Druhy suradny systém x, y, z (i, j, k) je situovany do stredu
kolesa tak, e jednotkovy vektor J je totoZny s osou otacania kolesa.
Smer pohybu kolesa je vSeobecny, pretoze ZohladHUJe uhol sme-
rovej odchylky kolesa (nie je totozny s z ani s 1)

k,=k,

Treti siradny systém osami x 0 Vpr 52 Jednotkovyml vektormi
Ips Jps k je spojeny s pasom tak, ze i, = =7a k =K.

Vzajomné suvislosti medzi uvedenymi suradnymi systémami
mozno vyjadrif pomocou natocenia jedného systému voci druhému.

Napr. pri otoceni vektora 7 o maly uhol k (kedy mozno predpo-
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run, micro zones of sliding not only of elements of the tire tread
along the inner surface of the track but also of the elements of the
outer surface of the track along the ground occur together with
lateral deformation of both the tire and the track. It will bring
about hysteresis losses in elastic members of the system. The result
will be an equivalent increase of rolling resistance of dual run.

When not only kinematics but also dynamic problems of the
rolling wheel are to be solved it is good to work with three
coordinate rectangular systems characterized by unit vectors and
dependences introduced further - Fig. 3.

The first reference fixed system with coordinate axes x,,, y,, z,
and unit vectors 7,,,;,,, l?,,.

The second coordinate system x, y, z (7, j, k) is situated in the
center of the wheel so that the unit vector J is identical with the axis
of the wheel turning. The direction of the wheel motion is general
because it respects the slip angle of tire (it is identical neither with

i, nor with 7).

k; + kM.

i,‘ + i.th

iy +inF

<4 = kvahz

Obr. 3. Situovanie troch siiradnych systémov; sily a momenty
Fig. 3. Location of three coordinate systems; forces and moments

The third coordinate system is connected with the track by
means of the axes x,, y,, z, and the unit vectors i f jp, k so that
l =7 and k =r.

Mutual dependences among the mentioned coordinate systems
can be expressed by means of swiveling of one system against
another. For example, when the vector 7 is turned by a small angle
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kladat, Ze sin k = k a cos k = 1) - obr. 4 - vyplyva pre natoceny
vektor vztah

k (we can assume that sin k = x and cos k = 1) - Fig. 4 - the fol-
lowing relation results for the vector of swiveling

Fo=T 4 KT 4 ro=TE KT, 4)
Ak jednotkovy vektor TI, vyply- r If the unit vector TP results from
nie z otoCenia i o (e + B) - k,,, o the swiveling of i by (e + f8) - l?,,
potom plati vzfah KF then the following relation holds
7,=1,+(e+ Kk, 1, resp. K R (r.sinK) i,=7,+(e+ Kk, 1, or
Ll
T,=7,+(e+ K, (5) r T,=7,+(e+ k), (5)

Obr. 4. Natocenie vektora r

v ktorom € je odklon nadstavby
vozidla od zvislej osi a B je nato-
Cenie kolesa - Cize relativny uhol pohybu nadstavby. Vyraz (e +
+ ) je absolutny uhlovy pohyb kolesa.

Podobne aj pre7 vyplyva z dvoch natoéem’f’,, o(e+ p)- 1?,, +
+ & Tl,, kde ¢ je uhol odklonu kolesa

J=i,t (e+B) -k, +&ET,+&(e+B)7) T, (6

Ak budu zanedbané malé veli¢iny druhého radu, potom platia
vztahy

J=int(e+B) -k, +ET) T,

resp. priblizne j = —(e + B) 7, +j, + £k, (7

Pre vSetky dalSie prepocty vratane vztahov (5) a (6) mozno
pouzit dalej uvedené schémy vzajomnych vazieb:

i, T k,
7 1 e+p 0
7 —(e+B) 1 13 (8)
k 0 —¢ 1

i T k,
i, 1 e+ B 0
7, —(e+B) 1 0 9)
k, 0 0 1

i, Iy k,
i 1 0 0
j 0 ¢ (10)
K 0 —¢ 1

Rychlost 7,( taziska kolesa mozno v pohyblivom suradnom
systéme urcif zo vztahu

V,=Xxi+yj+zk, (11)

Fig. 4. Swiveling of the vector r

in which € is deflection of the vehicle
superstructure from the vertical axis
and 3 is steering of the wheel, i. e. a relative angle of the super-
structure motion. The expression (e + ) is an absolute angular
motion of the wheel.

Similarly, it also results for / from two swivels off,, by (e + B)
. l?,, + & 7,, where £is a camber angle

=it e+ Bk, + &0, +E (et P)]) T, (6)

If small quantities of second order are neglected, then the
following relations will hold

J=int e+ Bk, + &) T,

or,approx. j = —(e+ B) -1, +j, + &k, @)

The following diagrams can be used for all other calculations,
including the relations (5) and (6)

i, T k,
7 1 e+p 0
i —(e+P) 1 3 (8)
K 0 —¢ 1

?’H 7" En
i, 1 €e+p 0
J, —(e+ B) 1 0 )
k, 0 0 1

i, Jy k,
7 1 0 0
i 0 1 3 (10)
K 0 ¢ 1

Velocity 17k of the center of gravity of the wheel in the movable
coordinate system can be determined from the relation

Ve, =%i+yj+zk, (11)
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a pre zrychlenie plati vztah

d;k_..-.)+.. ~.+.. E+.di+.d7+.d1€ 12
a tTrTE Yyttt 2

V uvedenom vztahu pre zrychlenie mozno derivacie vektorov
pohyblivej sustavy vyjadrit pomocou vektorov nepohyblivej
sustavy v zmysle prepoCtu (8). Derivacie vektorov nepohyblivej
stistavy podla Gasu st rovné nule. Teda pre 7 = 7,, +(e+ B) -7,,
plati

—

i .
— = E+h) T (13

a vektor 7‘,, mozno transformovat spat do povodnej sustavy. Ak
budu zanedbané malé veliciny druhého radu potom platia vztahy

—

ai L

i CR R

T _ e+ B)-T+éEk 14
a B)-it+ &k, (14)
dk £

i A

Po dosadeni vztahov (14) do vztahu (12) a potom do vzfahu
pre pohybovu rovnicu - obr. 3, ktora ma tvar

av,,

my ?=F7;+ Y,j, + Zk, = F,i — F,j — G,k — G/k,,

sa ziskaju tri skalarne pohybové rovnice pre smery
Tomli -y (e+ Pl =F-F,, (16)
Joooml% 4y &+ B) — ] =Y, — F, + &2, — G).(17)
ko om+58) =2, (G, = G) — &), (18)

Zmena momentu hybnosti, je rovna vyslednému momentu
vonkajsich sil vzhladom k fazisku kolesa

K, =Y M,. (19)

Moment hybnosti X, « je funkciou nezavislej uhlovej rychlosti
i+ o)+ ok

0= o,

(20)

ktorej zlozky mozno vyjadrit v pohyblivom siradnom systéme,
takze

Ek: (‘]xwxi'] w 7'Ixzwz).7+(7 nywx+‘]ywy7']yz wz)'7+ (7nywx7‘]yza)y+‘]zwz).]€'

Xy =y

Dosadenim zloziek vektora uhlovej rychlosti o (a pri zaned-
bani malych veli¢in druhého radu)

o=¢-T+¢j+E+ Pk, (22)
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and the following relation holds for acceleration

d;k_..?+.. f+.. F+.d7+.d7+.dE 12
g YRty sk eyt (12)

In the above mentioned relation for acceleration derivations
of the vectors of the movable system can be expressed by means
of the vectors of the fixed system according to the calculation (8).
The derivations of the vectors of the fixed system according to
time are equal to zero. Hence, for 7 = 7,, + (e + B) -7,, holds

& (€+B) (13)
== (e 7
7 B) “Jn

and vector 7,, can be transformed back to the original system. If
small quantities of second order are neglected, then the following
relations will hold

di BT

dl = (€ B Jns

dj .
—=—(é+PB)-it &k, (14)
dt

dk 5.7

dt = J»

After substituting relation (14) to relation (12) and then to

the relation for the equation of motion - Fig. 3 having the form

(15)
we get three scalar kinetic equations for directions
ioml¥ = (et Pl =F - Ey, (16)

m% +y(&+ B) — £ =Y, — F, + &Z, — G).(17)

s

Tl

m; +3€) = Z, = (G, = G) — &Y. (18)
The change in the moment of motion is equal to the resultant
moment of outer forces with reference to the wheel center of gravity
K=Y M,. (19)
The moment of motion K, is the function of independent
angular speed
i+oj+ ok,

0= o,

(20)

whose components can be expressed in the movable coordinate
system

(21

Substituting the components of the angular speed vector w
(neglecting small quantities of second order)

0=¢& T+ ¢ j+(E+P -k, (22)
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do rovnice (21) a s uvazovanim, Ze deviacné momenty su pri vyva-
Zeni kolesa nulové, vyplyva vztah pre moment hybnosti

Ko=J& T+ 1, J+I+p) K (23)

a jeho zmena v Case je dana vztahom

—

- . - - .o i dj . dk
Kk=Jx§~i+Jv¢~j+Jz(é+B)'k+J,V§Z+Jy¢>j+lz(é+ﬁ)z.

di

Vektor vysledného momentu vzhladom na tazisko kolesa sa
sklada z vektora momentu posobenia napravy ]\7,,, vektora poso-
benia pasu v styku s pneumatikou ]W‘ a vektora 7,” XF »» ktory
predstavuje moment sil posobiacich v styku kolesa s pasom k jeho
tazisku

(25)
F,=F-i,+Y,7,+2,k,

P

-

S=r-§-?,,—r-kp.

>l

Dosadenim rovnic (14), (24) a (25) do rovnice (19) v surad-
nom systéme x, y, z, s uvazenim rovnic (10) a za predpokladu, ze
J, = J.aJ, = J,, vyplynu tri skalarne rovnice pre smery:

i JE+Te(et B) =My, — M+ Yyr + Z,rE (26)

7 Jk¢ = Mh,y - Mv,y = Fr— gjwv,z’ (27)

ko JEE+P) +IGE=M. — M.~ &M, (28)
v ktorych vystupuje aj gyroskopicky moment

My=J 1=+ p)-T+ &Kl (29)

pricom M, , je moment valivého odporu a M, , je stabilizacny
moment.

3. Niektoré dynamické a energetické vlastnosti kolesa
v dualnom pojazde

Tak ako klasické automobilové koleso aj koleso s pneumati-
kou v dualnom pojazde ma moznost deformovat sa nielen v radi-
alnom smere, ale aj v smere tangencialnom a bo¢nom. Na pracu
kolesa v dualnom pojazde ma preto podstatny vplyv nielen jeho
tuhost, ale aj hmotnost a vlastnosti vizbovych sil vystupujtcich
medzi jednotlivymi elementmi pneumatiky.

into equation (21) and considering that the deviation moments are
zero at the wheel balancing, then the following relation for moment
of motion is developed

K, =J& T+ j+I(e+p) -k, (23)

and its change in time is given by the relation
(24)

The vector of the resultant moment with reference to the wheel
center of gravity consists of the vector of the axle impact moment
]\7,,, the vector of track impact in the contact point with the pneu-
matic tire M, and vector 7ps X F, »» Tepresenting the moment of
forces acting at the contact patch of the wheel with the track to its
center of gravity

My =M T+M,]+M.-F

Mv: _va' ip _ny'jp _Mvz' kp’
(25)
F,=F T, +Y, ], +2Z-k,

-

S=r-§~7p—r~k,,.

Sl

Substituting the equations (14), (24) and (25) into the equa-
tion (19) in the coordinate system x, y, z, taking into considera-
tion the equation (10) and providing that J, = J, and J, = J;,
three scalar equations for the following directions develop:

i JE+ Tp(et B =My~ M+ Yyr+ Zyré, (26)

.7 JA@ = M/i.y - Mv‘y - Fr— nguz’ (27)

ko JEE+B +IoE=M,.—M,.— &M, (28)
in which also a gyroscopic moment appears

M,=J¢l=(e+ BT+ &Kl (29)

where M, , is the moment rolling resistance and M, , is the
stabilization moment.

3. Some dynamic and energetic characteristics of the
wheel with dual run

Similarly as in the case of a classical automobile wheel also
a wheel with a pneumatic tire with dual run can be deformed not
only in radial direction but also in tangential and lateral direc-
tions. The performance of the wheel with dual run is, therefore,
substantially influenced not only by its stiffness but also by mass
and by properties of binding forces existing among individual ele-
ments of the pneumatic tire.
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3.1. Vplyv radialnej tuhosti

Za predpokladu, Ze otacajice
sa koleso uhlovou rychlostou w sa
sklada z nekoneéného poctu ele-
mentov hmotnosti dm (pre elemen-
tarny uhol dg) su tieto zatazené
radidlnymi silami dF, a silami trenia
dF,. Nech kazdy element sa pohy-
buje v radialnom smere v tuhom
spojeni s obvodom kolesa - pozri
obr. 5.

Hmotnost jednotlivych elementov dm, ak u charakterizuje
zmeny rozmerov pneumatiky hmotnosti 7 mozno urcit zo vztahu

dm=pw-m-Q2-m "' do. (30)

Elementarna radialna sila dF, od sil pruZnosti pdsobiaca na
elementarnu hmotnost dm pneumatiky s radialnou tuhostou £, je
dana vztahom

dF, = (r—ry) " k.- do, 31)

dr .
aak (bz + F) je trecia sila na jednotkovej dlzke (d¢ =1) priCom

prvy €len v zatvorke charakterizuje straty imerné rychlosti a druhy
ostatné straty. Pre elementarnu treciu silu dF, potom plati vztah

dr
dF, = (% + F)dgo, (32)

dt
Spominany element vykonava v skuto¢nosti dva pohyby:
« tangencialny s obvodovou rychlostou Ve = T,
« radidlny vyplyvajuci z pruznosti pneumatiky.

Po upravach je pohybova rovnica sledovaného elementu dana
vztahom
d d d d
Pt b it (k= W) 1y Py — F
dm dm

33
dm dm (33)

Zo vztahu (30) vyplyva, Ze na jeden radian uhla (dg =1)
pripadd hmotnost w - m - (2 - )~ L. Cast prvého clena pravej

de
strany rovnice (33) - k, d_ je kvadratom uhlovej rychlosti, teda
m
plati vztah
( 2k, )“
W= .
wm

Pohybovu rovnicu mozno teda napisat v koneGnom tvare

(34)

. wz. 2 2 wi
r+b-k—r+(a)k—w)'r=7(k,-r0—1’).

r

(35)

/

Obr. 5. Zdkladnd schéma a vseobecné rozmery
Fig. 5. Basic diagram and general dimensions
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\ 3.1. Influence of radial stiffness

Providing that the wheel rotat-
ing at the angle velocity w, consists
of an infinite number of elements
- of mass dm (for the elementary

angle do); these elements are
@ loaded with radial forces dF, and
do

Ry 1o

friction forces dF,. Let each
element move in radial direction in
a rigid contact with the wheel cir-
cumference - see Fig. 5.

If w characterizes changes of dimensions of the pneumatic
tire mass m, the mass of individual elements dm can be determin-
ed from the relation

dn=u-m-Q2-m ' do. (30)

The elementary radial force dF, from forces of elasticity
acting on the elementary mass dm of the pneumatic tire having
radial stiffness k, is given by the relation

dF,=(r—ry) -k, do. 31

dr
and if (b; + F) is friction force along the unit length (d¢ =1);

where the first element in the brackets characterizes losses pro-
portional to the velocity and the second characterizes other losses.
Then, for the elementary friction force d, the following relation
holds
dr
dF,=(b—+ F |do. (32)
dt
The mentioned element actually carries out two motions:

« tangential, with circumferential velocity Vg = o,
« radial, resulting from the pneumatic tire elasticity.

After the arrangements, the kinetic equation of the observed
element is given by the relation
do do

—F—.

Crg— 33
Yo dm dm (33)

d d
bt (k= o)) - 1k,
dm dm

From the relation (30) follows that to one radian of the angle
(de =1) corresponds the mass y - m - (2 - )~ '. A part of the first

de
element of the right side of the equation (33) - &, d_ is a square
'm
of the angular velocity and, therefore, the following relation holds
( 2k, )"'5
o= .
wm

The equation of motion can be then written in its definitive
form

(34)

. wz. 2 2 wi
r+b-k—r+(wk—w)~r=k—(k,~r0—F).

r

(35)

KOMUNIKACIE / COMMUNICATIONS 1/2001 27



KOMNIKOCIe

C O M MUNICATI ON:S

Ak sa parametre k,, w,, b, w a F nebudu s ¢asom menif, tak
rovnica (35) je linearna diferencialna rovnica druhého radu s kon-
Stantnymi koeficientmi a pravou stranou. RieSenim tejto rovnice
je mozné ur€it kmitanie sledovaného elementu pneumatiky pre
rozne prevadzkové podmienky.

3.2. Straty energie

Energiu elementu pneumatiky pri opustani zény kontaktu
mozno vSeobecne napisat ako sucet jeho kinetickej a potencialnej
energie

E=E +E, (36)

Pri opustani zony kontaktu pneumatiky jej element kmita.
Ked'Zze hodnotu potencialnej energie elementu mozno zanedbat
(polomer pneumatiky je v tomto bode pribliZne rovny R, - obr. 5),
bude celkova energia rovna Kinetickej energii v momente opusta-
nia zony kontaktu. Celkovu kineticku energiu vSetkych elementov
pneumatiky mozno vyjadrif vztahom

1
E =~

5 37

f v, dm.

Aby bolo mozné tito energiu vypocitat je potrebné poznat
rozloZenie hmotnosti po priereze pneumatiky a zavislost zmeny
relativnej rychlosti. Podla Kulikova mozno radialnu rychlost kraj-
ného elementu pneumatiky (v mieste dotyku) pri opustani zony
kontaktu uréit z priblizného vztahu

R, cosg,
R .

pa

Vo=Ry @ tg<p0<l + (38)

Radialna rychlost elementov v mieste styku pneumatiky s rafi-
kom je nulova. Rychlost ostatnych elementov pneumatiky sa bude
teda menit v hraniciach od v, — 0. Zmena rychlosti moze byt
vSeobecna, resp elementy mozu kmitat v jednej faze (sucasné vzda-
lovanie sa od centra). Experimenty ukazali, Ze elementy obrysu
pneumatiky kmitaji obycajne v jednej faze.

V pripade, Ze su zname zavislosti spominanych veli¢in (roz-
lozenia hmotnosti a zmeny rychlosti), je mozné vypocitat energiu
za jednu otacku kolesa, pretoZe vSetky elementy prejdi zénou
kontaktu, ziskaju kinetick energiu i vyuziju ju pri radialnom vlast-
nom kmitani za zonou kontaktu.

Ked'Ze ¢as jednej otacky kolesa vyplyva zo vztahu 27 = w - At,
mozno stratovy vykon potrebny na kmitanie urcit z nasledujiiceho
vztahu

fRé 187 @y(R,, + Ry cosg,)’dm

. 2
”‘ 4mR,,

. (39)

Ak stredna obvodova rychlost pre valivy polomer kolesa r,
v zéne kontaktu pneumatiky s pasom je v = r, w, potom radidlna
sila v dosledku kmitania elementov pneumatiky je dana vztahom
[RE -t ¢y(R, + Ry cosgy)dm

2 3
471'R,,a T

Frd = V. (40)

If the parameters k,, w;, b, w and F' do not change with time,
then the equation (35) is a linear differential equation of second
order with constant coefficients and with a right side. When solving
this equation it is possible to define vibrations of the observed
element of the pneumatic tire for different operational conditions.

3.2. Losses of energy

When leaving the contact area, energy of the pneumatic tire
element can be generally described as a sum of its kinetic and
potential energy

E=E, +E, (36)

At leaving the contact area of the pneumatic tire, its element
vibrates. As the value of potential energy of the element can be
neglected (radius of the tire in this point is approximately equal to
R, - Fig. 5), the total energy will be equal to kinetic energy in the
moment of leaving the contact area. Total kinetic energy of all ele-
ments of the pneumatic tire can be expressed by means of the rela-
tion

i,

o= [v2dm. (37)

In order to calculate this energy it is necessary to know distri-
bution of mass along the tire cross-section and dependence of
a change of relative speed. According to Kulikov radial velocity of
the boundary element of the tire (in a contact patch) at leaving
the contact area can be determined from the approximate relation

R, cosg,
R .

pa

Vo=Ry @ tg%(l + (38)

Radial velocity of elements in the point of the tire-rim contact
is zero. Velocity of other elements of the pneumatic tire will, there-
fore, change within the range from v, — 0. The change of velocity
can be general or, in other words, the elements can vibrate in one
phase (simultaneous motion away from the center). The experi-
ments have shown that elements of the tire outline usually vibrate
in the same phase.

When dependences of the mentioned quantities are known
(distribution of mass and changes of velocity), it is possible to
calculate energy during one revolution of the wheel because all
elements pass through the contact area, acquire kinetic energy
and use it in radial vibration behind the contact area.

As the time need for one turning of the wheel follows from the
relation 27 = w - At, loss output needed for vibrations can be
determined from the following relation

JR% g’ @y(R,, + Ry cosg,)’dm

2
’k 47 R;,

. (39)

If the mean circumferential velocity for rolling radius of the
wheel r, in the area of the tire-track contact is v = r, w, then radial
force due to vibration of the tire elements is given by the relation
|R2 &R, + Ry cosgy)dm

7 3
47TRM r,

Frd = V2. (40)
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Za predpokladu, Ze uhol ¢, bude maly, potom tge, = ¢,;
cos ¢, = 1 a Ry = r, = ry takZe rovnica (40) nadobudne tvar

| 3R, + roYdm

Frdg 47TR;ar0 v, (41)

resp.
| B(R,, + 1o rodm
e 4w R,

. (42)

Pri dynamickom vypocte je potrebné reSpektovat rozne vlast-
nosti naprav vozidla. Uvedené vzfahy aplikované pre koleso v dual-
nom pojazde definuju niektoré vstupné parametre naprav vozidla
a to na zaklade informacii o kolese (typ pneumatiky, rozmer, tlak
v pneumatike atd.).

4. Dynamicky model sustavy s rozdielnymi
parametrami naprav

Matematicky model, ktorého vypoctova schéma je na obr. 6,
umoznuje vypocet prislusnych hodndt tahaca s navesom pre [ubo-
vol'né hodnoty tuhosti a timeni kolies jednotlivych naprav. Tuhosti
a tlmenia na jednotlivych kolesach naprav mozu byt okrem iného
vyznamne ovplyvnené napr. typom pouZitych pneumatik, tlakom
vzduchu v pneumatikach a pod.

Engine
My

®

Ballast
m
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Supposing that the angle ¢, is small, then tgg, = ¢,; cos
¢, =1 and R, = r, =~ r, and the equation (40) will have the
following form

QD%)(Rpa + rO)de 5

d = 477Rp2a ro Vv, (41)
or
2 2
[ G(R,, + 1) rgdm ,
rd = 47TR;Q w. (42)

In case of dynamic calculation it is necessary to take into con-
sideration different characteristics of the vehicle axles. The men-
tioned relations implemented for the wheel with dual run define
some input parameters of the vehicle axles on the basis of inform-
ation about the wheel (type of pneumatic tire, dimension, press in
tire, etc.).

4. Dynamic model of the system with different
parameters of axles

The mathematical model whose computing scheme is in Fig. 6
enables the calculation of corresponding values of the tractor-semi
trailer for arbitrary values of stiffness and damping of wheels of
individual axles. Stiffness and damping on individual wheels of
axles can be, apart from other things, significantly influenced by,

T1\HT

e.g. a type of the used pneumatic tires, air pressure in tires, etc.

@ my, I \v

m4, I =
2 I
. YT Yfo wf
u
kA g\l bA kB {\1 bB kC bC
N | N

gl ¢ d e

- a p

Obr. 6. Schéma sistavy tahaca s ndvesom s rozdielnymi parametrami ndprav
Fig. 6. System of a tractor-semi trailer with different parameters of axles

Model tahaca s navesom vyuziva zjednoduseny model pneu-
matik, uvedeny na obr. 7. Pre vyvin radialnej sily su pre pneuma-
tiku rozhodujuce tieto aspekty:

« nelinearita deformacnej konstitucnej zavislosti (zavislosti medzi
radialnou deformaciou a silou). Konstitucna zavislost (dalej len
k. z.) je vdy typu spodné obmedzenie vplyvom moznosti odskoku
kolesa od podlozky. Pre praktické vypocty je potrebné pouzivat
k. z., stanovenej za podmienok, zodpovedajicich najcastejSie
vyuzivanému rezimu ¢innosti pneumatik. Pre bezné podmienky

The model of the tractor-semi trailer makes use of simplified
type of pneumatic tires shown in Fig. 7. To develop radial force
the following aspects are decisive for a pneumatic tire:

« non-linearity of deformational, constitutional dependence (depen-
dence between radial deformation and force). Constitutional
dependence (further abbreyv. as c. d.) is always of down limitation
type due to possible interruption of the wheel-ground contact.
For practical calculations it is necessary to use the c. d. given
under the conditions corresponding to the most frequently used
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prevadzky malotraktora nie je potrebné vplyv nenulovej krivosti
nerovnosti podlozky na zmenu deformacne;j k. z. uvazovat.

« tlmenie pneumatiky, ktoré je opat zavislé na rovnakych prevadz-
kovych parametroch. Vzhladom k jeho malej vel'kosti v rozho-
dujucom rezime ¢innosti pneumatiky je mozné ho uvazovat ako
linearne zavislé od tlaku v pneumatike.

Z nameranej [1] deformacnej charakteristiky jednej pneuma-
tiky Barum 168/80 R 13 OR 34 (obr. 8) vyplyva jej radialna tuhost
k=2,0-10° N- m~ ! akonstanta linearneho tmenia b = 30 N - s -
m~! pre amplitadu deformacie pneumatiky w = 1.5 mm. Vzhla-
dom na to, Ze meranie konstanty timenia pneumatik pouZitych na
rieSenom malotraktore zatial nebolo realizované, bola vo vypoc-
toch uvazovana orienta¢na hodnota podla [1].

Obr. 7. Zjednoduseny model pneumatiky
Fig. 7. Simplified model of tire

Standardné parametre sustavy boli nasledovné: v = 15 km - h™ "
a=052myv=01md=02me=1mp=123m;c=0,1m;
k=4-10°N-m ';b=60N-s-m ';motor: AGZAT 3,5 kW/
5500min" !, m w = 16 kg (bez prislusenstva). V legende obrazkov
je uvedené, ktory zo Standardnych parametrov bol zmeneny (napr.
hmotnost pouZzitého motora mM, hodnoty rychlosti) a prislusna
hodnota na aku bol zmeneny (ostatné parametre zostavaju Stan-
dardné).

Simula¢ny vypocet bol urobeny pre kinematické budenie
tvaru funkcie cos, priCom vyska nerovnosti bola uvazovana 0,05
m a dizka nerovnosti 0,15 m. Grafické znazornenie kinematic-
kého budenia jednotlivych naprav v zavislosti od polohy vozidla je
znazornené na obr. 9.

Vzhladom na poziadavku viacerych vykonovych variantov
stroja (deklarovanu v cieloch projektu) bola urobena analyza
vplyvu hmotnosti motora (obr. 13). Do rieSeného malotraktora sa
§tandardne montuje motor AGZAT (3,5 kW/5500 min~ ') s hmot-
nostou 16 kg bez prislusenstva.

operational mode of pneumatic tires. For ordinary operational
conditions of a small tractor it is not necessary to consider
influence of non-zero curvature of unevenness of ground on
change of c. d. deformation;

« damping of the tire which is also dependent on the same ope-
rating parameters. Due to its slight magnitude in the decisive
operational mode of the pneumatic tire it is possible to consid-
er it as being linearly dependent on tire pressure.

From the measured [1] deformation characteristic of one
pneumatic tire Barum 168/80 R 13 OR 34 (Fig. 8.) follows its
radial stiffness k = 2.0 - 10° N- m~ ! and the constant of linear
damping b = 30 N+ s - m™ ! for the amplitude of pneumatic tire
deformation w = 1.5 mm. Owing to the fact that measurements of
the damping constant of the tires used on the small tractor des-
cribed in this article have not been carried out so far, the orienta-
tion value specified in [1] was used for the purpose of our
calculations.

2000 static
v=100kmh' - £=0
p=180kPa rs (N) , /
Nro=3000N 1000 { /
T // f=8-15Hz
rotation
20 -10 0 10
Barum / — w (mm)
168/80 R13 OR 34// [ -1000
//
//
/ L -2000
///
///
- - -3000

Obr. 8. Deformacnd charakteristika pneumatiky
Fig. 8. Deformation characteristic of tire

The standard parameters of the system were the following:
v=15km-h " a=052mv=01md=02me=1m
p=123mc=01mk=4-10°N-m 5 b=60N-s-m "
engine: AGZAT 3.5 kW/5500min "}, m w = 16 kg (without acces-
sories). The text below the figures says which of the standard para-
meters was changed (e.g. mass of the used engine mM, values of
velocity) and the corresponding value to which it was altered
(other parameters remain standard).

The simulation calculation was made for kinematics
excitation of cos function where the height of unevenness was
considered 0.05 m and the length of unevenness 0.15 m. Graphic
presentation of kinematics excitation of individual axles in
dependence on a position of the vehicle is in Fig. 9.

Taking into consideration the requirement for more output
variants of the machine an analysis of influence of the engine
mass was done (Fig. 13). The engine AGZAT (3.5 kW/5500 min ™ !)
having the mass of 16 kg without accessories was mounted in
a standard way into the investigated small tractor-semi trailer.

30 « KOMUNIKACIE / COMMUNICATIONS 1/2001



KOMNIKOCIe

C O MMUNICATION:S
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Obr. 9. Kinematické budenie jednotlivych ndprav
Fig. 9. Kinematic excitation of individual axles

Niektoré alternativne motory:
Robin EH18V

ACME ADN 48W

ACME ADN 54W

16,7 kg (4,5 kW/3600 min "),
55 kg (7,5 kW/3600 min 1),
55 kg (8,4 kW/3600 min~").

Analyza parametrov sustavy je podrobne rozpracovana v [6].
Pre ilustraciu st na obr. 10 - 13 uvedené priebehy niektorych cha-
rakteristickych velicin.

Realizaénym vystupom rieSenej problematiky je definovanie
optimalnych parametrov pre navrh prototypu malotraktora s dual-
nym pojazdom. Z obr. 10 - 13 je na prvy pohlad zrejmé, ze

Some alternative engines:
Robin EH18V

ACME ADN 48W
ACME ADN 54W

16.7 kg (4.5 kW/3600 min 1),
55 kg (7.5 kW/3600 min "),
55 kg (8.4 kW/3600 min ).

A detailed analysis of the system parameters is presented in
[6]. Courses of some characteristic quantities can be seen in Figs.
10 - 13.

An output of the solved problems is to define optimal para-
meters suitable for designing a small tractor-semi trailer with dual
run. It is obvious from Figs. 10 - 13 that the damping of the

0.05 standard

0.03 -
= 0.01 - VYT
E o001 | \Vad —WN

-0.03 -

-0.05

0 0.2 0.4 0.6 0.8 1 1.2 t(s) 1.4
Obr. 10. Poloha taZisk tahaca a ndvesu pre Standardné parametre
Fig. 10. Position of centers of gravity of the tractor and semi-trailer for standard parameters
0.1
IHH PR
‘ — 15 km/h

£ 0 e a,{‘*i.,'!‘“{..'Aéw.,!-l.!‘!,A‘-!‘!_!'L““!HL.‘,‘&.-“‘!' ‘w‘-i ’A‘i 7 km/h
- UL WO MU RN WA R A A MK e

-0.05 1 m

-01

0 0.5 1 1.5 5 2.5 3 3.5 t(s) 4
Obr. 11. Priebeh YN pre rozne rychlosti
Fig. 11. A course of YN for different velocities
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Obr. 12. Priebeh FIN pre rozne rychlosti
Fig. 12. A course of FIN for different velocities
0.05
0.03 -
£ -0.01 1 W\N\/ — my55kg
-0.03 -
-0.05
0 0.5 1 1.5 t(s) 2

Obr. 13. Priebeh YT pre rozne hmotnosti motora
Fig. 13. A course of YT for different engine masses

tlmenie sustavy, ktorého parametre boli prevzaté z [1] je velmi
malé. Tato skutoCnost potvrdzuje nevyhnutnost experimentalne
overit konstanty tlmenia pre pneumatiky rieSeného malotraktora.
Pre overenie prislusnych vstupnych parametrov vypoctu bol
navrhnuty skusobny stav KO-PA-PO.

5. Skusobny stav

Pre vyhodnocovanie nielen zakladnych vlastnosti dualneho
pojazdu, ale aj pre overenie teorie dualneho pojazdu je potrebné
poznat niektoré realie, vznikajuce v interakcii koleso - pas - pod-
lozka (KO-PA-PO). Skusobny stav navrhovany na Katedre kolajo-
vych vozidiel, motorov a zdvihadiel (KKVMZ) ma umoznit ziskat
zakladné informacie o interakcii koleso - pas - podlozka. Tato
interakcia vyznamnou mierou rozhoduje o vlastnostiach stroja.
Vzhladom na existujuce finanéné moznosti je zariadenie navrhnuté
tak, aby bolo ¢o najjednoduchsie a boli vyuzité dostupné existu-
juce zariadenia laboratorii katedry.

Pri navrhovani skuSobného stavu na zistovanie niektorych
zakladnych vlastnosti interakcie koleso - pas - podlozka (pozri obr.
14) sa vychadzalo z tychto zakladnych vSeobecnych poziadaviek:
« jednoduchost a spolahlivost zariadenia,

« minimalizacia nakladov na vyrobu,
o vyuZzitelnost niektorych existujucich zariadeni laboratorii
KKVMZ

system, the parameters of which were taken from [1] is minimal.
This fact underlines the necessity to experimentally verify the
damping constants for pneumatic tires of the investigated small
tractor. To verify the corresponding input parameter of the calcu-
lation the test stand KO-PA-PO was designed.

5. Test stand

To evaluate not only the basic characteristics of dual run but
also to verify dual run theory it is necessary to know some facts
occurring during an interaction of wheel-track-ground (KO-PA-PO).
The test stand designed in the Department of Railway Vehicles,
Engines and Lifting Equipment enables to acquire basic informa-
tion about the above-mentioned wheel-track-ground interaction.
This interaction significantly influences the machine characteris-
tics. Owing to the present financial situation the test stand was
designed so as to be as simple as possible with the objective of
using the existing equipment of the department laboratories.

The basic general requirements served as the basis when design-
ing the test stand for investigation of some fundamental characte-
ristics of the wheel-track-ground interaction (see Fig. 14):

« simplicity and reliability of the equipment,
« minimalization of production costs,
« utilization of some already existing laboratory equipment.
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a poziadaviek Specifickych vyply-
vajucich zo samotného ciela ulohy
t.j.

« overenie zakladnych technickych
moznosti dualneho pojazdu,

« zistenie niektorych zakladnych
parametrov dualneho pojazdu,

« overenie spravania sa dualneho
pojazdu pri pésobeni bocne;j sily
so zameranim sa na vedenie
pasu,

» porovnanie zakladnych vlast-
nosti dualneho pojazdu v preve-
deni ,ako pasovy pojazd” a ,ako
kolesovy pojazd®, t. j. v oboch
polohach turasu,

« v pripade potreby zistovat Zivot-
nost a spolahlivost zakladnych casti dualneho pojazdu,

« umoznit konfrontovat vysledky niektorych teoretickych rieseni
suvisiacich s podstatou navrhu dualneho pojazdu.

Na zaklade uvedenych poziadaviek bola spracovana uvodna
studia projektu skusobného stavu, pozostavajuceho z dalej uvede-
nych zakladnych casti:

1. zdroj energie. Ako zdroj energie je navrhnuty elektricky in-
dukény dynamometer MEZ Vsetin KS 37A - 4 tvar M64277Z,
ktory je inStalovany v priestoroch laboratorii katedry a jeden
jeho koniec je vyuzivany na zistovanie mechanickych strat
spalovacich motorov. Zakladné parametre dynamometra su
uvedené v tabulke 1.

2. blok - stojan, pozostavajuci z:

« ramu ako nosnej Casti,

« nekonecného pasu, ako podlozky. Povrch nekonecného pasu
mozno nasledne riesit roznymi ipravami imitujucimi vlast-
nosti roznych druhov podlozky,

« vychylovanej ¢asti, umoznujucej modelovat jazdu v obluku.

3. dudlny pojazd, pozostavajuci z:

« naklapanej konzoly - turas,

« hnacieho kolesa,

» napinacieho kolesa,

Obr. 14. Virtudlny model skiisobného stavu KO-PA-PO
Fig. 14. Virtual model of the KO-PA-PO test stand « to determine service life and reli-
ability of basic elements of dual
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There were also some specific
requirements resulting from the
objective of the task itself, i. e.:

« to verify basic technical possibi-
lities of dual run,

« to determine some basic para-
meters of dual run,

« to verify dual run behavior when
side force is applied, focusing on
the track guidance,

» to compare basic characteristics
of dual run when operating as
“a tracked run” and as “wheel
run”, i. e. in both positions of
the inclinable console,

drive when necessary,
« to enable confrontation of results of some theoretical solutions
having relations to the core of the dual run design.

On the basis of the above-mentioned requirements an
introductory study of the test stand project was prepared. It
consisted of the following basic parts:

1. source of energy. An electric induction dynamometer MEZ
Vsetin KS 37A - 4 of M642ZZ shape has been suggested as
the source of energy. It is installed in the laboratories of the
department. One end of the dynamometer is used to deter-
mine mechanical losses of combustion engines. Basic para-
meters of the dynamometer are shown in Table 1.

2. block - stand, consisting of:

« aframe as a supporting structure,

« an infinite strip serving as ground. The surface of the strip
can be altered so that characteristics of various types of
ground can be imitated,

« a part which can be deflected, thus enabling simulation of
ride in arc.

3. dual run, consisting of:

« an inclinable console,

« a driving wheel,

« a tightening wheel,

« pasa. « a strip.

Zakladné parametre dynamometra KS 37A - 4 Tab. 1 Basic parameters of a dynamometer KS 37A - 4 Tab. 1
Vykon kW 7.3 22 41 Power kW 7,3 22 41
Otacky min~! 500 1500 2800 Revolution min ™" 500 1500 2800

6. Zaver 6. Conclusion

Model na obr. 2 predpoklada rovnaké hodnoty tuhosti a timeni
na jednotlivych napravach. Aplikacia odvodenych vzfahov (1),
(2) a (3) pre vypocet je Casovo vel'mi naroéna. Pre pripad réznych
tuhosti a tlmeni jednotlivych naprav a analyzu vplyvu hmotnost-
nych a rozmerovych parametrov bol navrhnuty spresneny model
vozidla uvedeny na obr. 6. V tomto modeli boli aplikované spres-

The model shown in Fig. 2 suggests equal values of stiffness
and damping on individual axles. The application of derived rela-
tions (1), (2) and (3) for calculation is time consuming. A more
precise model of a vehicle shown in Fig. 6 was designed for cases
of different stiffness and damping of individual axles and for ana-
lysis of influence of mass and dimensional parameters. In this
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nené charakteristiky pneumatik a boli reSpektované niektoré kine-
matické, dynamické a energetické vlastnosti kolesa v dualnom
pojazde. Pri uvazovani priestorového pohybu kolesa boli zohlad-
nené zotrvacné sily vyplyvajice zo sucinu rychlosti translacného
a rotacného pohybu, vplyv boénej sily na koleso a vektor vysled-
ného momentu vzhladom na tazisko kolesa zohladnujuce gyrosko-
picky ucinok otacania kolesa. Aby bola problematika styku koleso
- pas - podlozka v rieSenom dualnom pojazde podrobne vyset-
rena je potrebné teoreticky doriesit niektoré problémy stvisiace so
stykom kolesa a Specificky upraveného pasa. Toto nie je mozné
rieSit vSeobecne, ale iba pre konkrétnu konstrukénu Gpravu pasa.
Na overenie ziskanych vysledkov bol navrhnuty skuSobny stav.

Uvedené vysledky si realizacnym vystupom grantovej tilohy ¢.
1/5269/98 [8].
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PRISPEVOK K ANALYZE NESTACIONARNEHO
NAHODNEHO KMITANIA VOZIDIEL

CONTRIBUTION TO THE ANALYSIS OF NON-STATIONARY

RANDOM VIBRATION OF VEHICLES

Cielom prispevku je zahrniit do ,klasického* Statistického riese-
nia kmitania vozidiel nestaciondrne nahodné budenie. Ostatné para-
metre vozidla si deterministické funkcie. Nestaciondrna ndhodnd
funkcia bude modelovand premenlivou rychlostou vozidla a vertikal-
nou nerovnostou trate. Budeme uvaZovat evolucny gaussovsky proces.
Dynamika pohybu kolajového vozidla bude analyzovand pouzitim
Monte Carlo simuldcie a tedrie Markovovych proceso.

Kliicové slova: ndhodné kmitanie, Monte Carlo simuldcia, Mar-
kovov proces nestaciondrny ndahodny proces, stochastickd analyza,
odozva strednej hodnoty, kovariancnd odozva.

Uvod

Vacsina Studii v oblasti stochastickej dynamiky je venovana
gaussovskym stacionarnym budeniam, ale len malo nahodnych
procesov v inZinierskej praxi je realne gaussovskych a stacionar-
nych. Stochastické zatazenia mozu byt interpretované nie len ako
externé sily, ale aj ako externé kinematické efekty. Bolotin v [3]
definoval nahodné zataZenie nasledovne:

- zataZenie od turbulencie atmosféry,

- akustické zataZenie,

- zafaZenie od pulzacie v turbulentnej okrajovej vrstve,

- zafaZenie od tlaku morskych vin,

- zataZenie dopravnych strojov od nerovnosti jazdnej drahy a
- seizmické zataZenie.

Na druhej strane, exaktné rieSenia v linearnych alebo neline-
arnych analyzach nahodnych vibracii si vel'mi limitované a su
obycajne zalozené na predpokladoch, Ze budenie je charakteru
gaussovského bieleho Sumu a konstrukcie mozu byt modelované
ako systémy s jednym stupnom vol'nosti. Je zname, Ze rieSit dyna-
mické systémy s viacerymi stupnami vol'nosti je mozné len nume-
rickymi postupmi.

V pripade stochastickych systémov (najmi nelinearnych) sa
stretavame s pristupmi ako su: metoda tangencialnej linearizacie
(TLM) [13], metoda Statistickej linearizacie (SLM) v réznych
modifikaciach [1], [6], [8], [9], [11], [13], [15], [17], [18], metdda
Statistickej kvadratizacie (SQM) [20], aplikacia Markovovych pro-
cesov (MPT) [10], [16], [17], funkcionalna metdda Voltera a Wie-

* Milan Saga

The goal of the paper is to include non-stationary random vibra-
tion excitation into the “classic” statistical solution of vehicles. Other
vehicle parameters are the deterministic functions. The non-stationary
random function will be modelled by changeable speed of the vehicle
and vertical unevenness of track. We shall assume evolutionary Gaus-
sian process. The dynamics of railway vehicle motion will be analysed
by the Monte Carlo simulation and the theory of Markov processes.

Key words: random vibration, Monte Carlo simulation, Markov
process, non-stationary random process, stochastic analysis, mean
response, covariance response.

Introduction

Most studies in the field of stochastic dynamics are devoted
to Gaussian stationary excitations but only a few random process-
es in engineering practice are really Gaussian and stationary. Sto-
chastic loadings will be interpreted not only as external forces, but
also as external kinematics effects. Bolotin defined [3] random
excitation as follows:

- loading due to atmospheric turbulence,

- acoustic loading,

- loading due to pulsation in a turbulent boundary layer,

- loading due to pressure of sea waves,

- loading of transport machines due to unevenness of track, and
- seismic loading.

On the other hand, the exact solutions in linear or non-linear
random vibration analyses are very limited and they are usually
based on the assumptions that the excitation is Gaussian white noise
and the structures can be modelled as single degree-of-freedom
systems. It is well known that to solve the multi degree-of-freedom
dynamics systems is possible only numerical approaches.

In the case of stochastic systems (especially non-linear) we
encounter the approaches, such as: tangent linearization method
(TLM) [13], statistical linearization method (SLM) in various
modifications [1], [6], [8], [9], [11], [13], [15], [17], [18], statis-
tical quadratization method (SQM) [20], the Markov process ap-
proach (MPT) [10], [16], [17], functional method of Volterra and

Department of Mechanics and Strength, Faculty of Mechanical Engineering, University of Zilina, Velky diel, SK-01026 Zilina, Slovak Republic

E-mail: saga@fstroj.utc.sk
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nera (FMVW)[13], asymptoticka metoda Krylova - Bogoljubova -
- Mitropolského (ASM) [6], perturbacna metoda (PM) a jej modi-
fikacie [4], [6], [11], [17].

Vdaka vypoctovej technike je simulacna metéda Monte Carlo
vel'mi popularna a ¢asto aplikovana [6], [7], [19], [21]. Hoci tato
metoda je jednoducha a nema obmedzenia, je vSeobecne ¢asovo
narocna a draha. Z pohladu tychto tazkosti, aproximacné metody,
vratane PM, TLM, SLM, SQM, MPT mozu byt vyhodné. Niektori
autori hladaju nové pristupy rieSenia kombinaciou Monte Carlo
metody s inymi metddami [7].

Matematicky model

Na vytvorenie matematického modelu systému pre dynamick
analyzu je potrebné idealizovat iner¢né, timiace a tuhostné vlast-
nosti diskrétnymi alebo spojitymi prvkami (kone¢né prvky). Oby-
Cajne prvy krok je vytvorit fyzikalny model, ktory moze byt
suhrnom diskrétnych prvkov ako st hmota, pruzina, timi¢ alebo
prvkov kontinua ako pruty, nosniky, skrupiny a objemy alebo kom-
binaciou diskrétnych a spojitych elementov. Aplikacia zakladnych
principov mechaniky da sustavu v§eobecne nelinearnych diferen-
cialnych rovnic

() +AC 0 - x(0) = A1), (1

kde x(#) je vektor odozvy zodpovedajuci nahodnému vektoru
budenia f(r), A(x,t) je redlna alebo komplexna matica sustavy
rozmeru n X n. A(x,t) moze byt linearna alebo nelinearna, zavisla
od charakteru problému. Mnoho mechanickych modelov je line-
arnych vdaka ich analytickej jednoduchosti a faktu, ze davaju
realne vysledky pre vel'ku triedu problémov.

Avsak existuje mnozstvo uloh, pre ktoré linearne modely
nedavaju akceptovatelné vysledky, takze je nevyhnutné vytvarat
nelinearne modely. To znamena, ak A(x.7) je nelinearna, moézZeme
aplikovat zname aproxima¢né metody (PM, TLM, SLM, SQM).
Pouzitim linearizacnych technik dostaneme Statisticky ekvivalentnu
maticu systému A.

Tato Studia prezentuje dva pristupy na stanovenie odozvy
systému modelovaného rovnicou (1):
1. pomocou tedrie Markovovych procesov a
2. Monte Carlo simulaciou.

Riesenie pomocou tecrie Markovovych procesov

Formulacia Markovového procesu vyZzaduje idealizaciu, Ze
budenie je nezavislé od dvoch Casovych okamzikov bez ohladu
ako blizko sa nachadzaju (delta korelacia) [17]. Tento predpoklad
[17], [4], ktory je jasne fyzikalne nerealizovatelny, vedie k takym
modely, ktoré maju charakter bieleho Sumu a procesy ziskané line-
arnym filtrovanim bieleho Sumu.

Uvazujme systém diferencialnych rovnic prvého radu (1)
s pociato¢nymi podmienkami x(0) = 0 a silovym budenim f{¢) =
= y(¢) - p(2). Sila f(t) je vektor modulovaného evoluéného procesu

Wiener (FMVW) [ 13], asymptotic method of Krylov - Bogoljubov
- Mitropolsky (ASM) [6], perturbation method (PM) and its
modifications [4], [6], [11], [17].

Thanks to computer techniques, Monte Carlo simulation
method (MCS) is very popular and frequently applied [6], [7],
[19], [21]. Although this method is straightforward and does not
have such limitations, is generally time-consuming and costly. In
view of these difficulties, approximate methods, including PM,
TLM, SLM, SQM can be advantageous. Some authors look for the
new approaches of the solution by combining the Monte Carlo
method with other methods [7].

Mathematical model

To construct a mathematical model of a system for dynamic
analysis, it is necessary to idealize the inertia, damping and stiff-
ness properties by discrete or continuous elements. Usually the
first step is to construct a physical model that may be an as-
semblage of discrete elements such as mass, springs and dashpots,
continuous elements such as bars, beams, shells and volumes, or
a combination of both discrete and continuous elements. The
application of the fundamental laws of mechanics yields a set of
generally non-linear differential equations

X)) +Ax, 1) - x(0) = f0), (1

where x(¢) is the response vector corresponding to the random
excitation vector f{t), A(x,¢) is the real or complex structural matrix
of order n X n. A(x,t) may be linear or non-linear, depending on
the nature of the problem. Many mechanical models are linear
thanks to their analytical simplicity and the fact that they yield
realistic results for large class problems.

There are, however, a number of problems for which linear
models do not yield acceptable results, so that it becomes neces-
sary to construct non-linear models. It means, if A(x,f) is non-
linear, we can apply well-known approximate methods (PM, TLM,
SLM or SQM). Using linearization techniques we get the statistic-
ally equivalent structural matrix 4.

This study presents two approaches in determining the res-
ponse of a system modelled by equation (1):
1. by the Markov processes theory; and
2. Monte Carlo simulation.

Solution by Markov process theory

The Markov process formulation requires the idealization that
the excitation is independent at two instants of time regardless of
how close they are (delta correlation) [17]. This assumption [17],
[4], which is clearly physically unrealisable, leads to such models
as white noise and processes obtained by linearly filtering white
noise.

Let us consider the system of first-order differential equations
(1) with initial conditions x(0) = 0 and force excitation f(f) =
»(t) - p(¢). The force f(t) is a modulated evolutionary process
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s deterministickou vektorovou funkciou y(¢) a stacionarnym nahod-
nym procesom p(¢) s nulovou strednou hodnotou.

Odozva strednej hodnoty x() je [17]:
E[x] + A - E[x] = E[/]. )

kde EJ...] je operator strednej hodnoty a kovarian¢na odozva x(r)
je

K@) +A4- KO+ A -KO) =b-yT+y- b7, (3)
kde K(t)je kovarianéna matica,

K@) =E[x-xT] a K(0)=0

b(r) = h(1) - folh_l (u) - y(u) - E[p(u) - p(D)] - du.

Rovnice (2) a (3) urcuju, ze vektor strednych hodnot a kova-
rianéna matica st funkciami ¢asu. Matica /() je tzv. matica fun-
damentalneho rieSenia alebo matica impulznej odozvy. Ak sa
predpoklada, Ze p(f) ma charakter bieleho Sumu s E[p(¢,) - p(¢,)] =
=2-a- D, 8(t, — t,), potom rovnica (3) moze byt urCena:

KO +4-Kt)+ A-K0) =27 Oy y(0)- (1), (4)

kde ®, je vykonova spektralna hustota funkcie p(7). Pripustné rie-
Senie rovnice (4) je mozné urobit pomocou §pecialneho numeric-
kého postupu.

Uvazujme Crank - Nicolsonovu integracntii metodu. Diskrétna
Casova derivacia je dana vztahom

. 2 .
K(0) =~ [K() = K(1 = M - K@ - D), (%)

kde A je Casovy krok integracnej metody. Pouzitim rovnic (5)
a (4) mozeme pisat

A

kde I je jednotkova matica. Rovnica (6) je tzv. Ljapunova rovnica
vo vSeobecnom tvare. V kazdom kroku je potrebné pouzit Spe-
cialny numericky algoritmus vytvoreny v MATLAB-e.

Riesenie pomocou Monte Carlo simuldcie

Alternativnou moznostou predoslého pristupu je pouzit Monte
Carlo metodu. S vyuzitim sucasnych vypoctovych moznosti sa
stava tato metdda ovela viac atraktivnou.

Vysledky su urCované zo série numerickych analyz rovnice
(1) (priblizne 100 - 1000 realizacii nAhodného budenia). Je odpo-
rucané generovat asi 5000 nahodnych hodnét budiacej funkcie
(definovanej vykonovou spektralnou hustotou S;(w)) pre kazdu
realizaciu. Simulacia vstupného nestacionarneho evolu¢ného gaus-
sovského centrovaného procesu f{¢) moze byt formulovana:

KOMNIKOCIe

C O MMUNICATION:S

vector with a deterministic vector function y(f) and stationary
random process p(f) with zero mean.

The mean response of x(¢) [17] is
E[x] + A - E[x] = E[/]. )

where E[...] is the mean value operator and the covariance res-
ponse of x(7) is

K@)+ A K@)+ U-Ko) =b-y"+y-b", (3)
where K(t) is the covariance matrix,

K(t) = E[x-x"] and K(0)=0
and

t

b(r) = h() - fo h=Y (u) - y(u) - Elp(u) - p(2)] - du.

Equations (2) and (3) imply that mean vector and covariance
matrix are the time functions. Matrix /(¢) is so-called the funda-
mental solution matrix or impulse response matrix. If it is

assumed that p(7) is white noise with E[p(¢,) - p(t,)] =2 - 7+ $q -
- &(t, — t;), then the equation (3) can be expressed as

K() + A+ K@) + (4 K@) =27 Dy () - y7(0), (4)
where @, is the power spectral density of p(z). The acceptable
solution of the equation (4) is possible to make by special nume-

rical approach.

Let us consider Crank - Nicolson integration method. The
discrete time derivation is given by

. 2 .
K(n) = [K@) = K(t = A)] - K@ - D), (%)

where A is the time step of the integration method. Using the
equations (5) and (4) we can write

2 2 .
<—-1+A)-K(t)+[A-K(t)]T—2~w-@o-y(t)-yT(z) +K-K(t—A)+K(z—A), (6)

where [ is the identity matrix. The equation (6) is so-called Lya-
punov equation in general form. In each time step is necessary to
use the special numerical algorithm created in MATLAB.

Solution by Monte Carlo simulation

The alternative avenue of the previous approach is to use the
Monte Carlo method. With the advent of recent computational
facilities, this method becomes ever more attractive.

The results are determined from the series of numerical ana-
lyses of equation (1) (approximately 100 - 1000 realisations of
random excitation). It is recommended to generate about 5000
random values of excitation function (defined by power spectral
density Sy w)) for each realisation. Simulation of input non-station-
ary evolutionary Gaussian process f{t) with zero mean can be for-
mulated by
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N
A= @) - y(0) = V2 Z VSy(ay) - Aw - cos(wy - 1t — @) - ¥(1), @)
=1

kde ¢, je ndhodné ¢islo s rovnomernym rozloZenim (0 = ¢, =
= 2 - m), ¥(t) je uréujuca modulacna ¢asova funkcia, c(¢) je centro-
vany staciondrny proces s vykonovou spektralnou hustotou S, (w).
Ak je S,(w) konstantnd, tak c(f) ma charakter bieleho Sumu.
Vykonova spektralna hustota vstupného zataZenia f{z) je Sy(w,1) =
=yX(1) * S (w).

Statisticka analyza kmitania kolajového vozidla

Pohyb vozidiel na Zelezni¢nej trati spésobuje vibracie. Pretoze
profil trate je nahodnou funkciou priestorovych suradnic, tieto
vibracie su tieZ nahodné. Budeme predpokladat, Ze pohyb vozidla
v horizontalnom smere je nerovnomerny (premenna rychlost, hoci
dolezitejSou nestacionaritou moze byt premenliva akost trate).

Pouzitim uvedenej teorie budeme riesit odozvu jednoduchého
modelu vozidla (obr. 1) sposobenu nestacionarnym nahodnym
budenim. Ur¢ime prvé a druhé Statistické momenty (t. j. vektor
strednych hodnét a kovarianénu maticu) odozvy mechanického
modelu na obr.1.

Strukturalne parametre si:
- hmotnost podvozku

- hmotnost skrine vagona
- konstanta timenia vo zvislom smere b, = 120000 Nsm ™'
- konstanta tlmenia vo zvislom smere b, = 100000 Nsm ™'
- zvisla tuhost k, = 3000000 Nm ™"
- zvisla tuhost k, = 1500000 Nm ™'

m, =3000 kg
m, = 13000 kg

where ¢, is uniformly distributed random number (0 = ¢, =
=2 - m), y(¢) is a deterministically modulating time function, c(¢)
is zero mean stationary process with power spectral density
S.(w). If S,(w) is constant ¢(#) is white noise. The evolutionary
power spectral density of input loading f{?) is Sy{(w,t) = (1) -
Scc(w)-

Statistical analysis of railway vehicle vibration

A vehicle moving on railway track causes vibrations. Since the
profile of a track is a random function of the spatial coordinates,
these vibrations are also random. We shall assume that the motion
of the vehicle in the horizontal direction is non-uniform (change-
able speed, although more important non-stationarity can be the
changeable track quality).

Using previous theory we shall solve the response of the
simple vehicle model (Fig. 1) under non-stationary random exci-
tation. Let us determine the first and second statistical moments
(i.e. the mean vector and the covariance matrix) of the response
of the mechanical model on Fig. 1.

The structural parameters are:

- mass of bogie m; = 3000 kg

- mass of body of coach m, = 13000 kg

- damping coefficient in vertical direction b; = 120000 Nsm ™!
- damping coefficient in vertical direction b, = 100000 Nsm !
- vertical stiffness k, = 3000000Nm "
- vertical stiffness ky = 1500000 Nm ™!

Uvazujme aproximaciu vykonovej spek- m,
tralnej hustoty vertikalnej nerovnosti u(¢) trate

Let us consider the approximation of the
power spectral density of vertical unevenness

E

podla ORE B 176 [12] v tvare
A4-p

N +a) - (A + )

kde a = 0,0206, b = 0,8246, 4 = 4,032.10~7

pre dobru traf a A = 1,08.107% pre zlu traf.
A je dizkova frekvencia.

SulA) =

. ®

Ak rychlost vozidla je funkciou Casu

u(t) of track in due order ORE B 176 [12] in
the form

b,
A-p
(A*+a%) - (A +b%)
where a = 0,0206, b = 0,8246,4 = 4,032.10~7
for a good track and 4 = 1,08.10~8 for a bad

track. A is the length frequency.
If the vehicle speed is time function

S,(A) = , (8)

v=1(t)a v = ¥(¢) and
o Obr. 1. Dynamicky model vozidla o
A=—, 9) Fig. 1. Dynamic model of vehicle A=—, 9)
v v
potom then
1 A b 1 A-b
Sulw) = ——- (10) Sulw) = — (10)

(1) |: w?
2— +
V(1)

kde w je kruhova frekvencia.

3 ,
2| | @ 2
a} |:V2(l)+b:|

Ak aplikujeme tedriu Markovovych procesov, budeme potre-
bovat pouzif predpoklad evolucného nahodného budenia s deter-

v(t). o 2 o’ 2 ’
20 +a |- 0 + b

where w is the circular frequency.

Applying the Markov process theory we shall need to use the
assumption of an evolutionary random excitation with a determi-
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ministickou modulaé¢nou funkciou a nahodnym procesom s cha-
rakterom bieleho Sumu. Preto je potrebné definovat parametre
filtra budiacej funkcie. Bezne pouzivanym filtrom pri modelovani
zemetrasenia je Kanai - Tajimiov filter ureny nasledujucou dife-
rencialnou rovnicou

m, il + b, u+k, u=w(, (11)
kde w() je znamy Gaussovsky proces s charakterom bieleho Sumu
s kon§tantnou vykonovou spektralnou hustotou S,. Frekvencna
odozva filtra moze byt vyjadrena vztahom

1

“m,+i-w-b,

H(w) = (12)

k, — o
Porovnanim vykonovej spektralnej hustoty funkcie u(¢) z (11)
a (10) dostaneme:

S, 1
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nistic modulated function and white noise process. Therefore, it is
necessary to define the filter parameters of the excitation function.
A commonly used filter in modelling of the earthquake ground
motion is the Kanai-Tajimi filter governed by the following diffe-
rential equation

m, il + b, u+k, u=w(, (11)
where w(?) is well-known Gaussian white noise process with con-
stant power spectral density S;,. The frequency response function
of the filter can be expressed as

1

“m,+i-w-b,

Hw) = . (12)

k,— w

Comparing the power spectral density of u(¢) from (11) and
(10) we get

k,— o - m)t B2 v

Z rovnice (13) je jasné ze:

So

1
A0, m,= Eval b
e v3 e
Zostrojme pohybové rovnice: |

TEFP

m;
0 m, —b, b,

Zlucenim rovnic (11) a (15) mozu byt pohybové rovnice
vyjadrené nasledovne

m; 0 0 X (by + by) —b, —b, Xy
0m 0 X —b b 0 X
02 1 2 >+ . 2 2 (a+ b)2 2
V#(z) (1) !

Vytvorme 2-dimenzionalny Markovov vektor [17] pomocou
substitucie:

VITXl, )= Xy, V3= U Yy =Xy, Vs= Xy, Vo=l

potom vysledné rovnice su:

(kl + kz) _kz
_k2

A+ b .
12 +ad*|- iz + b?
V2 v2
From (13) it is clear that
(a + b)?
~—— k=ab-Vy. (14)

v
Let us construct the equations of motion
X1 bl 0 k] 0
. = . + . . (15)
X

0 00
Combining (11) and (15) the equations of motion can be
expressed as

u
0

i

k, 0

(kl +k2) _kz _kl X1 0
+| kK 0 A0l ?l) (16)
o 0 a b V| ¥ "

Let us constitute the 2-dimensional Markov vector by substi-
tute:

VITX, =Xy, V3= U Y4 =X, Vs =Xy, Vo= Ul

then the final equations are given by

0 0 0 1 0 0 0
% y
. 0 0 0 0 1 0 ' .
% y
& 0 0 0 0 0 I ’ .
b + + 3
I I T O TR (T Y b SIS A D) (17
Vs m m; m, m, m m Ya
Vs ﬁ _ﬁ 0 ﬁ _ﬁ 0 Vs 0
. my my my nm, \/,3
¥y V(1)
Y 0 0 —a-bw) 0 0 —(@- b2 V| U
alebo or
@) = A@) - (1) + b(&) - w(D). (18) W) = A@) - y(1) + b(1) - w(7). (18)
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Ak uvazujeme E(y) = 0, pouZzitim rovnice (4) dostaneme kova-
rian¢nu odozvu v nasledovnom tvare

Ely-y"I| +4-Ely-y"1+ - E[

Numerické rieSenie moze byt realizované pomocou rovnice

(6).
[ . <7T' z)}
1 +0,4-sin R
T

Ak
potom casova modulacna funkcie je

- o0
H=——:
=735

Considering E(y) = 0 we obtain the covariance response by
using (4) as follows
y YD =208, (1) - b0 (19)

The numerical solution can be realised by (6).

Tt
{1 +04- sin( )]
T

If

100
H=——:
v(1) 36

_ 100
p(n=10 0 0 0 0
3.6

kde T (=120 [s]) je doba simuldcie. Znamka akosti chodu W,
mozZe byt vyjadrena ako
W, = 3,17 - [EG3)]*P. (20)
Vysledky rieSenia rovnic (18 a (19) su ukdzané v grafickej
forme na obrazkoch 2 - 7. Porovnavame smerodajnu odchylku
vertikalnych posunuti, rychlosti a zrychleni hmotnych bodov 1 a 2
pre parameter kvality trate A = 4,032.1077 (dobra trat) a 4 =

1,08.1073 (zla trat). Obrazok 8 ukazuje priebeh znamky akosti
chodu W, hmotného bodu m,.

x107

bad track

good track

Standard deviation [m]

3
2F J
1k J
0 1 1 1 1 1
0 20 40 60 80 100 120
Time [s]

Obr. 2. Casovy priebeh smerodajnej odchylky posunutia x /
Fig. 2. Time behaviour of the standard deviation of displacement x
—— Monte Carlo simulation

Markov process theory

then the time modulation function is
-t

ol

where T (= 120 [s]) is duration of the simulation. The mark of
ride quality W, can be expressed as

5

W, =317 [EE3]. (20)
The results of the solution of equations (18) and (19) are shown
in graphic form on Figs. 2 - 7. We compare the standard deviation
of vertical displacements, velocities, and accelerations of mass
bodies 1 and 2 for the track quality parameter 4 = 4,032.107’
(good track) and 4 = 1,08.10™® (bad track). Figure 8 shows the
behaviour of the mark of ride quality W, of mass body m,.

x107

bad track

good track

Standard deviation [m]

40

60
Time [s]
Obr. 3.Casovy priebeh smerodajnej odchylky posunutia x,

Fig. 3. Time behaviour of the standard deviation of displacement x,

—— Monte Carlo simulation

80

100

0

0 20 120

Markov process theory
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0.045 T T T T T

0.04 |

0.035 bad track
0.03

0.025 |

0.02 |
good track

Standard deviation [m/s]

0.015 fn
0.01 } i

0.005 E

Standard deviation [m/s]

0 1 1 1 1

0 20 40 60 80 100 120

Time [s]

Obr. 4. Casovy priebeh smerodajnej odchylky richlosti dx ,/dt
Fig. 4. Time behaviour of the standard deviation of velocity dx,/dt
—— Monte Carlo simulation
-------- Markov process theory

0.4 T T T T T

bad truck
0.3

025
0.2 f

0.15 good truck

Standard deviation [m/s2]

0.05 + E

0 1 1 1 1

0 20 40 60 80 100 120

Time [s]

Obr: 6. Casovy priebeh smerodajnej odchylky zrychlenia d*x . Jdi’

Fig. 6. Time behaviour of the standard deviation of acceleration d’x . Jdr’

—— Monte Carlo simulation
-------- Markov process theory

Standard deviation [m/s2]
o
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W
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0.06 T T T T T
0.05 + i
bad track
0.04
0.03
E good track
0.02 F*
0.01 ¢ E
0 1 1 1 1 1
0 20 40 60 80 100 120
Time [s]

Obr. 5. Casovy priebeh smerodajnej odchylky rychlosti dx,/dt
Fig. 5. Time behaviour of the standard deviation of velocity dx,/dt
—— Monte Carlo simulation
-------- Markov process theory

0.5 T T T T T

0.45

bad track

good track

0 L L L L L
0 20 40 60 80 100 120

Time [s]

Obr. 7. Casovy priebeh smerodajnej odchylky zrvchlenia d*x 2/dr2

Fig. 7. Time behaviour of the standard deviation of acceleration dzxz/dtz

—— Monte Carlo simulation
-------- Markov process theory

KOMUNIKACIE / COMMUNICATIONS 1/2001 41



KOMNIKOCIe

Zaver i i i i i Conclusion
. ~ . e . . 2'6 B T . .
V tejto studii je popis nesta- In this study, a non-stationary

cionarneho kmitania rozSireny

na dynamiku vozidiel pouzitim

teorie Markovovych procesov 24
a ,klasického“ Monte Carlo pri-

stupu, ktoré eliminuji tradi¢né
obmedzenie konStantnej rych- o)
losti (alebo akosti trate) pocas
doby kmitania.

Zvlast po sérii numerickych
analyz (Monte Carlo simulacia),
prezentovany pristup pouZivajuci
Markovov vektor je vel'mi efektiv- -
ny a rychly vzhladom na vypoc- 1.8 |
tovy ¢as (priblizne 50-krat rych- '
lejsi).

vibration description is extended to
the dynamic analyses of vehicles by
using the Markov process theory
and “classic” Monte Carlo ap-
proach, which eliminate the traditi-
onal restriction of constant speed
(or the track quality) during the
period oscillation.

Particularly, after a series of
numerical analyses (Monte Carlo
method), the presented Markov
vector approach is very effective
and rapid with respect to the com-
putational time (approximately fifty
times more rapid).

bad track

Wz

good track

Monte Carlo simulacia je L6l | The Monte Carlo simulation is
prezentovana kvoli kontrole ’ presented to check the accuracy of
spravnosti vysledkov, ktoré uka- . . . . . the results, which show a fairly
zuju celkom dobru zhodu. 0 20 40 60 80 100 120 good comparison.

Na zaver by bolo vhodné Time [s] Finally, it should be empha-
zdoraznif, Ze tieto Statistické Obr. 8. Casovy priebeh zndamky akosti chodu skrine vagona sized that these statistically respon-
odozvy si velmi uzitocné pri Fig. 8 Time behaviour of the mark of ride quality of body of coach ~ ses are very useful for estimating
odhade spolahlivosti konstrukcii —— Monte Carlo simulation the reliability of the vehicles struc-
vozidiel. e Markov process theory tures.
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Jerzy Cisek - Zygmunt Szlachta - Marian Zablocki *

PODMIENKY TESTOVANIA EMISIi PEVNYCH CASTIC
VZNETOVYCH MOTOROV

TEST CONDITIONS OF DIESEL ENGINE PARTICULATE EMISSION
AND THE RESULTS OBTAINED

Prispevok predstavuje icinky Styroch faktorov merania emisii pevnych castic: metédu urcenia riedenia vyfukovych plynov v meracom tuneli,
rychlost riedenia vyfukovych plynov, podmienky filtrov pre meranie pevnych castic a izokinetiku vzorkovania v meracom tuneli. Prezentované
vysledky sa dotykajii vybratych parametrov charakterizujucich podmienky merania emisii pevnych castic. Samozrejme, Ze tieto uidaje nevylu-
cujii vplyv inych parametrov na vysledky. Ukazujii vSak na potrebu detailnejsej Specifikdcie protokolu merani, pre porovnatelnost vysledkov. Je
to obzvlast dolezité pri merani malych mnozstiev obsahu pevnych castic v rozmedzi, ktoré by mali podla ocakdvania limitovat EURO III
a EURO 1V. Zdd sa, Ze nehradenie predpisu R 49 novym skiisobnym cyklom ESC alebo ETC by sa malo stat dobrou prileZitostou pre doklad-
nejsiu analyzu metéd experimentov vo vztahu k opakovatelnosti a reprodukovatelnosti vysledkov.

In this work, based on experimental results, the effect of four factors of particulate emission measurements were taken into account: the
method of determining the exhaust dilution in a diluting tunnel, the ratio of exhaust gases dilution, conditioning of the filters used in particle
emission measurements and isokinetics of sampling a diluting tunnel.

The results presented in this paper concern four chosen parameters characterizing conditions of the measurement of particle emissions.
Obviously, this data does not close the question of influence on other parameters on their result measurements. They show, however, the
necessity of more detailed specification on the protocol of measurements to enable comparison of various results. It is particularly important
during measurements of small emissions of particles in the range expected by the rules of EURO-III and EURO-IV. It seems that the
replacement of the R-49 standard by a new test cycle ESC or ETC should become a good opportunity for a deep analysis of the methods of

experiments, in relation to the repeatability and reproducibility of the results.

1. Introduction

Measurements of particulate matter emission from diesel
engines create the heaviest problems during determination of
emissions of harmful components of exhaust gases. The presently
used experimental procedure is determined by the EPA [1], ISO
[2] and ECE - R49 regulations accepted internationally more than
10 years ago. This procedure requires special measuring equip-
ment with the exhaust diluting tunnel, which simulates the real
conditions of mixing exhaust gases with surrounding air. Particu-
late matter emission is determined gravimetrically by thorough
weighing of particles filtered from the mixture sampled from the
tunnel. The above-mentioned regulations determine various fea-
tures of the design of measuring equipment as well as the conditions
of the measurement. However, many important details of the expe-
rimental procedure have not been accurately defined or are left
free of choice. This reduces the possibility of comparing the results
obtained in various centers and diminishes their repeatability and
objectivity [4, 5, 6, 7, 8, 9].

These effects are the more pronounced, and the smaller are
the measured emissions, e.g. during the investigations aimed for

a significant reduction of emission as expected in the next future.
The potential uncertainty of the measurement results may make it
difficult to find correct conclusions during engine testing for par-
ticulate matter emissions (e.g. for homologation) or for research.

2. Measuring equipment and conditions
of the measurements

The scheme of the measuring equipment used in investi-
gations is presented in Fig.1. This equipment makes it possible to
determine all the values and parameters necessary for measure-
ments of the particulate matter emissions per hour or unit parti-
culate emissions from engines, according to the ISO no CD 8178
- 1 or ECE - R49 standards. CO, concentrations were determined
using the IR analyser (NDIR) and NO, (nitrogen oxides) excess
was determined using the chemiluminescence instrument (CLA).

The tests were carried out on a 4-cylinder-loaded diesel engine
with a direct injection system and compression ratio of 15.2. Its
power was equal to 70 kW at 2600 RPM. Temperature of mixed

* Jerzy Cisek, Ph.D.,M.E., Zygmunt Szlachta, Assoc. Prof., D.Sc., Ph.D., M.E., Marian Zablocki, Prof., D.Sc., Ph.D., M.E.
Institute of Automobiles and Internal Combustion Engines - Cracow University of Technology, ul. Warszawska 24, 31-155 Krakow, Poland,
Tel./Fax: +48-12-632 53 84, E-mail: jcisek@usk.pk.edu.pl, z.szlachta@usk.pk.edu.pl
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gases in the tunnel did not exceed 52 °C. The sampled mixture
flew through two serial PALL filters of 47 mm in diameter. These
filters were weighted using the SARTORIUS microbalance with
accuracy of 0.001 mg. All the measurements were fivefold.

The ECE-R49 experimental protocol was used and the parti-
culate matter emission was calculated using the following formula:

SR
PM = my SV, [gfh]
i
where: m, - the mass of particles settled in the filters [g],
SR - the exhaust gas dilution ratio in a tunnel, defined as
a relation of the volume of the exhaust gas - air mix
flowing in a tunnel to the exhaust gas volume, taken
from the engine exhaust, contained in it,
V; - the volume of the exhaust gas - air mix directed from
the diluting tunnel onto a particle filter [m’],
V,, - the exhaust gas flow in an engine exhaust [m3 /h].
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3. The effect of the determination method of the
exhaust gases dilution ratio in the tunnel

The ECE-R49 protocol allows using several methods of deter-
mining the dilution ratio SR without any qualitative distinction
between them. The result of particulate matter emission measure-
ments may, however, depend on the chosen method. To evaluate
the effect of the method, three methods from among those allowed
by the ECE-R49 protocol were chosen for comparison:

I - the method based on measurements of CO, concentration in
exhaust gases in the diluting tunnel and in the sucked air;

II - the method based on the carbon balance and measurement
of CO, concentration in diluted exhaust gases in the diluting
tunnel and in the sucked air; and

III- the method based on measurement of NO,. (nitrogen oxides)
concentration in the engine exhaust gases in the diluting
tunnel and in the sucked air.

WTLOT
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4
SPALIN | ™[] ¢0; -
POWIETRZA 3 b C] o 6 8 10

e t S
I WLOT POWIETRIA
7 el ROZCIENCZAIACEGO
ya .
\ T4
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A
Designations:

1 - measuring orifice plate to measure the exhaust gas and air flow; 2 - tunnel exhaust pipe; 3 - sampling probe to extract exhaust gas and air mix
samples from the tunnel; 4 - pump to extract gas samples; 5 - CO, analyser; 6 - NO, analyser; 7 - exhaust gas dilution tunnel; § - mixing orifice
plate to mix exhaust gas with air; 9 - exhaust gas inlet into the tunnel; 10 - adjustable diluting air intake; 11 - heat exchanger; 12 - microbalance to
weigh particulate matter in filters; 13 - adjustable throttle; 14 - set of filters; 15 - diluting air chemical filter; 16 - rotameter; 17 - vacuum pump;
18 - laboratory gasometer; 19 - diluting air dust filter; 20 - fan; 21 - laminar flowmeter; 22 - three-way valve; 23 - adjustable exhaust gas throttle;
24 - CO, analyser; 25 - NO, analyser; 26 - stop-watch; 27 - fuel meter; 28 - three-way valve; 29 - Askania micromanometer; 30 - sampling probe to
take samples of exhaust gas flowing into the tunnel; 31 - brake; 32 - tested Diesel engine; 33 - fuel tank

Fig. 1. Schematic of equipment details for determination the particulate matter emission in diesel engine exhaust
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The comparative calculations were based on the investi-
gations carried out under the following conditions of engine work:
1 - idle work at 600 RPM,

2 - maximum torque at 1600 RPM,
3 - external power at 2100 RPM (¥, = 79 kW),
4 - rated conditions of engine work (n= 2600 RPM, N, =71 kW).

The mixture volume sampled from the tunnel onto the filters
V; was not varied and was equal to 200 dm?®. Various settings of
the tunnel for the particular conditions of the engine work were
chosen in such way as to obtain the determined exhaust dilution
ratios within the range of SR = 8 to 17 for all 3 methods used.

Fig. 2 presents the results of SR calculations using the above-
presented methods. Under the same conditions of engine work, all
applied methods should give theoretically the same values of SR
(tunnel settings are invariable for a given revolutions). The arith-
metic mean indicates that the highest SR values are obtained
using the I-st method and the lowest - using the IIl-rd one. This
regularity is not valid for » = 2600 RPM only, but in this case the
scattering of results is highest.

200
15.0 -
S =
= ES
50
|1 \ T T T T
IH H i mom 10

(600 RPM ) (1600 RPM ) (2100 RPM ) (2600 RPM)

Fig. 2. Dilution ratio SR determined by means of methods I, Il
and III under different engine running conditions and fivefold
measurement repetition
1 - Standard deviation; * - Arithmetic average

The presented data shows that the general scattering of SR
values is similar for all methods and conditions of engine work.
Only in the case of the III-rd method and the maximal revolutions
a more significant scattering of the results was obtained.

Fig. 3 presents the values of the relative error, made during
determination of the dilution ratio under the particular conditions
of engine work.
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Fig. 3. Relative error of the dilution ratio ASR for measurement results
presented on Fig. 2

Generally, under all conditions of the engine work the III-rd
method gave the highest error. The relative SR error is the highest
at the idle run and maximal revolutions. An increase of the SR
error with the engine revolutions under load may be clearly ob-
served.

Fig. 4 presents the results of measurements and calculations
of the particulate matter emission PM, for various methods of
determination (I, II and III) and for various conditions of engine
work.
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Fig. 4. Particulate matter emission PM for different methods (I, II, I1I)
of dilution ratio SR determination. Engine and dilution tunnel running
as well as measurement conditions as given on Fig. 2
1 - Standard deviation; * - Arithmetic average

PM values, their standard deviations and the arithmetic mean
are also shown on the histograms of 5 subsequent measurements
(their deviations). As it may be expected the lowest PM values
were found for small engine revolutions and the idle run, irres-
pective of the method of SR determination. Parallel to the higher
SR values obtained using the I-st method the particulate matter
emission is the highest. The similar regularity may be observed for
the smallest SR and PM values. It may indicate that the dilution
ratio of exhaust gases in the tunnel significantly affects calculation
of PM values from the used formula.

The value of the PM relative error, presented in Fig. 5 seems
to be very interesting.
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Fig. 5. Relative error of particulate matter emission PM for

APM [%]

measurement results presented on Fig. 4

The highest relative error, of the order of 30 - 50 % was ob-
served for PM determinations at small revolutions and idle run of the
engines. It may be related to the lower repeatability of combustion
and lower particulate matter emission, leading to higher scatter of
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the smaller mass of particles accumulated on the measuring filters.
This result is, however, not fully consistent with the data present-
ed in Fig. 3, where the SR relative error was not significantly
dependent on particular conditions of engine work. This fact may
be explained by taking into consideration the formula used in PM
calculations. One should also remember that V, was invariable
during measurements, while scattering of V,, the flow intensity of
exhaust gases was relatively low. We may assume that both para-
meters do not significantly affect the measured PM value. For this
reason the influence of the disturbance of the SR determination
method on results of PM evaluation may be also caused by the
scattering of mass of the particulate matter mf settled on filters.
The relative error of the mass settled on filters, determined under
various conditions of engine work is presented in Fig. 6.

It may be seen that scattering of the measured particle masses
is highest at idle run of the engine, when the relative error reaches
40 %. Under these conditions the particulate matter emission per
hour is small, so at ¥, = const. the mass of particles accumulated
on the measuring filters is also smaller than under other con-
ditions of engine work. This leads to the increase of the scatter of
both values, the measured mass and particulate matter emission.
When the engine is loaded, this error is much smaller, but it in-
creases with engine revolutions.
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Fig. 6. Relative error of the particulate mass mf collected on the
filters at fivefold measurement repetition. Measuring conditions
as given on Fig. 4

Based on the above-presented results of measurement one
may state that the measured value of particulate matter emission
depends clearly on the method used for determining the exhaust
dilution ratio. Each of these methods bears different levels of
experimental and calculation errors, dependent on the conditions
of engine work. Thus, comparisons of the results of particulate
matter emission determinations obtained in various centres (labo-
ratories) should be limited to the same method of SR determina-
tion. The preferable method seems to be the I-st method, based on
measurements of CO, concentrations, when the calculated values
of PM, the particulate matter emissions are highest at the lowest
scatter of their values.

4. The effect of the dilution ratio in the diluting tunnel

The ratio of exhaust gas dilution is one of the parameters that
may be generally freely set during the measurement of the parti-
culate matter emission measurements down to the value of SR = 4
[2]. The theory states that changes of the dilution ratio under
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fixed engine work conditions should not affect the measured value
of the particulate matter emission. The investigations of the influ-
ence of this parameter on the result of measurements of particu-
late matter emissions were carried out during the engine work
under the maximal torque M,,,. = 420 [Nm] and revolutions of
1600 RPM. The dilution ratio SR was determined using the I-st
method based on determining the carbon dioxide CO,, concen-
tration. Measurements were performed in two series of experi-
ments of different choice of the gas mixture volume sampled from
the diluting tunnel onto the filters Vf.

In the first series the same volume of gases ¥, = const. = 200
dm?® was sampled from the tunnel at various exhaust-gas dilution
ratios. The dilution ratio SR fluctuated roughly between 5 to 21
and was equal to 4.95; 10.1; 15.7 and 21.6 (average values for 5
measurements). The following values of SR were achieved by
changing the volumes of exhaust gas and air supplied in the dilu-
ting tunnel. The results of measurements are shown in Fig.7 to-
gether with the average standard deviation for 5 repetitions.
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Fig. 7. The effect of the exhaust gas dilution ratio SR on the
particulate matter emission per hour PM, at fixed engine settings
and constant volume of gases sampled onto the filters V,

1 - Standard deviation; * - Arithmetic average
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Fig. 8. The effect of dilution of the exhaust gases on the relative
error of determination of the particulate matter emission APM, at
fixed engine settings and invariable volume of gases sampled
onto the filters V;
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The obtained results do not allow drawing any substantial
conclusions concerning the effect of dilution ratio SR on the meas-
ured values of the particulate matter emission. Both Fig. 7 and 8
show that with increasing dilution of exhaust gases the relative
error of PM measurements increases strongly, which may make it
difficult to draw conclusions.

As it was assumed for this series the volume of gases sucked
off the filters was maintained constant for all SR values. Under
such conditions the increase in SR caused a mass of particles
deposited on the filters was obviously diminishing. This relations-
hip is shown in Fig. 9. Within the SR changes between about 5
and 21, the loading of filters with particles diminishes fourfold. In
consequence the relative error of PM determination (equivalent to
the error of determining the mass on the filters) increases as the
dilution ratio SR (presented in Fig. 8) increases. This seriously
enhances the uncertainty of conclusions, which might be deter-
mined based on the investigations carried out at ¥, = const.
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Fig. 9. The effect of the exhaust gas dilution ratio SR on the mass of

particles accumulated on the filters mf, at fixed engine settings and
invariable volume of gases sampled onto the filters V,

For these reasons another series of measurements was carried
out in such a way that the volume of the gas mixture sampled from
the diluting tunnel onto the filters was changing along with
variations of SR. The volume V,was varied with SR so as to obtain
a similar mass of particles on the filters independent of the
dilution ratio. These masses varied within the limits of 0.8 - 1.0
mg. As it may be seen in Fig. 10, the range of the variations in
particle masses did not exceed 20 %. The exhaust-gas-dilution ratio
was similarly changing as in the first series of measurements, i.e.
within the limits of 3 - 21. Its values were equal to: 3.2, 8.5; 15.5
and 20.3, respectively. Under such conditions the volume taken
onto the filters varied between about 50 to 400 dm® (Fig. 10). The
results of the particle matter emissions measurements carried out
under these conditions are presented in Fig. 11.

It may be clearly seen that within the applied limits of SR the
variation of the average particle matter emission per hour PM
practically does not depend on the exhaust-gas-dilution ratio in
the tunnel SR.

Investigations carried out in both series lead to hints impor-
tant for the technique of measuring the particle matter emissions
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Fig. 10. Mass of particles deposition the filters mf and volume of gases

directed onto the filters V, during determination of the effect of the
dilution ratio SR on the particle matter emission PM
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Fig. 11. The effect of variations in the exhaust gas dilution ratio SR

on the particle matter emission per hour PM, at varying volume of
gases directed onto filters V,

using the exhaust-gas-diluting tunnel. During the routine measure-
ments of particulate matter emission one should pay attention to
the proper choice of the volume of the mixture of gases V,
sampled onto the filters from the diluting tunnel and onto the
loading of the filters with particles. The ratio of exhaust gases dilu-
tion usually may be set quite arbitrarily. In order to obtain a good
accuracy of PM measurements, one should try to obtain similar
loading of the measuring filters in the subsequent measurements
and to gain a sufficient mass of particles on the filters. These con-
ditions should create a criterion of the choice of the mixture
sampled from the diluting tunnel, V/, at various ratios of exhaust
dilution in the tunnel.
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5. The effect of conditioning the filters applied in the
particle matter emission measurements

One of the measurement conditions, which are not suffi-
ciently precisely defined, is the preparation of filters, called their
conditioning. According to the EPA [1], ISO [2] and ECE - R49
[3] standards these filters should be conditioned both before the
application and before weighing in the pure state and after depo-
sition of particles and before the second weighing. According to
the ISO standard, before the investigation the pure filters should
be conditioned for a period of time not shorter than one hour. In
this time they should be kept in an air-conditioned chamber in
a closed but unsealed Petri dish. After removal from the chamber
the filter must be used within eight hours. Otherwise, the conditi-
oning procedure must be repeated.

Conditioning the filter after depositing of particles (and before
weighing) should be carried out for at least two hours but not
longer than 80 hours. The ISO standard does not precisely state
other conditions of the conditioning procedure. The EPA and
ECE - R49 recommendations give more detailed data concerning
both temperature of the procedure and humidity of air. According
to the ECE - R49 protocol temperature in the conditioning
chamber and during the weighing of filters should be kept within
20 + 30 = 6 °C, at relative humidity of air within 35 + 55 = 10 %.
Duration of conditioning is consistent with the ISO recommen-
dations described above.

From among those recommendations the most doubtful are
the rather wide limits conditioning time. They vary in measure-
ments of various authors, which makes any comparison less re-
liable.

For this reason the conditioning time was taken as a main
variable in the investigations presented below.

As it was mentioned before in the investigations the PALL
filters (EMFAB TX 40 HJ 20 WW), meeting the requirements of
the ISO and ECE standards and widely used in measurements of
particulate matter emissions by diesel engines were used in our
studies.

At the beginning the changes in mass of two pure filters (new)
during conditioning were measured before use in particle emission
measurements. Fig. 12 presents variations in mass of these filters
for different periods of conditioning.

As it may be seen, there is an increase of the mass of filters
over the whole period of conditioning, up to about 100 hours;
although, these changes of mass are not big and remain within
several hundred parts of a milligram. These results show, however,
that the filters are not completely non-hygroscopic. In such a situ-
ation, because of the precision of the measurements of particulate
matter emission, it is very important to strictly follow the same
protocol of conditioning (time, temperature and humidity of air)
of both pure filters before use and loaded filters. Moreover, it
seems that conditioning time should be close in both cases.
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Fig. 12. The influence of time t, on change of mass mf for two pure
filters conditioned before use in measurements

In the second series of investigations the loaded filters were
taken into consideration. The influence of conditioning time on
the mass of deposited particles and the particle emission per hour
were determined.

Filters loaded with particles during the engine work under
three different experiment conditions were studied:
- idle run of the engine, at n = 600 RPM,
- partial load of the engine, at » = 1600 RPM and 50 % of the
maximal torque M, = 210 Nm;
- full load of the engine, at n = 2600 RPM and M, = 270 Nm
(on the external characteristics of the engine).

Substantially different conditions of engine work were chosen
because of the real possibility of different behavior of particles on
the filters at various states of the engine work. For similar reasons
for each of the above described states of the engine, measure-
ments were carried out on the filters loaded with a “small mass”
of particles of 0.1 =~ 0.35 mg or a “big mass” of 0.9 + 1.8 mg.
These ranges correspond roughly to the mass of particles on filters
from one test point in the 13-phase test acc. to ECE - R49 and the
whole 13-phase test. Such data may be helpful in evaluation of the
influence of the procedure used in the 13-phase test on the poten-
tial accuracy of the measurements of particle emission. It is impor-
tant because the ECE - R49 protocol allows application of
separate pairs of filters for each test point (all together 13 pairs of
filters less loaded) or one pair of filters for the whole 13-phase test,
much more loaded.

The results of this series of investigations are shown in Figs.
13 - 14.

From the data presented in Figs. 13A and 13B it results that
masses of particles accumulated on filters behave differently during
conditioning of filters, depending on the origin of the particles,
i.e. in dependence on the engine work conditions, under which
they have been collected. It seems to be related to different che-
mical composition and structure of the particles deposited on the
filters, for instance, a different ratio of the solid phase (soot) and
volatile phase forming the particles.
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Fig. 13. Changes of ,small masses” and ,big masses” m, of particles on
the filters, in function of time of conditioning t. The particles are
collected under various conditions of the engine work:

1 - idle run; 2 - 50 % M,,,,.; 3 - full load.

In the case of idle run (curve 1), the mass of particles
diminishes both for “small” and “big” loading of the filters. This
data indicates that the most intensive changes of mass appear at
about 80 hours of conditioning for idle run. The fastest loss of
mass occurs in the first period of conditioning during the first 10-
20 hours.

Also, the particles settled on the filters during the work of the
partly-loaded engine (curve 2 on fig. 13 A and 13B) show the
tendency to diminish their mass during conditioning. In this case
the highest loss occurs during the first period of conditioning.

In the case of particles settled at full load of engine (curves 3
in figures) and “small” loading of the filter, there is a reverse phe-
nomenon - the mass on the filter increases with time of condition-
ing. On the other hand, the mass of a “big” mass of particles
practically does not change during filter conditioning.

The particulate matter emission per hour PM [g/h], shows
a similar variation (Fig. 14). Our investigations show that the mea-
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Fig. 14. Variations of the particulate matter emission per hour
PM in function of conditioning time of loaded filters. Particles
from various states of the engine work:

I - idle run; 2 - 50 % M,,,,.; 3 - full load

A) ,Small masses*” of particles
B) , Big masses* of particles

surements of the particulate matter emissions may be severely
erroneous, depending on conditioning time of filters loaded with
these particles. Undoubtedly, it decreases the possibility of com-
paring the results of particulate matter emission measurements
carried out in various centres. A more precise definition of con-
ditioning time by the rules of the standards of these measurements
seems necessary.

Generally, the less mass accumulated on filters, the greater
may be the error related to conditioning time. The presented
results of measurements indicate other sources of the differences
in results of particulate matter emission measurements carried
out, for instance, using the 13-phase ECE - R49 test with one pair
of the filters for the whole test or with 13 separate, less loaded
filters (i.e. for each stage of the test). One should note here that
clearly the highest error in the particle emission might occur for
measurements carried out at idle engine work. Under such condi-
tions the changes of particles mass during conditioning are, more-
over, reverse than for other conditions of the engine work.
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6. The influence of isokineticity of sampling gas
from the diluting tunnel

Both the ISO 8178 and ECE - R49 standards do not give
precise requirements in this respect. The character of gas flow at
the inlet to the probe and the literature data [ 10] indicate that this
question is not negligible for accuracy and comparability of the
results of measurements.

The criterion of evaluating isokineticity by taking samples from
the diluting tunnel is the ratio of flow rates of the mixture of air
and exhaust in the tunnel V, (m/s), to the flow rate of this mixture
V, (m/s) in probe sampling gas onto the measuring filters, i.e.
V,1V,. Theoretically, the ideal case of sampling from the diluting
tunnel is the equality V, = V. (or V,/V, = 1). In reality, meeting
this condition is not always possible, for instance, because of
changing flow rates during the 13-phase test acc. to the ECE-R49
standard. It may be a source of additional errors of exhaust parti-
culate emission measurement. When ¥V, # V,, the concentration
of particles at the probe inlet may be different from the average
concentration in gas flowing in the tunnel. It is caused by various
images of gas jet deviations at the edge of the probe, dependent on
the V,/V, ratio. When ¥, >V, then at the probe inlet there pro-
ceeds “centrifugation” of solid particles. So, a more concentrated
gas will flow to the filters, and the particles emission will be ap-
parently higher. The reverse phenomenon occurs when V, <.

The influence of sampling isokineticity on the value of the
measured particle emission was determined for a probe in the
form of a tube, the outlet of which was directly opposite to the
flow of gas in the tunnel (see scheme in Fig. 15). It is one of the
solutions recommended by ISO 8178. 5 values of the V, >V,
ratio were chosen for studies: 0.5; 1.0; 1.5; 2.0 and 2.5. These
values were achieved in two ways, either by:

1. change of the flow rate of gas in the diluting tunnel (choking
of flow), or by:
2. use of probes, of two different internal inlet diameters ds

(alternatively):

forV, >V, <2 —d;=8mm

for V, >V, >2 —d; = 16 mm.

The diameter of the diluting tunnel was equal to 160 mm. The
flow rate of gases Vt in the tunnel was determined by flow
intensity measurement using the standard orifice. On the other
hand, the flow rate in the probe was determined by measuring the
time of taking a definite volume sample, determined by using
a laboratory gas meter.

The results of these measurements are presented in Fig. 15.
As it may be expected the greater the ratio of V,/V,, the greater is
the measured value of the particulate emission (at fixed engine
settings).

This relationship is roughly linear. Thus, greater deviations
from isokineticity of gas sampling from the tunnel may cause
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Fig. 15. The influence of the isokineticity of sampling on the value of
the measured particulate matter emission

serious errors in the values of the particles emission. This data
shows that the ratio of V,/V, for a particular probe should not
exceed about 0.8 + 1.2 (the shadowed region in Fig. 15), in order
to limit the error derived from anisokineticity, e.g. to = 2%.

7. Conclusions

1. The method of determining the dilution ratio SR in the dilu-
ting tunnel significantly affects the value of the calculated particle
emission. The choice of this method is important for objectivity of
particulate matter emission measurements. Our investigations show
that the most objective results are obtained using the method based
on the measurement of CO, concentration.

2. To improve the accuracy of the particulate matter emission
measurements using various dilution ratios in the tunnel, it is
necessary to pay attention to accumulating masses of particles
that should be similar and possibly large for subsequent measu-
ring points (in the case of the ECE R49 test this note is applicable
only to the method of many filters).

3. Depending on the engine work conditions, the mass of
loaded filters changes during conditioning in a different way within
80 hours. To increase the accuracy and comparability of meas-
urements, the more detailed and narrow limits of conditioning
time loaded filters before weighing should be defined (for instance
5 £ 0.25 hours).

4. To obtain objective results of the particle emission meas-
urements one should assure the isokinetic conditions of gas sam-
pling from the diluting tunnel. The measuring error of particle
emission may be equal to = 2 %, when the isokineticity is kept
within the limits of 0.8 + 1.2 for the probe used in the presented
investigations.
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VYZNAM A FUNKCIA UROVNE INFORMACII 0 SPOAHLIVOSTI

DOPRAVNYCH PROSTRIEDKOV

THE IMPORTANCE AND ESSENTIAL FUNCTION OF THE LEVEL OF INFORMATION
ABOUT RELIABILITY OF MEANS OF TRANSPORT

Vzrastajiice poziadavky na prevadzkovii spolahlivost dopravnych
prostriedkov vyZaduji interdisciplindrny postup.

Teoretické odhady spolahlivosti zdvisia od hlbky informdcii,
najmd od zdkonitosti kumuldcie poskodenia pri zloZitych previdzko-
vch namdhaniach. Na zdklade kvality vstupnych informdcii o pre-
vadzkovej spolahlivosti dopravnych prostriedkov, je mozné teoretické
tvahy o spolahlivosti aplikacne vyuzivat' v optimalizdcii technologic-
kého procesu prepravy.

1. Uvod do problematiky

Spolahlivost je suhrnny nazov pre jednu z najdolezitejSich
skupin znakov kvality, vyjadrujucich schopnost vyrobkov plnit
pozadované funkcie pocas predpisanej doby a v predpisanych pre-
vadzkovych podmienkach.

Spolahlivost dopravného prostriedku opisuje nielen jeho jed-
norazovu schopnost vyhoviet urcenym poziadavkam, ale vyjadruje
aj schopnost tieto poziadavky dlhodobo plnit v zavislosti od casu
prevadzky. Plati, Ze na spolahlivost akéhokolvek vyrobku, teda aj
dopravného prostriedku, musime vzdy pozerat z pohladu uzivatela.
Z uzivatelského hladiska je spolahlivost vnimana predovSetkym
ako suhrn integralne posobiacich vlastnosti danych parametrami
urcenia (vykonnost, funkc¢nost, hospodarnost a pod.), paramet-
rami spolahlivosti (Zivotnost, bezporuchovost, udrziavatelnost,
opravitelnost a pod.), pripadne dalSimi vlastnostami.

Zabezpecit vSestranne spolahlivii prevadzku dopravného pro-
striedku je mozné predovsetkym:
« vysokou inherentnou spolahlivostou
« diagnostikovatelnostou poruch
« udrziavatel'nostou a opravitel nostou
» vypracovanymi dokonalymi informa¢nymi syst¢émami a infor-
maciami o poruchach

V praxi sa méZeme stretnut s r6zne chapanou pravnou zodpo-
vednostou za dosledky nespolahlivosti dopravnych prostriedkov
z pohladu uZivatela. M6Zeme preto zhrnut:

* Doc. Ing. Stefan Lis¢ak, CSc.

Increasing requirements on the operation reliability of means of
transport require interdisciplinary approach.

Theoretical estimations of reliability depend on the quality of
information, mostly on the law of damage cumulation in the case of
complicated operation strain. On the basis of the quality of the entry
information about the operation reliability of means of transport, it is
possible to use the theoretical considerations about reliability in the
optimisation of the technological process of transportation.

1. Introduction

The term of “reliability” names one of the most important
groups of quality attributes conveying the ability of products to
fulfil required functions at a given time and under specified con-
ditions of operation.

Reliability of a means of transport does not describe only its
single ability to meet defined demands, but it also conveys its long-
term ability to fulfil these demands depending on the time of ope-
ration. We have to look at the reliability of any product, including
a means of transport, from the user’s point of view. From this point
of view, reliability is mostly considered a complex of the integrally
acting attributes that are given by the parameters of their deter-
mination (performance, function, economy, etc.) and by the para-
meters of reliability (service life, no-failure operation, maintain-
ability, reparability, or by other parameters, if there are any.

Provision of the versatile reliable operation of a means of
transport can be achieved by:
« high inherent reliability
« ability to diagnose failures
« maintainability and reparability
« perfect information systems and perfect information about
failures.

In practice, the legal responsibility for consequences of unre-
liability of means of etc.),transport from the user’s point of view
is diverse in understanding. Therefore, we may conclude:

University of Zilina, Department of Road and City Transport, Faculty of Operation and Economics of Transport and Communications,
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« spolahlivost (podla STN 010102) vyvolava u uzivatela (doprav-
cu) dojem, Ze dopravny prostriedok zrealizuje prepravné ulohy
v dohodnutych podmienkach a v urCenom case. Z toho je jasné,
Ze doprava je dej nevratny.

« bezporuchovost uzivatel' chape, Ze dopravny prostriedok plni
bez poruchy pozadované ulohy v uréenych prevadzkovych pod-
mienkach.

« opravite[nost uzivatel' chape, ako vlastnost dopravného pro-
striedku v pripade vzniku poruchy moznost nenaro¢ného zistenia
pri€iny a miesta poruchy (diagnostikovatelnost) a jej odstrane-
nia opravou.

Z vyssie uvedeného vyplyva, ze spolahlivost je chapana tak,
Ze dopravny prostriedok zrealizuje ulohu v ziadanom Case a v urce-
nych podmienkach a Ze v Case realizacie sa nevyskytne porucha,
alebo ak sa vyskytne, je mozné ju rychlo odstranit, takze to nebude
mat vyrazne negativny dosledok na vysledny efekt prepravne;j ¢in-
nosti.

V prevadzke dopravného prostriedku vyznamne plati ,just in
time® teda snahou je prevadzkovat dopravny prostriedok so Ziad-
nymi resp. minimalnymi poruchami. Nachadzame sa teda v oblasti
definovania bezporuchovosti resp. jej zvySovania. Z celého tech-
nologického procesu prevadzky dopravného prostriedku nemozeme
vylucit oblast diagnostikovania (opravitelnosti), pretoZe vCasné
a spravne predikovanie moznosti vzniku poruchy este neznamena
nedokoncCenie prepravnej ¢innosti, ale moze naopak zvysit uroven
pravdepodobnosti dokoncenia technologického procesu prepravy.

2. Opis modelu prevadzkovej situacie.

Pripad, ze diagnostika technického stavu dopravného pro-
striedku moze zvySovat hodnoty pravdepodobnosti splnenia tech-
nologického procesu prepravy je mozné interpretovat na jedno-
duchom modeli situacii v prevadzke:

1. Pozname Cas na realizaciu technologického procesu prepravy
dopravnym prostriedkom T, kde T, = (0; ;). UvaZujeme, Ze
Cas je staly, nemeni sa.

2. Pozname ¢as nevyhnutny na realizaciu technologického procesu
prepravy T,, kde T, = (0; ¢,), uvaZujeme, Ze Cas Tr je tiez staly
anemennyaze T, =T,.

3. Dopravny prostriedok podlicha nahodnému vyskytu portch
s hustotou pravdepodobnosti f{¢), pricom

1
) = A@) cexp (— fo A1) dn), (D
kde A(?) - intenzita prudu.
4. Technicky stav dopravného prostriedku je v priebehu realiza-
cie technologického procesu prepravy sledovany. V pripade
poruchy je tato odstranena a preprava zrealizovana.

5. Casova rezerva umoziujuca pripadnu diagnostiku a odstrane-
nie poruchy je:

AT=T,-T,

« For a user (a carrier), the reliability (by STN 010102) creates
the impression that a means of transport will comply transport
demands meeting the defined conditions and the time limits. It
is therefore clear that transport is an irreversible action.

« For a user, no-failure operation means that a means of transport
fulfils required tasks without a failure and under defined condi-
tions of operation.

« For a user, reparability is a property of a means of transport
which means that in case of failure it is possible to find the cause
and the location of the failure (the ability to diagnose a failure)
and to remove it.

From what has been mentioned above it follows that reliabi-
lity means that a means of transport will carry out its task in
a required time and under specified conditions, without a failure,
and in case there will be a failure, it will be possible to remove it
quickly so that it will not have a distinctly negative consequence
on the finite effect of transportation.

The rule of “just in time” applies to the operation of a means
of transport. That means that there is an effort to operate the
means of transport with no or minimum failure. Now, this is an
area of how to define a no-failure operation and its improvement.
The area of ability to diagnose a failure (reparability) cannot be
excluded from the whole technological process of operation of
a means of transport as an early and correct prediction of the pos-
sible appearance of a failure does not necessarily mean abortion
of the transportation. On the contrary, it can raise the probability
of the completion of the technological process of transportation.

2. Description of the model of a situation of operation.

The case of the possibility of raising the probability of the
completion of the technological process of transportation by the
diagnostics of technical conditions may be represented by a simple
model of situations in operation:

1. We know the time for the implementation of the technolo-
gical process of transportation by a means of transport 7,
where T, = (0; ;). We consider time constant.

2. We know the time needed for the implementation of the
technological process of transportation 7,, where 7, = (0; ¢,),
the time Tr is also constant and 7, = T,.

3. The means of transport is liable to the random occurrence of
failures with probability density f{¢), where

A =A@ cexp (= fot)‘(z) dn, (D
where: A(?) - current intensity

4. During the implementation of the technological process of
transportation the technical condition of the means of tran-
sport is observed. In case of failure, the failure is removed and
the transportation is implemented.

5. The time reserve which allows possible diagnostics and failure
elimination is:

AT=T,—T,
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6. Maximalny pripustny pocet diagnosticko-napravnych tikonov
s ohladom na dant casovu rezervu AT je ,n“.

7. Kazda porucha prerusuje technologicky proces prepravy a ohro-
zuje uspesny vysledok prepravy.

8. pravdepodobnost dopravného prostriedku plnif prepravnu
ulohu v ¢ase ¢, teda T, = (0; ) vplyva na znamy vztah:

R(T) = jt“’/(z) dr. )

Pripad 1
Casova rezerva AT je taka mala, Ze n = 0. Dopravny prostrie-
dok méze zrealizovat prepravnu ulohu iba vtedy, ak st splnené
tieto dve podmienky:
1. dopravny prostriedok je v Case zaCiatku prepravnej tlohy pre-
vadzkyschopny (bez poruchy),
2. technologicky proces prepravy zrealizuje bez poskodenia (bez
poruchy).

Ak oznacime: R,y = R, - pravdepodobnost bezporuchového
stavu dopravného prostriedku v ¢ase ¢t = 0, R(7,) - pravdepodob-
nost bezporuchového stavu dopravného prostriedku v intervale
(0; 7,), pricom ¢, - je Cas uskutoc¢nenia prepravnej ulohy

Pravdepodobnost zrealizovania prepravnej tlohy v tomto
pripade vyjadruje zapis:

P(T)=P/=R,, -R(T) =R, -f’f,,(z) dt, 3)

kde: f,(¢) - hustota pravdepodobnosti v intervale (0; z,),

P; - pravdepodobnost zrealizovania technologického pro-
cesu prepravy, ked dopravny prostriedok v ¢ase 1 = 0
je bez poruchy a v priebehu prepravy sa porucha nevy-
skytne.

Pripad 2

Casova rezerva AT je taka, ze n = 1. Dopravny prostriedok
vykona ulohu iba vtedy, ak bude splnena niektora z tychto troch
podmienok:

a) dopravny prostriedok je bez poruchy v ¢ase t = 0 a ostane bez
poruchy pocas realizdcie procesu prepravy 7,,

b) dopravny prostriedok je bez poruchy v ase = 0 a ostane bez
poruchy pocas realizacie procesu prepravy sa vyskytne jedna
porucha, ktora vsak bude odstranena v Case kratSom ako
AT a po odstraneni bude dopravny prostriedok pokracovat
v technologickom procese prepravy,

c) dopravny prostriedok je v poruche v ¢ase ¢ = 0. Tato porucha
sa odstraneni v ¢ase kratSom ako AT a po odstraneni bude
dopravny prostriedok pokracovaf v technologickom procese

prepravy.

Pravdepodobnost realizacie technologického procesu prepravy
sa rovna poctu pravdepodobnosti uvedenych troch pripadov:

P(T)=P;+ P+ P} 4

KOMNIKOCIe

C O MMUNICATION:S

6. The maximum allowable number of diagnostic-corrective ope-
rations with respect to the given time reserve AT is “n”.

7. Every failure interrupts the technological process of transport-
ation and endangers successful result of transportation.

8. The probability of fulfilling the transportation task by the
means of transport in time ¢, that is T, = (0; ¢,), influences

the known formula:

R(T) = thf(t) di )

Case 1
The time reserve AT is so small, that » = 0. A means of
transport can implement the transportation task only if these two
conditions are met:
1) In the time of the beginning of the transportation task, the
means of transport is able to perform transportation (without
a failure),
2) It will perform the technological process without any damage
(without a failure).

If we denote: R, = R, - probability of failure-free state of the
means of transport in time ¢ = 0, R(7,) - probability of failure-
free state of the means of transport during the interval of (0; ¢,),
when: 7, - is time of implementation of the transportation task

In this case, the probability of the implementation of the
technological process is expressed by the following formula:

P(T)=P/=R,, -R(T) =R, -Jtmfu(z) - d, 3)

where: f(f) - probability density in the interval of (0 ; tr),
P - probability of the implementation of the technolo-
gical process of transportation, when, in time z = 0,
the means of transport is without a failure and no
failure occurs during the transportation.

Case 2
The time reserve ATis when n = 1. A means of transport will
perform its task only if one of these three conditions is met:

a) In time r = 0, a means of transport is without a failure and
will remain without a failure during the implementation of the
process of transportation 7,

b) Intime s = 0, a means of transport is without a failure but one
failure will occur during the time of the implementation of the
process of transportation. However, this failure will be removed
in time shorter than AT and the means of transport will conti-
nue in the technological process of transportation afterwards,

c) Intime ¢t = 0, a means of transport has a failure. This failure
will be removed in time shorter than AT, and the means of
transport will continue in the technological process of trans-
portation afterwards.

The probability of the implementation of the technological
process of transportation is equal to the sum of probabilities of

the following cases:

P(T) =P;+P{+ P} 4
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Pravdepodobnost P, je dana vztahom [5]. Pravdepodobnost
P/ je dana:
r Iy ©
P{=R, Ry, [ £ [ A0)-di-dy, 5)
0 tr—x1
kde: R - pravdepodobnost pozitivneho vysledku, kedy sa jedna
vyskytujica porucha odstrani v ¢ase kratSom ako AT,
X - Cas prvej poruchy dopravného prostriedku

f1(x,) - hustota poruch v ¢asovom intervale (0; x,)
£(t) - hustota poruch v €asovom intervale (x; o)

x1+y

Treti ¢len rovnice P{V je dany vyrazom:

PU'=(1=R) " Ras, ftw Jo0) - dt (6)

Vysledna pravdepodobnost realizacie technologického procesu
prepravy ma potom tvar:

PAT) =R A[ fo) e + Ry fo’ e [

—X

kde: P - pravdepodobnost realizacie prepravnej ulohy v Case
t = 0, na zaciatku je dopravny prostriedok bez poruchy
a v Case realizacie je pripustna jedna porucha
P{v - pravdepodobnost realizacie prepravnej tlohy, ked v Case
t = 0, je dopravny prostriedok v poruche, ale je moz-
nost odstranenia poruchy.

Pripad 3

Casova rezerva AT umoziuje N odstraneni portch (oprav),
teda n = N. Dopravny prostriedok zrealizuje prepravnu ulohu iba
vtedy, ak sa vyskytne niektory z 2N + 1 pripadov:

a) dopravny prostriedok je v ¢ase 1 = 0 bez poruchy a v tomto
stave ostane po cely Cas realizacie prepravnej tlohy (7))

b) dopravny prostriedok je bez poruchy v Case t = 0 a v Case reali-
zacie prepravnej ulohy (7)) sa vyskytne jedna alebo az N
poruch, ktoré sa odstrania jednou resp. az N opravami.
Odstranenie poruch sa musi realizovat v casovej rezerve AT.
Po vykonani oprav dopravny prostriedok pokracuje v realiza-
cii prepravnej ulohy.

¢) dopravny prostriedok je v ¢ase t = 0 v poruchovom stave, tato
sa odstrani a pokracCuje proces prepravy. V Case realizacie pre-
pravy sa vyskytne jedna alebo az N — 1 poruch, ktora je vzdy
nasledne odstranena, avSak v Casovej rezerve AT. Po oprave
dopravny prostriedok pokracuje v realizacii prepravnej ulohy.

Pravdepodobnost realizacie prepravnej tlohy je v tomto pri-
pade suctom pravdepodobnosti jednotlivych moznosti:

PW(T¥) =Pr+ P+ Py+ ..+ Py+ P+ P+ ..+ Py (8)

The probability P, is given by the formula [5]. The probability
P/ is given by:

r 1, 00
PP=R, Ry [T+ |7 1) di o, ®)

where: R, ., - probability of a positive result when one failure is
removed in time shorter than AT
x, - time of the first failure of the means of transport
f1(x,) - frequency of failures in the time period of (0; x,)
£(t) - frequency of failures in the time period of (x; )

The third term of P{V equation is given by the following
expression:

P¥=(1-R,) RIJ“’ OR 6)

Hence, the resultant probability of the implementation of the
technological process of transportation is:

L0 i dy + (L= R) R T ) %)
X r

where: P{ - probability of the implementation of the transporta-
tion task in time ¢ = 0, the means of transport is
without a failure at the beginning of transportation
and during the time of transportation, one failure is
allowable
P{v - probability of the implementation of the transporta-
tion task, when, in time 1 = 0 the means of transport
does have a failure but there is a possibility of its
removal.

Case 3

The time reserve AT makes N removals of failures (repairs)
possible, i.e. n = N. A means of transport will perform its tran-
sportation task only if one of the following 2N + 1 cases occurs.

a) In time ¢ = 0, the means of transport is without a failure and
will remain in this condition for the time of the implemen-
tation of the transportation task (7).

b) Intime t = 0, the means of transport is without a failure and
in time of the implementation of the transportation task (7,),
one or N failures will occur. These will be removed by one or
N repairs. The removals of the failures must take place within
the time reserve AT. After the repairs are done, the means of
transport continues implementing its transportation task.

¢) Intime ¢ = 0, the means of transport has a failure which will
be removed and the process of transportation will continue.
During the transportation, one or N — 1 failures will occur
which will always be repaired within the time reserve AT. After
a repair, the means of transport will continue implementing
its transportation task.

Probability of the implementation of the transportation task in
this case, is the sum of probabilities of the different possibilities:

Py(T¥) = P+ P+ P{ + .. + Pf+ P[ + P{ + .. + PN (8)
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3. Urovei informacie o stave dopravného prostriedku
a pravdepodobnosti jeho bezporuchovosti

Prijatie racionalneho rozhodnutia sa na realizaciu prepravnej
ulohy je nevyhnutna vstupna informacie o stave objektu. Tato
mozZe byt dana pravdepodobnostou bezporuchového stavu R,.
Stav dopravného prostriedku v prevadzke je mozne zistit diagnos-
tikou. Najcastejsi vysledok diagnostiky technického stavu doprav-
ného prostriedku je dvojstavovy model (0; 1), teda stav bezporu-
chovy alebo poruchovy.

Ak vychadzame z interpretacie podla Shannona o neohrani-
¢eni bezporuchového stavu, pre dopravny prostriedok plati:

H(P(e=¢€))=—R,log, R, — (1 —R,) log, (1 = R)) (9)

Uroveii informacie I o jeho stave, aku umoziiuje diagnostika
v prevadzke dopravného prostriedku je dana rovnicou:

I(Pe=¢€))=1(R,)=1-HR,) (10)

Podla tejto rovnice zavisi vzfah entropie od pravdepodobnosti
bezporuchovosti stavu dopravného prostriedku ako aj pravdepo-
dobnost jeho bezporuchovosti od urovne informacie v pripade
dvojstavového modelu.

HR,) A
1 ____________

Ro
>

0 0.5
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3. The level of information about the condition of
a means of transport and the probability of its
no-failure operation.

A rational decision of the implementation of a transportation
task is an inevitable entry information about the condition of an
object. It may be given by the probability of no-failure operation
condition R,. The condition of a means of transport during ope-
ration may be found out by diagnostics. The most frequent result
of diagnostics of the technical condition of a means of transport
is the double-state model (0; 1), i.e. a failure free or a failure con-
dition.

If we start with the Shannon’s interpretation of unlimitation
of no-failure operation condition, the following is true:

H(P(e=¢€))=—R,log, R, — (1 —R,) log, (1 = R,) (9)

The level of information / about the condition of the means
of transport, which is provided by diagnostics during the ope-
ration of the means of transport, is given by the following formula:

I(P(e=¢€)=1(R,)=1—-HR, (10)

From this formula, the entropy relationship depends on the
probability of no-failure operation state of the means of transport;

and the probability of no-failure operation state depends on the
level of information in case of the double-state model.

[bit]
0 0.5 1 >

Obr. 1. Vztah entropie od pravdepodobnosti bezporuchového stavu dopravného prostriedku ako aj pravdepodobnosti bezporuchového stavu
od kvality informdcie o jeho stave pri dvojstavovom modeli
Fig. 1. The dependence of entropy on the probability of no-failure state of a means of transport, and the dependence of the probability
of no-failure state on the quality of information about its condition at the double-state model

Ako vyplyva z obrazku 1 vSetkym hodnotam intonacie / > 0
prisluchaju dve hodnoty pravdepodobnosti bezporuchového stavu.
Takouto informaciou mozZe byt napriklad informacia z vykonanej
diagnostiky.

V prevadzkovej praxi pri realizdcii technologického procesu
prepravy dopravné prostriedky dosahuju vysoku produktivitu,
vysoky sucinitel vyuzitia vozidlového parku, pricom pri hodnoteni
je mozné pouzit viacstavovy model. Takto je mozne sledovat
vzniknuté poruchy v zavislosti od kilometrickych priebehov a §ta-
tisticky ich vyhodnotit.

From Figure 1, it may be concluded that two values of the
probability of no-failure condition ascribe to all values of into-
nation / > 0. An information resulting from diagnostics done may
be an example of such an information.

In operation practice, during the implementation of the tech-
nological process of transportation, means of transport reach high
productivity, high coefficient of the exploitation of the vehicle
park, and, when evaluating, it is possible to use a multi-state model.
This way, it is possible to observe occurring failures in depen-
dence on the kilometric course and evaluate them statistically.
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Pre ucely analyzy poruchovosti je mozné vyuzit model feno-
menologickej teorie spolahlivosti, ktory spociva na trvalych infor-
macénych systémoch o prevadzkovej spolahlivosti, ktora sa da
analyzovat podla zvolenych Statistickych modelov. Praktické sku-
senosti z hodnotenia spolahlivosti (bezporuchovosti) dopravnych
prostriedkov preukazali, Ze optimalnym Statistickym modelom je
trojparametricky Weibullov model.

Tento pri zovSeobecneni prakticky pokryva vacsinu moznych
priebehov nahodnych veli¢in (napr. poruch). Weibullov trojpara-
metricky model ma tvar distribucnej funkcie

1 o XZ=C
F(x,b,d,c):O—exp[—(t—c/d)], c<o b>0, d>0, ¢c=0

alebo

HLhdd:é—aphU—d@@

kde: b - parameter tvaru
d - parameter mierky
¢ - parameter polohy (prahova hodnota vyskytu nahodne;j
veli¢iny, tieZ parameter pociatku a v teorii spolahlivosti
sa tiez nazyva ,zaruceny Cas Zivota“),
a - parameter rozptylu

Vychadza sa pritom z predpo-
kladu, Ze Statisticky model je iba
jeden a pri praktickom pouziti sa
blizSie S$pecifikuje konkrétnymi
hodnotami parametrov b, d, a, c.
Vhodnou aproximaciou modze
Weibullové rozdelenie prejst na
exponencialne rozdelenie (b = 1),

w(t) A

For the object of the failure rate analysis, it is possible to use
the model of the phenomenological theory of reliability which is
based on the permanent information systems concerning the reli-
ability of operation. The reliability of operation may be analysed
according to the chosen statistical models. The practical expe-
rience of the reliability (no-failure operation) evaluation of means
of transport have shown, that the optimum statistical model is the
Weibull’s Three-Parameter Model.

In general, this model covers the most possible courses of
random variables (e.g. failures). The Weibull’'s Three-parameter
Model has the shape of the distribution function

(11

| or

PZC 50, a>0, ¢=0 (12)

t<c ’ ’

where: b - parameter of a shape

d - parameter of a measuring criterion

¢ - parameter of position (threshold value of the occur-
rence of the random variable, also the parameter of
the beginning, and, in the reliability theory it is also
called the “guaranteed lifetime”),

a - parameter of a variance

It is assumed that there is only
one statistical model which is, in
practical use, specified by particu-
lar values of parameters b, d, a, c.
By appropriate approximation, the
Weibull’s distribution may turn
into the exponential distribution
(b = 1), normal distribution (b =

normalne rozdelenie (b = 3,63)
a Ragleighové rozdelenie (b = 2).

3.63) and Ragleigh’s distribution
p (b=2).

Odhad parametrov b, d, c sa
uskutocnuje metodou najmensich

Obr. 2 Priebeh parametra b pre Weibullové rozdelenie
Fig. 2. Parameter of the flow of failures b for the Weibull's

t The estimation of the b, d, ¢
parameters is done by the method
of the smallest squares from the

Stvorcov z podmienok: distribution conditions:
dF dF dF dF dF dF
—=0, —=0, —=0 (13) —=0, —=0, —=0 (13)
db dd de db dd de

Z praktického spracovania nahodnych veli¢in pri hodnoteni
poruchovosti je mozné az 98 % ich priebehov do 1. celkovej resp.
vel'kej opravy aproximovat Weibullovym rozdelenim. Toto rozdele-
nie pravdepodobnosti maju ¢asy Zivota (asy do poruchy) mnohé
strojové suciastky i technické systémy, pre ktoré nevyhovuje expo-
nencialny model a zvlast také, u ktorych sa prejavuje mechanické
opotrebenie a inava materialu. Taktiez mechanické vlastnosti mate-
rialov, ako je napr. pevnost, je popisana Weibullovym modelom roz-
delenia pravdepodobnosti:

Stredna hodnota tohto rozdelenia je uréena vztahom:

Ex)y=c+T1/b+1) (14)

From the practical processing of the random variables when
evaluating the failure rate, 98 % of their courses, before the first
total (overall) repair, may be approximated by the Weibull’s distri-
bution. The “lifetimes” (time before a repair) of many machine
components and technical systems; for which the exponential model
is not suitable, and especially those, that are mechanically worn out
and have the signs of the fatigue; have the Weibull’s probability
distribution. The mechanical properties of materials, e.g. strength,
are also described by the Weibull’s probability distribution model:

The mean of this distribution is given by the formula:

Ex)y=c+T b+ 1) (14)
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a rozptyl

Dx)=T Qb+ 1)-T*/p+1) (15)
V teorii pravdepodobnosti a matematicke;j Statistike je ustred-
nym pojmom Normalne rozdelenie pravdepodobnosti. Jeho
hustota je vyjadrena vztahom
fx, p 0) = 1/(0V2m) exp (—(x — p)*20%) (16)
kde: E(x) = w; stredna hodnota
D(x) = o; rozptyl

Zhodu medzi empirickym histogramom a zvolenym teoretic-
kym modelom testujeme dvoma kritériami, a to bud kritériom
Chi-kvadrat, alebo kritériom Kolmogorova.

Kritérium Kolmogorova ma tvar:

. - =K0)y=0
lim P {(VN maxUF(x;) — F(x)O<y)} _ 0 inak (17)
kde: N - je pocet pozorovani

F, - je empiricka distribu¢na funkcia

F, - je teoreticka distribu¢na funkcia

Hodnoty funkcie K(y) st bud tabelované, alebo sa daju urcit
zo vztahu:

Koy= S (-1pem e

k=—o0

(18)

Pri testovani zhody teoretického modelu s empirickym histo-
gramom treba uvazovat s tzv. stupnami volnosti pre Kkritérium
Chi-kvadrat. Pocet stupnov volnosti je v tabulke €. 1
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The variance is given by the formula:

Dx)=TQ/b+1)-T*/b+1) (15)
The main term of the probability theory and the mathemati-
cal statistics is the term of the Normal Probability Distribution.
Its density is expressed by the formula:
Jox i, 0) = 1/(0 V2m) exp (= (x = p)’[20%) (16)
where:E(x) = w; mean
D(x) = o; variance

The coincidence between the empirical histogram and chosen
theoretical model is tested by two criteria, either by the CHI-
quadrate criterion, or by the Kolmogorov’s criterion.

The Kolmogorov’s criterion is:

=Ky y=0

lim P {(VN maxUF(x;) — F(x)O<y)} — 0 otherwise

A7)
where: N - number of observations

F, - empirical distribution function

F, - theoretical distribution function

The values of function K(y) are either tabulated, or derived
from the following formula:

Ko)= S (1=

k=—oo

(18)

When testing the coincidence of the theoretical model and
the empirical histogram, so called degrees of freedom for the CHI-
quadrate need to be considered. The number of the degrees of
freedom is shown in Table 1.

Tabul'ka poctu stupiov volnosti Tab. 1 Table of the number of the degrees of freedom Tab. 1
Typ rozdelenia Stupne volnosti Stupne volnosti Type of Distribution | Degree of Freedom Degree of Freedom
+ 1 param. + 1 Parameter
Normalne N-3 Normal N-3
Exponencialne N-2 N -3 2 param. Exponential N-2 N -3 2 param.
Weibullovo N-3 N —4 3 param. Weibull’s N-3 N —4 3 param.

Zhodu medzi empirickymi a teoretickym rozdelenim povazu-
jeme za velmi dobru, ak je:

1 —y=10,95az0,99 (19)
za vyhovujucu, ak
1—y=0,9az0,95 (20)

V technickej praxi automobilovej prevadzky sa uspokojujeme
so zhodou 0,6 - 0,7. Pre doplnenie S§tatistickych charakteristik
boli pri vyhodnocovani urobené odhady 10 % a 90 % kvantilov.
Kvantil je definovany vztahom:

We consider the coincidence of the empirical and the theore-
tical distribution: very good, if

1 —y=10.95t00.99 (19)
convenient, if
1—-y=0.9t00.95 (20)

In the technical practice of the motorcar operation, we are
satisfied when the coincidence is 0.6 - 0.7. During the evaluation,
assessments of 10 % and 90 % quantiles have been made in order
to complete the statistical characteristics. A quantile is defined by
the formula:
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0(x) = ¢+ (— log(x)""" — d) (1)

10 % kvantil (Q(x),,) udava vlastne kilometricky priebeh, pri
ktorom nastane porucha na 10 % sledovaného suboru. Vysledky
parametrov tohto modelu su uvedené na obrazku 4 spolu s 10
a 90 % kvantilmi.

Priebeh poruchovosti za celu Zivotnost dopravného prostried-
ku je mozné uréitf pomocou parametra prudu poruch.

I.ZOP i [ poriich }

W= (22)
N(L,—L,) | 1000 km

3.p; - pocet poruch v danom intervale

N - pocet sledovanych vozidiel v danom intervale

L, — L, = AL - dany interval, na ktorom boli poruchy sledované

N A
Prudy portch, ich vlastnosti 3

0(x) = ¢+ (— log(x)""" — d) (@1

10 % quantile (Q(x),,) sets the kilometrical course during
which, a failure of 10 % of the observed file will occur. The results
of the parameters of this model are shown in Figure 3, together
with the 10 and the 90 % quantiles.

The course of failure rate during the lifetime of a means of
transport may be derived using the parameter of the flow of
failures.

w= (22)
N(L, —L,) | 1000 km

n
Di .
,.ZO ! [ failures ]
3.p; - number of failures in a given interval
N - number of observed vehicles in a given interval
L, — L, = AL - given interval, during which, the failures are ob-

served

The flows of failures, their

a zakonitosti su dolezitou zlozkou
teorie spolahlivosti v prevadzke

properties and regularities, are an
important part of the theory of

dopravnych prostriedkov. Poru-
chovost ako ukazovatel technické-

reliability of the operation of
means of transport. The failure

ho stavu dopravného prostriedku
je mozné hodnotif pomocou re-

rate, as an indicator of the techni-
cal condition of a means of tran-

\4

gresnej analyzy. Empirické hodno-

ty parametra pradu poruch v za- AL AL

sport, may be evaluated by the
AL regression analysis. The empirical

vislosti od kilometrického priebe- Lo Ly
hu sa aproximuje vhodnou kriv-
kou, ¢im sa urc¢i trend parametra
prudu poruch.

K volbe regresnej Ciary je potrebné pristupovat z dvoch hla-
disk:

1. matematické-spociva v tom, ze pre empirické udaje sa zvoli
krivka, ktorej pocet parametrov zavisi od po¢tu hodnot pre-
menne;j veli¢iny,

2. technicko - interpretacné - spo€iva v tom, Ze musime zvolif
taky druh Ciary, ktory dobre opisuje skimané javy a jej jednot-
livé parametre dokaZeme interpretovat.

Na obrazku 4 je znazorneny priebeh parametra pridu portiich
dopravnych prostriedkov S MTS 24 pre skupinu ,motor®. Pre
urcenie trendu bola vybrana exponenciala prvého stupna uva-
dzana vo vSeobecnom tvare:

y=aqy- [exp(ax) ...] (23)
Pre vzajomnu porovnatelnost informacie o poruchach doprav-

nych prostriedkov je potrebné pouzivat rovnako definovanu krivku
(funkciu).

4. Zaver

Z vyssie opisanych faktorov vyplyva, Ze bezporuchovost
dopravného prostriedku chapana ako pravdepodobnost zrealizo-

Obr. 3. Vyiskyt poriich
Fig. 3. Occurrence of failures

\4

»

Lo values of the parameter of the flow

of failures in dependence on the

kilometrical course are approxi-
mated by appropriate curve which
will define tendency of the parameter of the flow of failures.

An approach from two views is needed in order to select

a regression line:

1. mathematical point of view - the selection of a curve for the
empirical data is based on the number of parameters depen-
dent on the number of values of the variable

2. technical and interpretative point of view - the type of line
that needs to be chosen has to describe observed phenomena
well, and we must be able to interpret its particular parameters

The Figure 4 shows the course of the parameter of the flow of
failures of S MTS 24 type of means of transport, for the “motor”
group. For the definition of tendency, the exponential curve of the
first degree, in the general form, has been selected:

Y =ay - [exp(ax) ..] (23)
For the mutual comparability of the information about

failures of means of transport, usage of an equally defined curve
(function) is required.

4. Conclusion

From the above described factors results, that no-failure ope-
ration of a means of transport, understood as the probability of

00 « KOMUNIKACIE / COMMUNICATIONS 1/2001



vania prepravnej ulohy je funkciou urovne informacii o jeho stave
na zaklade diagnostickych informacii. V praxi ide o prakticky
o minimalizaciu ¢asov na realizaciu technologického procesu pre-
pravy a na odstranovanie poruchy.

Output of data processing group ,motor* S MTS 24

Exponential function y = A(0)exp[d < 1 >x+A4<2>x"2+ ..

[OVINIKOCIE
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the implementation of a transportation task, is a function of the
level of information about its condition, based on diagnostic inform-
ation. In practice, it is the minimisation of times needed for the
implementation of the technological process of transportation
and for removal of a failure.

+A4<M>x"M]

DET <A> = 1685625.0000 M = 1.0000
M=10

Regression coefficients Standard fault Statistics
A() Central format E-format reg.coefficients. t
A(0) = 0.62886 6.288573268270E-01 s(0)=0.12745 t(0)= 3.6394
A(l) = 0.01146 1.145664597910E-02 s(1)=0.00144 t(1)= 79790

t(kr.)=2.0552

Fisher_s general F-test

Source of degree of freedom sum of square average square statistics
variability df SS MS F
Regression 1 7.3749 7.3749 61.4691
Residual 28 3.3594 0.1200 0.3464
Total 29 10.7342
r(x;y) = 0.8289 df (N-M)=29.0000 N = 30.0000
r(kr.) = 0.3465
Regression 95 % CONFIDENCE INTERVAL
A() coefficients Lower-bound Upperbound
A(0) = 0.62886 0.57936 0.67836
A(l) = 0.01146 0.01090 0.01201
4.0800
3.E00 s
3.200
2.800
2.400
2.000
1.600
1.200
.808
. 400
9.0008 " 2 " 2 A1 N 2 A P ':’
r N ® ® ©® N & Hh @ o
®© & ® & & S & ® ® 8 8
Q ) o) ) o ] 3] 9 o) [ ]
[ (\] [ ® ] Q [} ] [

Obr. 4. Parameter priidu portich
Fig. 4. The parameter of failure course
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PRIEBEH KINEMATICKYCH PARAMETROV PRI BRZDENI
AUTOMOBILU A POSOBENIE DYNAMICKYCH VPLYVOV

COURSE OF KINEMATIC PARAMETERS DURING THE COURSE OF BRAKING

AND ACTION OF DYNAMIC EFFECTS

Cldnok popisuje priebeh kinematickych velicin pri odvalovani
kolies automobilu pri procese brzdenia so zameranim na experimen-
tdlne zistovanie ich casovych zavislosti, vplyve brzdného skizu pred-
nych kolies na priebeh brzdenia spolu s posobenim gradientu rastu
brzdného spomalenia na okamih blokovania kolies, z pohladu bez-
pecného smerového ovlddania automobilu.

1. Uvod

Rozvoj automobilovej dopravy prinaSa so sebou popri pozi-
tivnych efektoch pre chod hospodarskeho Zivota, ale aj zivota
spolocCnosti v§eobecne, tieZ aj negativne javy vo forme rastu eko-
logického zatazZenia prostredia, materialnyh $kod pri dopravnych
nehodach a v nie poslednom rade aj nasledkami na Zivotoch
a zdravi ucastnikov cestnej premavky pri nehodach. Preto riesenie
vlastnosti automobilu ovplyvaujucich ich bezpecny pohyb po ceste
patri k prvoradym smerom ich technického vyvoja.

Z tohto pohladu je zakladom bezpe¢ného pohybu automobilu
trvalé silové spojenie s povrchom vozovky, ktoré sa realizuje pros-
trednictvom kolies automobilu. Toto spojenie ma pritom z kine-
matického hladiska zvlastny charakter, lebo pneumatiky kolies
zabezpecujuce silovil vizbu pohybujiceho sa vozidla s vonkajsim
prostredim sa pri odvalovani po vozovke deformuju v radialnom,
axialnom aj tangencialnom smere.

2. Interakcia pneumatiky s vozovkou

Na bezpecné silové spojenie automobilu s vonkaj§im prostre-
dim je rozhodujuca schopnost kolies prenasat pri roznych stavoch
povrchu vozovky tangencidlnu silu F,, pre ktoru plati v§eobecne
na kazdom kolese vztah vyjadreny pomocou trecej kruznice, a to

EiZEiI+F;,2vi’ (D
kde F,_je pozdizna hnacia alebo brzdna sila posobiaca na koleso

a F,, bocna sila vyvolana jazdnymi parametrami automobilu a pdso-
biacimi vonkaj§imi (pripadne vnutornymi) rusiacimi silami.

* Doc. Ing. Pavol Hudec, CSc., Ing. Eduard Rojko, CSc.
KALSM, SjF STU, Nam. slobody 17, 812 31 Bratislava

The article deals with a course of kinematic values at rolling of
car wheels during the course of braking focusing on experimental
measurement of their time-base relations and effect of a braking slip
of front wheels on a course of braking along with an effect of
a gradient of braking deceleration build-up on a moment of wheel
blocking from a view of safe car handling in direction.

1. Introduction

Besides positive effects on economy and society life in general,
development of automobile transport brings some negatives in
a form of increasing impact on the environment, material damages
in car crashes, and traffic fatalities and sustained health damages
on people in traffic. Technical development of car characteristics
should be directed at those that effect their safe movement on
a road.

From that point the essentials of safe car movement is a per-
manent power contact with a road surface, which is ensured by
car wheels. That contact has special character from a kinematic
point of view since tires, securing a power relation between a moving
car and the surroundings represented by a road, are deformed in
radial, axial and tangential direction when rolling on a road.

2. Interaction between tire and the ground

Ability of wheels to transmit, at various road surface condi-
tions, a tangential force is essential for safe power contact between
a car and its surroundings. There is a relation for tangential force
generally valid for each wheel and expressed by a Kamm circle of
frictional forces as follows:

Ftt':Fgci—i—Eii’ (D

whereas F,. is a longitudinal drive or braking force acting on

a wheel and F, is a side force caused by driving parameters of

a car and external (or internal) interfering forces.

Tel.: ++421-7-57296304, ++421-7- 57296307, Fax: ++421-7-52962650, E-mail: hudec@sjf.stuba.sk, rojko@cvt.stuba.sk
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Nevyhnutnym predpokladom prenosu tangencialnej sily
kolesom vozidla je prilnavost medzi pneumatikou a vozovkou,
ktora je podmienena existenciou dostatocne velkej zvislej reakcie
F, posobiacej na prislusSnom kolese. Z teodrie prilnavosti kolesa,
ktoré sa vali po vozovke a je vybavené pneumatikou je zname, ze
prenos sily sa uskuto¢nuje prostrednictvom troch elementarnych
zlozZiek prilnavosti - adhéznej, hysteréznej a abrazivnej,

Fy =X (8F, + F, + 8F,), 2)

ktorych vplyv a podiel je determinovany druhom povrchu vozovky
a jej okamzitého stavu, konStrukciou pneumatiky, materialom
behtina a konfiguraciou jeho dezénu.

Ak sa v dalSich uvahach obmedzime na silové spojenie kolesa
s vozovkou pri priamej jazde automobilu, bude najvyssia kolesom
prenesitelna pozdizna tangencialna sila limitovana vzahom

Foi = by Fops (3)

kde je F,; zvislé zataZenie prisluSného kolesa a uy hodnota suci-
nitela prilnavosti, ktora je pritom premenliva a zavisla nielen od
trecich vlastnosti dvojice pneumatika - vozovka, ale aj od spdsobu
odvalovania kolesa po vozovke.

The pre-condition of a tangential force transmission by a car
wheel is adhesion between a tire and the ground, conditioned by
an existence of a sufficient vertical reaction F, acting on a parti-
cular wheel. It is known from a theory of adhesion of a wheel
rolling on the ground and equipped with a tire, that a transmission
of force is made through three elementary adhesion components
- adhesion, hysteresis and abrasion, which impact and portion is
determined by a type of a road surface and its momentary condi-
tion, tire design, material of tread and its design configuration.

F,=3 (8F, + 6F, + 6F,,). )

When concentrating on our next thoughts only on a power
contact between a wheel and a ground at rectilinear drive of a car,
the following relation limits the highest transmittable-by-wheel
tangential force:

thizl"’x'in’ (3)

whereas F; is a vertical load of a particular wheel and .y is a value
of a coefficient of adhesion, which is changeable and dependent
not only on frictional properties of the couple tire-ground but also
on a way a wheel is rolling on the ground.

G, - zataZenie kolesa,
My, - brzdny moment na kolese,
F. - brzdnd sila na kolese,

X
r, - ucinny polomer volne sa valiaceho kolesa,

r - fiktivny valivy polomer kolesa vypocitany z uhlovej rychlosti rotdcie

kolesa so sklzom,
wy - uhlovd rychlost rotdcie kolesa,
v, - rychlost pohybu vozidla,

v, - rvchlost kolesa v dotykovej stope

G, - wheel load,
My, - braking torque on a wheel,

F. - braking force on a wheel,

X
r, - effective radius of a freely rolling wheel,

T, - fictitious tire rolling radius,

v

w;, - wheel angular velocity,

v, - speed of vehicle,
v, - wheel velocity in a contact trail

Obr. 1. Kinematické pomery na brzdenom kolese
Fig. 1. Kinematic relations on a braked wheel

Pre pohyb automobilu po pevnych komunikéciach je charakte-
risticky nepoddajny povrch vozovky, preto v styku kolies s vozovkou
dochadza k deformacii u¢inkom posobiacich sil len na kolesach.
Z troch vSeobecnych stavov valiaceho sa kolesa - tzv. Cistého
valenia, valenia s preklzom (pri poésobeni hnacieho momentu)
a valenia so sklzom (ak posobi brzdny moment), sa zameriame na

A rigid road surface is typical for movement of a car on a solid
ground; therefore, at wheels-ground contact, deformation is caused
by forces acting only on wheels. Having three general states of
a rolling wheel: so-called pure rolling, rolling with a wheel spin
(when drive torque is acting) and rolling with a wheel slip (when
braking torque is acting) we will focuse on the latter; the most

04 + KOMUNIKACIE / COMMUNICATIONS 1/2001



posledny stav, ktory je z hladiska bezpecnosti jazdy najdolezitejsi.
Silové a kinematické pomery pri valeni brzdeného kolesa charak-
terizuje obr. 1.

Na casovy priebeh brzdenia automobilu maju vyznamny vplyv
vlastnosti pneumatik pri zatazeni brzdnym momentom My, vyvo-
lavajucim brzdné spomalenie. Pritom plati

EEW' ax

My = G = 2 > 4)
kde je G - tiaz automobilu, 3 F; - sicet brzdnych sil, a, - brzdné
spomalenie, g - tiazové zrychlenie. Z uvedeného vztahu vyplyva
podla okamzitého stavu vozovky maximalne dosiahnutelné brzdné
spomalenie. Podmienku dosiahnutia maxima sucinitela prilna-
vosti je dosiahnutie optimalneho brzdného sklzu, ktory v stope
kolesa vznika nasledkom posobenia brzdnej sily. Pre brzdny sklz
plati vztah

vm - vV vV
5= -100-(1——)-
VUJ vw

Na obr. 2 je v§eobecny stacionarny priebeh sucinitela prilna-
vosti na suchej asfaltovej vozovke v zavislosti od brzdného sklzu.
Z neho vidiet, Ze maximalny suci-

[T R
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important from a safety point of view. Fig. 1 shows force and kine-
matic relations at rolling of a braked wheel.

Time-base course of car braking is significantly influenced by
properties of tires when loaded by braking torque Mj, causing
braking deceleration. Generally the following is valid:

2F)ci ay
p= o= @

G g

whereas G is gravity of a car, 2F; is a summation of braking
forces, a, is braking deceleration, g is acceleration due to gravity.
A maximum achievable braking deceleration, dependent on the
momentary state of a ground, is apparent from the above relation.
Achievement of a maximum coefficient of adhesion is condi-
tioned by achievement of an optimal braking slip, which occurs in
a wheel trace as a result of application of braking force. Braking

slip is expressed by the following:

(-7

100=11- - 100 (%), (5)
Fig. 2 shows a general stationary course of a coefficient of
adhesion on a dry asphalt road depending upon a braking slip. It
is obvious from the figure that

nitel' prilnavosti u,, a teda aj naj- x : ’ ' -------- ' -------- a maximum coefficient of adhe-
vicSia prenesitelna brzdna sila sa 2 omsl.. 2 R T : L . sion u,,, which means the highest
dosahuje pri urcitom, relativne g N : Pl transmittable braking force, is
nizkom brzdnom sklze a v krat- B osd ... L o Lo HSb o achieved at a particular, relatively
kom rozsahu, v ktorom je koleso S . low-braking slip, and in a short
schopné udrzat iba systém ABS, § o254 ..... , ________ e [ range, when a wheel could be held
pokial bude senzorom vybavené g . . by ABS, in the case each wheel of
kazdé koleso vozidla. 0 : ; a car is equipped with sensors.
0 25 50 75 100
Redlne deje pri brzdeni maju slip & [%] Real braking has, however,

nestacionarny priebeh a st ovplyv-
nené dalSimi faktormi, ktoré prie-
beh pohybovych veliin ovplyv-
nuju. Na overenie tychto vplyvov je potrebné ich experimentalne
skumanie priamo na kolesach vozidla.

Jednu z mozZnosti experimentalneho skimania brzdného
procesu a jeho kinematickych vlastnosti v tomto smere predsta-
vuje meracia sustava znazornena na obr. 3, ktora je zloZend na
baze meracich zariadeni CORREVIT a DATRON s digitalnym
Zdznamom a spracovanim meranych veli¢in.

Posobenie vysokych pozdiznych sil pri brzdeni podstatne
zniZuje moznost prenosu zataZenia v boCnom smere, je preto
mimoriadne vaznou otazkou smerovej stability brzdenia a bezpec-
nej jazdy automobilom, zvIast ak sa pohybuje vysokou rychlostou.
Ak ma byt z pohladu bezpec¢ného brzdenia splnena zakladna pod-
mienka - zabezpeCenie aspon minimalnej schopnosti prenosu
bocnej sily kolesom a tym dosiahnutie smerového ovladania aj
v priebehu brzdného procesu, musi byt tento riadeny tak, aby
nedochadzalo k blokovaniu kolies vozidla, t. j. 100 %-nému brzd-
nému sklzu. Pri automobiloch vybavenych protiblokovacim systé-
mom ABS je tato podmienka splnena, bez ohladu na to akym,
hoci aj extrémnym spdsobom brzdi vodi¢ vzhladom na okamzité
podmienky na vozovke.

Obr. 2. Skizovd charakteristika pozdizneho siicinitela prilnavosti .,
Fig. 2. Slip characteristics of a longitudinal coefficient of adhesion

a non-stationary course and is
influenced by other factors, which
have an effect on the course of
motion values. An experimental examination directly on car wheels
is necessary to check.

One of the options of an experimental examination of the
braking process and its kinematic characteristics is a measuring
system based on measuring devices CORREVIT and DATRON
with a digital recording and processing of the measured values.
The system is shown in the Fig. 3.

Action of high longitudinal forces when braking substantially
decreases a possibility of a load transfer in a side direction; there-
fore, it is a significant matter in respect of directional braking sta-
bility and safe car driving, particularly moving at high speed. If,
from a safe braking point of view, a fundamental condition is to
be met, i.e. making at least minimal ability of side-force transfer by
a wheel sure and by achievement of directional control even when
braking, the braking process has to be controlled in a way so that
car wheels blocking i.e. 100 % braking slip does not happen. This
condition is met in the cars equipped with ABS anti-block system,
irrespective of the way, even an extreme one, a driver is braking
considering momentary conditions on a road.
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Optical sensor of
vehicle speed

CORREVIT

Impulse sensor of

Notebook A/D

| wheel revolutions

F/U
changer |

Impulse sensor of

PC changer

wheel revolutions

Force sensor on

Amplifier

a brake pedal

Sensor

of acceleration

Obr. 3. Blokovd schéma meracieho zariadenia
Fig. 3. Block scheme of the measuring device

Zlozitejsia situacia nastava pri automobiloch bez takejto sus-
tavy, kedy je jedinym regulatorom intenzity brzdenia vodic¢ vozidla.
Nasledujuce experimentalne merania, prave takéhoto pripadu, boli
vykonané na automobile niZSej strednej triedy s meracou hmot-
nostou 1150 kg a vybavenym konvenc¢nou brzdovou sustavou.

Na obr. 4 je ¢asovy zaznam pohybovych velicin na prednom
kolese automobilu pri intenzivnom, ale nie kritickom brzdeni
z rychlosti 80 km.h ™! brzdnym spomalenim priblizne a, =35 ms”~ 2
Z nameranej rychlosti vozidla v, a obvodovej rychlosti kolesa v,, je
vypocitany priebeh sklzu kolesa 8. Brzdna sila vyvolava v tomto
pripade iba maly sklz na kolese a rezerva schopnosti prenosu

bocne;j sily zaruCuje bezpecny pohyb.

100 ~
90 +

More complicated situations arise using cars without the anti-
block system, when a driver is the only regulator of braking inten-
sity. Following experimental measurements focused on such a case
were carried out on a car of lower middle class with a weight 1150
kilogram and equipped with a standard braking system.

Fig. 4 shows a time-base record of motion values on a front
wheel of a car at intensive but not critical braking from a speed of
80 kmph by braking deceleration a, circa 5 m.s~ 2. From the record-
ed speed of a car v, and peripheral wheel speed v, a course of
a wheel slip 6 is calculated. Braking force causes only a small
wheel slip in this case, and a reserve of side-force transfer ability
ensures safe motion.

‘T_C_ §, 60 - H : i N
E o b
£ G 50 - - - /
8O speed of wheel v,
28 40 peed ofwheelva ™
F =

30 +

20 1 wheel slip’ —

0 _,\/\//\/—A\/v/\’\/\/\v/\_s/~

1.5 2 25

Obr. 4. Namerany priebeh kinematickych velicin na brzdenom prednom kolese spomalenim a, = 5 m.s~
Fig. 4. Recorded course of kinematic values on a front braked wheel by a deceleration a, = 5 m.s~

3 3.5 4
time [s]

4.5 5 5.5 6

2
1
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Pri extrémnom brzdeni so strednym brzdnym spomalenim
a, =7 m.s~? a ovladani intenzity brzdenia vozidla iba vodi¢om
dojde k stavu, ktory je zaznamenany na obr. 5. Z Casového
zaznamu vidiet linearny pokles rychlosti vozidla az do uplného
zastavenia. Pritom, zobrazeny priebeh brzdného sklzu kolesa
ukazuje, Ze k uplnému zablokovaniu prednych riadenych kolies
automobiluy, t. j. k ich 100 %-nému sklzu, doslo uz za 0,5 s od
zaciatku nabehu brzdného spomalenia. Automobil sa dostava do
smerovo nestabilného stavu bez mozZnosti korekcie riadenim este
pri relativne vysokej rychlosti automobilu na hranici 70 km.h ™",

100 ~
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A situation recorded at extreme braking at mean braking
deceleration a, = 7 m.s~2 and control of intensity of car braking
performed only by a driver is shown on Fig. 5. From a time-base
record a linear decrease of car speed up to a total stop of a car is
seen. Whereas, the course of a braking slip of a wheel indicates
that a total blocking of front driven wheels of a car, i.e. 100 % slip
already happened in 0.5 s from a braking deceleration build-up
start. A car enters a non-stabile state in direction without possibi-
lity of a correction through steering even at relatively high speed
of a car, 70 kmph.

90 : —
80

70 4
60 -+
\
I
50 4 "’
40 1 1

speed [km.h]
wheel slip [%]

30 - : ['.
20 - i £
10 - T o

Y
0 T T T =— a

/ wheel slip
&

N/

& speed: of vehicle v,

0 0.5 1 1.5 2 2.5

Obr. 5. Namerany priebeh kinematickych parametrov na prednom kolese automobilu pri brzdeni spomalenim a, = 7 m.s~
Fig. 5. Recorded course of kinematic parameters on a front car wheel at braking deceleration a, = 7 m.s~

speed [km.H']
wheel slip [%]

time [s]
2
1

(6]
deceleration [m.s?]

2 2.5 3 3.5 4 4.5

time [s]

speed of vehicle

slip of rear wheels

speed of rear wheels
— — — — slip of front wheels

— — — — speed of front wheels

————— deceleration of vehicle

Obr. 6. Priebeh brzdenia na kolesdch automobilu pri réznych hodnotdch ndabehu brzdného spomalenia
Fig. 6. Course of braking on front car wheels at different values of braking deceleration buid-up
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speed [km.h']
wheel slip [%]

deceleration [m.s?]

-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
time [s]
speed of vehicle ~  ------- speed of rear wheels — — — — speed of front wheels

slip of rear wheels

— — — — slip of front wheels

— - — - — deceleration of vehicle

Obr. 7. Posunutie hranice blokovania prednych kolies zmensenim gradientu brzdného spomalenia pri jeho vyssich hodnotdch
Fig. 7. Shifting of a blocking point of front wheels by means of decreasing a gradient of braking deceleration at increased values of deceleration

Ako ukazuju experimentalne merania, okamih pociatku blo-
kovania kolesa je zavisly od gradientu nabehu brzdného spomale-
nie a,, ktory charakterizuje narast tangencialnej brzdnej sily na
kolese automobilu. Tento vplyv znazornuje obr. 6, kde je nabeh
brzdného spomalenia na priblizne rovnaku stredni hodnotu reali-
zovany tromi rozdielnymi gradientmi zrychlenia. V prvom pripade,
s gradientom nabehu brzdného spomalenia 0,60. g/s, dojde na
prednom kolese k 100 %-nému brzdnému sklzu az za 3,61 s, pri uz
takmer nulovej rychlosti automobilu. V druhom pripade, pri gra-
diente nabehu brzdného spomalenia 0,88. g/s, 100 %-ny sklz
nastane uZ za 1,9 s, pri rychlosti automobilu okolo 40 km.h ~!. Ako
vidief z tretieho priebehu brzdenia, pri gradiente nabehu brzd-
ného spomalenia 1,67.g/s dojde k 100 %-nému brzdnému sklzu
kolies uz za 1,1 s od pociatku nabehu brzdného spomalenia uz pri
rychlosti vy$sej ako 50 km.h ™. Pritom extrémny nabeh brzdného
spomalenia nema na dobu zastavenia vozidla takmer Ziadny vplyv.

PriaznivejSim je z pohladu zlepSenia ovladatelnosti vozidla
v priebehu brzdenia narast brzdného spomalenia podla obr. 7, kde
po prakticky zhodnom pociatonom nabehu dochadza k jeho
pozvolnému narastu pri vysokych hodnotach spomalenia. Aj
napriek vy§§im §pickovym hodnotam brzdného spomalenia dojde
k 100 %-nému sklzu kolies neskor, pri rychlosti jazdy na hranici 30
km.h~ L. Ovladanie bfzd subjektom vodica je v takomto pripade
velmi naro¢né a vyzaduje zdokonalovanie schopnosti Specializo-
vanym vycvikom.

Literatura - References

As demonstrated by experimental measurement, the starting
moment of wheel blocking is dependent on the gradient of braking
deceleration (a, ) build-up, as a result of a tangential braking force
growth on a car wheel. That effect is shown in Fig. 6, where
a build-up of braking deceleration to approximately the same
mean value is made by three different gradients of deceleration. In
the first case, with a gradient of braking deceleration build-up
equal to 0.60 g.s~ ', 100 % braking slip on a front wheel occurs in
3.61 s at almost zero speed of the car. In the second case, when
gradient of braking deceleration build-up is 0.88 g.s~", 100 % slip
occurs in 1.9 s at a car speed of 40 kmph. It is apparent from the
third course of braking, at a gradient of braking deceleration build-
up of 1.67 g.s~ !, 100 % braking wheel slip occurs even in 1.1 s from
a braking deceleration build-up start at a speed higher than 50
kmph. An extreme braking deceleration build-up does not have
any particular effect on a time of a car stopping.

More preferable from improved car steering ability during
a course of braking point of view is a braking deceleration build-
up shown in Fig. 7, where after a starting build-up of the same
value there is a gradual increase in its value at high values of
deceleration. Despite higher peak values of braking deceleration,
100 % wheel slip will occur later, at a speed of 30 kmph. Handling
of a braking process by a driver is very difficult in such a case and
requires improved capabilities by taking a special training.

[1] ZOMOTOR, A.: Fahrverhalten, VOGEL Buchverlag Wiirzburg, 1987
[2] ROMPE, Heising: Objective Testverfahren fiir die Fahreigenschaften von Kraftfahrzeugen, TUV-Verlag, 1984

[3] VLK, E.: Dynamika motorovych vozidiel, Nakladatelstvi Vik, 2000
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DIMENZOVANIE TRUPU MOTOROVE]J JACHTY GOLDEN SERIES

HULL STRUCTURAL SCANTLINGS OF THE GOLDEN SERIES MOTORYACHT

V ¢lanku s uvedené postupy pri dimenzovani niektorych prvkov
trupu lode z kompozitovych materidlov (FRP). RieSenie a softver
vychddzajii z pravidiel klasifikacnych spolocnosti GL-BV-RINA. To
dovoluje stanovenie optimdlnej hriibky dosiek obsivky a ostatnych
dimenzii vystuh. Tieto postupy boli uplatnené pri ndvrhu velkych
rychlych plavidiel Golden Series plne morskej triedy. Luxusné jachty
sa stavajii v bratislavskej lodenici pre zahranicného zdakaznika.

Uvod

V stavbe lodi, Specialne pri stavbe rychlych plavidiel sa ¢asto
pouzivaju kompozitové materialy pre trup a nadstavby. Kompozi-
tovy material v jeho najzakladnejSej forme tvoria aspon dve spo-
lupracujtce zlozky tak, aby vytvorili material odlisnych vlastnosti
ako maju ony samotné. Kompozity s polymérovou matricou, zname

The paper describes the procedures for scantlings of some hull
structural elements from FRP materials. The solution and software
are based on the rules of classification societies GL-BV-RINA. It allows
to estimate the optimal skin-plating thickness and other dimensions
of the stiffeners. These procedures are applied for design of the large
high-speed craft Golden Series designed for the open-sea class. The
luxurious yachts built in Bratislava shipyard for foreign customer.

Introduction

In shipbuilding, especially in high-speed craft, building often
uses composite materials for the hull and superstructures. In its
most basic form a composite material is one, which is composed
of at least two elements working together to produce material pro-
perties that are different to the properties of those elements on

Obr. 1. Generdlny pldn m/y FALCON
Fig. 1. General plan of 120’ m/y FALCON
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tiez ako FRP (Fibre Reinforced Polymer/Plastic) vyuZzivaju ako
matricu Zivice na polymérovom zaklade (polyester alebo vinyles-
ter). Ako armatiry sa pouzivaju rozne vlakna a to najcastejsie
sklo, uhlik a aramid.

Osobitnym druhom kompozitov, ktory je ¢asto pouZivany na
konstrukéné detaily je sendvi¢. Tato Struktura je odskusana kons-
truk¢na technika, ktora kombinuje nizku hmotnost s vysokou pev-
nostou. Sendvié pozostava z dvoch ¢iel/skrupin a jadra. Cela
(dosky FRP) preberaju normalové napitia a davaju konstrukcii
pevny povrch. Material jadra (pena PVC, Divinycell, balza vostiny)
prenasaju priecne sily generované zatazeniami roznaSajuc ich do
vicsej plochy.

Pri stavbe luxusnych namornych jacht budovanych v bratis-
lavskej lodenici su pouzité oba druhy kompozitovych Struktur.
Jachty dizky 36 m st stavané v spolupraci CPMG Yachts Interna-
tional Miinchen a DMC Bratislava. Dimenzovanie trupu je robené
v zmysle pravidiel klasifikacnych spolo¢nosti GL-BV-RINA [3].

Mechanické charakteristiky materialov FRP

Objemovy obsah ¢ armovania so Specifckou hmotnostou p,
v zékladnej vrstve pri hmotnostnom obsahu vystuZenia ¢ vo vrstve
je dany vztahom

A )
Y+ (=4 pip,

kde p, je merna hmotnost Zivice. Pre kazdy typ vystuZenia pouZity
v jednotlivej vrstve, ktorého elastické vlastnosti vrstvy s jedno-
smernymi vlaknami maju ten isty obsah vystuZenia ako vrstva, sa

najprv pocita modul pruznosti v tahu rovnobezne s vlaknami E;
a kolmo na vldkna E,

(1

£,

their own. Polymer matrix composites, also known as FRP - Fibre
Reinforced Polymer (Plastic), use a polymer-based resin (poly-
ester or vinylester) as the matrix. A variety fibers such as glass,
carbon and aramid are used as reinforcement.

The special kind of composite material very often used for
structural details is called a sandwich. This structure is a well-tried
construction technique that combines low weight with high
strength. A sandwich consists of two facings and core material.
The facings (FRP skin) take up normal strains and give the struc-
ture a sturdy surface. The core material (PVC-foam, Divinycell,
balsa, honeycomb) takes the shearing forces generated by loads
and distributes them over a larger area.

Both kind of the structures are applied simultaneously for hull
and superstructure of luxurious yachts built in a Bratislava shipyard.
The 36 m high-speed craft are built in cooperation with CPMG
Yachts International Miinchen and DMC Bratislava. The hull scantl-
ing is made by rules set by GL-BV-RINA classifications societies

13].

Mechanical characteristics of FRP materials

The content in volume ¢ of reinforcement with specific gravity
pyin elementary layer for content in mass of reinforcement ¢ in
a layer is given by the formula

gV m)
b+ (=) plp,

where p, is specific gravity of resin. Whatever the type of reinforce-
ment used in a particular layer, the elastic characteristics of a layer
with unidirectional fibres having the same content of reinforce-

ment as that layer are be calculated first Young’s moduli parallel
to fibres E; and perpendicular to fibres E,

(1

E, 1+ 0,85¢2

Ei=¢-E+(-9¢)E, =
kde E,a E, si moduly pruznosti v tahu vlakien a Zivice. Poisso-
nove Cisla vrstvy s jednosmernymi viaknami st vy, = ¢ - v+ (1 —
—¢) v a v, =, E/E,. Modul pruznosti v Smyku vrstvy
s jednosmernymi vlaknami je potom

G 140,69
(1= + ¢ EJE,
Pre niektory smer, ktory zviera so smerom vlakien uhol modul

pruznosti v tahu zakladnej vrstvy ako prvok matice tuhosti je
potom

G12

L=v] (1= @)+ eE (1 — 1)

(2)

where E,and E, are Young’s moduli of reinforcement and resin.
Poisson’ ratios of layer with unidirectional fibres are v;, = ¢ -
“v+ (1 — @) 'y, and vy = vy, - E5/E|. Then Coulomb’s modulus
of a layer with unidirectional fibres is

E,

G . 3)

where =
2-(1+v)

Following any direction that forms an angle with the direction
of fibres, the Young’s moduli of the elementary layer as elements
of stiffness matrix becomes

1 1 1
—=—-cos*O+|—— Y2 ) sin®d - cos’Y + — - sin*d 4)
Ex 1 12 1 EZ

1 1 1 2y 1
—=—"sin*d + (— — ) sin® - cos’d + — - cos*d 5)
E, K G ! E,

Vo vSeobecnosti hmotnostny obsah vystuzenia vo vrstve
rohoze je medzi 0,25 az 0,35. Modul pruznosti v tahu pre laminat
s rohozou sa moze urcit z Helpin-Tsaiovej rovnice pre nahodne
orientované vlakna

In general, the content in mass of reinforcement in layer of
mat is between 0.25 and 0.35.

The Young’s modulus of layer of mat may be estimated from
Helpin-Tsai equation for random-oriented fibers
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Obr. 2. Konstrukcia dna, priecky a chrbtice
Fig. 2. Bottom structure of hull, keelsons, floors

Vo vseobecnosti hmotnostny obsah vystuzenia vo vrstve
tkaného rovingu (tkaniny) je medzi 0,4 az 0,6 a hmotnostny obsah
vystuZenia vrstvy s jednosmerne orientovanymi vlaknami je medzi
0,6 a 0,7. Celkove teda vrstva armovana tkanym rovingom sa moze
uvazovat ako vrstva dvoch jednosmerne kolmo na seba armova-
nych vrstiev a je mozné pouZit na fu priamo vysSie uvedené
vztahy beruc do Gvahy aktualny stav obsahu vystuzenia vo vrstve.

Ak nie su k dispozicii presné udaje o fyzikalnych vlastnos-
tiach pouzitych zlozZiek, je mozné brat hodnoty z nasledujicej
tabulky [1], [3] .
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< b (6)

Obr. 3. Chrbtice a l6zka motorov v strojovni

Fig. 3. Keelsons and engine seating in engine room

In general, the content in mass of reinforcement in a woven
roving reinforced layer is between 0.4 and 0.6 and the content in
mass of reinforcement in and unidirectional reinforced layer is
between 0.6 and 0.7. Generally, a layer reinforced with woven
rovings may be considered as made of two perpendicular unidi-
rectional layers and it is possible to apply directly to them the for-
mulae laid down above, taking into account the actual content of
reinforcement in the layer. When there is no available information
on physical characteristics of used components, the values given
in next table [1], [3] may be considered.

Jednoducha laminatova ob-

A single-skin laminate is

- . K . E-glass Aramid
Sivka je zostavena z n vrstiev.
Zikladné charakteristiky vrstvy | P &/ cm’] 2.54 1.45
i je hrubka vrstvy i laminatu 7, £ [N/mm’]{ 73000 | 130000
pri plosnej hmotnosti armatury |y [-] 0.25 0.35
VO VIStVE g [g/m?], bez ohladu
na smer, je dana v [mm] podla

i, = 0,001 - —~ -<i+ : d”') (7)

L=w, \p i p

kde w, je podiel vakua (ak nie si dostupné presnejsie udaje berie
sa 0) a i, je hmotnostny obsah vystuzi vo vrstve i. Vzdialenost z;
od neutralneho vlakna vrstvy i k referencnej hrane je

=2, + 05 (4, +1) )

Ekvivalentny modul pruznosti v tahu viacvrstvového laminatu
sa moZe vypocitat podla vztahu

©)

Vzdialenost neutralneho vlakna viacvrstvového laminatu
vzhladom na referen¢nu hranu je potom

HS carbon| Polyester | Epoxy made from 7 layers. The basic
1.80 1.20 1.20 characteristics of layer i of the
230000 3000 2600 laminate is thickness #,, for mass
0.35 0.32 0.40 of reinforcement by unit area in
layer p, [g/m?], regardless of

direction, is given in [mm] by
1, = 0.001 -L-(i+ ! ll”‘) )

l=w, \or i p

where u, is vacuum content (equal O if there is no available infor-
mation) and iy, is the content in mass of reinforcement in layer 7.
Distance zi from the neutral fiber of layer i to an edge of reference
is
z;=z_,1t05-(t_, t1) (8)
The equivalent tensile elasticity modulus of the multi-layer
laminate may be calculated by

)

The distance of neutral fiber of the multilayer laminate is,
with regard to the edge of reference
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a vzhladom na druhu hranu je V' =35~V (10)
Vzdialenosti neutralnych vlakien jednotlivych vrstiev od neu-

tralneho vldkna celého laminatu su d; = z; — Va tak ohybova tuhost

vysledného viacvrstvového laminatu na milimeter $irky je potom

2
[EI = 3E; " t,- (l" + d,?)

D) (11)

Moment zotrva¢nosti viacvrstvového laminatu na milimeter
sirky je

=3 t—’;+d2
Ul =24\ 15+ d;

Teoreticka pevnost v ohybe viacvrstvového laminatu v N/mm?
je napokon

(12)

a,, = 0,001 - k - LE (1= )
[7]
kde k = 17 pre laminaty puZivajiice ako matricu polyesterové/vinyl-
esterové zivice, k = 25 pre laminaty pouzivajuce epoxidovu
Zivicu.

Moment zotrva¢nosti a ohybova tuhost sandvi¢ového laminatu
sa vypocita pomocou vyssie uvedenych vzfahov tak, Ze jadro sa
zahrnie ako elementarna vrstva s jeho vlstnymi charakteristikami
(hrubka, specificka hmotnost a modul pruznosti v fahu materialu
jadra).

(13)

Teoreticka pevnost pri ohybe sendviCovej laminatovej obSivky
v N/mm? je potom
(E1),,
Ty = 0001+ k- o2+ (1 = )’

[ sw

(14)

Pre vystuhy (chrbtice, priecky, prievlaky, palubniky) sa pouzi-
vaju nasledujuce tri prvky: priruba, jadro a spolupdsobiaca pasnica
(Cast obsivky), symboly st definované v nasledujucej tabulke.

SE -1,z
p A
and with regard to the other edge V' = X1, — V

V=
(10)
Distances from neutral fiber of each layer to the neutral fiber

of the laminate are d; = z; — V and the flexural rigidity of the
multi-layer laminate by millimetre of width is
2
[1-
[EN :EE,-z,.~<12+d,?> (1)

The inertia of the multi-layer laminate by millimetre of width

=3 t—"2+d2
=24\ 15+ di

The theoretical bending breaking strength of the multi-layer in
N/mm? is

is

(12)

E
U,,,ZO.OOl'k'%-(I—M,,)Z

where k = 17 for laminates using polyester/vinylester resin, k =
= 25 for laminates using epoxy resin.

(13)

The inertia and flexural rigidity of sandwich laminates are to
be calculated according to above formulas, taking into account the
core as an elementary layer with its own characteristics (thick-
ness, specific gravity and Young modulus of the core material).

The theoretical bending breaking strength by bending skins of
the sandwich laminate in N/mm2 is

E
Ub,=0.001'k'&'(1*ﬁba)2

[ sw

(14)

For stiffeners (keelsons, floors, stringers, deck beams) we used
three elements: flange, core and associated plating (part of the
skin), symbols are defined in next table.

Sirka/vyska | Hrubka Modul Prierez Width/height, Thicknees Young’s Section
pruznosti modulus
Priruba I I E, Sp=11 Flange I i E, =11
Jadro H 1. E. S.=t-H Core H 1. E, S, =t-H
Spoluposobiaca Associated
pasnica L, L, E, S,=1,-1, plating l, I, E, S,=1,"1,

Vzdialenost neutralneho vlakna po vonkajSiu stranu spolu-
poOsobiacej pasnice je
_ SE;- Sz

2E; - S, 1)

i=fep
kde z; su vzdialenosti neutralneho vldkna jadra, priruby a spolu-
poOsobiacej pasnice po vonkajSiu stranu spolupdsobiacej pasnice.
Vzdialenost od neutralneho vlakna vystuhy po vonkajsiu stranu
priruby je V'=H — V+1t,+ 1, a vzdialenosti neutralnych

Distance from the stiffener neutral fiber to the outer face of
the associated plating is

_EE,—'S,-’Z,-

SE, - S, (1)

i=fep
where z; are distances from neutral fibers of core, flange and asso-
ciated plating to the outer face of associated plating. Distance
from the stiffener neutral fiber to the outer face of the flange is
V'=H—V+1t+1, and distances from neutral fiber of each
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vlakien jednotlivych elementov od neutralneho vlakna vystuhy su
d; = z; — V. Takto potom ohybova tuhost vystuhy je
[EN = [3E;- (I, + S, d))] (16)

kde I, je vlastny moment zotrvacnosti kazdého elementu. Moment
zotrvacnosti kompletnej vystuhy (so spolupdsobiacou pasnicou)
je potom

=3 +5,-d) (17)

Teoreticka pevnost v ohybe celej vystuhy v N/mm? je napokon

[OVINIKOCIE

C O MMUNICATION:S

element to the stiffener neutral fiber d, = z; — V. The rigidity of
a stiffener is
(EN = [SE; - (I; + ;" d})] (16)

where [, is specific inertia of each element. The inertia of a com-
plete stiffener (with associated plating) is then

] =3+ S, d?) (17)

The theoretical bending breaking strength of stiffener in N/ mm?

[E1] [ET]
o, = 0,001 - k - _[1] (18) o, = 0.001 - k- ﬁ (18)
W (AT oS
Q = ‘f/ %/—/ = )i,,,,, —
e 0 —_—
l EEinn MHEET=
I |
T L =il . =
<] & & i %4‘%
Q) SORVAR
(\ H‘ NI = B b TK Eki - ~ @7 - |
L
—— —— e
ENER{TOR [BOX] T ﬁ_()/'m? \\;Qimi\
‘[o—e nF i AR ARRR A \\\\\
; —
- Z ij\ L - 1, [F.0. 1em3 \\\ <
x G Jw|™n3] B.if Ngh3 S H Fow B \E ‘
L—1—
- £ — /
H Lj}@ oo Iy |_— |_—
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i | LLE= — 1 | _——

Obr. 4. Konstrukcia trupu m/y FALCON
Fig. 4. Structural plan of m/y FALCON

Dimenzovanie prvkov konstrukcie trupu

Dimenzovanie dosiek obSivky a vystuh sa robi na zaklade
toho, Ze napétie sposobené miestnym navrhovym zatazenim a od
celkového ohybu lodného trupu musia byt nizsie ako zodpoveda-
juce dovolené napitie pre material, napriklad pevnost delena bez-
pecenostnym faktorom SF. Bezpecnostné faktory su definované
podla [3] osobitne pre ohybové a Smykové napitia. Dimenzie sa
mozu zvacsit, ked uzly podliehaju dalsim silam alebo ak ide
o lode osobitnej konstrukcie.

Ohybové napitie o, v doske jednoduchej obsivky sposobené
miestnym navrhovym zafazenim p je dané vzfahom

V p~s2

S=k.«m T 10° (19)

Hull elements structural scantlings

The platings and stiffeners scantlings are determined by the
fact that the sum of stress due to local design load and longitudi-
nal bending of the hull is to be less than corresponding allowable
stress of the material, i.e. the breaking strength divided by safety
factor SF. The safety factors are defined by [3] for bending and
shear stresses separately. Scantlings may be increased where the
structure is likely to be subjected to particular forces or for ships
of unusual construction.

The bending stress o of the single-skin laminates due to the
design pressure p is given by the formula

V p~s2

fk«m 7 10° (19)
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kde V a [] su definované vyssie a k, je redukény faktor, ktory
zahfna pomer //s rozmerov dosky (s je rozstup vystuh), Sirku
zakladne pripojenych vystuh k doske a/s a zakrivenie dosky f/s,
tedak, = u, - - @ kde w, = lak 1 =25, =1— 1,5(1 — 1/2s)°
ak s < [<25,=0,625ak /= sa a=1—3(a/s) - (1 —als)
agp=1-—0,8"f]s. Vysledna podmienka pre jednoducht obsivku
je
Opr

0, <——a,

SSSp (20)

kde g, je ohybové napitie od celkového poydizneho ohybového
momentu. Pre lode dizky pod 24 m, pre dosky v pozdiznej sustave
vystuZenia a pre dosky na koncoch lode sa napétie o,, mdZe brat
nulové. Priehyb jednoduchej obsivky spdsobeny navrhovym tlakom
p medzi vystuhami je

pota P
384 [EI]
kde p, =1 ak /= 25, =1 —21-(1 — 1/25)% ak s << 2s,

= 0,475 ak [ =< 5. Medzna hodnota priehybu dosky je 1 % rozstupu
vystuh.

(21)

where V and [I] are defined above and ks is the reduction factor
that included the plate ratio //s (s is stiffener spacing), a wide base
of the stiffeners attached on plate a/s and the plate curvature
f/s following k, = w,  a - @, where u; = 1if 1 =25, =1- 15
(1= 1/25)if s < [<2s5,=0.625if /< sand a =1 — 3(a/s) -
- (1 —als)and ¢ = 1 — 0.8 - f]s. The result condition for single
skin laminates is

(20

where o, is bending stress due to the total bending moment. For
ships of less than 24 m in length, for longitudinal framed platings
and platings at ends of ships stress o,, may be taken zero. The
bending deflection due to design pressure of a single skin laminate
between stiffeners is

pota P
384 [E]]
where w, = 1 if /= 25, = 1—2.1- (1 — 1/2s)%, if s <1< 2s,

= 0.475 if ] = s5.. The limit value for the bending deflection is 1 %
of the stiffeners spacing.

(21)

Obr. 5. Konstrukcia dna kormy
Fig. 5. Bottom structure of stern

Priklad vypoctu dimenzovania dnovych dosiek

Obr. 6. Vystuhy hlavnej paluby
Fig. 6. Main deck stiffeners

Example of bottom plates structural scantlings calculation

PRINCIPAL DIMENSIONS

Project identification PR 116 _01
Class GERMANISCHER LLOYD +100 A5
Ice strengthening region NO

Length of waterline at T LWL 29.5 m
Scantling length L 28.615 m
Greatest moulded breadth B 754 m
Breadth o.t. waterline at T BWL 721 m
Depth H 36 m
Draught T .39 m
Displacement in sea water D 1394 t
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Block coefficient CB 0.460
Speed \'% 30 kn rl r2
Restricted services OPEN SEA 1 16.5
Hull type MONO HULL
L/H 795 <r2
S- factor 60 %
Vertical acceleration at LCG aCG 0.70 g
Type of ship PASSENGER SHIP
Deadrise angle at LCG in deg. alfCG 13 deg.
Trimm angle in deg. tau 4 deg.
Relative speed V/sqrt(L) 5.608
Limit sign. wave height /C3.3.4.1.6/ Hsm .78 m
Sign. wave height /C.3.3.4.2/ Hs 0.762 m
BOTTOM PLATES
Material properties Km fi El E2 EM
Content in mass for mat psi 0,3 0.00234 0.1600 14197 4196 7947
for roving web psi 0,5 0.00123 0.3048 24337 24337 24337
for UD lam psi 0.6 0.00095 0.3940 30581 6826 15734
Woven balance coeff. k 1
Vacuum content mi 0,05
Laminate type single skin rho E ni
[g/em’]  [n/mm’] [-]
Fibre material E-Glass 2.54 73000 0.25
Resin material Polyester 1.2 3000 0.316 3332.8
Ei ti zi Ei.ti Ei.ti.zi di
layer [g/m2] [mm]
1 300 mat 7947 0.70 0.35 5574 1955 -1.29 37.31 296456
2 300 mat 7947 0.70 1.05 5574 5865 -6.59 30.48 242193
3 1150 RW 24337 1.41 2.11 34342 72407 -5.53 43.42 1056747
4 100 mat 7947 0.23 2.93 1858 5446 -4.71 5.19 41224
5 1150 RW 24337 1.41 3.75 34342 128895 -3.89 21.56 524648
6 100 mat 7947 0.23 458 1858 8502 -3.06 2.20 17462
7 1150 RW 24337 1.41 5.40 34342 185384 -2.24 733 178386
8 100 mat 7947 0.23 6.22 1858 11558 -1.42 0.47 3755
9 1150 RW 24337 1.41 7.04 34342 241872 -0.60 0.74 17960
10 100 mat 7947 0.23 7.87 1858 14615 0.22 0.01 102
11 1150 RW 24337 1.41 8.69 34342 298361 1.05 1.78 43370
12 100 mat 7947 0.23 9.51 1858 17671 1.87 0.82 6505
13 1150 RW 24337 1.41 10.33 34342 354849 2.69 10.46 254617
14 100 mat 7947 0.23 11.16 1858 20727 3.51 2.89 22961
15 1150 RW 24337 1.41 11.98 34342 411338 4.34 26.78 651700
16 100 mat 7947 0.23 12.80 1858 23783 5.16 6.23 49473
17 1150 RW 24337 1.41 13.62 34342 467826 5.98 50.73 1234620
18 100 mat 7947 0.23 14.45 1858 26840 6.80 10.83 86039
Thickness of the laminate t 14.56 mm 300745 2297894 259 4728218
Equivalent tensile modulus of M.L.L. EL 20653 N/mm2
Neutral axis \'% 7.64 mm
Flexural rigidity of M.L.L. by mm [EI] 4728218 Nmm2/mm
Inertia of M.L.L. by mm [1] 259 mm4/mm
Theoretical bending braking strength sig_br 279.86 N/mm?2
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Distance betw. AP at position X 14305 m x/L 0.50 BOTTOM PLATES

Supported area S 1.63 m2

Local deadrise angle alf_x 12 deg u”0.75
K1 1.000 u 2.318 1.88
K2 0.438 K2 calc. 0.5 plate
K3 1.018

Design slamming pressure psl 49.50 kN/m2

Frame spacing s .05 m

Unsupported span 1 1.55 m 1/s 1.476

Actual laminate thickness t 14.56 mm

Wide base of the stiffener a 040 m als 0.381

Global long.bending stress (GL)  sig_bl_m 9.96 N/mm2

Curvature factor rc 1

Factor dimension ratio of plate mil 0.897 mi2 0.856
alf 0.293
ks 0.262

Safety factor SF 4.500

Width of the keel plate b_keel 0.886 m sig_br/SF-sig_bl

Bending stress sig_d 35.18 N/mm?2 52.23 N/mm?2

Bending deflection f 28.4 mm
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TEPELNE NAMAHANIE ZELEZNICNEHO KOLESA PRI BRZDENI

THERMAL LOADING OF THE RAILWAY WHEEL DURING DOWNHILL BREAKING

Cldnok sa zaoberd jednotlivymi faktormi tepelného namdhania
Zeleznicnych kolies pri brzdeni kldtikovou brzdou a désledkoch take-
hoto namdhania. Hovori o niektorych javoch teplotnej interakcie
medzi brzdenym kolesom a brzdovym kldtikom. Pozornost je veno-
vand vzniku a Sireniu sa teplotnych poli do kolesa a taktiez do brz-
dového kldatika. V dalsom je poukdzané na spésoby a moznosti rieSenia
priebehu nestaciondrneho teplotného pola. Vzhladom na ndrocnost
analytického riesenia je doraz kladeny na vysledky experimentdlnych
merani na brzdovom stave. Samostatnii kapitolu tvori prehlad jedno-
tlivpch konstrukcénych variantov monoblokovych Zeleznicnych kolies
a zhodnotenie ich vhodnosti po napdtovej a deformacnej stranke.

1. Uvod

Brzdenie Zelezni¢ného kolajového vozidla predstavuje proces
premeny kinetickej energie vozidla na energiu iného druhu. Klati-
kova brzda s liatinovymi alebo umelohmotnymi brzdovymi kla-
tikmi, ktoré su v radialnom smere pritlaCané k jazdnej ploche
kolesa je na zaklade svojej jednoduchosti, spolahlivosti, brzdnej
ucinnosti a ekonomickej vyhodnosti stale prevladajuci brzdny pro-
striedok nakladnych vagonov. Predbezne na tej skutocnosti nic
nemeni ani vysokorychlostna nakladna doprava.

The paper deals with the particular factors of railway wheels heat
loading while braking with a brake block and consequences of that
stressing. There are discussed some phenomena of thermic interac-
tion between the bracked wheel and the brake block. The attention is
aimed to the rising and spreading of thermic fields into a wheel and
brake block too. Next, there are pointed out the manner and possibi-
lities of solution of nonstationary thermal field course. Considering
the difficulty of an analytical solution the emphasis is given to the
results of the experimental works on the brake bench. A compendium
of the particular design variants of the monoblock railway wheels and
the assessment of their suitability from the point of view of stress and
deformation creates the individual chapter.

1. Introduction

The braking of railway vehicles represents a process in the
transformation of kinetic energy to another kind energy. The block
brake with cast-iron or plastic shoes (blocks), which are in the
radial direction pressed to a wheel thread, is on the grounds of
simplicity, reliability, brake efficiency and economic lucrativeness
prevailing braking means of goods carriages. This fact is expected
to remain unchanged even with the future existence of high-speed
goods transport.

INPUT FACTORS INTERNAL FACTORS OUTGOING FACTORS
FRICTION MATERIAL P! |ROUGHNESS STRUCTURAL
FRICTION AREAS MODIFICATION MODIFICATION
QUALITY > © ¢ © FRICTION FORCE >
FRICTION AREAS
PRESSURE FORCE PROPERTIES MECHANICAL PROPERTIES
> MODIFICATION
VELOCITY MODIFICATION WEARING - OUT
P> INTENSITY >
TEMPERATURE THERMAL LOADING DISLOCATIONS
P |ON BRAKE FRICTION CUMULATION

Obr. 1. Faktory suvisiace s brzdenim Zeleznicnych vozidiel
Fig. 1. The factors that depend on railway vehicles braking
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Brzdny proces zavisi od viacerych faktorov, ktoré maju
vyznamny vplyv na vystupny efekt. Ten sa prejavi ako trecia sila
medzi brzdovymi klatikmi a Zeleznicnym kolesom. ZvySenie opo-
trebenia klatikov sa premietne v ekonomickej narocnosti pri ich
vymene. Je mozZné analyzovat jednotlivé vlastnosti aj samostatne,
ale ak je cielom vysledny brzdovy efekt, je nevyhnutné ich chapat
v suvislostiach ako celok.

Z hladiska studia namahania Zeleznicnych kolies je nutné
riesit otazky tepelného namahania Zelezni¢ného kolesa, ktoré
vznika ako nevyhnutny dosledok brzdenia klatikovou brzdou.
Znac¢né namahanie kolesa, ktoré vznikne ako doésledok dilatacii
sposobenych nerovnomernym ohrevom pocas intenzivneho brz-
denia klatikovou brzdou je ovela vacsie ako zatazenie od radial-
neho silového zataZenia kolesa. Dosledkom tohto namahania su:
vznik trvalej deformacnej zmeny (zmeny rozkolesia), vznik tepelne
unavovych trhlin a pretoZe plastické deformacie vznikaju aj v oblasti
privodu tepla na venci, aj na doske, dokonca az pri naboji kolesa,
meni sa hodnota a rozloZenie merného tlaku v lisovanom spoji
naboja kolesa a sedla napravy a to mozZe sposobit zniZenie bez-
pecnosti vedenia dvojkolesia v kolaji. V stvislosti so Zeleznicnymi
kolesami sa objavuju otazky materialov, tvaru konstrukcie a sposobu
prevadzky, ktory by bol optimalny. Do popredia zaujmu pricha-
dzaju otazky mozného znizenia prevadzkového hluku, rovnomer-
nejsieho rozloZenia napiti, prediZenia Zivotnosti a to vietko ma
zabezpeCit zvySeny brzdny ucinok.

2. Tepelné namahanie pri brzdeni

Vlastny proces brzdenia pdsobi v styku Zelezni¢cného kolesa
a brzdového klatika, ale skutocné brzdenie je v kontakte jazdného
povrchu kolesa a kolajnice. Je znamou skutoc¢nostou, Ze v procese
brzdenia trie brzdovy klatik o koleso a vznika teplo. Cast vznika-
juceho tepla je odvadzané kolesom, ¢ast brzdovymi klatikmi a Cast
tepla unika salanim do ovzduS$ia. Trecia teplota oboch bezpros-
tredne sa dotykajucich povrchov je rovnaka, ale vzhladom na roz-
dielny material je brzdovy klatik liatinovy alebo umelohmotny
zohrievany intenzivnejsie.

Brzdové klatiky su vyrabané z roznych materialov, ako Seda
liatina, umela hmota, spekané materidly a drevo. Pri liatinovych
klatikoch zavisi koeficient trenia, ako miera potencialu brzdnej ¢in-
nosti hlavne od chemického zloZenia materalu klatikov a kolesa,
okamyzitej obvodovej rychlosti kolesa, merného tlaku medzi klati-
kom a kolesom, doby brzdenia a opotrebenia klatika a kolesa.
Chemické zlozenie klatika vyznamne ovplyviuje trecie vlasnosti
a tym aj priebeh brzdenia a zabrzdnu drahu. Délezitou zlozkou je
fosfor (P). Vyssi obsah P znacne zniZuje opotrebenie v porovnani
s normalnym obsahom fosforu v Sedej liatine (byva 0,7 %) a zaroven
zvysuje suéinitel brzdového trenia. To moze ovplyvnit dizku brzdnej
drahy a tvorbu tepla pri brzdeni.

Pouzitie nekovovych brzdovych klatikov vedie k zvySeniu
teplot na jazdnej ploche a to nasledkom ich zlej tepelnej vodivosti.
Vicsina mechanickej energie premenenej na teplo prejde teda do
kolesa. V sucasnosti existujice moderné technoldgie pouzivaju

The braking process depends more on factors that have
a major impact on the general output effect. This can be rebound-
ed like a friction force between a brake shoe and a railway wheel.
Brake blocks increasing wears screens to the economics efficiency
of their change. It is possible to analyze the individual properties
separately, too, but if the aim is the consequential brake effect, it
is necessary to deal with them as a complex entity.

From the point of view of loading of railway wheels it is neces-
sary to solve questions of heat-loading railway wheels, which
grows as an unavoidable result of braking with the block brake.
The considerable stressing of the wheel, which grows due to dila-
tations from irregular heating during the intensive brake block
breaking, is much more stressed than from radial force-loading of
the wheel. The results of these stresses are: permanent deforma-
tion change formation (the change of the inside distance between
wheels), the source of fatigue-fire cracks and because the plastic
deformations rise in either area of heat supply on the wheel rim,
or on the wheel disc (even near the wheel hub), where the level
and the specific pressure distribution in the molded joint of the
wheel hub-axle seat change. This can cause the decreasing of the
axle in rail-guiding safety. In context with railway wheels, the ques-
tions of the materials, a design shape and an operation manner
would appear optimum. The questions of possible decrease dope-
rational noise, smoother distribution of stresses, and improvement
of durability come to the forefront in interest and all that it has to
guarantee the increased brake effect.

2. The thermal loading during the braking process

The self-brake process acts within the railway wheel and the
brake block contact, but the ultimate braking is situated in the
wheel thread and rail contact. It is a known matter of fact that
during the breaking process the brake block rubs together with the
wheel and the heat rises. A wheel absorbs a part of the incipient
thermal; a part by the brake block and a part of this one dissipa-
tes by the radiation into the surrounding air. The friction tempe-
ratures of the briefly connected surfaces are both the same, but
with regard of different materials, the cast-iron or plastic brake
blocks are heated more intensively.

The brake shoes are made from different materials, such as
gray cast iron, plastic materials, sinter materials and wood. The
friction coefficient of the gray cast-iron shoe, similar to the degree
of the braking activity potential, depends mainly on the chemical
composition of the shoe and the wheel material, the immediate
circumferential velocity of the wheel, the specific pressure between
the brake shoe and the wheel, the braking time and the wear of the
braking shoe and wheel. The chemical composition of the brake
block has a major impact on the friction characteristic and, con-
sequently, also on the braking process and braking distance. The
essential component is phosphorus (P). A higher content of P in
comparison with the standard content of P (default 0.7 %) highly
reduces the wear and, at the same time, advances the brake fric-
tion coefficient. It can influence the brake distance and the degree
of the heat created during braking.

Usage of a non-metallic brake shoe causes increase of heat on
the wheel thread due to the bad heat conductivity of this brake
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kovové primesy rozptylené
v hmote klatika. Tieto techno-
logie vyrazne zvysSuju tepelnu
vodivost nekovovych klatikov
a tepelné zafazenie kolesa je
ovela lepSie ako bolo pri star-
sich technoldgiach vyroby. Ako
uvadza literatura [9], je moZné
pri prvom priblizeni pocitat
s tym, Ze vyvinuté teplo pri brz-
deni prejde do kolesa v mnoz-
stve od 66 % pre liatinové klati-
ky, aZ po 90 % pre klatiky ne-
kovové.

Pri brzdeni sa najviac ohrie-
va povrch jazdnej plochy. Roz-
delenie teploty po priereze kole-
sa zavisi od materialovych a pre-
vadzkovych pomerov. Energiu
premenenu na teplo mdzZeme
pocitat podla [9] a pre vstupné
podmienky znazornit na obr. 2.

Je potrebné upozornit na
nestacionaritu tepelného pola
brzdeného kolesa v oblasti kon-
taktu klatika s povrchom jazd-
nej plochy, ¢o vedie k vzniku
nestacionarnych napéatovych
poli. Pri kazdej otacke je koleso
zatazované postupne tepelnymi
razmi od brzdovych klatikov,
chladenim od styku s kolajni-
cou, chladenim od ofukujuce-
ho vzduchu a salanim do pries-
toru. So zvysujucou sa rychlos-
tou rotacie kolesa sa doba pre-
chodového deja skracuje. Pri
nizSich rychlostiach a vyssich
brzdnych vykonoch prenika
pole hlbSie a podsobi silnejSie
ako pri rychlostiach vyssich. Vo
vzdialenosti cca 4 mm od povr-
chu je vplyv vykyvov tepelného
toku v povrchovej vrstve kolesa
znacne utlmeny. VSeobecne sa
predpoklada, Ze teplota dalej
narastd rovnomerne (obr. 3).

Jednym z prvkov, ktory vy-
razne ovplyviuje tepelné nama-
hanie je umiestnenie brzdového
klatika na kolese. Najnepriazni-
vejSimi moznostami su presah
klatika cez okolesnik a presah
klatika na vonkajsej strane kole-

893 Wheel diameter of 920 mm
(e Fen] 1 Wheel thread quality coefficient of 0,7
1 Brake block width of 80 mm
oo Friction coefficient by SLM Winterthur
1 Brake block material - gray cast iron _
4@@% - -7
200 o . pressure 0,5 Mpa
T pressure 1,0 Mpa
14 Jodkokdkok pressure 1,5 Mpa
T e T e e ee 2
v [km/h]

Obr. 2. Energia premenend na teplo vstupujiica do kolesa
brzdeného kldtikovou brzdou
Fig. 2. The mechanical energy changed to a termal one, that
is ingoing to brake wheel with the brake shoe

100
[%]‘
80 |§
y
ol W v = 120 km/hod
\: |1 v = 80 km/hod
o = 40 km/hod
20 \y - v m /ho
<
20 \\\ N
\ N
N ‘~
0 NN
0 1 2 3 4

x [mm]

Obr. 3. Pomernd velkost amplitiidy tepelnych rdzov ako funkcia
vzdialenosti od povrchu [9]
Fig. 3. The relative rate of amplitudes of - termal beats as a function
of the distance from a surface of the wheel thread [9]

120.00 120.00

25.00]25.00

Obr. 4. Umiestnenie termocldankov (brzdovy kldtik 013P-10,
obsah P 0,5 - 0,8 %, 16 termocldnkov Fe - Ko) vo vzdialenosti
15; 8,5 a 45 mm od trecej plochy
Fig. 4. The distribution of the thermocouples (a brake block (a brake
shoe) 013P-10, the content of P 0,5 - 0,8 %, 16 thermocouples of
Fe - Ko) in the distance of 1.5, 8.5 a 45 mm from the friction area
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shoe material. The wheel absorbs
a major quantum of mechanical
energy. The currently existing modern
technologies use tramp metals spread
in the brake block mass. The above-
mentioned ones dramatically in-
crease the thermal conductivity of the
non-metal blocks, and the thermal
stressing of a wheel is much better
than had the older production tech-
nologies. It is calculated that the
evolved heat is absorbed by a wheel
in a value of 66 % for the gray cast-
iron brake shoe to 90 % for the non-
metallic brake shoe as cited in [9].
The wheel thread is the most heated
part during breaking. The distribu-
tion of temperature on a wheel cross
section depends on the material and
operational conditions. We can cal-
culate energy converted to heat
according to [9] and to show for
input condition in Fig. 2.

It is necessary to give attention
to the nonstationary thermal field in
the area of the brake shoe and the
wheel thread, which leads to the rise
of the nonstationary stress fields.
The wheel stresses gradually by the
brake shoe heat bursts, the cooling
from a contact with a rail, the cooling
by an air stream and the cooling by
heat radiation. The increase of the
wheel-turning speed causes the trun-
cating of the transient process. At
the lower speed and the higher brake
power a field penetrates deeper and
acts more intensive than at the higher
speed. The effect of the heat fluctua-
tion is 4 mm under the surface highly
attenuated. It can be widely expected
that the heat below is growing uni-
formly (Fig. 3).

One of the elements that has high
influence on heat loading is a posi-
tion of the brake shoe at the wheel.
The most negative alternatives are
the overlapping of the brake shoe
over the wheel rim and the overlap-
ping of the brake shoe outside of the
wheel. That causes the big thermal
flows and stresses, and increases the
possibility of the wheel damage.

The important component that
affects the rising of heat during
braking is a coefficient of friction
between the brake shoe and the
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sa. To sposobuje velké tepelné 1000
toky, napdtia a moznost po-
Skodenia kolesa sa prudko zvy-
Suje.

Down hill braking
Velocity = 80 km/h
8923 Power = cca 30 kW

T [°c)

Dolezitym cinitelom, ktory
ovplyviuje tvorbu tepla pri brz-
deni je koeficient trenia medzi 400
klatikom a jazdnou plochou
kolesa. S dobou brzdenia suvi-
si oteplenie brzdovych klatikov.
Dlhsie brzdenie sposobuje za-

- -~ Thermocouple No. 14
rrrrrr Thermocouple No. 3

wheel thread. The time of braking
has impact on the temperature in-
creases of the brake shoe. The long
braking time causes a temperature
increase of the brake shoe. The
brake blocks modify their own
shape, owing to heat changes, and
this causes warping of the bearing
surface together with the conserva-
tion of brake power. That means
the growth of the specific pressure
and that causes decreasing of the

Thermocouple No. 8

hriatie klatikov. Klatiky menia ol 1 o
svoj tvar v dosledku tepelnych
zmien a tym dochadza k zbo-
reniu dosadacej plochy pri za-
chovani brzdnej sily. To zna-

Obr. 5. Priebeh teplot z troch termocldankov na vertikdlnej osi v rovine
rovnobeZnej s rezom a prechddzajiicej stredom kldtika
Fig. 5. The temperatures courses taken from three thermocouples

friction coefficient. The value of
the friction coefficient is decreased
with the heating of a brake shoe.

1200 1600 2000
Time [s]

The results of tests at the brake

mena zvySenie merného tlaku, placed in the vertical axis in the plane parallel with the cross-section and bench [6] show that the surface is

¢o sposobuje pokles sucinitela
brzdového trenia. Velkost su-

Cinitela trenia klesa s oteple-

nim zdrze.
T[]
Vysledky skuSok na sku- o 600
Sobnom brzdovom stave [6] 5
ukazuji, Ze cela trecia plocha 3
nie je v tom istom Case rovna- 54%7

ko teplotne zatazovana. Pocas
brzdenia sa prejavilo intenziv-
ne prijimanie tepla brzdovym
klatikom s naslednym natavo-
vanim povrchu v sty¢nych plo-
chach. Roztaveny kov a necis-

200

going through the center of the block

T = 88.34+0.258944%t-3.84330%107°+t*

non-uniform heat charged at the
same time. During the braking
process the brake shoes were inten-
sively heated. They absorbed a lot
of thermal energy, which causes
the contact area surface to be par-
tially melted.

The melted metal and its
contamination is some type of the
fluent lubricant that decreases the
friction. Owing to the wear-out and
the thermal expansion, the ends of
the brake block are only in action.
These ends are absorbing all the
friction heat. Following to the

toty predstavuju uréity druh
tekutého maziva, ktoré znizuje
trenie. Pri posobeni opotrebe-
nia a teplotnej roztaznosti pri-
chadzaju do Cinnosti len konce
klatika. Tieto konce preberaju
celé trecie teplo. Ohnutim a oderom trecej plochy sa postiva
nosna plocha do stredu brzdnej plochy. Po ochladeni koncov a po
zna¢nom opotrebeni v strede sa dotykova plocha znova presunie
ku krajom klatika. Dej sa odohrava periodicky asi po 400 s (obr.
5) [1]. Silne prehriate miesta putuju aj v smere jazdného profilu
kolesa, ¢o naznacuje, Ze nestacionarita je vSeobecne priestorova.
Skutoc¢ny pritlak vyvodzovany na zdrz sa neprenasa na koleso rov-
nomerne. Plocha posobiaca pri brzdeni sa meni o do velkosti aj
tvaru, z ¢oho vyplyva, Ze trecia sila posobiaca v kontakte sa tiez
meni a brzdny vykon je rozloZeny nepravidelne.

Na obr. 6 je priebeh kriviek ohrevu a chladnutia klatika
v mieste termoclanku €. 8, v strede, najblizSie pri trecom povrchu.
Su to teploty klatika ako Zziarica tepla, (ohrev) pri brzdenom
kolese a krivka chladnutia (odlahnuty klatik od kolesa) by prav-
depodobne mala prudsi ubytok, ak by klatik chladol v zabrzde-
nom stave, ¢im by sa zatazenie kolesa zvacsilo.

Obr. 6. Priebeh ohrevu a chladnutia
Fig. 6. The fuel and cooling off courses. Thermocouple No. §.,
V = 80km/h, P = 20 kW

bending and the friction wear of the
friction surface, the bearing area is
moved to the center of the braking
surface. When the block ends are
cooled off and the breaking area in
the center of the brake block is very
friction worn, the bearing area is moved again to the ends of the
braking shoe. The process is periodic, about 400 s per period (Fig.
5) [1]. Very hot areas are also moving in wheel thread direction.
That means that the nonstationary is generally three-dimensional.
The real pressure acting on the brake shoe is transferred non-
uniformly. The form and dimension of friction surface are changing
during braking, consequently, friction power acting upon the
contact is changing, and the braking power is distributed non-
uniformly.

In Fig. 6 we can see temperatures’ courses of the heating and
the cooling curves of brake shoe in area of thermocouple No. 8 in
the middle, nearest to friction surface. They are the temperatures
of the brake blocks when it is working like a heat radiator (fuel) if
the wheel is braked and the cooling curve, (when the block is
separated). If the block is at the wheel, the curve of cooling off
would probably be a stronger declination, and loading of the
wheel would be more intensive.
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3. Nestacionarne teplotné pole

Z obrazkov €. 5 a 6 je zrejmé, Ze dej je viacnasobne nestacio-
narny. Jednu nestacionaritu vnasa postupny narast teplot, dalSiu
oscilacia okolo tychto v ¢ase sa meniacich zakladni.

Teplotna nestacionarita sa z klatika prenaSa na povrch kolesa
ako tepelne zatazujuci ziari¢. Nestacionarita teplotného pola brz-
deného kolesa v oblasti kontaktu klatika s povrchom jazdnej plochy
vedie k vzniku nestacionarnych napétovych teplotnych poli.
Vzhladom na skuto¢nost, Ze tu posobi periodické kontaktné nor-
malové namahanie povrchu kolesa, nemozno hovorif o Cistom
tepelnom namahani. Nestacionarne radialne teplotné pole kolesa
pri danych okrajovych a zaciatocnych podmienkach pozostava zo
suctu osovo symetrického nestacionarneho pola s teplotou na
povrchu a neosovo symetrického nestacionarneho radialneho pola.
Pri neosovo symetrickom poli pristupuje zavislost na otackach. So
zvySujicou sa rychlosfou rotacie kolesa sa doba prechodového
deja skracuje. Pri nizsich rychlostiach a vysSich brzdovych vyko-
noch prenika pole hlbsie a pdsobi silnejsie, ako pri rychlostiach
vyssich. Tam je to priblizne len do cca 1 - 3 mm od povrchu (obr.
3). Z toho vyplyva potreba Studia spravania sa samotného zdroja
teplotného zataZenia = klatika. Analyza tychto dejov vedie k zaveru,
Ze pri nespravnom brzdeni je mozné teplotne zniCif alebo posko-
dit akékolvek koleso a hladanie vychodisk moze napomoct k cel-
kovému zlepseniu kvality prevadzky zelezni¢nych vozidiel.

Pri brzdeni zZelezni¢ného kolesa klatikovou zdrzovou brzdou
dochadza k uprave a prisposobeniu tvaru povrchu brzdového
klatika jazdnému profilu kolesa, takZe zjednoduSene sa Zelezni¢né
koleso pre teplotnii analyzu moze povazovat za valec.

Problematiku Sirenia sa teplot v zelezniénom kolese je mozné
skumat viacerymi sposobmi. Z hladiska pristupu a vyuzitia dostup-
nych metdd su tieto moznosti:

« Analytické rieSenie diferencialnej rovnice Sirenia tepla pomocou
matematického aparatu.

« Priblizné analytické metddy - rieSenie v tvare sumy Clenov neja-
kého matematického radu.

« Numerické metddy - rieSenie sa hlada v niektorych uzlovych
bodoch skumane;j oblasti, napriklad metody kone¢nych prvkov.

« Metody fyzikalneho modelovania.

« Metody matematického modelovania - analogové metddy -
davaju dostatocne presné vysledky pri pomerne malych nakla-
doch na rieSenie.

» Experimentalna metdda.

Zriedkakedy sa pre analyzu pouzije jedina metoda, CastejSie
ich kombinacia. Nie je mozné hovorit o vynimo¢ne presnych hod-
notach vysledkov, pretoze tie st do znac¢nej miery zavislé od zacia-
tocnych a okrajovych podmienok.

Matematické metody vedu k rieseniu nelinearnych diferencal-
nych rovnic, ktorych koeficienty su viacnasobne funkéne zavislé
od vstupnych podmienok. Riesenie je zloZité a bez vierohodnych
vstupov nema samotny vypocet realne opodstatnenie.

KOMNIKOCIe

C O MMUNICATION:S

3. The nonstationary temperature field

From Figs. 5. and. 6, it is obvious that the process is multi-
nonstationary. The continuous gradient of temperature carries in
the process one nonstationary, and another nonstationary carries
the oscillation of temperature around different time bases.

The thermal nonstationary is transferred from a brake block
to a wheel tread as a heat-stressing element. The nonstationary of
a thermal field of a braked wheel in the contact area of the brake
block with a surface of the wheel tread leads to the rising of the
nonstationary stress thermal fields. With regard to the reality, the
periodic contact normal loading of the surface of a wheel is here,
and we can’t speak about the pure thermal loading. The nonsta-
tionary radial thermal field of a wheel with given boundary and
start conditions consists of the algebraic sum of the axis-symme-
tric nonstationary field with the temperature on the surface and
from a nonstationary non-axis-symmetric radial field. The non-
axis-symmetric radial thermal field depends on a wheel revolu-
tion, when the rapidity rises the duration of a transient regime will
be shorter. If the wheel revolution is lower and the brake power is
higher, the nonstationary field will penetrate deeper at higher
rapidity. The effect of that field at a higher rapidity is only to the
distance of 1 - 3 mm from the surface. (Fig. 3). It results to the
necessity of the behavior study of the source of that thermal
loading = the brake shoe. The analysis of these processes leads to
the conclusion that bad braking process can thermally destroy or
damage any railway wheel, and the investigation of the right solu-
tion can help to improve the quality of all rail operation.

On the braking of railway wheel by a block brake, the adapta-
tion of brake block to wheel tread arises the real railway wheel can
be simplified to the cylinder for thermal analysis.

The railway wheel temperature spread can be investigated by
more methods. From the point of view of usage of the accessible
methods are these possibilities:

« The analytical solution of a differential equation of the tempe-
rature spreading by the mathematical apparatus.

« The approximate analytical methods - the solution in the form
of any mathematical queue sum.

« The numerical methods - the solution is analyzed in some node
points of the investigated area, as the Finite Element method.

« The physical modeling methods.

« The mathematics modeling - analogue methods - they often
give sufficient, precise results, and the experiments are not too
expensive.

» The experimental method.

Only one method is rarely used, man often uses more methods
or a combination. The strictly precise data cannot be discussed
because they often depend on start and boundary conditions.

Mathematical methods lead to the nonlinear differential equa-
tions solution; their coefficients are more times functionally
dependent on the input conditions. The solution is difficult and
without true and trustworthy input, the solution can’t give good
results.
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Podobne plati napr. aj pre metodu koneénych prvkov, pouZi-
tie ktorej uz predpoklada, ze prvky urcitého typu uz maju vlast-
nosti, ktoré su tiezZ predmetom skumania.

Analégové metody (napr. elektroanalogia) vyzaduju Specificky
pristup, ktory vo svojom dosledku ma charakter rieSenia matema-
tického modelu.

Velmi ucinnym pristupom sa javi experimentalna metoda.
Tato nielen Ze moze dat konkrétnu predstavu a kvantifikovat kva-
litativne veliCiny, ale ak je nevyhnutné aj porovnanie a verifikaciu
aplikacie analytickych metéd.

Vysledky sa porovnavaju a overuje ich platnost experimentmi,
na realizaciu ktorych nevyhnutne potrebujeme trecie skusobné
brzdové stavy, kvalitnu meraciu a vyhodnocovaciu techniku spolu
s vypocCtovym programovym vybavenim. PrevadzkovateImi brzdo-
vych stavov byvaju vyrobcovia zel. dvojkolesi, brzdovej vybavy, pre-
vadzkovatelia Zelezni¢nej techniky (Statne drahy), vyskumné alebo
certifikacné zariadenia. Podla ucelu a praktickych potrieb st aj
brzdné stavy rozne, od modelovych zariadeni, cez skusobné stavy
pre jedno koleso, dvojkolesie alebo cely podvozok.

4. Dosledky posobenia tepelného namahania
na Zelezni¢né koleso

Hlavnym cielom je najst taky tvar kolesa, ktory pri nezmenenej
alebo dokonca vyssej unosnosti poskytuje lepSie materialovo-eko-
nomické rieSenie pri zachovani minimalnych hodnot deformacii
a napiti. Dal§im moznym kritériom je radialna poddajnost kolesa,
ktora je potrebna na zniZenie zvislych razov medzi kolesom a kolaj-
nicou, s ¢im priamo suvisi aj snaha o zniZenie hmotnosti kolesa
a teda v konecnom dosledku zniZenie neodpruZenej hmotnosti
vozidla. Ako samostatnu problematiku je mozné uviest hluk vzni-
kajuci odvalovanim kolesa po kolajnici. RieSenie spoc€iva jednak
vo vhodnej volbe geometrického tvaru kolesa, jednak vo volbe
materialu a pripadne jeho tepelného spracovania.

Velky vplyv na velkost napdti a deformdcii ma tvar a hrubka
dosky zelezni¢ného kolesa. Zakladné tvary kolies su na obr. 7:
« kuzelovity - VARIANT I,
o zvlneny v jednom smere - VARIANT C alebo S,
« zvlneny v dvoch smeroch.

VARIANT I

=

+w

VARIANT C

Similar prerequisites are given for the finite elements method,
where the method algorithm awaits, where the elements have their
own properties - that are the target points of investigation, too.

The analog methods (as an electroanalogy) want special access
that, in the final, have the property of the equation solution.

The experimental method (if it is possible to do it) appears to
be a most suitable method. It can give a good problem solution
outline. To define quantities of the qualities, it can analyze and
compare and verify of the different analytical method of the inves-
tigation.

The results are assessed, and their validity is verified by expe-
riments. For the experiment realization the friction test stands, the
quality measurement and the data assessment equipment together
with the computer hardware and software are needed. The test
stands are in the company manufacturers’ operation of the railway
wheel sets, the breaking equipment, and the railway operational
guarantee (the state railway organizations, the research and quality
certification approval companies.) The brake stands are different
by means of their operation. They can be designed as a construc-
tion of model size, test stand rigs for one wheel, a wheel set, or the
whole bogie.

4. The implications of heat loading acting upon
the railway wheel

The finding of the ideal shape of the wheel, that allows better
material - the economic design together with the minimum value
of the deformation and the stress is the main target. Another
target is the radial flexibility of the wheel that is necessary for the
decrease of vertical bursts between wheel and rail. With that is
connected the aspiration for wheel mass decreasing - decrease of
the non-dumped mass of the vehicle. As an independent theme we
could reflect a problem of noise that is generated by a rolling
wheel on a rail. A solution is the right choice of the wheel geo-
metric shape and the right choice of wheel material and the even-
tually heat processing.

The intensity of the deformation and the stress dramatically
depends on the shape and the thickness of the wheel disc. The
basic wheel shapes are in Fig. 7.

« conic shape - VARIANT of 1
« waved in one direction - VARIANT of C or S
« waved in two directions.

VARIANT S

Obr. 7. Schematické zndzornenie jednotlivych variantov tvarov monoblokovych Zeleznicnych kolies
s naznacenymi kladnymi smermi moznych deformdcii (v, w)
Fig. 7. The schematic layout of the different shape variant of the monoblock railway wheels with the

outlined positive directions of the possible deformations (v, w)
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Zakladné varianty C a S mo6zu byt superponované s variantom
1. Okrem toho je tvar charakterizovany este sklonom kuzela alebo
smerom zakrivenia k vnutornej alebo vonkajsej strane kolesa.

S doskou kuzZelovitého tvaru je mozné sa stretnut len vyni-
mocne. Zvlnenim dosky sa dosahuje urcita radialna poddajnost.
Pri kolesach odporuc¢anych ORE je zvinenie dosky urobené tak,
aby stredy pripojenia dosky k naboju a dosky k vencu kolesa lezali
v jednej rovine kolmej na os naboja. Tym sa obmedzuje uz zmieneny
vznik zmeny rozmerov dvojkolesia ucinkom tepelnych namahani
pri brzdeni. V snahe ¢o najviac znizit hmotnost kolies, vyrabaju
niektori vyrobcovia dosku tensiu a zvlnenu v dvoch smeroch, ¢im
sa zvysi jej odolnost voci priecnym silam pdsobiacim na koleso.

Porovnanie jednotlivych tvarov z hladiska napéti a deformacii,
vplyv hrubky dosky pri zachovani ostatnych rozmerovych a tvaro-
vych parametrov boli uz aj v minulosti predmetom viacerych
vyskumov [13]. Smerodajné a pre pouzitelnost urcujiuce su hodnoty
vnitornych napéti (oy,,,,) a deformacii v axidlnom smere na
venci kolesa (w) a v radialnom smere na naboji kolesa (v). Jednot-
livé priebehy napéti a deformacii v zavislosti od geometrickych
parametrov tvaru dosky a, ¢, d st vdy pre tri rozne hribky kotica
h =15, 22 a 30 mm znazornené na obr. 8, 9 a 11. Co sa tyka
napiti, je pri vSetkych variantoch najpriaznivejSie rieSenie, ak je
doska kolesa rovna (a, ¢, d = 0). Podobnu tendenciu je mozné
vidiet aj pri axialnej deformacii. Radialna deformacia naboja,
ktora vplyva na bezpecnost lisovaného spoja a tym na bezpecnost
prevadzky sa vsak sprava uplne inak. Popisany pripad (a, ¢, d = 0)
predstavuje najnepriaznivejsie rieSenie.
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The basic variants of C and S can be superimposed with the
alternative of I. Moreover the shape is defined even by the bevel
of the cone or the direction of the curvature to the inside or outside
site of the wheel. The wheel disc with the cone shape is very rare.
The waved shape of the wheel disc enables some radial flexibility.
The wheels recommended by ORE have the waved discs manu-
factured such way, to be the center of the disc - hub connections
and the center of disc - rim of the wheel connections lie on same
plane that is perpendicular to the hub axle line. This limits the
above-mentioned influence of the wheelset dimension changing
from the heat loading during the braking. In order to the wheel
mass decrease, the producers make wheel discs more thin and
waved in the both directions consequently wheel is more hardness
against the lateral forces acting to the wheel.

The comparison of the individual shapes from the point of
view of the stresses and the deformations and from the point of
view of the impact on the disc thickness if other dimension are
untouched was already researched [13].

Important and usable are the values of the internal stresses
(Opmay) and the deformation in the axial direction on the rim of
the wheel (w) and the deformation in the radial direction on the
hub of the wheel (v). Individual stresses and deformations distri-
butions following geometric dimensions of wheel disc a, b, d for 3
different thicknesses of wheel disc # = 15, 22, 30 mm are shown
on Figs. 8, 9 and 11. If we want to receive the minimum stress, the
most appropriate solution for all variants is if the wheel disc is flat
(a, ¢, d = 0). We also receive the similar tendency in the case of
axial deformation. This is not valid for radial deformation of the
hub. That has an impact on the safety of the pressed joint. The
case described here (a, ¢, d = 0) represents the worst solution.
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Obr. 8. Vypocitané hodnoty napdti a deformdcii kolies s kuzelovitym tvarom dosky v zdvislosti
od geometrického parametra a charakterizujiiceho sklon kuZela
Fig. 8. The calculated values of the stresses and the deformations of the wheels with the disk of the I shape
in dependence on the geometric parameter of a defines the intensity of conicity

Varianty C a S (obr. 9 a 11) pri velkych zakriveniach a malych
hrubkach dosky poskytuju akceptovatelné rieSenie po vSetkych tu
spomenutych strankach. Hrani¢na hodnota pre extrémne znizenie
hrubky vyplyva zo zatazitelnosti sustredenymi silami. Hrani¢na
hodnota zvlnenia je dana technologickymi moznostami pri valco-

Variants C and S (Figs. 9 and 11) with strong curvatures and
the small thickness of the wheel disc allow an acceptable solution
for all mentioned aspects. The boundary value for extremely
decreased thickness following concentrated forces capacity. The
boundary value of waving is given by technological possibilities of
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Obr. 9. Vypocitané hodnoty napiti a deformdcii kolies s doskou tvaru C v zavislosti
od geometrického parametra c charakterizujiiceho velkost zakrivenia
Fig. 9. The calculated values of the stresses and the deformations of the wheels with the disk of the C shape
in dependence on the geometric parameter of ¢ that defines the intensity of curvature
Wheel ORE ¢ 920 mm Wheel VMS ¢ 920 mm
Wear 25 mm Wear 25 mm
Axle load 22.5 t Axle load 25 t
Mass 343 kg Mass 347 kg

Obr. 10. Kolesd typu UIC - ORE a VMS
Fig. 10. The wheels of the type of: UIC - ORE and VMS
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Obr. 11. Vypocitané hodnoty napiti a deformdcii kolies s doskou tvaru S v zavislosti
od geometrického parametra d charakterizujiiceho velkost zakrivenia
Fig. 11. The calculated values of the stresses and the deformations of the wheels with the disk of the S shape
in dependence on the geometric parameter of d that defines the intensity of curvature
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vani. Ako nazorny priklad takto tvarovanych kolies je mozné
uviest unifikované koleso UIC - ORE alebo Franctuzskymi stat-
nymi Zeleznicami (SNCF) a jej priemyselnymi partnermi na
zaklade numerickej simulacie mechanického spravania sa navrh-
nuté a na brzdovom stave a v prevadzke uspesne odskusané VMS
koleso (Valdunes Montagne Securite) [12]. Treba dodat, ze nové
VMS koleso je uz navrhované pre napravové zatazenie 25 ton.

Neda sa jednoznacne tvrdit, Ze ta ¢i ona varianta je najpriaz-
nivejsia, ich vhodnost pri vopred stanovenych prioritach je nutné
posudzovat komplexne aj so zohladnenim druhu a charakteru pre-
vadzky.

5. Experimenalny vyskum na KKVMZ

Na experimentalny vyskum sa na KKVMZ vyuziva brzdovy
stav KKVMZ umiestneny v tazkom laboratoriu katedry. Povodna
konstrukcia a komponenty brzdového stavu sa postupne moderni-
zovali, brzdovy stav bol doplneny zotrva¢nikmi pre simulaciu
brzdenia vlaku do zastavenia [4]. Brzdovy stav je v procese akre-
ditacie pre certifikaciu vybranych brzdovych skuSok v zmysle
UIC, projekt ERRI (B 126.11 Acceptance testing of friction rig
(ZSR)).

Pre zabezpecenie zdznamu, uloZenia a vyhodnotenia namera-
nych dat bol na KKVMZ naprogramovany meraci, a vyhodnoco-
vaci meraci systém LaGer [8].

6. Zaver

Posobenie kolesa a brzdového klatika je dolezita stranka bez-
pecnosti systému Zeleznic. Nové vyskumy a doteraz ziskané sku-
senosti k problematike popisanej v prispevku maju umoznit
nasledovné:
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rolling process of the wheel production. The wheel made with this
shape is the unified wheel of UIC - ORE or French state railways
(SNCF) and their industry partners developed the wheel VMS
(Valdunes Montagne Securite) [12]. This wheel was made on the
base of numeric simulation of mechanical behavior, tests on brake
bench and tests in operation. It must be said that a new wheel
VMS is designed for axle load 25 tons. It is hard to say if any of
these variants are better. Their aptitudes must be ad-judicated with
ahead determined priorities and taken into consideration with the
branch and character of operation.

5. The experimental research on the Department
of Railway Vehicles, Engines and Lifting
Equipment (KKVMZ)

The experimental research uses brake bench of the KKVMZ
installed in the heavy laboratory of the department. The original
design and components of the brake bench were continuously
upgraded. The brake bench was made up with flywheels for
braking simulation [4]. The brake bench is now in the process of
accreditation for the certificate chosen brake tests according to
UIC, the project ERRI (B 126.11 The acceptance testing of friction
rig (ZSR)).

For the data storage and the evaluation of measured data, the
system was programmed for measuring and evaluating LaGer [8]
in the department of the KKVMZ.

6. Conclusions
The interaction between the wheel and brake shoe is an

important aspect of a railways security system. New investigation
and acquired knowledge of this question allow:

Obr. 12. Brzdovy stav KKVMZ, pohlad na motor a sistavu zotrvacnikov
(prostredny zotrvacnik je pre lepsiu vizudlnu informdciu nakresleny s vyrezom)
Fig. 12. The brake test stand of the KKVMZ, the look at the driving engine and the flywheel set
(the flywheel in the middle is for better visual information drawn with the cut)
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Obr. 13. Pohlad na celny panel riadiaceho programu LaGer v rezime aktivneho dizajnéra - ndstroja, pomocou ktorého
Jje mozné definovat, resp. modifikovat vzhlad a ¢innost programu
Fig. 13. The view of the front panel of the control program of the LaGer in the mode of the active designer - the tool,
with its help, it is possible to define or modify the appearance and functionality of the program

« vyvoj matematickych modelov, najmid na vyskum mechanic-
kého a termomechanického spravania sa Zeleznicného kolesa,

» vyvoj kolies a Casti brzdového vystroja na zvysenie dopravnych
vykonov (rychlost, napravové zataZenie), na zniZenie hluku
vznikajiceho odvalovanim kolesa po kolajnici a hluku vznikaji-
ceho pri brzdeni, ako aj na zniZenie obstaravacich nakladov
a nakladov na udrzbu.

« the development of new mathematical models, especially for the

mechanical and thermomechanical behavior of the rail wheel
research,

» the development of the wheel and brake devices for the in-

crease of the carriage power (speed, axle load), decrease of the
rolling wheel noise and braking noise and decrease of first costs
and operating expenses.
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POTENCIAL SKRATENIA JAZDNYCH DOB A ENERGETICKA
NAROCNOST VOZIDIEL S NAKLAPACIMI SKRINAMI NA ZSR

POTENTIAL REDUCTION OF TRAVEL TIMES AND ENERGY
CONSUMPTION OF TILTING BODY VEHICLES ON ZSR

DoleZitou iilohou Zeleznic v siicasnej dobe je zvySovanie rychlosti
osobnej dopravy. Tito iiloha vyplyva jednak z medzindrodnych doho-
vorov, jednak z potreby zachovania konkurencieschopnosti Zeleznice
na dopravnom trhu. V prispevku je uvedend mozZnost zvySovania
cestovnej rychlosti osobnej dopravy na ZSR, a to pouzitim vozidiel
s nakldpacimi skrinami. Pre vybrané iiseky trati ZSR boli vypocitané
dosiahnutelné jazdné doby pre vozidld klasickej konstrukcie a pre
vozidld s nakldpacimi skrinami. Z ich porovnania vyplyva vyrazné
skrdtenie dosiahnutelnych jazdnych casov. Dalej je posiidend energe-
ticka ndarocnost porovnatelnych stiprav klasickej konstrukcie voci jed-
notke typu Pendolino na existujicej trati pri sucasnych rychlostnych
obmedzeniach a teoretickom obmedzeni rychlosti pri prejazde viaku
s nakldpacou technologiou.

1. Uvod

Velmi zaujimavu problematikou, ktorou sa v sucasnej dobe
zaobera takmer kazda eurdpska a svetova Zeleznica, je zvySovanie
rychlosti Zeleznicnej dopravy.

Zvysovanie rychlosti je mozné zabezpecit vystavbou novych
trati, alebo radikalnou prestavbou starych trati. Ale budovanie
novych vysokorychlostnych trati je velmi naroc¢na tuloha, zvlast
v krajinach, ktoré maju vysoko tazky terén, respektive ich pro-
striedky st zna¢ne obmedzené. Preto si Talianske Zeleznice FS
a Svédske Zeleznice SJ ako jedny z prvych objednali vozidla, ktoré
by boli schopné dosahovat vysoké rychlosti aj na existujucich tra-
tiach s malymi polomermi oblikov - vozidla s naklapacimi skri-
nami. Tieto vozidla, podla skusenosti viacerych eurdpskych krajin,
su schopné, aj na doterajsich tratiach uréenych pre osobnu aj
nakladnu dopravu, dosahovat vysoké rychlosti a tym podstatnou
mierou zniZit jazdné doby.

2. Vysokorychlostna doprava v Europe a Japonsku

Podla Statistik v ostatnom polstoro¢i od konca druhej sve-
tovej vojny zazili Zeleznice skuto¢ny upadok. V skutocnosti zisk

* 'Doc.Ing. Juraj Grencik, CSc., 2Ing. Miloslav Klinko

Increasing the speed of passenger transport becomes an impor-
tant task facing present-day railways. This task has risen both from
the international agreements and from the necessity to keep compe-
titiveness of the railway on the transport market. The paper presents
a possibility to increase travel speed of passenger transport on ZSR
(Slovak Railways) by use of tilting body vehicles. For the selected
ZSR track sections accessible travel times were calculated for conven-
tional design vehicles and for tilting body vehicles. From comparison
of the results a remarkable reduction of accessible travel times can be

found. Further, the energy-consumption demands have been evalua-

ted for similar train sets of conventional design compared with the
Pendolino train set during run on the existing track under present-day
speed limits and under the theoretical speed limits from curve negoti-
ation by tilting body vehicles.

1. Introduction

An important problem, which almost every European railway
has to cope with at present, is increasing the speed of railway trans-
port.

Train speed can be increased by building new railway lines, or
by the radical reconstruction of old ones. However, building of
new high-speed lines is a very demanding task, especially in coun-
tries that have very mountainous terrain or their finances are
strictly limited. That is why the Italian Railways FS and Swedish
Railways SJ had ordered vehicles that were capable to reach high
speed even on existing lines with small curve radii - vehicles with
tilting bodies. These vehicles, referring to the experience of several
European countries, are able, even on existing tracks used for both
passenger and freight traffic, to reach high speed and by that
remarkably reduce travel times.

2. High-speed transport in Europe and Japan

According to statistics most of railways within the last half of
the century since the end of World War II have experienced real
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z explozivneho narastu nakladnej a osobnej dopravy si pripisali
ZelezniCni konkurenti - cesta a lietadlo. AvSak vyluény narast tychto
druhov dopravy naraza dnes na ich obmedzenia. V skuto¢nosti, ak
trendy v sektoroch cestnej a leteckej dopravy zotrvaji, mézu mat
za nasledok zvySenie znecistenia Zivotného prostredia a rozpory,
ktoré provokuju obranné reakcie pozorované v niektorych miestach
hlavne na alpskych tranzitnych cestach vo Svajéiarsku, Nemecku
a Rakusku. Na relativny pokles Zelezni¢nej dopravy, zaznamenany
v ostatnych pétdesiatich rokoch odpovedali Zeleznice rozvojom
vysokorychlostnej dopravy. V oktobri roku 1964, pri prileZitosti
Olympijskych hier v Tokiu, bola v Japonsku otvorena prva vyso-
korychlostna trat z Tokia do Osaky (515 km). Jazdna rychlost
210 km/h, dosahovana u prvych suprav, zavedenim vozidiel novej
generacie postupne sa zvysila na 270 km/h. Napriek bezprostred-
nému komerénému uspechu, ktory tato trat zaznamenala, musela
Eurdpa cakat az do roku 1981, kedy sa zacala prevadzka na oboch
vysokorychlostnych tratiach - ,,Direttissima“ z Rima do Florencie
a traf TGV z Pariza do Lyonu vo Franctzsku. Prednosti osobnej
dopravy vo vysokorychlostnych vlakoch st uz teraz dobre zname
a su cestujucimi ako aj spolo¢nostami v§eobecne uznavané. Vysoka
rychlost nie je samoucelna, pretoze nejde o to, uskutocnit vysoky
technicky vykon: umoziiuje skratit jazdny Cas po ZelezniCnej trati
takmer na polovicu a tym jazdny ¢as od domu po dom (vratane
konecnych trati) podstatne skratit, ¢o je v oCiach zakaznika pod-
statny faktor pri rozhodovani. Pre schopnost konkurencie voci
osobnému automobilu, ktory pontka uplné spojenie od domu po
dom a moze jazdif na dial'nici rychlostou az 130 km/h, je potrebna
priemerna jazdna rychlost vlakov zo stanice do stanice 200 km/h
- s vysokymi rychlostami od 250 do 300 km/h.

Rozsirenie existujucich trati pre rozsah rychlosti 200 az 220
km/h je mozné, ak trasa nevykazuje tratové obluky s polomerom
mensim neZ 1500 m. RozSirenie zahfna spevnenie kolajnice
a trakéného vedenia, odstranenie Zeleznicnych tiroviovych prie-
cesti a zmenu signalizacnych zariadeni. V niektorych pripadoch je
uprava uzkych tratovych oblikov v ohrani¢enom rozsahu mozna,
ale najma v zapadnej Eurdpe sa stava toto rieSenie Casto iluzor-
nym na hlavnych tratiach postavenych v minulom storoci podla
urbanizacie. NavySe je potrebné nepodcenit stavebné naklady na
tychto intenzivne vyuzivanych tratiach.

3. Aktivity na zvysenie rychlosti zeleznic OSZD

0OSZD zahffia v siéasnosti 25 ¢lenskych krajin - Zeleznic
z Europy a Azie - od Ceskej republiky a Pol'ska na zapade cez Cinu
na vychode a Iran na juhu. OSZD podporuje kooperaciu v medzi-
narodnej Zelezniénej preprave medzi krajinami Europy a Azie.
PretozZe v jednotlivych krajinach oboch tychto kontinentov vladnu
rozdielne podmienky, musel byt pre zvysSenie jazdnej rychlosti
a zavedenie vysokorychlostnej dopravy najprv analyzovany objem
prepravy a musela byt vytvorena prognoza. Na zaklade uskutoc-
nenych prieskumov boli zachytené a opisané dolezité medzina-
rodné trate pre prepravu Eurdpa - Azia. Pri popisani europskej
Casti sa plne zohladnili prislusné podklady UIC ako aj rozhodnu-
tia paneuropskych konferencii ministrov dopravy. Konferencia
ministrov OSZD schvalila tento plan trati na svojom zasadani
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decline. In fact competitors to railway transport, road and air trans-
port, gained profits from explosive growth of freight and passen-
ger transport. But exclusive growth of these transport modes is
hitting its constraints at present. In fact, if trends in road and air
transport continue, they may result in increased environmental
pollution and conflicts, which provoke defensive reactions observ-
ed in some places, especially on Alpine transit roads in Switzer-
land, Germany and Austria. The relative decline in railway traffic,
observed in the last 50 years, was answered by the development of
high-speed transport. In October 1964, on the occasion of Olympic
games in Tokyo, Japan, the first high-speed line from Tokyo to
Osaka (515 km) was opened. The running speed of 210 km/h in
the beginning of operation by first train-sets was gradually increas-
ed to 270 km/h by introducing vehicles of newer generations. In
spite of the immediate commercial success that was observed on
this line, Europe had to wait until 1981 when operation on two
high-speed lines - “Direttissima” from Rome to Florence and the
TGYV line from Paris to Lyon, were launched. Benefits from pas-
senger transport by high-speed trains are very well known now and
are generally recognised by passengers and railway companies.
High speed has not purpose for itself as the goal is not to make
a high technical performance; it allows to shorten travel time on
the railway line almost to its half and by that door-to-door (inclu-
ding subsidiary lines) travel time can be remarkably shortened,
which is a fundamental factor in customers’ eyes when deciding
on transport mode. To be competitive with a passenger car, which
offers complete connection from door to door and can run on
a highway at the speed of 130 km/h, the necessary average
running train speed from station to station is 200 km/h - with high
speeds from 250 to 300 km/h.

Upgrading of existing tracks for speed up to 200 - 220 km/h
is possible only if there are not curves of diameter smaller than
1500 m on the line. Track upgrading concerns stiffening of rails
and catenary, elimination of railway level crossings and change in
the signalling system. In some cases it is possible to modify small
track curve radii in a limited extent, but especially in Western
Europe this solution is often only illusion on the main roads built
in the last century that followed the urbanisation. Moreover, the
reconstruction costs must not be underestimated on these inten-
sively operated lines

3. Activities for increasing speed on OSZD railways

0SZD is composed of 25 member countries - railways from
Europe and Asia - from Czech Republic and Poland in the West
to China in the East and Iran in the South. OSZD promotes co-
operation in international railway transport between countries of
Europe and Asia. As there are different conditions in the indivi-
dual countries of both continents, for increase of travel speed and
introduction of high-speed transport, at first, the traffic volumes
had to be analysed and prognosis had to be created. Based on the
realised surveys the important international lines for Europe-Asia
transport were recognised and described. In the description of the
European part the corresponding UIC materials as well as deci-
sions from pan-European conferences of ministers of transport
were considered. The conference of OSZD ministers had ap-
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v roku 1996 v Bratislave. Bolo stanovenych devat hlavnych relacii
rychlych a vysokorychlostnych trati osobnej prepravy, ktoré beru
ohlad na buducu vysokorychlostnu sief Eurdpy a tato siet predl-
zuju v smere do Azie.

Bolo dalej rozhodnuté, Ze podmienky stanovené v dohode AGC
pre najdolezitejSie projekty Zeleznicnej infrastruktury v Europe,
budu vo velkom rozsahu zohladnené. Rovnako boli stanovené aj
cielové najvyssie rychlosti na jednotlivych tratovych usekoch ako
aj Casové rozpdtie pre dosiahnutie tychto rychlosti. Z podkladov
vyplyva, Ze europski ¢lenovia OSZD maju v umysle zvysit jazdnu
rychlost modernizaciou a vystavbou novych Zelezni¢nych trati na
celkovu dizku okolo 18 000 tratovych kilometrov. Najprv je plano-
vané hlavne rozsirenie trati na jazdnu rychlost 160 km/h, v buduc-
nosti aj vystavba novych trati na 200 km/h. V dalekom horizonte
sa predpokladaju v jednotlivych krajinach novovybudované trate
pre jazdné rychlosti od 300 do 350 km/h. Toto sa tyka predovset-
kym trate Berlin - Kunowice - VarSava - Minsk - Moskva, ako aj
novej trate Sankt Petersburg - Moskva na teritoriu Ruskej Fede-
racie. Zhrnuté zamery pre europsku éast Zeleznic OSZD st zobra-
zené na obr. 1.
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proved this plan during its session in 1996 in Bratislava. Nine main
relations of rapid and very high-speed lines for passenger traffic
had been determined, which consider the future high-speed lines
network in Europe, and this network is extended towards Asia.

Further, it had been decided that conditions stated in AGC
agreement for the most important project of railway infrastructure
in Europe, would be respected to a great extent. Similarly, target
highest speeds on the individual line sections as well as the time
periods for reaching these speeds had been set up. From the mate-
rials adopted it results that the European members of OSZD
intend to increase running speed by modernisation and construc-
tion of new railway lines with total length of about 18,000 track
kilometres. In the first step upgrading of lines to running speed of
160 km/h is planned, in future building of new lines for 200 km/h
is planned. On far horizon newly built lines for speed from 300 to
350 km/h are expected in the individual countries. This especially
concerns Berlin - Kunowice - Warsaw - Minsk - Moscow line and
new line Sankt Petersburg - Moscow in the Russian federation ter-
ritory. Summarised plans for European part of OSZD railways are
shown in the figure 1.

Druhym taziskom pri vystavbe 12000- R 11087 Second centre for building of
buducej rychlostnej Zelezni¢nej future high-speed railway network
siete Eurdpa - Azia je ¢inska Zelez-  10000- 7285 Europe - Asia is the Chinese
nica. Rczzvoj narodného hospodar- 8000 6837 railway. Development of Chinese
stva v Cine ma pozitivny vplyv aj economy has positive influence
na Zelezni¢nui prepravu: vo vyhlade € 6000- on railway transport: there are
su vystavba novych trati, zdvojko- 40001 Sour plans for building new lines, con-
lajnenie trati, elektrifikacia a iné struction of double-track lines,
druhy rozsirovania. Rozsah tohto 2000+ g0 electrification and other methods
rozvoja je mozné rozpoznat z pla- N of upgrading. Extent of this deve-
nov pre ¢asové obdobie 1998 - 1995 2000 2010 Rok Jopment can be seen from plans

2002, kedy ma byf realizovana D lspeed up o 160 km/h

‘ I [speed up to 200 km/h l for the time period 1998 - 2000

vystavba 5340 novych tratovych
kilometrov, 2580 kilometrov trate
ma byt zdvojkolajnenych a 4400
kilometrov novoelektrifikovanych
trati. Sucasne zavadzaju Cinske Zeleznice (KZD) postupne rych-
lostnu dopravu v osobnej preprave. Na konci roku 1997 dosaho-
vala dizka Zelezniénych trati s dovolenou rychlostou 140 km/h
5500 kilometrov, a na trafovom tseku o dizke 587 kilometrov
dosiahla dovolena rychlost 160 km/h. Do konca roku 2000 mala
dizka tychto trati presiahnut 8100 km.

4. Sucasny stav techniky vozidiel s naklapacimi
skrinami vo svete

V sucasnosti sa viaceré krajiny zaoberaju vozidlami s nakla-
pacimi skrinami, nakolko je to vel'mi efektivny systém modernej
dopravy. RozliSujeme dva druhy naklapania skrine: prirodzené
a nutené. Medzi vlaky s prirodzenym naklapanim skrine patria
Spanielske jednotky RENFE nazvané Talgo. Do skupiny vozidiel
s nutenym naklapanim skrine patria napriklad talianske jednotky
FS Pendolino (obr. 2), z neho odvodené nemecké DB - VT 610,
a na inom principe svédske vozidlo SJ - X 2000. V sucasnej dobe

Obr. 1. Tratové rychlosti - zdmery pre eurdpsku cast Zeleznic OSZD
Fig. 1. Track speed - plans for European part of OSZD railways

when construction of 5.340 km
new lines is to be realised, 2.580
km of single track lines should be
upgraded to double track and
4,400 km tracks should be electrified. At the same time the
Chinese railways (KZD) are introducing rapid transport in pas-
senger traffic. In the end of the year 1997 length of railway tracks
with speed limit of 140 km/h was 5.500 km and 587 km track
section has speed limit of 160 km/h. By the end of the year 2000
length of these lines should exceed 8,100 km.

4. Current state of tilting body technology in the world

At present a couple of countries are dealing with tilting body
railway vehicles as they consider it a very effective system of
modern transport. There are principally two kinds of body tilting:
natural and forced. Trains with natural body tilting include Spanish
train units RENFE called Talgo. The group with forced body tilting
include, for example, Italian train sets FD Pendolino, German DB
- VT 610 derived from Pendolino, another train set concept
Swedish SJ - X 2000. Nowadays, a trend towards the use of trains
with tilting technology is starting to grow rapidly, and there is vir-
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trend pouzivania vlakov s naklapa-
cou technologiou zacina prudko rast
a niet pomaly krajiny v Eurépe, ktora
by s takymto projektom neuvazovala.
Nemozno nespomenut CD, kde
napriek tazkostiam, jednotky radu
680 by mali byt v dohladnej dobe
uvedené do prevadzky pre rychle
spojenie na osi Berlin - Praha - Brno
- Vieden.

4.1 Porovnanie jazdy klasickych vlakov s vozidlami
s naklapacimi skrinami

V supravach s naklapacimi skrinami sa pre zvySenie rychlosti
naklapa voznova skrina v uzkych tratovych oblukoch, aby kom-
penzovala ucinok odstredivej sily na cestujucich. Nasledujice
obrazky ukazuju efekt z naklopenia skrine u systému s prirodze-
nym naklapanim (obr. 3) a nutenym naklapanim (obr. 4). Z obraz-
kov jasne vidiet, ze nutené naklapanie prinasa vacsi efekt ako
prirodzené, vyzaduje vSak zlozitejSiu konstrukciu a riadiaci systém
naklapania.

Obr. 3. Princip prirodzeného nakldpania skrine - viak Spanielskych
Zeleznic , Talgo Pendular”.
Fig. 3. Principle of natural body tilting - Spanish railways train
“Talgo Pendular’.

U klasickych vozidiel bez naklapania sa na kompenzaciu
odstredivej sily posobiacej na vozidlo pri prechode oblikom pre-
vySuje vonkajsi kolajnicovy pas voci vnutornému. Toto prevySenie
sa pri plne kompenzovanej odstredivej sile nazyva teoretické pre-
vySenie. Silové pomery, respektive posobiace zrychlenia pri pohybe
vozidla v obliku mozno znazornif na nasledovnom diagrame, kde
g predstavuje gravitacné zrychlenie, a priecne zrychlenie vyvolané

Obr. 2. Viak Talianskych drih , Pendolino®, radu ETR 460.
Fig. 2. Italian railways train-set “Pendolino” , series ETR 460.
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tually no country in Europe
that would not deal with such
a project. We have to mention
Czech railways CD where, in
spite of difficulties, the train
unit series 680 are expected to
be introduced into operation
for rapid connection on the
Berlin - Prague - Brno - Vienna
line.

4.1 Comparison of conventional trains with tilting body
trains running in curve

Train sets with tilting bodies do not require reconstruction of
curves as the train body tilts in small track radii to compensate
effects of centrifugal force on passengers. The following pictures
show effect from body tilt for system with natural tilting (figure 3)
and with forced tilting (figure 4). The pictures clearly show that
forced tilting brings higher effect than the natural one, but it re-
quires more complicated mechanism and control system for body
tilting.

Obr. 4. Princip niiteného nakldpania skrine - viak Svédskych Zeleznic
X 2000 (1 - vypruZenie, 2 - hydraulicky valec, 3 - naklopeny
priecnik, 4 - zdves, 5 - rdm podvozku)

Fig. 4. Principle of forced body tilting - Swedish railways train
“X 2000”. (1 - air spring, 2 - hydraulic actuator, 3 - tilting
bolster, 4 - pendulum, 5 - bogie frame)

To compensate for centrifugal force acting on a vehicle during
run in curve the outer rail is superelevated against the inner one
(rail cant). This superelevation is called in case of fully compen-
sated centrifugal force a theoretical superelevation. Acting forces
or accelerations acting during a run of vehicle in curve are shown
in the following diagram, where g stands for gravitation accelera-
tion, a stands for acceleration by centrifugal force, p is a rail supe-
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odstredivou silou, p prevySenie kolaje a e vzdialenost sty¢nych
kruznic dvojkolesia (pre normalny rozchod trate 1435 mm je
e = 1500 mm).

Platia nasledovné vztahy:

a= ? (m.s 5 m.s °, m),

pricom:

y = l (ms™ 5 kmh™h
3,6
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relevation and e is a distance of wheel-rail contact points on the
wheel set (for standard rail gauge of 1435 mm e = 1500 mm).

Following equations are valid:

. , a p
Z rovnosti uhlov « plati pomer: — = —

QOdtial pre prevysenie dostaneme®

¢ -2
p=—-a (mm,ms )

g

Pre normalny rozchod kolaje 1435 mm, rychlost jazdy V'
a polomer oblika R sa teda teoretické prevysenie vypocita podla:

1000 - 1,5(m) y? o V? (mm: kb m)
=————— - —=11§ - — (mm; km.h™ ', m

P9 8m -5 236 R R
Na Zeleznici sa nepouziva plne kompenzované teoretické pre-
vySenie, ale sa pripusta urcita vel’kost nevyrovnaného odstredivého
zrychlenia, Co je reprezentované tzv. nedostatkom prevySenia
(Pyp)- Zakladnym typom prevySenia u ZSR je prevysenie nizsie -
D, zniZené o 70 mm od teoretického. Dalsimi typmi prevysenia
su prevySenie zniZené, (znizené o 85 mm) a najmensSie, znizené

0 100 mm od teoretického.

Pre vypocet prejazdu vozidla s naklapacou skrinou oblukom
potrebujeme uréit maximalnu dovolenu rychlost (V,,,). Vzorec
pre jej vypocet moZeme odvodit nasledovne:

1. Vzorec pre vypocet maximalnej dovolenej rychlosti pri jazde
oblukom o polomere R, s maximalnym prevySenim p,, a nedo-
statkom prevySenia p,,, je:

| R
V= Tig @nt Py (kmh™';m, mm)

2. Dalsie zvysenie rychlosti pri nezhor§enom pohodli cestujiceho
(a, = 0,457 m.s_z) prinasa naklon skrine vozidla do oblika
o urcity uhol 7, ktory reprezentuje dodatocné prevysenie p,.
Dostavame dovolenu rychlost vozidla pri nakloneni skrine:

V=

= m . (km.hfl; m, mm)

P+ Pup T P2
Toto vSak nie je uplné riesenie, lebo zvySena rychlost jazdy,
okrem kompenzacie priecnej sily posobiacej na cestujiiceho,
prinasa aj zvySenie ucinku vozidla na trat.

3. Silové posobenie vozidla v obluku na trat, teda hladisko bez-
pecnosti proti vykolajeniu, aj vplyv na stabilitu kolaje, sa stava
dominantnym kritériom. Zahrani¢né Zelezni¢né spravy vycha-
dzaju pri zavadzani vozidiel s naklapacimi skrinami do pre-
vadzky z Proud’hommovych vzorcov. Vyplyva z nich

2
a=" (ms™ % ms™ !, m),
R
while:
v = l (ms~ ! kmh™h
3.6 R
a p
From equal angles a we have: — = —
And from that after substitution: g €
¢ -2
p=—-+a (mmms )
g

For the standard rail gauge of 1435 mm, train velocity ¥ and
curve radius R the theoretical superelevation can be calculated
from:

1000 - 1.5(m)  V? L8 V2 (mm: kb~ m)
=—————— —=11.8§ -— (mm; km.h™ ', m

P 98m-5s 2 36 R R

Railway does not use fully compensated theoretical superele-
vation, but certain unbalanced lateral force is permitted, which is
represented by so called lack of superelevation (p,,). The basic
type of superelevation on ZSR is lower superelevation - p,, lowered
by 70 mm from the theoretical one. Other types of superelevation
are lowered superelevation, (lowered by 85 mm) and the least,
lowered by 100 mm from the theoretical one.

For calculation of tilting body vehicle running in curve, we
need to determine the maximum permitted velocity (V). Formula
for its calculation can be derived as follows:

1. Formula for calculation of maximum permissible velocity at
curve with radius R, maximum superelevation p,, and cant
deficiency pn,, is:

[ R
V= T8 * P T Pup) (km.h™'; m, mm)

2. A further increase of speed without reducing passenger ride
comfort (a, = 0,457 m.s_z) can be gained by tilting the car
body inwards toward the curve by certain angle 7, which repre-
sents additional superelevation p,. We get the permissible
velocity with use of tilted body:

V=

= m . (km.hfl; m, mm)

P Pup T D)
This is not a complete solution because increasing of velocity,
besides balancing the centrifugal force effecting passengers,
brings increase of vehicle effects on the track.

3. Vehicle forces acting in a curve on the track, that is safety
against derailment and track stability, become a dominant cri-
terion. Foreign railways use the Proud’hom’s formulae when
they prepare operation of tilting body vehicles. These formu-
lae give limit of maximum transversal force between wheel
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obme-dzenie maximalnej priecnej sily z dvojkolesia na kolaj, ku
ktorej moZe dojst pri nevyrovnanom zrychleni vozidla a,, =
1,65 + + 1,8 m.s~? a len vynimoéne a,, = 2,0 m.s~>. Maxi-
malna dovolena rychlost pri celkovom priecnom zrychleni a,
bude
Vin=36+Va,-R  (km/h™';ms % m)
NajvyraznejSou vyhodou vozid-
la s naklapacimi skrinami, oproti
obycajnému kolajovému vozidlu
je, ze oblukmi moéze prechadzat
podstatne vy$Sou rychlostou a tym
vyrazne znizif jazdni dobu vlaku.
Ak budeme uvazovat obluky s jed-
notnym prevy§enim p = 150 mm
a nedostatkom prevysenia 70 mm,
resp. 100 mm, mozeme vytvorif
graf zavislosti maximalnej rychlos-

km/h
450

350 +
300
250
200
150
100 1

50 4

400 1 Tiliting body vehicles
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and rail, which results in unbalanced centrifugal acceleration
of vehicle a,, = 1.65 + 1.8 m.s~2 and only exceptionally a,,, =
= 2.0 m.s~ 2. The maximum permissible speed at total trans-
versal acceleration a, will be then:

Vin=36-Va,-R (km/h™';ms % m)

The most important benefit of a tilting body vehicle compa-
red with a conventional one is
that it can negotiate curves at sub-
stantially higher speed and by that
remarkably reduce travel time of
a train. If we consider curves with
same rail cant (superelevation) of
p = 150 mm and cant deficiency
of 70 mm, respectively 100 mm,
we can draw a diagram showing
relation between maximum speed
in curve and curve radius for

RELATION BETWEEN MAXIMUM SPEED IN CURVE
AND CURVE RADIUS

Convetional vehicles
(cant defficiency 100mm)
22%==" "Convetional vehicles

(cant defficiency 70mm)

ti prechodu oblitkom od polomeru 100 1000 2000

obluka, pre vozidlo s naklapacimi
skrinami a pre obycajné vozidlo
(obr. 5).

Z grafu vidime, Ze vozidlo s naklapacimi skrinami mozZe uz pri
malych polomeroch oblikov dosahovat vyrazne vysSiu rychlost,
oproti obycajnym vozidlam. Obmedzenie rychlosti v obliku je tu
dané spomenutymi Proud’hommovymi vzorcami, z ktorych
vyplyva obmedzenie maximalnej priecnej sily posobiacej z dvoj-
kolesia na kolaj.

5. Moznosti vyuviitia vozidiel s naklapacimi
skrinami na ZSR

Slovenska republika, ako §tat stredoeurépskeho regionu, bude
musiet tiezZ uvazovat o zvySovani rychlosti zZelezni¢nej dopravy,
aby udrzala krok s ostatnymi krajinami zapadnej Europy.

km /l’l240 BRATISLAVA - ZILINA

220 T
200 T+
180 T
160 T
140 4
120 4
100 +
80 1
60 1
40 T
20 T

0

Tilting body vehicle

Conventional vehicle

0 201 km

3000 4000

Obr. 5. Zavislost maximdlnej rychlosti prechodu obliikom
od polomeru oblitka
Fig. 5. Relation between maximum speed in curve and curve radius

5000 R[m] a tilting body vehicle and for con-

ventional one (see figure 5).

From the graph one can see
that vehicle with tilting body can
run at substantially higher velocity in even small curve radii than
conventional vehicles. Speed limit in curve is given by already
mentioned Proud’hom formulae, from which limit on maximum
transversal force acts between wheel and rail.

5. Possibilities in using the tilting body vehicles
with ZSR

Slovak republic as a country of the Central European region
will have to consider the increase of the rail traffic speed to keep
pace with countries of Western Europe.

Run of the express trains used on ZSR is constrained by
maximum track speed, which is very low comparing it with

km/ h . -
KOSICE - ZILINA
200 1

180 +
160 -
140 -
120 +
100
80 +
60 1
40 +
20 1

0

Tilting body vehicle

Conventional vehicle

0 237 km

Obr. 6. Tratovd rychlost na zeleznicnom tiseku Bratislava - Zilina a Kosice - Zilina
Fig. 6. Track speed on the railway line Bratislava - Zilina and Kosice - Zilina
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Jazda expresnych vlakov pouzivanych na ZSR je limitovana
maximalnou trafovou rychlostou, ktora je oproti zapadnym kraji-
nam nizka. Pre vnutrostatnu dopravu je pre ZSR najdolezitejsi
tratovy usek Bratislava - Zilina - Kosice. Na tomto useku boli
porovnané sucasné a dosiahnutel'né tratové rychlosti (pozri obr. 6.).

Dosiahnutelné rychlosti boli stanovené podla teoreticky
moznej maximalnej rychlosti prejazdu oblukom, ale dizky usekov
s obmedzenim rychlosti boli uvazované podla v sucasnosti exis-
tujucich usekov, pricom v jednotlivom tseku je rychlost stanovena
zaokruhlenim najniZsej teoretickej tratovej rychlosti v danom useku
trate.

Pre vybrané tratové useky na zaklade zjednoduseného vypoctu
dosiahnutel'nej jazdnej doby (pouzitim spresnenej statickej metody
vypoctu jazdnych dob, bez zastavok) dostaneme vysledky uvedené
v nasledujucej tabulke (tab. 1). Vybrané tratové useky su vozidla
s naklapacimi skrinami schopné prekonat ovela rychlejsie a tym
vyrazne zrychlit dopravu medzi vyznamnymi mestami u nas, ako
aj spojenia so zahrani¢im (prepojenie na CR, Polsko, Rakusko,
Madarsko). Vypocitané jazdné doby su teoreticky dosiahnutelné,
neuvazuju s technologickymi Casmi a dalSimi ¢asmi, ktoré sa
vyskytuju v realnej prevadzke. SkutoCny prinos skratenia jazdne;j
doby byva mensi ako teoreticky.

PREHLADY / REVIEWS

western countries. For inland traffic on ZSR the most important
line is Bratislava - Zilina - Kosice. On this line the existing and
accessible track speeds have been compared (see figure 6).

Accessible speed has been determined according to theoreti-
cally possible maximum speed during curve negotiation, but lengths
of track sections with speed limits were considered according to
the currently existing sections, while in the individual sections the
track-speed limit was set up by rounding the lowest theoretical
track speed limit in the corresponding track section.

For the chosen lines based on a simplified calculation of acces-
sible travel time (using a precise static method for calculation of
travel time without considering train stops) we get the results given
in the following table (table 1). Chosen lines can be travelled by
vehicles with tilting bodies much faster and by that substantially
speed up traffic between important towns in Slovakia and conne-
ctions with foreign countries (connection with the Czech repub-
lic, Poland, Austria, Hungary). The calculated travel times are
only theoretically accessible, they do not consider traffic techno-
logy times and other times existing in real operation. Actual effect
from reduced travel time would be smaller than theoretical one.
Comparison of accessible travel times Tab. 1
on the chosen ZSR lines

Porovnanie dosiahnutelnych jazdnych dob Tab. 1
na vybranych tratiach ZSR
Trafovy usek Dosiahnutelna jazdna | Dosiahnutelna jazdna Line Accessible travel Accessible travel
doba obyc¢ajného doba vozidla s nakla- time of conventional time of tilting
kolajového vozidla pacimi skrinami railway vehicle body vehicle
Bratislava - Zilina Bratislava - Zilina
- Kosice 41 19 min 3 h 02 min - Kosice 4 h 19 min 3 h 02 min
Kosice - Zilina - Kogice - Zilina -
Cadca statna hranica 2 h 52 min 2 h 02 min Cadca border crossing 2 h 52 min 2 h 02 min

5.1 Skracovanie jazdnych dob a energeticka naroc¢nost

V dalSom je na vybranych tratovych tusekoch uvazované aj so
spotrebou elektrickej energie, nakol'ko tato hra doleziti ulohu pri
vysSich rychlostiach. Spotreba energie bude najma v budicnosti
predstavovat vyznamnu polozku prevadzkovych nakladov a preto
v prvotnych tivahach o zvySovani rychlosti nesmie byt opomenuta.

Pre presnej§i vypocCet jazdnych dob a spotreby energie bol
pouzity po€itacovy program Dynamika. Porovnané boli hmotnos-
tou si odpovedajuce vlakové supravy:

« konvencna - hnacie vozidlo radu 163 plus osobné vozne o cel-
kovej hmotnosti 400 t, spolu 484 t.

« s naklapacimi skrinami - jednotka radu ETR 470, celkova hmot-
nost 490 t, trvaly vykon 5880 kW, maximalna tazna sila 258 kN

Spotreba energie pre ETR 470 bola pocitana z trakénej prace
s uvazovanim 90 % ucinnostou premeny privadzanej energie, ¢o
u modernych vozidiel mozno povazovat za realnu hodnotu. Pres-
nejsie podklady pre vypocet spotreby energie neboli k dispozicii,

5.1 Reduction of travel times and energy demands

In the following we consider also trains’ energy consumption
on the selected lines as this plays an important role when running
at high speed. Energy consumption will, especially in future, repre-
sent a major part of operational costs, and that’s why it cannot be
omitted in primary analysis of planned increasing speed.

For more precise calculation of travel times and energy con-
sumption computer program Dynamika has been used. We have
compared trains of roughly same weights:

« conventional - electric locomotive series 163 plus passenger
coaches of total weight 400 t, all together 484 t.

« tilting body train - unit series ETR 470, total weight of 490 t,
permanent power 5880 kW, maximum tractive effort 258 kN

Energy consumption for ETR 470 was calculated from trac-
tion work considering 90 % efficiency of input energy conversion,
which is a realistic value in case of modern vehicles. More detail-
ed data for energy consumption was not available as the manu-
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nakol'ko si vyrobcovia strazia blizSie technické udaje. Napriek
tomu je vypocet dostatocne vypovedajici a odraza skutocnost.

Aj ked vykon rusna radu 163 je vyrazne nizsi, pre maximalnu
rychlost 120 km/h v sucasnosti dosahovanu na uvedenych tratiach,
je tento ruSen postacujuci. Vypocitané jazdné doby pri pouziti kla-
sického lokomotivneho vlaku a vlaku typu Pendolino radu ETR
470 na tratiach so sucasnymi rychlostnymi obmedzeniami sa neli-
Sili o viac ako 1 % v prospech Pendolina, ¢o je nevyznamny rozdiel.
Prinosy zo zvySenia rychlosti pri prejazde oblukmi vSak potvrdili
vysledky zo zjednoduSenych vypoctov, i ked rozdiel bol podla
presnejSieho vypoctu o nieco mensi. Navyse v§ak pri tychto vypoc-
toch bolo uvaZzované jednak s rychlostnymi obmedzeniami v rov-
nakych tisekoch ako su v sucasnosti, ale aj s teoretickymi limitmi
pre kazdy obluk, pricom samozrejme nemohlo dojst k prekroce-
niu maximalnej konstrukénej rychlosti ETR 470, teda 200 km/h.
Vybrané vysledky su v tabul'ke 2.

Porovnanie jazdnych dob a spotreby energie na vybranych tratiach ZSR
Comparison of travel times and energy consumption on chosen ZSR lines
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facturer is reluctant to publish the technical data. In spite of that
the calculation is sufficiently accurate and reflects reality.

Although the power of locomotive series 163 is remarkably
lower, for maximum speed of 120 km/h currently used on given
railway lines this locomotive is good enough. Calculated travel
times for conventional locomotive-hauled train and Pendolino
train set series ETR 470 on lines with existing speed limits do not
differ by more than 1 % in favour of Pendolino, which is a negli-
gible difference. However, benefits from increased speed in curves
confirmed results of simplified calculations; although, the diffe-
rence, according to more precise calculation, was a bit smaller.
Moreover, in these calculations we considered speed limits in the
same sections as they are at present, yet we also used theoretical
speed limits for each curve while certainly the maximum speed of
train ETR 470, which is 200 km/h, could not be exceeded. Selec-
ted calculation results are in table 2.

Tab. 2
Tab. 2

Track sections Existing sections for Theoretical sections for
existing state tilting body vehicles tilting body vehicles
min kWh min kWh Min kWh
Bratislava - Zilina
163 + 400 t express 120.2 2206 - - - -
ETR 470 120.1 1275 83.54 1782 79.5 2278
Zilina - Kosice
163 + 400 t express 154.1 2374 - - -
ETR 470 153.6 1626 110.7 1879 102.3 2776
Zilina - Cadca border crossing
163 + 400 t express 21.8 498 - - - -
ETR 470 27.8 355 19.1 450 18 543

V pripade teoretickych rychlostnych limitov pre kazdy obluk
sa vsak zretelne prejavila zvySena energeticka narocnost, nakol’ko
dochadzalo k castejsim zmenam rychlosti (zrychlovanie v mies-
tach s vyssou pripustnou rychlostou). Porovnanie pre usek Kosice
- Zilina je v grafoch na obr. 7 a obr. 8, kde v pripade teoreticky
dosiahnutelnych maximalnych rychlosti v oblukoch by sa dosiah-
la jazdna doba 101,8 min a spotreba energie by Cinila 3172 kWh,
ale pri jazde s obmedzeniami maximalnej rychlosti v isekoch ako
pri sucasnom stave by sice jazdna doba bola 110,3 min, ale spo-
treba energie len 2188 kWh, ¢o je zhruba dve tretiny pri prediZeni
Casu o cca 8 %.

Tento vysledok zaroven vypoveda o potrebe optimalizovat
dizku usekov, resp. maximalnu stanovenu rychlost, z hladiska ¢o
najmensej spotreby energie, samozrejme pri zachovani ¢o najkrat-
Sej jazdnej doby. UzZ pri zbeznom pohlade na rychlostné obme-
dzenia aj pre tseky v dizke podla sucasného stavu je zrejmé, Ze
niektoré su prilis kratke, aby v nich dochadzalo ku kratkodobému
zvySovaniu rychlosti s jej naslednym zniZovanim. Takato analyza
si vS§ak vyzaduje detailné skiimanie tratovych pomerov, realnych
moznosti uprav oblukov v miestach, kde su najkritickejSie miesta,
a pod.

However, in the case of theoretical speed limits for each curve,
increased energy consumption has remarkably gone up, as there
were frequent changes in velocity (acceleration in sections with
higher permissible speed). Comparison for Kosice - Zilina line is
in diagrams on figure 7 and 8, where in the case of theoretically
permissible velocities in curves the travel time would be 101.8 min
and energy consumption would be 3,172 kWh, but in the case of
run with maximum speed limits in sections as they exist at present,
the travel time would be 110.3 min. However, energy consumption
is only 2188 kWh, which is approximately two-thirds while travel
time would grow by about 8 %.

This result also shows the necessity to optimise length of the
sections or the maximum speed on sections, from the minimum
energy consumption point of view, certainly with respect to keep
the shortest travel time. When looking at the speed limits for sec-
tions with lengths according to the existing state it is clear that
some of them are too short for short-time speed increase with con-
sequent deceleration. Such analysis requires more detailed study
of track, i.e. real possibilities of curve modifications in sections
with the most critical situation, etc.
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km/h Kosice - Zilina KWh
Tilting body vehicles - theoretical sections
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Obr. 7. ETR 470 - tachogram jazdy a spotreba energie na trati Kosice - Zilina, teoretické tiseky
Fig. 7. ETR 470 - run diagram and energy consumption on Kosice - Zilina line, theoretical sections
Kosice - Zilina
km/h Tilting body vehicles - existing sections kWh
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Obr. 8. ETR 470 - tachogram jazdy a spotreba energie na trati Kosice - Zilina, existujiice iiseky
Fig. 8. ETR 470 - run diagram and energy consumption on Kosice - Zilina line, existing sections
6. Zaver 6. Conclusion
Cielom studie bolo poukazat na moznosti zvysenia rychlosti Aim of the study was to present possibilities for increasing the

v existujucich tratovych pomeroch bez vystavby, resp. vacsej rekon- | travel speed in the current situation without construction, or
strukcie existujucich trati. Zaroven poukazat na energetickl naroc¢- | without major reconstruction of existing lines. At the same time,
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nost vozby vyssimi rychlostami, ktora tvori vyraznu polozku pre-
vadzkovych nakladov. Vysledky potvrdzuju moznost vyrazného
skratenia jazdnych dob, zaroven poukazuju na nutnost venovat
pozornost volbe usekov s rychlostnymi obmedzeniami z hladiska
energetiky verzus jazdné doby.
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to show the energy consumption of trains running at a higher
speed, which compose a significant part of the operational costs.
The results prove that there is a potential for remarkable shorte-
ning of travel times, while at the same time it is necessary to pay
attention to selection of track sections with speed limits from the
energy consumption versus a travel times point of view.
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VEDECKOVYSKUMNA CINNOST KATEDRY STROJOV
PRIEMYSLOVE] DOPRAVY NA FAKULTE STROJNICKE]
TECHNICKEJ UNIVERZITY V LIBERCI V OBLASTI

VOZIDLOVYCH MOTOROV

SCIENTIFIC-RESEARCH ACTIVITY OF THE DEPARTMENT OF TRANSPORT MACHINES,
FACULTY OF MECHANICAL ENGINEERING - TECHNICAL UNIVERSITY OF LIBEREC

AT THE FIELD OF THE VEHICLES ENGINES

Prispevok ukazuje vysledky vedeckovyskumnych prac a vyvoja plynovych vozidlovych motorov (pre autobusy a ndkladné automobily),
zaoberd sa technickym riesenim konverzie pévodnych naftovych motorov do zdzihovej verzie. V c¢ldnku je uvedené porovnanie emisnych viast-
nosti novych plynovych motorov a poévodnych naftovych motorov tak z hladiska siicasnej legislativy, ako aj s ohladom na hygienicky najriziko-

vejsie zloZky vyfukovych emisii.

The paper shows the technical solutions and the results of the research works, connected with the conversion of Diesel engines to spark
ignition (SI) gas fuelled engines for the vehicles. The attention is paid to the comparision of the exhaust pollutions from the gas fuelled engines

and from original diesel engines.

Introduction

The Department of Transport Machines was founded in 1956
(with the original title Department of Piston Machines). Since
1956 the technical and scientific know-how of department workers
has gradually advanced, and at the same time the quality of tech-
nical equipment of the laboratory had increased as well. The new
laboratory for teaching (practical lesson, theses), research, deve-
lopment and testing of internal combustion engines was finished
in 1966, and since 1968 the department laboratory has been autho-
rised as the State Testing Laboratory for Internal Combustion
Engines (1993 - Accredited Testing Laboratory No. 1043).

At present the Department of Transport Machines leads the
technical education of specialists in designing of motor vehicles
(university bachelor’s, master’s and doctorate studies). The depart-
ment staff consists of two professors, four associate professors,
four lecturers, four doctors and students and four experts (techni-
cal, administrative, production). The department cooperates with
partner departments from Czech Technical University of Prague,
Technical University of Brno and Faculty of Transport in Pardu-
bice.

The scientific research activity of the department has a few
courses:

« The research of internal combustion engines (ICE), ecological
characteristics of vehicle engines and the development of a gas
motor.

« The strength and tension analyses of designing groups and parts
(for example tension analyses of superstructure boxes for special
lorries).

« The hydrostatics transmissions and hydrostatics mechanisms
for transport and power working machines (wheeled loaders,
lifting trucks).

« The technical diagnostic methods: the measurement of the noise
and vibration.

The main scientific research of the department is orientated
to the field of internal combustion engines (ICE). The Depart-
ment of Transport Machines has a large laboratory with 10 test
benches for scientific research and testing work on ICE. The labo-
ratory has necessary testing apparatus and devices. The depart-
ment laboratory of ICE solves complicated engineering problems
of investigation and research specialization (namely problems
about mixture creation, combustion processes and exhaust emis-
sions of gas fuels, including H,). In this field the department labo-
ratory has great experience with solving various thermodynamics
and combustion problems in engine cylinder with the measuring
of exhaust emissions (both gases and particles pollutants accord-
ing to ECE 49). The department laboratory also cooperates with

* Prof. Ing. Stanislav Beroun, CSc.; Ing. Ladislav Bartonicek, CSc.; Doc. Ing. Josef Laurin, CSc.; Doc. Ing. Lubomir Moc, CSc., Ing. Celestyn Scholz, Ph.D.
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specialized chemical (hygienic) laboratories on the monitoring of
the most dangerous exhaust emissions [9,10].

During 1993 - 2000 the department research and test labora-
tory converted a few diesel engines into gaseous (LPG, CNG) SI
engines. The selected characteristic parameters of gaseous SI
engines from Department of Transport Machines - Technical Uni-
versity of Liberec (the design conversion, research and optimizing
works) are shown at Tab. 1. All of these gaseous engines were autho-
rity tested and have an authority document from testing labora-
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combustion process optimization for these engines a few proce-
dures were applied for analysing significant parameters variability
of work cycle and it was confirmed that the mean indicated pres-
sure variability (VARpi) reduction is for engine efficiency increas-
ing and for emission reduction especially unburned hydrocarbons.
It was also confirmed that the very lean mixtures combustion is
connected with variability increasing. A significant effect of the
combustion chamber form on pursued parameters variability of
work cycles was proved [8].

Tab. 1
Engine I-LPG 2-CNG 3-CNG 4-CNG 5-CNG 6-CNG EURO
A>>1 A>>1 A>>1 A= A= A= 1/ 11
¥ [dm®] 11.95 11.95 11.95 3.59 3.59 11.95 -
€ 10.8 10.4 11.5 10.5 10.5 12 -
P [kW] 180 175 210 58 65 170 -
p, [MPa] L1 1.00 1.21 0.72 0.88 0.90 -
Py, [g/kWh] 0.03 0.02 - - 0.01 - 0.15/0.1
NOy [g/kWh] 3.72 5.15 3.45 0.51 0.22 0.79 7.0/5.0
HC [g/kWh] 0.26 0.95 0.94 0.16 0.11 0.23 1.1/0.7
CO [g/kWh] 0.55 0.28 0.23 0.65 0.49 0.35 4.0/2.5
CO, [g/kWh] 780 640 625 800 770 680 -

Tab. Note: - exhaust emissions in [g/kWh] according to ECE 49

- types I-LPG, 2-CNG and 3-CNG turbocharging with intercooler and catalyser

- typ 4-CNG natural aspirated with catalyser [7]

- typ 5-CNG turbocharging without intercooler and with catalyser [7]

- typ 6-CNG natural aspirated with catalyser

tory ECE (E8), certifying their power and pollutant properties.
The shown gas engines are produced in a smaller series: towns
Most and Litvinov (North Czech region) operated 85 city buses
with gaseous engines type 1-LPG, town Havirov (Northern Mora-
vian region) operated 35 city buses with gaseous engines similar
to type 2-CNG (lower power alternative without intercooler),
a few gas engines type 3-CNG are operated at transport enterprise
CSAD-BUS Ceska Lipa (North Czech region) and the gas engines
of types 4-CNG, 5-CNG and 6-CNG are operated in Slovak
Republic.

Technical solutions of the gas fuelled engines
for the road vehicles

For higher power gaseous SI engines (p,;,4x > 1 MPa) using
the conception A >>> 1 in alternative turbocharging-intercooler
with total (max) efficiency about 38 % accessible [1,5,6], for lower
gaseous SI engines power (p,,,.x < MPa) suitable conception is
A = 1[7]. The gaseous SI engines for extremely lean combustion
are furnished with a richness control system on the load: the solu-
tion ensures both very good operating properties (acceleration,
running fuel consumption), and very low exhaust pollutions [ 1,5,6].
The schematic layout drawing of gaseous SI engines types 1-LPG,
2-CNG and 3-CNG are shown in Fig. 1, the characteristic course
of control mixture richness on engine load is shown in Fig. 2. For

The great influence on combustion process has the com-
bustion chamber form. Pressure indication proves the VARpi reduc-
tion by turbulent specific intensity (squish swirl) in combustion
chamber increasing and the considerable reducing of unburned
hydrocarborn was achieved.

OXIKAT

Gaseous

Gas pressure
regulator

ICOOLER|

Gas from tanks

A control

Fig. 1.

Fig. 1: Schematic drawing of gaseous SI engine and its facili-
ties for conception A >> 1; mechanical/pneumatic or electronic
lambda regulator (regulation of the richness of the mixture) into
the input of gas before the mixer, providing for a continuous
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leaning of the mixture in dependence upon the filling pressure of
the supercharging, starting from the idle run of the motor, through
a partial loading until the area of the full load of the engine in the
interval of lambda 1.0 =+ 1.50. The course of the momentous cha-
racteristic in the area from the middle r.p.m. upwards is provided
for by a mechanical & pneumatic corrector, which closes the
throttle valve gradually with dependence upon the filling pressure
of the supercharger or by system “waste-gate”. This solution sup-
presses an undesirable increase of torque moment in the regimes
of 100 % load of the motor at the r.p.m. above 1400 - 1500 1/min,
and torque moment of the engine is regulated gradually to a value
allowing it to reach the necessary nominal output of the engine.

1,6
~— -
1,5 / .
1,4
ke, /
*éw,sl,
31,2
RE
(@]
1,

o ©

0,2 0,4 0,6 0,8 1,0
mean efective pressure p, [MPa]

Fig. 2. Characteristic course of control mixture richness
on engine load

An important role in the course of the combustion of the
cylinder charge is exerted by the motion condition of the mixture
in the combustion chamber. Both the velocity of the flame propa-
gation and the mass velocity of the mixture combustion increase
considerably in cases when the combusting mixture is in a condi-
tion of an intense whirling (turbulence).

The level of turbulence in the engine cylinder depends partly
upon the design arrangement of the inlet valves (the whirling of
the contents by the transverse “tumble” whirl, and the tangential
“swirl” movement of the cylinder charge); an important effect
upon the turbulent whirling of the contents of the combustion
chamber is effected by the radial “squish” whirling produced during
the compression stroke (in particular, in its end) by the displace-
ment of the parts of the charge from the edge sections of the
cylinder into the combustion chamber. The intensity of the radial
“squish” whirling is then dependent upon the design solution
(shape, size and location) of the combustion chamber.

An intensive whirling of the charge in the combustion chamber
of a piston engine is applied with the compression ignition engines
in particular; however, the “whirling” combustion chambers appear
ever more often with the spark ignition engines. During the deve-
lopment of the bus gas engines in the Department of Transport
Machines of the Technical University of Liberec (conversion of the
original diesel engines LIAZ), the improvement of their energy,
performance and ecological parameters has been related mainly

PREHLADY / REVIEWS

with the design modifications of the combustion chamber in the
engine piston [3,4,6].

od

Fig. 3. Drawing of the cylinder unit with a high-turbulence
combustion chamber

In fig. 3 is a simplified drawing of the basic layout of the
cylinder unit of a bus gas engine: above piston is scheme of the
radial flow of the mixture delivered into combustion chamber.
The energy of turbulence Q in the combustion chamber is deter-
mined by the radial velocity w,, at which a part of the mixture is
pressed out from the edge zones of the cylinder into the inside
volume above the combustion chamber and inside it, and by the
mass quantity m of the part of the charge of the cylinder transfer-
red radially. The calculation of the turbulence energy can be effec-
ted with a sufficient accuracy in compliance with the simplified
Pischinger’s model.

The combustion chambers of the gas motors (employing both
LPG and CNG) are designed as “very whirling” (of the Heron
type), with a reduced inlet section and a minimum interstice
between the cylinder head and the piston in TDC: the summary
energy of the turbulence has been increased several times throug-
hout this design. The new execution of the combustion chambers
has allowed an increase the compression ratio by approximately 2
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units. The reduction of height of the uncovered (and intensively
cooled) wall of the cylinder above the piston in TDC has somewhat
reduced the “extinguishing” zones, and consequently (including the
effect of the turbulence evidently as well), the concentrations of
not combusted hydrocarbons in the exhaust gases at the outlet of
the engine have dropped (a drop amounting up to 50 %).

20 T
Intake velocity and specific
turbulent energy in combustion
chamber
15 1
~
K4
N
E
g 10 t
o)
E
)}
5 p
0 + T }
180 225 270 315 360
Degree of crankshaft
Fig. 4.

Fig. 4: The courses of the radial velocity w,/n (U) and the
specific energy of the turbulence Q for the combustion chamber
“whirling” concept (e = 11,6) at nominal regime (# = 2000 1/min,
p, = 0,88 MPa). The total specific turbulence energy Q at TDC is
comparable with the specific turbulence energy in the combustion
chamber of the original diesel engine (Qpzgs = 23,5 m%s~2).

Pollution parameters of gas-fuelled engines

The basic ecological parameters of gas-fuelled engines are
shown in Tab. 1. In the gaseous SI engines types 1-LPG, 2-CNG
and 5-CNG were performed (besides prescribed test emissions),
and the emissions properties measured essentially wider range
than the laws determine. The attention was paid to the identifica-
tion of various organic matter groups in exhaust gases. The same
research was performed on the original diesel engines of their
gaseous alternative (1/2-DE, 5-DE). The selected results of this
research work are shown in Fig. 5, 6 and 7.

The measured results definitely show the gaseous SI engines
as an ecological friendly drive for motor vehicles. The gaseous SI
engines against original diesel engines have more than 10x lower
particular matter (PM) emissions. The considerable difference is
at hygienic very risky injurants, polycyclic aromatic hydrocarbons
(PAH) and their cancer derivates (PAHkarc) from gaseous SI
engines and diesel engines: the gaseous engines have these pollu-
tants more than 10x lower then diesel engines. The PAH emissi-
ons are in exhaust gases included in both free (gaseous) form, and
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connected on PM: the research shows, that the portion PAH on
PM depend on total PM emissions from engine. The PM emissions
from gaseous engines contain only about 10 % total PAH emis-
sions, PM from diesel engines contained as much as 50 % total PAH
emissions. Considering, PM emissions represent a great hygienic
risk in atmosphere (breathing) and gaseous SI engines have an
ecological effect as more as shown in emissions values of indivi-
dual exhaust injurants.

Relative emissions of PM
120 +

100

60 t
40 1

0 I e .

1/2-DE 1-LPG  2-CNG 5-DE

[%]

s B
5-CNG
Engine type

Fig. 5.

Fig. 5: Diesel engines 1/2-DE and 5-DE fulfill the emissions
regulation EURO II. Emissions measuring and evaluating practic-
ed at regimes by procedure ECE 49.
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Fig. 6: PAH emissions contain 3 - 7 nuclear polyaromatic hyd-
rocarbons. The samples from exhaust gases were caught by special
pack, filters, adsorption substances in glass tubes and condensed
matter (after sample freezing) for chemical analysis at special
laboratory of organic chemistry [2,9,10]. Measuring and evaluat-
ing of PAH were practiced at regimes by procedure ECE 49.

Conclusion

The piston combustion engines have reserves, concerning the
increase of their efficiency, performance and emission parameters.
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The theoretical and experimental research show that in addition
to new design solutions, the possibilities of improvement must
also be looked for in the processes of the mixture production and
its combustion. A controlled combustion employing a high turbu-
lence in the combustion chamber offers a way to increase the effi-
ciency of the operating circulation of the engine and to reduce the
production of harmful substances. The gas engine may be the
example: the well effected conversion of the town transport bus to
gas driven, based upon the up-to-date knowledge of technical solu-
tion possibilities and arrangements in the gas-driven engine, its
fuel system and the additional or complementary equipment, con-
stitutes an important contribution to the reduction of the burden
of the operation of engine vehicles upon the environment.

Relative emissions of PAHkarc
120 1
100 +

80
60 T
40 T+
20 T

0 t t t t
1/2-DE  1-LPG 2-CNG 5-DE

[%]

5-CNG

Engine type
Fig. 7.
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Fig. 7. PAHkarc contains emissions of benzo(a)anthracen,
benzo(k)fluoranten, benzo(a)pyren, dibenzo(a,c)anthracen and
indeno(1,2,3-cd) pyren. Measuring and evaluating of PAHkarc
practiced at regimes by procedure ECE 49 [2,9,10].

From the point of view of ecological contributions of the gas-
driven transport vehicles to the reduction of the burden upon the
environment in town agglomerations, it is necessary to point out
the importance of the conversion of the town transport buses
(however, the municipal and other utility vehicles for the town
service as well): compared with the vehicles with diesel engines,
the gas-driven vehicles exert without any doubt a positive effect
upon the quantity of emitted NOy, CO, particles, aldehydes and
polycyclic hydrocarbons. Compared with diesel engines, the emis-
sions of harmful particles of the gas engines are 10 times lower,
approximately; there is also an important difference in the emissi-
ons of the most harmful organic components - with the gas
engines, the emissions of the polycyclic aromatic hydrocarbons
(the most dangerous emission from the hygienic point of view) are
also 10 times lower than with a diesel engine.
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PLAVIDLA PRE DOPRAVNE TECHNOLOGIE

»RIEKA - MORE®

VESSELS FOR “RIVER-SEA” SHIPPING TECHNOLOGIES

Vniitrozemska i namornd vodnd doprava sa v primorskych oblas-
tiach pevniny i pribreznych castiach svetovych mori a ocednoy vzdjomne
prelinajii. Vedie to k ich prirodzenej vzdjomnej technologickej i technic-
kej integrdcii. Tato sa v najvicsej moznej miere prejavi aj na dopravnom
prostriedku vodnej dopravy, ktorou je lod, pripadne aj zostava plavidiel
v roznom technologickom usporiadani. Vznikaju tak dopravno-pre-
pravné systémy, ktoré su sicastou kombinovanych systémov vodnej
dopravy oznacovanych ako ,,rieka - more”. V tychto systémoch, okrem
mensich namornych lodi, ktoré sui schopné plavby aj do riecno-ndmor-
nych pristavov nachddzajiicich sa hlboko v ustiach velkych riek, mozno
rozlisovat dva zdkladné varianty plavidiel typu ,,rieka - more”.

1. Uvod

Vodna doprava sa najma v technologickych aplikaciach dnes
eSte zasadne rozdeluje na plavbu v chranenych akvatdriach (na
vnutrozemskych vodnych cestach) alebo v nechranenych, ¢o je
namorna plavba. Vnutrozemska i nimorna vodna doprava sa vSak
v primorskych oblastiach pevniny i pribreznych castiach svetovych
mori a oceanov prirodzene vzajomne prelinaju. Vedie to k ich pri-
rodzenej vzajomnej technologickej i technickej integracii. Tato sa
v najviacsej moznej miere prejavi aj na dopravnom prostriedku
vodnej dopravy, ktorou je lod, pripadne aj zostava plavidiel
v roznom technologickom usporiadani. Vznikaju tak dopravno-
prepravné systémy, ktoré su sticastou kombinovanych systémov
vodnej dopravy oznacovanych ako ,,riecka - more“. V tychto systé-
moch, okrem gabaritne mensich namornych lodi, ktoré su schopné
plavby aj do rie€no-namornych pristavov nachadzajucich sa hiboko
v ustiach velkych riek, mozno rozliSovat dva zakladné varianty
plavidiel typu ,,rieka - more®:

1. Motorové nakladné lode priamo urcené na bezprekladkové
prepravy na rieCnych a na pribreznych namornych trasach.
Tieto plavidla st pre technologicky rezim ,,rieka - more“ kon-
strukcne prisposobené, a aj prevadzkovo zaradené do prislus-
nej klasifikacnej triedy. Svojimi parametrami, konstrukciou,
technickym vybavenim, a najmi plavebno-bezpeénostnymi
vlastnostami vyhovuju tak plavbe riecnej, ako aj namornej
pobreznej a plavbe na velkych jazerach a kontinentalnych
(chranenych) moriach.

* 1prof. Ing. Jaromir Klepoch, CSc., *Doc. Ing. Pavel Zarnay, CSc.

Inland and marine water transport intersect each other in seaside
areas of continents as well as in off-shore parts of world seas and
oceans. That leads to their natural technological and technical inte-
gration. In the largest possible extent is this shown on the water tran-
sport means, which is a ship or eventually also a formation of vessels
in various technological configuration. In that way, transport systems
which are a part of combined systems of water transport named as
‘river-sea”, are created. In these systems, apart from dimensionally
smaller marine ships, which are able to navigate also into river-sea
ports situated deeply in big rivers mouths, two basic alternatives of
“river-sea” vessels can be distinguished.

1. Introduction

Water transport is still today being essentially divided, espe-
cially in technological applications, to shipping in protected aqua-
toria (on inland waterways) or in unprotected aquatoria (on the
sea). However, inland and marine water transports naturally inter-
sect each other in seaside areas of continents as well as in offshore
areas of world seas and oceans. That leads to their natural tech-
nological and technical integration. In the largest possible extent
is this shown on the water transport means, which is a ship or
eventually a formation of vessels in various technological confi-
guration. In that way, transport systems, which are a part of com-
bined systems of water transport named as “river-sea”, are created.
In these systems, apart from dimensionally smaller marine ships,
which are able to navigate also into river-sea ports situated deeply
in big rivers mouths, two basic alternatives of “river-sea” vessels
can be distinguished:

1. Motor cargo ships assigned directly for transportation without
transhipment on river and seaside marine routes. For the “river-
sea” technological mode, these vessels are constructionally
adapted as well as operationally classified into their respective
classification class. By their parameters, construction, techni-
cal equipment and especially navigation-safety attributes, they
are suitable for navigation on rivers, seaside, on big lakes and
continental (protected) seas.

'Slovensky Lloyd, s.r.o., Division of Water Transport, Research Institute of Transpor of Zilina, Pribinova 24, 812 05 Bratislava,

Tel.: ++421-7-53414371, Fax: ++421-7-53414381, E-mail: klepoch@vudba.sk
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2. Kombinacia rie€nych ¢lnovych kontajnerov, tzv. ,lichterov®
(angl. lighter) a namornych materskych kontajnerovych lodi,
tiez nazyvanych aj ,lichterovozy“. Je to technoldgia priamo
nadvazujica na klasicku tlaénu technolégiu plavby, ked v riec-
nych podmienkach su ¢lnové kontajnery dopravnymi pro-
striedkami a su sucastou obvyklych tlaénych riecnych stlodi.
Na mori sa tieto rieCne plavajuce Clnové kontajnery prepra-
vuji na palube materskej kontajnerovej lode ako nakladové
jednotky kombinovanej dopravy. Nalodenie a vylodenie ¢lno-
vych kontajnerov sa uskuto¢nuje v akvatdriu ustia rieky, pricom
sa nemusi vykonavat ani v pristave.

V klasickom ponimani tiez v§ak mo6ze byt vnutrozemska

i namorna vodna doprava spolu s pozemnymi dopravno-preprav-
nymi systémami cestnej automobilovej a Zelezni¢nej dopravy
sucasfou intermodalnej a kombinovanej prepravy v systémoch
»voda-cesta-kolaj“. Prave takato symbioza technologickej integracie
umoziuje v praxi v maximalnej moznej miere aplikovat aj tzv. bez-
prekladkové (z hladiska prepravovanych zasielok), resp. ekono-
micky vyhodné horizontalne prekladkové operacie kolesovych
dopravnych prostriedkov, ktoré sa najcastejSie oznacuju skratkou
Ro-Ro (alebo ,,Roll-on/Roll-off™). Ide teda o prekladku najma tych
nakladovych jednotiek kombinovanej dopravy, ktoré maju vlastny
podvozok, alebo s nalozené na tzv. roll-trajleri, o je Specializo-
vana prepravna ploS§ina na nizkom podvozku, umoznujuca horizon-
talny sposob nakladky alebo vykladky nemobilnych nakladovych
jednotiek, alebo aj inych zasielok, najmé vel'korozmernych a taz-
kych. V tomto §iroko ponimanom komplexnom kombinovanom
prepravnom systéme sa skryvaju

a) klasické, tzv. trajektové prepravy v zmieSanej, osobnej i naklad-
nej lodnej preprave pomocou prievoznej lode (kompy), a to
najma pri prekonavani prekazok v podobe velkych riek, prieli-
vov, morskych uzin, zalivov a pod. ako alternativa, alebo v pri-
pade absencie mostov alebo tunelov,

b) dopravno-prepravné technoldgie s horizontalnou prekladkou
pri nakladnych lodnych prepravach na vel'ké vzdialenosti, a to
tak v kontinentalnom, ako aj interkontinentalnom ponimani,
ktoré navysSe tiez umoZnuju aj prepravu nadrozmernych,
tazkych a inych Specifickych zasielok.

Ked sa k vyhodnym ekonomickym faktorom takychto preprav
prirataju aj energetické a ekologické vyhody, ktorymi sa vodna
doprava bezpochyby vyznacuje, otvaraju sa pri kombinovanych pre-
pravach za ucasti vodnej dopravy perspektivy dopravno-preprav-
nych celosvetovych sustav. Je ich potrebné v detailoch prebadat,
ale najma ¢im skor v doprave aj uplatnit. Prave takéto technologie
su Zivotne dolezité aj pre také hospodarske celky, akym je Sloven-
ska republika - §tat v strede Europy bez priameho pristupu k moru,
avsak cez uzemie ktorého vedu medzinarodné vodné cesty nadva-
zujuce na svetové moria a oceany.

2. Podmienky pre uplatnenie plavebnych technologii
,rieka - more“

Tretie zasadanie Eurdpskej konferencie ministrov dopravy
(CEMT), ktoré sa konalo v roku 1997 v Helsinkach, prijalo celo-
eurépsku dohodu o hlavnych vnatrozemskych vodnych cestach
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2. Combination of riverboat containers, so-called “lighters”, and
lighter carriers, it is a technology directly consequential from
the classical pushing navigation technology, when boat con-
tainers in river conditions are transport means and are parts
of usual river pushing ship formations. On the sea, these ligh-
ters are transported on the deck of lighter carriers as cargo
units of combined transport. Loading and discharging of boat
containers is realised in the aquatorium of a river mouth. It
doesn’t have to be realised in a port.

In classical understanding, the inland and marine water trans-
port along with land transport systems of road and railway trans-
port can be a part of intermodal and combined transportation in
“water-road-rail” systems. Right this symbiosis of technological
integration allows in practise the largest possible extent of applying
operations without transhipment (from the point of view of ship-
ments) or eventually economically favourable horizontal tranship-
ment operations of wheel transport means (Ro-Ro - “Roll-on/Roll-
off”). It concerns transhipment of particularly those combined
transport cargo units, which have their own chassis or they are
loaded on so-called roll-trailer, a specialised shipping platform on
a low chassis, allowing a horizontal way of loading or discharging
of immobile cargo units or other shipments, especially large-dimen-
sional and heavy ones. In this largely understood complex, com-
bined transport system, there are hidden:

a) classical, so-called ferry, transports in combined, passenger and
cargo transportation by means of ferry-boat (raft)by coming
over obstacles like big rivers, channels, firths, bays and the
like, as an alternative or in absence of bridges or tunnels,

b) transport technologies with horizontal transhipment by cargo
shipments on large distances as in continental and interconti-
nental understanding, which, in addition, allow the transport
of large-dimensional, heavy and other specific shipments.

When we add to the favourable economic factors of such tran-
sports also energetic and ecological advantages, which no doubt
characterise water transport, perspectives of transport world-wide
systems are being open by the combined transports with the par-
ticipation of water tra nsport. They need to be explored in details,
but also applied in transportation as soon as possible. These tech-
nologies are vital also for such economic entities like the Slovak
Republic, country in the centre of Europe without direct access to
sea, through territory of which international waterways connected
with world seas and oceans are routed.

2. Conditions for applying of navigation “river-sea”
technologies

The third meeting of the European conference of transporta-
tion ministers (CEMT), which was held in Helsinki in 1997,
adopted a Pan-European agreement about principal inland water-
ways of international importance. This agreement, known as AGN
(from French interpretation - Accord européen sur les grandes
voies navigables dimportance internationale) was already validat-
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medzinarodného vyznamu. Tato dohodu, znamu pod skratkou

AGN (podla francuzskej interpretacie - Accord européen sur les

grandes voies navigables dimportance internationale), k dnesnému

dnu uz ratifikovalo 11 europskych Statov, vratane Slovenskej repub-
liky, pricom oficialne nadobudla platnost 21. augusta 2000. Stcas-
tou AGN je

a) technicka klasifikacia vodnych ciest Eurépy jednoznaéne
urcujiica parametre plavebnej drahy na vodnej ceste vo vztahu
k rozmerom lode (lodnej zostavy),

b) funkéné clenenie a Ciselné oznacovanie vodnych ciest podla
ich vyznamu v europskej plavebnej sieti, ktoré rozliSuje dia-
metraly (naprieC kontinentom prevazine v severojuznom
smere), radialy (od pobrezia do vnutrozemia), hlavné trans-
verzaly ( trasy prevazne v zapadovychodnom smere krizujuce
niekol'ko diametral) a odbocky hlavnych vodnych ciest.

Podla uvedenej dohody by mal mat Dunaj (ako sucast europ-
skej transverzaly E 80) vo svojej dolnej a strednej Casti od Cierno-
morského ustia az po Bratislavu najvyssiu rozmerovu triedu ,\VII“
s nasledovnymi maximalnymi rozmerovymi parametrami lodi
(resp. lodnych zostav)

o dizka L 275 + 287 m,
» §irka B 33,0+ 34,2 m,
e ponor T 25+4,5m,

+ podjazdna vyska mostov N, 9,1 m.

Na hornom useku od Bratislavy po bavorsky Regensburg sa
Dunaj podla dohody AGN Kklasifikuje triedou ,VI b“ (s paramet-
rami L =185 — 195 m, B=228m, T=2,5+4,5m,a N, =
=17,0 + 9,0 m) a v najvy§Som pre obchodnu plavbu splavnom
useku az po Kelheim uz ma Dunaj rovnaké parametre ako nad-
vizujuci prieplav Dunaj-Mohan. Je to trieda ,.V b* pre Sirku plavi-
dlovych zostav B = 11,4 m, priCom ostatné parametre zostavaju
pribliZzne zachované.

Do kategorie europskych vodnych ciest medzinarodného
vyznamu uz patri aj Vazska vodna cesta. Dohodou AGN sa ozna-
Cuje ako dolezita dunajska odbocka E 81, a to uz aj spolu s budiicim
kanalizovanym a prieplavovym prepojenim Vahu cez Kysucu a Cier-
nanku na OlSu, ¢o je uz pritok ceskej, polskej a napokon i nemecke;j
Odry (sucasti europskej diametraly E 30). Pre lode zmieSaného
typu ,rieka-more” je najvyznamnejSim vazskym usekom trasa od
ustia v Komarne po Sered. Trieda tejto vodnej cesty je klasifiko-
vana ako ,VIa“, s parametrami L = 95 — 110 m, B = 22,8 m, T =
2,5—45maN, =525+70m.

Po prvykrat v novodobej historii Europy sa dohodou AGN
navzajom prepajaji zapadoeuropska s vychodoeurdpskou siefou
vodnych ciest az do povodia riek Dnepr (eurdpska trasa E 40)
a Volga (E 50). AGN vsak predpoklada toto prepojenie nielen
kontinentalnymi transverzalami
« severnou E 70 ... (Ryn, severonemecké prieplavy, Labe, Odra,

dalsie polské a ukrajinské trasy),

« juznou E 80 ... (Seina a nadvézujuce franctizske a nemecké
vodné cesty, prieplav Mohan-Dunaj, povodie Dunaja a Cierne
more),

ale aj pribreZnymi namornymi transverzalami okolo pobreZia kon-

tinentalnej Casti Europy
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ed by 11 European countries including the Slovak Republic. It
officially came into operation on August 21, 2000. AGN includes:

a) technical classification of European waterways exactly defines
parameters of a navigation path on the waterway in relation
to ship (ship formation) parameters,

b) functional classification and numeric marking of waterways
according to their importance in the European navigation
network, which distinguishes diametrals (across the continent
mainly in the north-south direction), radials (from coast to
inland), main transversals (route mainly in west-east direction
crossing a few diametrals) and branches of main waterways.

According to the mentioned agreement, the Danube (as part
of the European transversal E80) would have in its lower and
middle part from Black Sea estuary to Bratislava the highest class
“VII” with the following maximal ship (ship formation) dimen-
sion parameters

« Length L 275 + 287 m,
« Breadth B 33.0 +34.2 m,
o« Deep T 2.5+4.5m,

+ Clearance bridge height N, 9.1 m.

In the upper part from Bratislava to Regensburg, the Danube
is, according to AGN agreement, classified as “VI b” class (with
parameters L = 185 — 195 m, B=228 m, T= 2.5+ 4.5 m and
Ny, =7.0 + 9.0 m). In the highest for commercial navigation navi-
gable section until Kelheim, the Danube has already the same
parameters as the following Danube-Main Canal. It is the “V b”
class for navigation formation breadth B = 11.4 m while the other
parameters remain approximately the same.

The category of European waterways of international impor-
tance already includes the Vah waterway. By the AGN agreement,
it is qualified as important Danube branch ES81, along with future
canalised connection of Vah through Kysuca and Cierfanka to
Olsa, which is a supply of Czech, Polish and after all German
Odra (part of European E 30 diametral). Combined “river-sea”
type ships find the most important Vah section the route from its
mouth in Komarno to Sered. This waterway class is “VI a” with
parameters L = 95 — 110 m, B=22.8 m, T = 2.5 — 4.5 m and
Ny =525+70m.

For the first time in the modern history of Europe the AGN
agreement interconnects the West European and East European
waterway network at the basin of Dnepr (European E 40 route)
and Volga rivers (E 50). AGN not only assumes this connection
by continental transversals

« northern E 70 ... (Rhine, North German canals, Labe, Odra,
other Polish and Ukrainian routes),

« southern E 80 ... (Seine and joint French and German water-
ways, the Main-Danube canal, basin of the Danube river and
the Black sea),

but also with offshore marine transversals around the shore of the

continental part of Europe
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severnou E 60 ... (od Gibraltaru okolo atlantického, severo-
morského a baltického pobrezia Europy riekou Neva a balticko-
bielomorskou trasou prirodnych i umelych vodnych ciest az do
Archangelska),

juznou E 90 ... (od Gibraltaru okolo €lenitého pobrezia Stredo-
moria, Marmarské, Cierne i Azovské more, prieplavom Volga-
Don a riekou Volga az do Kaspického mora).

Mozno dnes este nedocenenym, no jednym z najvyznamnej-
sich prinosov dohody AGN je fakt, Ze medzi vnutrozemské vodné
cesty Europy boli zaradené uz aj uvedené dve pribrezné, viac ako
desiatky tisic kilometrov dlhé vodné cesty. Tymto rozhodnutim sa
kazdy europsky namorny pristav stal zaroven aj vnitrozemskym
a lode zmieSanej plavby ,rieka-more“ sa tym dostali zaroven do
kategorie lodi vnutrozemskej plavby.

Na tomto mieste by sme mohli aj ukon¢it uvahy o perspektiv-
nych mozZnostiach nasej vodnej dopravy, keby sme skuto¢ne neboli
mladym Statom situovanym do stredu Europy, bez kuska morského
pobrezia. Nas skutocne nemdze uspokojit len doterajsia sicinnost
nasej vnutrozemskej a namornej plavby, ale musime prihliadat aj
na $pecifikd spoluprace so vietkymi ostatnymi druhmi dopravy.
Navyse tiez na rozhodnutia uz spominanej europskej konferencie
ministrov dopravy v zmysle nou schvalenych multimodalnych
a intermodalnych vyznamnych dopravnych tras - dopravnych kori-
dorov, po ktorych sa v ramci kombinovanych dopravnych ststav
premiestiuju najma intermodalne nakladové jednotky (kontajner,
cestny naves, prives, vymenna nadstavba a pripadne Zeleznicny
vagon). Podla rozhodnutia CEMT z povodnych deviatich (dnes
uz desiatich) rozhodujucich koridorov vedu az Styri uzemim Slo-
venska. Z uzSieho pohladu len vodnej dopravy, je to okrem
,,dunajského” VII. koridoru v ramci dalSich uprav plan aj vodnej
sjantarovej cesty”“ v trase koridorov V a VI, spajajucej Baltické
more s Jadranom.

ESte jedna informadcia z tretej europskej konferencie ministrov
dopravy je pre vodnu dopravu vyznamna. Je to zainteresovanost
eurdpskej dopravnej komunity na Styroch perspektivnych zaujmo-
vych dopravnych oblastiach Eurdpy, a to
« euro-arktickej oblasti Barentsovho mora,

« Cierneho mora,
« Stredozemného mora,
« Jadranského, Ionskeho a Egejského mora.

Na tieto oblasti nadvazuju dopravné koridory, pricom ide
najma o prepojenie medzi Europou a najvacsim kontinentom sveta
- Aziou, predizenie transeuropskych dopravnych koridorov do véet-
kych lokalit Azie, vo vodnej doprave az do pristavov Pacifiku.

3. Vyhlad stavby lodi vnitrozemskej a zmiesanej plavby

Podla ,,Bielej knihy o tendenciach a rozvoji vnutrozemskej
plavby a jej infrastruktiry” vydanej EHK - OSN v Zeneve v roku
1996 bol stav rozhodujucej rynskej a dunajskej flotily pred prepo-
jenim oboch povodi z hladiska podielu vybranych typov lodi
nasledovny:
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« northern E 60 ... (from Gibraltar around Atlantic, North and
Baltic Seas shore of Europe through the Neva river and Baltic
- White Sea route of natural and artificial waterways to Archan-
gelsk),

« southern E 90 .. (from Gibraltar around Mediterranean,
Marmar, Black and Azovian Seas, through the Volga-Don-canal
and Volga to the Caspian Sea).

One of the most important assets of the AGN agreement
(maybe today not yet appreciated) is the fact that the European
inland waterways include the two mentioned offshore more than
ten thousands kilometres long waterways. Through this decision,
each European marine port at the same time became an inland
one, and combined “river-sea” navigation ships were classified in
the category of inland navigation ships.

At this place we could finish speculations about perspective
opportunities of our water transport, if we were not a really small
country situated in the centre of Europe without a piece of sea
coast. We cannot really be satisfied with only actual interactivity of
our inland and marine navigation, but we have to take into account
the specifics of cooperation with all other transport means and in
addition, the decisions of the mentioned European conference of
transportation ministers in the sense of its adopted multimodal
and intermodal important transport routes - transport corridors,
which, in the combined transport systems, are for transferring
of especially intermodal cargo units (container, road semi-trailer,
trailer, swop-body and eventually rail wagon). According to the
CEMT decision, four out of the original nine (today 10) crucial
corridors lead through the territory of Slovakia. When taking the
closer view of water transport only, apart from the “Danube” cor-
ridor No. VII, it is the plan of water “amber route” in the corridors
No. V and VI connecting Baltic Sea with Adriatic Sea.

There is one more significant piece of information for water
transport from the 3™ European conference of transportation
ministers. It is the involvement of European transport community
on four European perspective transport areas of interests, namely:
« The Euro-arctic area of Barents’ Sea,

« The Black Sea region,
« The Mediterranean Sea region,
« The Adriatic, Ionos and Egian Sea region.

These areas are further joined to transport corridors, and it is
especially the interconnection of Europe with the biggest world
continent - Asia, extension of trans-European transport corridors
to all Asian localities - especially to the Pacific ports in water
transport - which is important here.

3. Prospect of ships construction for inland
and combined navigation

According to the “White book about trends and development
of inland navigation and its infrastructure” published by the Euro-
pean Economic Commission (EEC) - UNO in Geneva in 1996,
the state of determining the Rhine and Danube fleet before the
interconnection of both basins has been from the viewpoint of the
following selected ship types:
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Typ lode Ryn Dunaj Ship Type Rhine Danube
MNL (motorova nakladna lod’) - suchy naklad 60 % 8 % MNL (Motor cargo ship) - dry cargo 60 % 8 %
MNL - tekuty naklad 15% 0% MNL - liquid cargo 15% 0%
TC (tlaény ¢ln) - suchy naklad 21 % 82 % TC (push boat) - dry cargo 21 % 82 %
TC - tekuty naklad 2% 4% TC - liquid cargo 2% 4%
TC - kombinovany naklad 0% 5% TC - combined cargo 0% 5%
ostatné plavidla 2% 1% other vessels 29 1%
spolu 100 % 100 % together 100 % 100 %

V c¢leneni podla tonaze lodi zo Statov v rynskej oblasti prvé
miesto zaujimalo Holandsko 53 % a druhé Nemecko 27 %. V dunaj-
skej oblasti prvé miesto zaujimalo Rumunsko 38 %, druhé Ukra-
jina 28 % a na $tvrtom mieste bolo Slovensko s 8 %. Statistika
jednoznaéne vyjadruje spolo¢nu tendenciu preferovania vodnej
dopravy najma v §tatoch s morskym pobrezim, ktora je v pripade
Holandska a Rumunska navySe umocnena aj vyznamnymi kana-
lovymi napojeniami na velkokokapacitné pobrezné namorné pri-
stavy a prekladiska.

Ako uz bolo uvodom spomenuté za sticasného stavu vyskumu
a vyvoja maju nesporné vyhody bezprekladkové prepravy najma
plavidlami zmieSanej plavby ,rieka-more*. Tesne pred politicko-hos-
podarskymi zmenami v strednej a vychodnej Eurdpe (podla Bielej
knihy EHK OSN) bol ich stav z hladiska objemov prepravy vyko-
nanych plavidlami ,rieka-more“ nasledujuci:
« na riekach Ruskej federacie
« v rynskej oblasti
» v oblasti Seine
« v oblasti Rhone
« v dunajskej oblasti

21,5 mil. ton/rok
2,4 mil. ton/rok
0,5 mil. ton/rok
0,3 mil. ton/rok
0,2 mil. ton/rok

Z uvedenych udajov je zrejmé, Ze veduice postavenie v bezpre-
kladkovych technologiach mala jednoznaéne vnitrozemska plavba
Ruskej federacie. Z hladiska konStrukcie a stavby lodi iSlo najma
o motorové nakladné lode (MNL) zmieSanej plavby ,rieka-more®,
ktorych vyroba nesie nezmazatelné stopy aj v naSom zavode Slo-
venské lodenice Komarno. Staci len spomentt oznacenia typov ako
su RMNL 2700, Volgo-Balt, Amur, a nakoniec aj novsich nasled-
nych typov Ryn, Schelda, Rostock, Weser, Ems, Leda a Baltik, pre
nemeckych, holandskych i ruskych zakaznikov. Ich technické
parametre st vSeobecne dostupné.

Trochu vahavejSie sa u nas ujimala druha (aj ked efektivnej-
Sia) technologia ,rieka-more”, t. j. systém kombinacie riecnych
¢lnovych kontajnerov a namornych materskych kontajnerovych lodi.
Po rokoch stagnacie v sucasnosti znova prichadza jeho obdobie
renesancie a burlivého rozvoja. DavnejSich vyvojovych pokusov
a praktickych experimentov s touto najuniverzalnejSou a najefek-
tivnejSou dopravnou technoldgiou ,rieka-more“ bolo vela, staci si
len spomenut na nazvy systémov LASH, BACO, BACAT, SEABEE
a jeho dunajskej modifikacie DM (Dunaj-more). Tato vyuzival
medzinarodny podnik Interlichter Budapest, aj s ucastou CSSR
(CSFR), dnes i Slovenskej republiky. Napriek vysokej miere tech-
nologickej progresivnosti uvedenych systémov, tieto v stiCasnosti
bud len Zivoria, alebo aj postupne zanikaji. Hlavné priciny tohto
stavu su, ze doterajsie

In the classification according to a ship’s loading capacity, the
first place from countries in the Rhine region has been taken by
the Netherlands with 53 % and the second by Germany with 27 %.
In the Danube region, the first place is Romania with 38%, second
is Ukraine with 28 %, and Slovakia is fourth place with 8 %. The
statistics clearly show the common tendency to prefer water tran-
sport especially in countries with sea cost, which is in case of the
Netherlands and Romania raised, in addition, by an important
canal connection with large capacity shore marine ports and trans-
hip centres.

As it was already mentioned in the beginning, in the current
state of research and development the transportation without trans-
hipment, especially by combined “river-sea” navigation vessels have
unquestionable advantages. Soon before the political-economic
changes in the Central and Eastern Europe (according to the
White Book of EEC UNO), their situation from the viewpoint of
transportation volumes carried out by “river-sea” vessels has been
the following:

« on the rivers of Russian federation
« in the Rhine region

« in the Seine region

« in the Rhone region

« in the Danube region

21.5 millions tons/year
2.4 millions tons/year
0.5 millions tons/year
0.3 millions tons/year
0.2 millions tons/year

From the listed data it is obvious that the leading position in
the technologies without transhipment was taken definitely by
inland navigation of Russian federation. From the viewpoint of
ship construction and building, the motor cargo combined navi-
gation “river-sea” ships (MNL), production holds indelible signs
also in our plant Slovenské lodenice Komarno. It is enough to
mention types like RMNL 2700, Volgo-Balt, Amur, and newer
follow-up types: Rhine, Schelda, Rostock, Weser, Ems, Leda and
Baltik for German, Dutch and Russian customers. Their technical
parameters are widely available.

The second (although more effective) “river-sea” technology,
i.e. combination of riverboat containers and marine container car-
riers, took possessions in our place a bit more hesitantly. After the
stagnation years, a period of its renaissance and turbulent deve-
lopment was present again. Long ago, there were many develop-
ment tentatives and practical experiments with the most universal
and the most effective transport “river-sea” technology. It is enough
to recall the systems named LASH, BACO, BACAT, SEABEE
and its Danubian modifications DM (Danube-sea). This one has
been used by international enterprise Interlighter Budapest with
a share of CSSR (CSFR), and today, the Slovak Republic. In spite
of the high rate of technological progression in mentioned systems,
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a) Clnové kontajnery boli relativne malej nosnosti (od 300 do
1000 t),

b) systémy neboli uplne kompatibilné s klasickou tlacnou tech-
nologiou plavby.

Tento druhy aspekt je rozhodujicim nedostatkom doterajSich
systémov. Ide o to, Ze ich ¢lnové kontajnery svojimi hlavnymi
rozmermi, geometrickym usporiadanim, ako aj nosnostou nie st
totozné s typizovanym Standardnym tlacnym clnom rynskeho,
alebo dunajského modulu. Len v opacnom pripade by mohla vznik-
nuf maximalne mozna unifikacia oboch zloziek vodnej dopravy
(vnutrozemskej a namornej) do technologickej schémy oznacovanej
ako ,rieka-more-rieka“. V modifikacii dopravno-prepravnej schémy
vodnej dopravy by az v takomto pripade boli realizovatelné pre-
pravné relacie podla logistickej koncepcie ,,z domu - do domu*, aj
ked oba ,,domy“ su vzdialené od seba az do tej miery, Ze sa nacha-
dzaju vo vnutrozemi [ubovolného kontinentu nasej planéty.

S rieSenim tychto problémov sa zaoberaju plavebni odbornici
na celom svete. Nemecki vyskumnici napriklad riesia v tejto oblasti
systém ,,TSL-katamaran“ pre dopravu az 12 standardnych tlacnych
Clnov typu E (Eurdpa). AmeriCania zasa rozpracovali systémy
,CAPRICORN*" a,,CAPRICOL* pre transatlantické nosice napla-
vovacich mississipskych tlacnych ¢lnov typu ,, JUMBO®. Tieto su
sice menSie ako eurdpsky ¢ln typu E, avsak z pohladu materskej
kontajnerovej lode su oba navzajom kompatibilné. V ramci inova-
cie systétmu DM-INTERLICHTER sa v stcasnosti vyvijaju dva
typy materskych kontajnerovych lodi, a to

a) mala kontajnerova lod typu ,,LCF®, ktora by mala operovat
nielen v pribreznych vodach Cierneho a Azovského mora, ale
aj v Stredomori a mala by prepravovat dve Clnové jednotky
typu DE (Dunaj-Eurépa) alebo jednu motorovi nakladnu lod
a jeden Cln, t. j. sulodie, ktoré by bolo mozné bezprekladkovo
(naplavovacim spdsobom) dopravit napriklad z Rotterdamu
alebo z Bratislavy priamo do Kaspického mora, resp. na vel'ko-
kapacitnu volgo-baltsku vodnu magistralu,

b) velka materska kontajnerova lod typu ,,LCT“ by mala opero-
vat na tradi¢nych dialkovych trasach Interlichteru na relaciach
Cierne more-India, Pakistan a Daleky vychod so §tyrmi alebo
Siestimi ¢lnovymi jednotkami DE alebo E.

V ramci operacného priestoru tychto dopravnych jednotiek
a tradicnych dopravnych komodit sa osobitne ukazuje potreba
prepravy tekutych substratov a netradicnych nadrozmernych
a supertazkych zasielok, vratane prepravy malych plavidiel.

4. Poziadavky na unifikaciu parametrov lodi
a vnutrozemskych vodnych ciest pre systémy
,rieka-more“

Na zaklade odporucania 16. pracovnej skupiny ,,Stalej medzi-
narodnej asociacie plavebnych kongresov“ (vo francuzskej skratke
AIPCN, resp. PIANC v anglickej) bola vypracovana unifikacia
poziadaviek kladenych na lode a vnutrozemské vodné cesty pre
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the present only vegetate or gradually vanish. Main reasons for

this situation are:

a) boat containers have been of relatively small-loading capacity
(from 300 to 1000 t),

b) systems have not been absolutely compatible with classical
pushing navigation technology.

The second aspect is the crucial defect of present systems.
Boat containers from these systems with their main dimensions,
geometric layout as well as loading capacity are not identical with
standardised pushing boat of Rhineish or Danubian module. Only
in the opposite case a maximally possible unification of both com-
ponents of water transport (inland and marine) into a technological
schema named “river-sea-river” could be created. In the modifi-
cation of the water transport schema the shipping relations accord-
ing to the logistical concept “from home-to home” could this case
be feasible, even if both “homes” are so faraway from each other
that they are within whatever continent.

Solving of these problems is handled by shipping experts
throughout world. For instance, German researchers deal with the
“TSL-catamaran” system for transportation of 12 E (Europe) type
standard pushing boats. Americans, on the other hand, elaborated
systems “CAPRICORN” and “CAPRICOL” for transatlantic car-
riers of “JUMBO” type hydraulic-filling Mississippi pushing boats.
These are otherwise smaller than the European E type boat, but
from the container carrier viewpoint they are both mutually com-
patible. In the scope of innovation of DM-INTERLIGHTER system,
there are two types of container carriers being developed at present:

a) small container boat of “LCF” type should operate not only in
the offshore waters of Black and Azovian Sea, but also in the
Mediterranean. It would also transport two boat units of DE
(Danube-Europe) type or one motor cargo ship and one boat,
i.e. the ship formation which could be transported without
transshipment (by hydraulic-filling technique) for instance from
Rotterdam or from Bratislava directly to Caspian Sea, eventu-
ally to high capacity Volga-Baltic waterway,

b) big container carrier of “LCT” type should operate on tradi-
tional long-distance routes of Interlighter on the relations of
Black Sea - India, Pakistan or Far East with four or six DE or
E boat units.

In the operational area of these transport units and traditio-
nal transportation commodities, a need of transportation of liquid
cargo and non-traditional large-dimensional and super-heavy ship-
ments, including the small boats transportation, is particularly
emerging.

4. Requirements for parameter unification of ships
and inland waterways for “river-sea” systems

Following the Recommendation of the 16th Workgroup of “
PIANC - Permanent international association of navigation con-
gresses” (or AIPCN - Association internationale permanente des
congres de navigation ), a unification of requirements on ships
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plavbu lodi a lodnych zostav v reZime ,,rieka-more“. Tato skupina
sucasne oficialne poziadala Pracovnu skupinu vnutrozemskej plavby
pri EHK OSN v Zeneve o prislusné rozsirenie sucasnej klasifika-
cie europskych vodnych ciest (sucast rezolucie ¢. 30) s tym, aby
tato klasifikacia bola rozSirena pre moznost plavby aj plavidiel
zmieSanej plavby.

Po zvazeni realnych moznosti pre obchodné plavidla tohto
druhu v rezime ,rieka-more“ je mozné vyuzivat len vnutrozemské
vodné cesty technicky zaradené od triedy V po najvyssiu triedu
VII. Nizsie triedy vodnych ciest sice tiez umoziuju plavbu plavi-
diel, ktoré svojimi parametrami vyhovuju podmienkam zmieSanej
plavby, avsak ide plavidla s dizkou nepresahujucou 24 m, a teda
ide o tzv. malé (skor rekreacné) plavidla. Gabaritné obmedzenia
plavidiel pre tieto triedy su uvedené v nasledujucej tabulke:
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and inland waterways for ships and ships formations navigation in
the “river-sea” mode has been worked out. At the same time this
group officially asked the Inland Navigation Workgroup by EEC
UNO in Geneva for a respective extension of the present classifi-
cation of European waterways (part of resolution No. 30) for the
possibility of the navigation of combined navigation boats.

After considering real possibilities for commercial vessels of
this type in the “river-sea” mode, it is possible to use only inland
waterways ranked from class V to the ultimate class VII. Lower
classes of waterways also allow navigation of vessels, which match
conditions of combined navigation by their parameters, but these
are vessels with length no more than 24 m. They are so-called small
(rather recreational) vessels. Dimensional constraints of these class
vessels are listed in the following table:

Trieda Typ plavidla Gabaritné rozmery Podj. vyska mostov
dizka (m) Sirka (m) ponor (m) vyska (m)

Va nakladna lod, tlacna zostava 95-110 11.4 2.5-4.5 5.25;7.0; 9.1

Vb tlacna zostava 172-185 114 2.5-4.5 5.25;7.0; 9.1

Vla tlacna zostava 95-110 22.8 2.5-4.5 7.0; 9.10

Vib nakladna lod 140* 15.0 3.9 7.0; 9.1

VIb tlacna zostava 185-195 22.8 2.5-4.5 7.0; 9.1

Vic tla¢na zostava (6-Clnova dlha) 270-280 22.8 2.54.5 9.1

Vic tla¢na zostava (6-Cln. kratka) 195-200 33.0-34.2 2.54.5 9.1

VIl tlacna zostava 285 33.0-34.2 2.5-4.5 9.1

* V sucasnom obdobi sa nepovoluje pouzivanie takej lode na Ryne

Standard Vessel type Parameters Clearance bridge
length (m) breadth (m) draugth (m) height (m)

Va cargo ship, pushing formation of vessels 95-110 11.4 2.54.5 5.25;7.0;9.1

Vb pushing formation of vessels 172-185 11.4 2.5-4.5 5.25;7.0; 9.1

Via pushing formation of vessels 95-110 22.8 2.54.5 7.0; 9.10

Vib cargo ship 140* 15.0 3.9 7.0; 9.1

Vib pushing formation of vessels 185-195 22.8 2.54.5 7.0; 9.1

Vic pushing formation of vessels (six boat long) | 270-280 22.8 2.54.5 9.1

Vic pushing formation of vessels (six boat short) [ 195-200 33.0-34.2 2.54.5 9.1

Vil pushing formation of vessels 285 33.0-34.2 2.54.5 9.1

* Nowadays such a ship is not allowed to operate on the Rhine.

Podla suc¢asnych podmienok brzdiacim faktorom sa ukazuje
ponor plavidla. Okrem toho je zrejmé, ze pre plavidla tohto typu
nemdze existovat ani tvrda unifikacia rozmerov plavidiel, pretoze
v Europe existuje rozdiel medzi Skandinavskymi, zapado- a stre-
doeurdpskymi a vychodoeuropskymi vodnymi cestami. Vycha-
dzajuc z tychto predpokladov prvy navrh troch tried klasifikacie
motorovych nakladnych lodi pre rezim ,rieka-more” (R-MNL),
odportucanych EHK OSN, je nasledovny:

According to contemporary conditions, a vessel's draught
turns out as a holding-back factor. Besides it is evident that for this
type of vessel can't exist even with a hard unification of their
parameters because there exists a difference among the Scandina-
vian, West and Middle European, and East European waterways
in Europe. Based on these assumptions, the first suggestion of three
standards motor cargo ships" classification (R-MNL) recommend-
ed by EHK OSN is listed in the following table:
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Trieda R-M Gabaritné rozmery R-MNL Podjazdna vyska Standard Parameters R-MNLpod Clearance bridge
dizka (m) | sirka (m) | ponor (m)| mostov vyska (m) R-M length (m)|breadth (m)|draught (m) height (m)
1 90 13 3,545 7,09,1 1 90 13 3.54.5 7.0-9.1
2 135 16 3,545 9,1 2 135 16 3.54.5 9.1
3 135 22,8 4,5 9,1 3 135 22.8 4.5 9.1

Uvedeny navrh vsak nezohladiuje moznost pribreznej plavby
zmieSanych motorovych nakladnych lodi na transeuropskej vodnej
magistrale Ryn-Mohan-Dunaj a preto nami modifikovany navrh
uvedenych troch tried motorovych nakladnych lodi rezim ,rieka-
more” je nasledovny:

The mentioned suggestion doesn’t accept possibility of short-
sea shipping of combined motor cargo ships on trans-European
waterways Rhine-Main-canal-Danube. That is why we modified
suggestion of three introduced standards of motor cargo ships in
the following list:

Trieda R-M Gabaritné rozmery R-MNL Podjazdna vyska Standard Parameters R-MNLpod Clearance bridge
dizka (m) | Sirka (m) | ponor (m)| mostov vyska (m) R-M length (m)|breadth (m)|draught (m) height (m)
1 90-110 11,4-13 3,545 7,09,1 1 90-110 11.4-13 3.54.5 7.0-9.1
2 135 16 3,54,5 9,1 2 135 16 3.54.5 9.1
3 135-140 | 22,8-24,0 | 3,545 9,1 3 135-140 | 22.8-24.0 | 3.54.5 9.1

Okrem rozsirenia klasifikacie europskych vodnych ciest medzi-
narodného vyznamu (oznacenia E) a gabaritnych obmedzeni lodi
a tlaCnych zostav typu ,rieka-more” je dolezité v budicnosti zamerat
sa aj na stav a vybavenost pristavov, ktoré budu obsluhovat takéto
plavidla. Zaroven s pristavmi je potrebné v buducnosti zamerat sa
aj na logistické systémy na celej riecno-namornej trase.

Podla predlozenych vyskumov je mozné uz dnes skonstatovat,
Ze v danej konkrétnej (regionalnej) situacii sa mozu pri vyuzivani
technologie ,rieka-more“ v porovnani s oddelenymi technolégiami
Jrieka®“ a ,more” zniZit dopravné naklady o 10 az 15 %. Je pritom
zrejmé, zZe okrem znizenia dopravnych nakladov je potrebné pri-
hliadat aj k dal§im porovnatelnym efektom medzi ostatnymi, najma
pozemnych druhmi dopravy a tiez aj na ochranu zivotného pros-
tredia. Ukazuju sa aj efekty suvisiace s organizaciou prepravy najma
pri ich zabezpecovani podla znamej logistickej technologickej
schémy ,.z domu - do domu“. S novym spésobom prepravy typu
Jrieka-more* je spojenych vela organizacnych a technickych otazok,
ktoré je potrebné riesif tak v oblasti posobenia [udského faktora,
ako aj pri rieSeni bezpecnosti plavby a manévrovacich vlastnosti
tychto plavidiel. Nie su vSak za sucasného stavu vedy a techniky
neprekonatelné.

Literatura - References:

Except expanding of classification of European waterways of
international importance (marks E) and parameters’ limitation
of ships and pushing vessels formation of “river-sea” type, it is
important to concentrate in the future on both ports’ state and
equipment, which will operate such vessels, and logistics systems
of the whole “river-marine” route.

According to submitted research it is actually possible to
come to the conclusion that in a particular (regional) fixed situa-
tion, transport costs can be 10 - 15 % lower using “river-sea” tech-
nology by comparison with separate “river-sea” technologies.
Perhaps, except pricing down of transport costs, it is necessary to
take into account more comparable effects among other types,
especially land transport systems and environmental protection.
There are turning out effects in connection with organization of
transports especially at protecting their regulations by well-known
technological schema “from home-to home”. This new scheme of
transports “river-sea” type involves many organizing and technical
questions. The questions are necessary to solve, in part, the human
factor, navigation safety and manoeuvre properties of these vessels,
which are not inseparable in contemporary conditions.
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NL AMUR
CARGO VESSEL

Ndkladnd lod typu Amur pre systémy ,rieka-more“

2 | Lighter Carrier for Four
Lighters of DMM Type
LCF

Materskd kontajnerovad lod typu LCF pre namornu prepravu styroch clnovych kontajnerov typu DMM
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VPLYV ZAPORNYCH TEPLOT NA KOEFICIENT TEPELNE]
VODIVOSTI CESTNYCH STAVEBNYCH MATERIALOV

THE INFLUENCE OF NEGATIVE TEMPERATURES ON THE HEAT CONDUCTIVITY

FACTOR OF ROAD-BUILDING MATERIALS

Posudzovanie vozoviek z hladiska ochrany pred icinkami mrazu
Jje dolezitym prvkom hodnotenia ich konstrukcie. Klimatické podmien-
ky Slovenska spésobujii pocas zimného obdobia niekolko cyklov pre-
mizania vozovky a jej podlozia. Tento jav je nebezpecny z pohladu
deformdcii jej povrchu a straty prevddzkovej sposobilosti. Z toho
dovodu je pre ndvrh konstrukcie potrebné poznat teplotechnické
charakteristiky materidlov jednotlivych vrstiev. Napriek tomu, Ze
v procese premrzania si aktivne charakteristiky v zamrznutom stave,
sit merané a hodnotené len v prirodzenom stave. Z toho dévodu je
prispevok zamerany na meranie koeficientu tepelnej vodivosti staveb-
nych materidlov pri zapornej teplote metodou nestaciondrneho tepel-
ného toku. Pre analyzu boli vybraté asfaltové zmesi, pouZivané na
kryty vozoviek a niektoré druhy zemin podloZia.

1. Uvod

Teplotné charakteristiky cestnych stavebnych materialov st
vel'mi délezité pre navrh vozovky z hladiska jej ochrany pred ucin-
kami premfzania podlozia. Napriek tomu, Ze v procese premiza-
nia su materialy konstrukcie vozovky a podlozia v zamrznutom
stave, s merané a hodnotené len v prirodzenom stave. Z toho
dovodu je na pracovisku autorov uz niekol'ko rokov kladeny doraz
na meranie koeficientu tepelnej vodivosti stavebnych materialov
pri zapornej teplote.

Na Slovensku je pouzivanych niekol'ko normovych metod pre
meranie koeficientu tepelnej vodivosti. Pre meranie materialov
v zamrznutom stave bola vybrata metdda nestacionarneho tepel-
ného toku [1], [2], ktora bola niekolko rokov overovana na Zilin-
skej univerzite v ramci rieSenia vyskumnych uloh.

2. Fyzikalny princip metody
V stavebnych materialoch je teplo Sirené takmer vylucne

vedenim. Z toho dovodu je fyzikalnym zakladom metody jedno-
smerné Sirenie tepla, definované Fourierom:

Appraisal of pavement from preservation against frost influence
point of view is important point of its structure evaluation. The Slovak
climatic conditions originate the same cycles of pavement and sub-
grade freezing during a winter period. This effect is dangerous from
surface deformation and loss of serviceability point of view. Therefore
is necessary to know the thermo-technical properties of layers’ mate-
rials for structure design. The values in nature state are measured
and evaluated only, although during freezing process the characteris-
tics in frozen state are active. Therefore an article deals with measur-
ing of a heat conductivity factor of building materials during negative
temperature by method of non-stationary thermal flow. The asphalt
mixtures used for pavement wearing courses and some type of sub-
grade soils were selected for analysis.

1. Introduction

The thermal characteristics of road-building materials are very
important for design of pavement from protection against the frost
penetration into subgrade point of view. The values in a natural
state are measured and evaluated only, although during the freezing
process the pavement materials and subgrade are in frozen state.
Therefore, for a few years the attention has been paid to the mea-
surement of heat conductivity factor of building materials by nega-
tive temperature.

Some standard methods for measuring the heat conductivity
factor are used in Slovakia. The method of non-stationary thermal
flow [1], which was verified many years in UTC Zilina and was
based on many measurements within the framework of research
work solution, was selected for measurement of materials in frost
phase [2].

2 The physical principle of methodology
In building materials is heat spreading almost exclusively by

conduction. Therefore, the physical basis of method is Fourier flow
of one-direct thermal spreading:

0T, 07,10
g d= —A - ——— ) g 0= —A - ——— (@)
Ox Ox
* Jan Celko, Jarmila Cardosova
University of Zilina, Civil Engineering Faculty, Department of Highway Engineering
Tel./Fax: ++421-89-724 3351, E-mail: jcelko@fstav.utc.sk
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kde: g0x,/0 - hustota tepelného toku, W.m ™2
A - koeficient tepelnej vodivosti, W.m ™ LK ™!
07,100 ) )
6— - teplotny gradient v iirovni x a ¢ase ¢z, °C.
X

Teplotné pomery sa v sledovanej oblasti menia podla vztahu
(2):
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kde: p - objemova hmotnost, kg.m >
¢ - merna tepelna kapacita, J.kg~ LK.

Zo vztahov (1) a (2) ziskame rovnicu (3), popisujucu vyvoj
teplotného pola, z ktorej je mozné vypocitat koeficient tepelnej
vodivosti A.

0T/ A 9*Thx0 3
o pc o’
Pociatocné podmienky

Numerické rieSenie vztahu (3) je zalozené na principe merania
koeficientu tepelnej vodivosti [3]. Vzorka je umiestnena v tepelne
izolovanej nadobe. Zaznamenavana je teplota na spodnej ploche
vzorky, priCom na jej povrchu je udrZovana teplota konStantna.
Pre meranie boli ur¢ené nasledovné pociatocné podmienky:

T(x0) =T,
0,0 =Ty (4)
gthy =0,

kde: T, - pociatocna teplota vzorky, °C
T,, - kon§tantna teplota na povrchu vzorky, °C
h - hrubka vzorky, m
x - hodnotena uroven, m

t -cas,s
q - hustota tepelného toku na spodnej ploche vzorky,
W.m 2

Vzorka je rozdelena na n vrstiev s hriibkou vrstvy Ax. Poci-
tany je Gasovy interval A7 medzi 10 % a 50 % poklesom pociatoc-
ného teplotného gradientu na spodnej ploche vzorky. Porovnanim
teoretickej a vypocitanej hodnoty bol pre vypocet koeficientu tepel-
nej vodivosti A ziskany vztah:

P2
)\:0,249~E'p~c, (5

kde symboly su zrejmé z predoslého.

Okrajové podmienky

Na meranie materidlov v prirodzenom stave je pouZivana
pociatocna teplota vzorky 20 °C a teplota na povrchu vzorky 0 °C.
Ako médium pre zabezpecenie konsStantnej povrchovej teploty sa
pouziva zmes vody a ladu. Problém vznika v pripade merania mate-
rialov v zamrznutom stave. V prvom rade musi byt zabezpecCeny
teplotny rozdiel medzi vzorkou a médiom minimalne 10 °C. Z fyzi-
kalneho hladiska nie je podstatné, ¢i je vzorka schladzovana alebo
zahrievana, ale z pohladu nebezpecia vzniku latentného tepla je

2

where: gL,/ - density of thermal flow, W.m™
A - heat conductivity factor, Wm~ LK ™!
0TC,100 o )
o temperature gradient in level x and time ¢, °C.
X

Temperature relation of area is changed by equation (2):

0gx,:0 3
o

07,0

Py (2)

—pre
where: p - mass density, kg.m 3
¢ - specific heat capacity, J.kg 'K L.

From (1) and (2) we can obtain an equation (3) describing
a development of a temperature field, from which the heat con-
ductivity factor A can be calculated.

0TOx/0 A 0°TOv0

ot pec o’ )
The initial conditions
Numerical solution of equation (3) is based on principles of
a heat conductivity factor measuring [3]. A sample is located to
the heat-isolated vessel. A temperature on the bottom site of sample
is registered while keeping a constant temperature on the top site.
The next initial conditions were determined:

T(x,0) = To
T(0,r) = TM 4)
gthy =0

where: 7, - initial temperature of sample, °C
T,, - constant temperature on the top of sample, °C
h - thickness of samples, m
x - evaluated point, m
t -time, s
g - heat flow density on the sample bottom area, W.m 2

The sample is divided to n-layers system with thickness of
layer Ax. The time interval Az between 10 % and 50 % decrease of
initial temperature gradient on the bottom of the sample is calcu-
lated. Comparing theoretical and experimental values, the final
equation for factor A calculation was created:

hz
A=0249-—-p-c, 5
VLA )

where all symbols are already known.

The border conditions

For measuring of material in a natural state the initial tempe-
rature of sample 20 °C and constant temperature on a top of
sample 0 °C are used. The mixture of water and ice is used as
a medium for assurance of the constant sample surface tempera-
ture. The problem arises in the case of measuring the material in
the frozen phase. At first the temperature difference between
sample and medium must be minimal 10 °C. From a physical point
of view is not decisive if the sample is cooled or warmed, but from
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velmi dolezité, aby nebola zasiahnutd hranica nulovej teploty.
Nasiakavé stavebné materialy nemozu pocas merania prechadzat
nulovou izotermou, maximalna teplota vzorky musi byt nizsia ako
—3 °C. PredovSetkym v zeminach dochadza k fazovej premene
vody uz pri teplotach od —1 °C do —3 °C, ¢o moze mat rozhodu-
juci vplyv na namerané vysledky. Z tohto dovodu sa pre meranie
pouziva teplotny rozsah od —5 °C do —20 °C.

Vel'mi zavaznym problémom je vyber typu média pre zabez-
pecenie konstantnej teploty na povrchu vzorky. Na zaklade odsku-
Sania roznych typov nemrznucich kvapalin bol vybraty klasicky
solny roztok. Zvoleny bol 30 % roztok, ktory zabezpecil tekuty
stav média v meranom ¢asovom rozsahu. Médium je kontinualne
mieSané pre zabezpeCenie rovnomernej distribucie teploty po
povrchu meranej vzorky. Na zaklade uvedenych faktov boli odsku-
sané nasledovné kombinacie okrajovych podmienok:

a) teplota vzorky a vo vnutri klimatickej skrine —5 °C, teplota
média —17 °C

b) teplota vzorky a vo vnutri klimatickej skrine —18 °C, teplota
média — 5 °C.

Variant a) zabezpecil konstantni teplotu maximalne pocas 15
minut, o je na meranie nedostatocna doba. Preto boli pre rutinné
meranie zvolené nasledovné teploty:

- Teplota vzorky —18 °C + 2 °C.
- Teplota v klimatickej skrini —18 °C.
- Teplota média —5 °C.

Dolezitou podmienkou merania je konstantna teplota celého
systému. Vzorka je umiestnena spolu s meracou aparatirou na 24
hodin do klimatickej skrine, v ktorej je potom realizované aj vlastné
meranie. Bezprostredne na povrch vzorky je umiestnené zahrie-
vacie zariadenie, zabezpecujuce konstantnu teplotu média. Cela
suprava je riadena elektronicky so zaznamenavanim teploty média
v priebehu merania.

3. Meranie tepelnej kapacity

Merna tepelna kapacita ‘c’ je zakladnym vstupnym paramet-
rom pre vypocet koeficientu tepelnej vodivosti a je urCovana pre
kazdu vzorku. Vypocet jej hodnoty pre zamrznuté materialy nie je
moZny z hodnoty suchého materialu. Analogia s vypoc¢tom hodnoty
tepelnej kapacity pre vlhké vzorky pri kladnych teplotach nebola
vyskumom potvrdena.

Tepelna kapacita je merana na zaklade fyzikalnej definicie
(6). Prestup tepla je urCovany kalorimetrickou metédou, ktora
predpoklada tepelne izolovany kalorimeter so vzorkou a médiom.
Merna tepelna kapacita je urovana pomocou kalorimetrickej
rovnice po dosiahnuti teplotnej rovnovahy.
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a latent heat standpoint is very important to not touch zero boun-
dary. The absorptive building materials cannot proceed through
zero point during measurement. The maximal temperature of
sample must be below —3 °C. Above all the soils the water phase
change occurs in temperatures from —1 °C to —3 °C, which has
an ultimate influence to measure results. Therefore the tempera-
tures ranging from —5 °C to —20 °C were used for measuring.

A very important problem of measurement was a medium for
assuring the constant temperature of a sample top. After experi-
ments with different types of non-freezing liquids classic salt water
was selected. The 30 % salt solution that secures a permanent
liquid state of medium in measuring range was selected. The
medium is uninterruptedly mixed for equitable distribution of
temperature on top of sample. For the these reasons the next va-
riants were examined:

a) temperature of sample and inside of climatic chamber —5 °C,
temperature of medium —17 °C

b) temperature of sample and inside of climatic chamber —18 °C,
temperature of medium —5 °C

The variant a) secures a constant temperature maximum 15
minutes, which is a short time for measuring. Therefore, the next
temperatures were selected for routine measurements:

- temperature of sample —18 °C + 2 °C.
- temperature in climatic chamber —18 °C.
- temperature of medium —5 °C.

An important condition of measurement is the constant tem-
perature of the whole system. The sample with measuring apparatus
is placed for 24 hours into a climatic chamber in which a measure-
ment is realised after this time, too. Warming apparatus localised
immediately above a surface of sample ensures the constant tem-
perature of medium. An electronic recorder that registered a tem-
perature of medium during measurement controls the apparatus.

3. The measuring of the heat capacity

The heat capacity ‘c’ as a basic input parameter for heat con-
ductivity factor calculation is a determinate for each sample. The
calculation of frozen material value is not possible from value of
dry natural material. An analogy with calculation the heat capa-
city of wet material during positive temperature is not confirmed
by research.

The heat capacity is measured on the base of physical defini-
tion (6). The transmitted heat is determined by calorimetric
method, which assumes the heat-isolated calorimeter with sample
and medium. The specific heat capacity is determines by calori-
metric equation after achievement of temperatures’ balance.

1 Agq p 1 Ag 6
€ m AT (6) T m AT ©)
kde: m - hmotnost vzorky, kg where: m - mass of the sample, kg
Ag - odovzdané teplo vzorke, J Ag - transmitted heat to sample, J
AT - zmena teploty od odovzdaného tepla, K. AT - change of temperature for transmitted heat, K.
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4. Meranie koeficientu tepelnej vodivosti

Prispevok sa venuje koeficientu tepelnej vodivosti vybratych
cestnych stavebnych materialov. Prvym materidlom su asfaltové
zmesi, druhym zeminy podlozia. Dalgie materialy su analyzované
v stiCasnosti v ramci prace na grantovej vyskumnej ulohe.

Asfaltové zmesi

Pre meranie boli zvolené asfaltové zmesi, obsahujice modifi-
kovany asfalt (vzorky 1, 2) a klasicky asfalt (vzorka 3). Zmesi
s modifikovanym spojivom st v sucasnosti viac pouzivané ako
zmesi s klasickym spojivom pre ich lepSie deformaéné charakte-
ristiky. Porovnanie teplo-technickych vlastnosti je jednym z cielov
sucasnych vyskumnych aktivit na katedre. Zakladné uidaje o zloZeni
meranych zmesi su uvedené v tab. 1.

4. The measuring of the heat conductivity factor

The article treats the heat conductivity factor of selected road
building materials. The first material is asphalt mixtures, second
is soil of pavement subgrade. Other materials are analysed in
frame of the grant research project in this time.

Asphalt mixtures

The asphalt mixtures containing the modified asphalt (sample
1, 2) and classic asphalt (sample 3) were selected for measuring.
The mixtures with modified asphalt are using more in this time
than with classic asphalt for better deformation characteristics.
The comparison of thermal-technical properties is one from aims
of recent research activities of our department. The basic compo-
sition of measured mixtures is described in Table 1.

ZloZenie asfaltovych zmesi Tab. 1
The composition of asphalt mixtures Table 1
Zmes | Mixture AKMS 1 AKMS 2 AKMS 3
Kamenivo / Maluzina 11-16 - 55% Maluzina 11-16 - 55%
Aggregate LoSonec 811 - 42.0% Maluzina 811 - 41.5% Maluzina 811 - 41.5%
LoSonec 48 - 187 % Maluzina 4-8 - 20.0% | Maluzina 4-8 -20.0%
Bukova 04 - 233% Varin 24 - 85% Varin 24 - 85%
VIM Zirany - 93% | Varin 02 - 145% | Varin 02 - 14.5%
Filler L. Lucka - 10.0 % | Filler L. Lucka - 10.0 %
Asfalt /| Asphalt [ Apollobit MCA 80 - 6.7% Apollobit MCA 80 - 65% | AP 80 - 65%
Prisada /
. Technocel - 04% Technocel - 04%
Ingredient

Merania potvrdili nepodstatné rozdiely medzi teplotechnic-
kymi vlastnostami suchych a zamrznutych materialov. Na zaklade
fyzikalnej podstaty zmesi z toho vyplyva, Ze nie je potrebné uva-
zovat s vplyvom teploty na koeficient tepelnej vodivosti v zimnych
podmienkach.

Pouzitie réznych spojiv ukazalo, Ze modifikované asfalty
nemaju podstatny vplyv na koeficient tepelnej vodivosti asfalto-
vych zmesi. Maximalny rozdiel je okolo 10 %. Porovnanie name-
ranych a normovych hodnét naznacuje, Ze je potrebné spresnit
vypoctové hodnoty pre AKM. Hodnota koeficientu tepelnej vodi-
vosti 1,40 W.m ™ 'K~ ! bola potvrdena len pri zmesi 1. Pri dalsich
zmesiach bola prekrocena o 25 - 80 %, ¢o nie je zanedbatelna
hodnota. Vysledky merani st uvedené v tab. 2 a na obr. 1.

The measurements have sustained irrelevant differences
between thermal-technical characteristics of dry and frozen mate-
rials. In terms of physical essence of mixture it was determined
that it is not necessary to regard the temperature influence on the
heat conductivity factor in winter conditions.

In terms of the used binder the measurements showed that
modified asphalt doesn’t essentially influence the heat conducti-
vity factor of asphalt mixture. The maximal difference is about 10 %.
The comparison of measured and standard values indicates that
standard values for mixtures AKM is necessary to be more accu-
rate. Presented values of heat conductivity factor 1.40 W.m ™ TK!
were exhibited for mixture number 1 only. The values of other test
mixtures exceeded 25 - 80 %, which are not negligible values. The
results are presented in Table 2 and on Fig. 1.

Koeficient tepelnej vodivosti asfaltovych zmesi Tab. 2 The heat conductivity factor of asphalt mixtures Table 2
Zmes |Tepelna kapacita, Koeficient tepelnej vodivosti, Mixture | Heat capacity, Heat conductivity factor,
Jkg 'K7! Wm LK Jkg ' K7! Wm ™K
sucha vzorka zamrznuta vzorka Dry phase Frozen phase
AKMS-1 1198 1,46 1,36 AKMS-1 1198 1.46 1.36
AKMS-2 1338 2,06 2,01 AKMS-2 1338 2.06 2.01
AKMS-3 1171 1,74 1,85 AKMS-3 1171 1.74 1.85
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Zeminy podloZia

Pre analyzu boli vybraté 4
druhy zemin podlozia. Zvolené
boli najcastejSie sa vyskytujuce
zeminy z roznych lokalit Sloven-
ska. Zakladné parametre materia-
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Suginitel tepelnej vodivosti L asfaltovych zmesi
The heat conductivity factor . of asphalt mixtures
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The soils of subgrade

The four types of subgrade
soil were selected for analysis. The
option includes the most used
types of soils from different locali-
ties in Slovakia. The basic para-

lov st uvedené v tab. 3.

conductivity factor 2, W.m ".K"!
1<)
[

AKMS-1

sucinitel tepelnej vodivosti / heat

meters of materials are presented
in Table 3.

AKMS-2 AKMS-3

Hodnoty sledovanych charak- ‘ Dsuchaldry

Ozamrznuté/frozen ‘

teristik boli stanovené na vzor-
kéach v suchom stave, pri optimal-
nej vlhkosti a v zamrznutom stave.
Ziskané hodnoty mernej tepelnej kapacity a koeficientu tepelnej
vodivosti su uvedené v tab. 4 a na obr. 2. Zeminy 1-3 su velmi
podobné sudrzné zeminy, zemina 4 je nesudrzny Strkovy il s roz-
dielnou granulometriou. Z toho vyplyvaju tiez rozdielne teplo-
technické vlastnosti.

Obr. 1. Koeficient tepelnej vodivosti asfaltovych zmesi
Fig. 1. The heat conductivity factor of asphalt mixtures

The values of observed cha-
racteristics were determinated on
samples in the dry phase, in phase
of natural moisture and after freezing. Obtained values of the heat
capacity and the heat conductivity factors are presented in Table
4 and on Fig. 2. The soils 1-3 were very similar, coherent soils; soil
4 was non-coherent gravel loam with different grading. It follows
the different thermal-technical properties, too.

Zakladné parametre zemin Tab. 3
Vzorka 1 2 3 4
Nazov il so strednou il s vysokou il piescity I F4 CS; il strkovity F2 CG
plasticitou F6 CI plasticitou F§ CH
Optimalna vlhkost 17,5 % 25,5 % 16,2 % 16,0 %
Maximalna objemova
hmotnost 1740 kg.m ™ 1530 kg.m~* 1770 kgm ~? 1710 kg.m™*
Namrzavost namfzava aZ nebezpecne namfzava aZ nebezpecne mierne namfzava stredno-plasticka,
namrfzava namfzava nebezpecne namfzava
The basic parameters of soils Table 3
Sample 1 2 3 4
Name Loam with middle Loam with high Sandy loam I F4 CS1 Gravel loam F2 CG
plasticity F6 CI plasticity F8 CH
Optimal moisture 17.5 % 255 % 16.2 % 16.0 %
Maximal mass
density 1740 kg.m—* 1530 kg.m? 1770 kgm~* 1710 kg.m 3
Frost susceptibility susceptible till danger susceptible till danger middle susceptible danger susceptible
susceptible susceptible
Teplotechnické vlastnosti zemin Tab. 4
Zemina Tepelna kapacita, J.kg ™' K™! Koeficient tepelnej vodivosti, W.m ™ L.K ™!
sucha vlhka zamrznuta sucha vlhka zamrznuta
1 733 1267 757 0,22 118 0,73
2 511 1265 713 0,12 0,77 0,52
3 624 1135 715 0,21 1,20 0,94
4 1710 1936 1464 0,58 1,13 0,64

Koeficient tepelnej vodivosti suchych zemin sa pohybuje

The heat conductivity factor of dry soils ranges from 0.1 to

v rozsahu 0,1 a7z 0,6 Wm 'K ! a vlhkych zemin 0,7 az 1,2
Wm 'Kl To poukazuje na ich réznorodost. Zeminy podob-
ného typu maju rozne fyzikalne vlastnosti, co komplikuje moznost
generalizovania ich teplotechnickych charakteristik.

0.6 W.m 'K !and of moist soil ranges from 0.7 to 1.2 W.m LK ..
It shows the soil diversity. The soils of similar type have the
different physical properties and it obstructs the possibility to
generalize thermal technical characteristics.
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The thermal-technical properties of soils Table 4
Soil Heat capacity, J.kg~ 1K™! Heat conductivity factor, W.m ™~ X!
Dry Moist Frozen Dry Moist Frozen
1 733 1267 757 0.22 118 0.73
2 511 1265 713 0.12 0.77 0.52
3 624 1135 715 0.21 1.20 0.94
4 1710 1936 1464 0.58 113 0.64

Hodnoty koeficientu tepelnej vodivosti zamrznutych zemin su
v zasade o 300 - 400 % vyssie ako nezamrznutych. Merania ukaza-
li, Ze hodnoty koeficientu tepelnej vodivosti zamrznutych zemin
sa priblizuju k hodnotam vlh-
kych zemin, ale ich nedosa-
huju. Rozdiel je len pri zemine

Sucinitel tepelnej vodivosti 1 zemin
The heat conductivity factor i of solls

The values of the heat conductivity factor of frozen samples
are mentioned approximately about 300 - 400 % upper than values
of non-frozen samples. The measurements have showed that the
value of the heat conductivity factor
of frozen soils approaches the value of
moist soil but doesn’t exceed it. The

fact is different only in soil 4, which is
a little absorptive. The values for dry

and frozen sample are very close.

The total evaluation

The obtained values of the heat

-
;. .. , . [0]
4, ktora je minimalne nasiaka- ff‘- 160
. . G E
va. Hodnoty pre suchu a za- LFERT
mrznutd vzorku su v tomto pri- 8 <
pade vel'mi podobné. 23 o8
8>
S g 040
Celkové hodnotenie £ 3
o . 5% [] — []
Ziskané vysledky merani @ 8 000 ; ) R ‘ .

koeficientu tepelnej vodivosti
poukazuji na rezervy metodi-
ky na posudzovanie konStruk-
cie vozovky z hladiska tepel-
ného odporu. Normové hodnoty nereaguju vzdy na nepriaznivé
podmienky v konStrukcii a mnohokrat su podhodnotené. Name-
rané hodnoty zodpovedali navrhovym u zemin podloZia, pri asfal-
tovych zmesiach boli zistené znacné rozdiely. Uvedené konstato-
vania podporuje aj stav cestnej siete na Slovensku, predovsetkym
po ukonceni zimného obdobia.

5. Zavery

Porovnanie nameranych hodnot s navrhovymi potvrdzuje ich
platnost pre zeminy podloZia, pre ktoré su teplotechnické vlast-
nosti vyznamnych parametrom. V zavislosti od ich hodnoty vzni-
kaju deformacie povrchu a strata prevadzkovej sposobilosti. Zna¢na
pozornost musi byt venovana vztahu medzi koeficientom tepelnej
vodivosti a vlhkosfou. Narastom vlhkosti bol potvrdeny narast
koeficientu tepelnej vodivosti v niektorych pripadoch az o 800 %
a prezentované hodnoty potvrdili dosledok vplyvu vlhkosti zeminy
podlozia na vznik deformacii v zimnom a jarnom obdobi.

Popisana metoda hodnotenia koeficientu tepelnej vodivosti A
je ekonomicka a ¢asovo nenaro¢na. UrCuje sledované charakteris-
tiky v realnych podmienkach konStrukcie vozovky. V sucasnosti
su uskutocnované merania koeficientu tepelnej vodivosti materia-
lov podkladnych vrstiev. Pozornost je tiez venovana vztahu medzi
mernou tepelnou kapacitou a teplotou vzorky. Vztah moze mat
vplyv na skuto¢nu hodnotu koeficientu A pri zapornych teplotach,
aj ked nepredpokladame vyrazné ovplyvnenie teoretickych
hodnét.

Cislo zeminy / number of soil
Obr. 2. Koeficient tepelnej vodivosti zemin
Fig. 2. The heat conductivity factor of soils

conductivity factors advert to the
reserve of the appraisal methodology
of the pavement structure from therm-
al resistance point of view. The stan-
dard values of the heat conductivity
factor don’t respond to the most unfavourable conditions in the
road structure, and they are, many times, underestimated. The
determined values respond designed values in full-scale for sub-
grade soils only, for asphalt mixtures considerable differences
were found. The pavement’s status of road network in Slovakia
support this sentences, mainly after wintertime.

5. Conclusions

The comparison of measured and design values conforms
their exact estimate for subgrade soil. The thermal-technical cha-
racteristics are significant parameters for subgrade soils. In conse-
quence of this the road deformations originate and road service-
ability and performance is lost. The attention was devoted to the
relation between the heat conductivity factor and moisture. The
increase of the heat conductivity factor was confirmed sometimes
more than 800 %. Present results verify the weight of moisture
influence of subgrade soil on the deformations incipient in win-
tertime and springtime.

The described method of evaluation of the heat conductivity
factor A method is economically and timely undemanding. The
method determines conditions that correspond to real conditions
in pavement structure. In this time the measurements of the heat
conductivity factor of sub-base materials are realised. Attention is
also paid to the determination of relation between specific heat
capacity and a temperature of the sample. That relation can have
an influence to the immediate value of coefficient A at a definite
negative temperature. We do not assume an influence that will
have an expressive effect to present values.
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Libor Izvolt - Milan Miksik *

DIAGNOSTIKA DEFORMACNYCH VLASTNOSTI

ZRNITYCH MATERIALOV

DIAGNOSTICS OF THE DEFORMATION PROPERTIES OF GRAINED MATERIALS

V oblasti spodnej stavby liniovych a pozemnych stavebnych diel
maji v rdmci materidlovej zdkladne vyrazné zastupenie prirodné
zrnité materialy. Pri nadstandardnej ponuke doddvatelov tychto mate-
ridlov je potrebné stanovit hlavne ich moznosti aplikdcii do konstrukcie
dopravnej cesty. Posiidenie vhodnosti pouZitia prirodnych zrnitych
materidlov je mozné v laboratornych podmienkach na zdklade ziste-
nia ich deformacnych vlastnosti a ich diagnostiky. V prispevku je cha-
rakterizovany metodicky postup aplikovatelny pre komplexné posii-
denie vhodnosti roznych materidlov pouzitelnych do konstrukcnych
vrstiev dopravnej cesty alebo ako diagnostika stavebného diela pred
Jjeho uvedenim do prevadzky. Aplikdciou tohto postupu sa moéZe posudit
nielen kvalita doddvanych materidlov pre realizdciu stavebného diela
ako zdkladného predpokladu kvality celej konstrukcie dopravnej
cesty, ale pre doddvatelov tychto materidlov je moznost dokladovat
ich kvalitu pri svojej trhovej ponuke v rdmci konkurzného konania.

1. Uvod

Kvalita stavebného diela pri uvedeni do prevadzky je podmie-
nena komplexnym prieskumom lokality diela, bezpe¢nym navrhom
a dimenzovanim konStrukcie diela, dodrzanim vsetkych technolo-
gickych zasad pri realizacii diela ako aj nekompromisnou diag-
nostikou diela pred uvedenim do prevadzky.

Velmi doélezitym predpokladom, ovplyviaujicim dimenzova-
nie a sucasne aj realizaciu stavebného diela je kvalita dodavanych
materialov k realizacii stavebného diela. Tento predpoklad a uspech
dodavatela na trhu s materialmi ako vyrobkami vedie ku skutoc-
nosti, Ze pruzni dodavatelia materidlov dokladuju v ramci svojej
trhovej ponuky okrem protokolov o kvalite vyrobku tieZ moznosti,
a tym vhodnosti aplikacie tychto vyrobkov pri dodrzani kvality
konstrukcie, ktorej suc¢astou bude dodavany material.

V oblasti spodnej stavby liniovych a pozemnych stavebnych
diel maju v ramci materialovej zakladne vyrazné zastupenie pri-
rodné zrnité materialy. Nadstandardna ponuka dodavatelov tychto
materialov obsahuje hlavne moznosti aplikacii podla deformac-
nych vlastnosti materialov na zaklade diagnostiky v laborator-
nych podmienkach.

In the field of substructure of line and ground building works,
natural grained materials have considerable representation in the
material basis. During the exclusive offer of these materials suppliers,
it is necessary to determine the possibilities of material use into
traffic-way structure. The suitability of using natural-grained materials
can be judged in laboratory conditions. In the paper a method is cha-
racterised to be applicable for the complex judgement of various
material use in construction layers of the traffic way or for diagnos-
tics of the building works before their opening. Material suppliers can
document the quality of the supplied material as a basic presumption
of the whole traffic works, which can be judged not only with this
method application but also in its marked offer documentation.

1. Introduction

The performance quality of building works is conditional on
a complex locality investigation, an unfailing opinion and struc-
ture dimensioning, a keeping in all the technology principles and
on uncompromising diagnostics of the works before its opening.

The quality of supplied materials is a very important presump-
tion to influence the dimensioning as well as the building works
realisation. The supplier success in the material market assumes
to offer not only the protocols concerning to the product quality
but also application possibilities and suitability of these products
(materials) and so a structure quality, which components are
supplied.

Concerning to the material basis, natural-grained material has
considerable representation in the substructure of line and ground-
building works. An exclusive offer of the material suppliers conta-
ins mainly application possibilities based on deformation properties
of the material found out in the laboratory conditions.

2. Complex methodical procedure

Complex diagnostics of deformation properties of the grained
material is in finding the following properties out:

* Assoc. Prof. Eng. Libor Izvolt, PhD., Assoc. Prof. Eng. Milan Miksik, PhD.
University of Zilina, Faculty of Civil Engineering, Department of the Railway Engineering and Track Management, Komenského 52, SK-01026
Zilina, Slovak Republic, Tel.: ++421-89-7634818, +421-89-7243374, Fax: ++421-89-7233502, E-mail: kzs@fstav.utc.sk

120+ KOMUNIKACIE / COMMUNICATIONS 1/2001



2. Komplexny metodicky postup

Komplexna diagnostika deformaénych vlastnosti zrnitych mate-
rialov pozostava zo zistovania nasledovnych vlastnosti:
 minimédlna objemova hmotnost p,,,;,,
 maximalna objemova hmotnost ..

« objemova hmotnost po zhutneni v prirodzenom stave p,

» objemova hmotnost po zhutneni vo vysuSenom stave p,,

« relativna ulahlost /),

« vlhkost w,

« metrické poklesy A,

 Unosnost, prezentovana statickym modulom deformacie E,
(v urovni zemnej plane) a E, (v urovni konstrukénej vrstvy),

« narast Unosnosti n; vo vztahu k zemnej plani.

Pre zabezpecenie zistenia vSetkych vysSie uvedenych defor-
macnych vlastnosti bol spracovany celkovy postup rieSenia:

1. zostavenie skuSobného stendu,

2. stanovenie minimalnej a maximalnej objemovej hmotnosti mate-
rialu jednotlivych skusobnych vzoriek - laboratorna skuska,

3. stanovenie Unosnosti zemnej plane pred kazdou skisobnou
vzorkou materialu - staticka zatazovacia skuska,

4. stanovenie metrickych poklesov podkladovej vrstvy ako trvalej
deformacie materialu jednotlivych skiSobnych vzoriek po zhut-
neni - technicka nivelacia,

5. stanovenie Unosnosti celej konsStrukcie (zemna plan + pod-
kladova vrstva) pre jednotlivé skusobné vzorky - staticka zata-
Zovacia skuska,

6. stanovenie objemovych hmotnosti materialu podkladovej vrstvy
(v prirodzenom a vo vysuSenom stave) a vlhkosti pre jednot-
livé skuSobné vzorky - laboratérna skuska,

7. stanovenie miery zhutnenia a narastu unosnosti materialu
podkladovej vrstvy pre jednotlivé skusobné vzorky - vypocet na
zaklade vysledkov predchadzajucich deformacnych vlastnosti.

3. Skisobny stend

Na realizaciu komplexnej diagnostiky deformac¢nych vlastnosti
zrnitych materialov sa vybudoval skusobny stend, ktory pozostava
z dvoch hlavnych Casti:

« zo skuSobného zariadenia a
« konStrukénych vrstiev zZelezni¢ného spodku v M 1:1.

Skusobné zariadenie Katedra Zelezni¢ného stavitelstva a tra-
tového hospodarstva tvoria skruze J 0,80 m, ktorych vyska je
konstantna - 0,300 m (okrem dna - 0,240 m). Jednotlivé skruze
sa nasunu na seba do stanovenej vysky. Celé skusobné zariadenie je
osadené vo vrstve piesku z dovodu celkove;j stabilizacie zariadenia
a tlmenia vibracii pri hutneni materialov.

Do sktiSobného zariadenia sa postupne hutni material, ktory
svojimi vlastnostami a konstrukénym usporiadanim modeluje kon-
Strukcia Zelezni€ného spodku.

Najskor je hutnena zemina, ktora v skuSobnom zariadeni simu-
luje zemnu plan. Celkova konsStrukéna hribka nahutnenej zeminy
je 0,840 m. V désledku erozivnej ¢innosti hutnenia podkladovych
vrstiev skusobnych materialov je nutné povrch zemnej plane pra-
videlne kontrolovat.
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+ minimal volume mass p,; .,

+ maximal volume mass p; ;.

« volume mass after compaction in the natural condition p,

« volume mass after compaction in the drain condition p,,

« relative depression 7,

« moisture w,

+ metric depressions A,

« bearing capacity, presented with static deformation modulus £,
(in the subgrade surface) and E, (in the structure layer),

« bearing capacity grow ny in the relation to the subgrade surface.

To find out all above deformation properties, the whole pro-
cedure has been prepared:

1. building up the experimental stand,

2. determination of the minimal and maximal volume mass of
the material of a particular sample - laboratory test,

3. determination of the surface subgrade bearing capacity before
the each sample - static loading test,

4. determination of the metric depressions of the subbase layer
after compaction, as the permanent material deformation for
the particular samples - technical levelling,

5. determination of the bearing capacity of the whole structure
(subgrade surface + subbase layer) for the particular samples
- static loading test,

6. determination of volume mass of the subbase layer material
(in the natural and drain condition) and moisture for the par-
ticular samples - laboratory test,

7. determination of the compaction degree and bearing capacity
grow of the subbase layer for the particular samples - calcu-
lation according to the above deformation properties.

3. Experimental stand

For the complex diagnostics of grained materials deformation
properties it needs to build the experimental stand that contains
two main parts:

« an experimental facility,
« model of substructure layers in scale 1:1.

The experimental facility of the Department of Railway Engi-
neering and Track Management are cylindrical segments & 0.80 m
with equal height 0.300 m (besides the bottom - 0.240 m). Parti-
cular segments are put upon themselves to the defined height. The
whole facility is placed into stand to stabilise and dampen the
vibration during material compaction.

Material models the substructure with its properties and con-
struction and is gradually compacted into the experimental faci-
lity.

Firstly, soil that simulates the subgrade surface is compacted.
The whole construction thickness of compacted soil is 0.840m. In
consequence of erosive activity of the subbase layers compaction,
it is necessary to regularly control the subgrade surface.
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Na konstrukénu vrstvu zemnej plane su postupne hutnené
jednotlivé skuSobné materialy konStrukénej hrubky 0,300 m. Dav-
kovanie a hutnenie tychto materialov do nadstavbovej Casti sku-
Sobného zariadenia (tretia skruz) je realizované na dvakrat po
vrstvach hrubky 0,150 m pomocou vibra¢ného hutniaceho zaria-
denia celkovej hmotnosti 128 kg, ktoré sa sklada z kruhovej dosky
priemeru 0,760 m a samotného vibratora (obr. 1).

Celkovy pohlad na skusobny stend a jeho lokalizaciu na dia-
gnostickom pracovisku je na obr. 2.

4. Metodické postupy zistovania deformaénych
vlastnosti

Minimdlna a maximdlna objemovd hmotnost

Skusky minimalnej a maximalnej objemovej hmotnosti su re-
alizované podla STN 72 1018 ,Laboratdrne stanovenie relativnej
ulahlosti nesudrznych zemin®.

Obr. 1. Manipuldcia s hutniacim zariadenim pred hutnenim hornej
vrstvy skuisobnej vzorky podkladnej vrstvy
Fig. 1. Compaction machine before the upper layer compaction of
subbase layer sample

Trvala deformdcia po zhutneni - technickd niveldcia

Trvala deformacia po zhutneni je zistovana formou metrickych
poklesov, a to aplikaciou technickej nivelacie (nivelacny pristroj
s kompenzatorom a nivelacna lata s presnostou Citania 1 mm).

The particular samples of thickness 0.300m are gradually
compacted upon the subgrade surface. The material dosing and
compaction is inserted in two layers of thickness 0.150 m into the
stand superstructure (the third segment), with vibration compac-
tion machine of the whole mass 128 kg. It consists in the circle
board (0.760m and a separate vibrator (Figure 1).

The whole view on the experimental stand and its localisation
in the diagnostic laboratory is in the Figure 2.

4. Methodical procedures of finding the deformation
properties out

Minimal and maximal volume mass

The tests of minimal and maximal volume mass are realised
according to the standard STN 721018 “Determination of a rela-
tive depression of incoherent soils in laboratory”

Obr. 2. Celkovy pohlad na skiisobny stend
Fig. 2. The whole view to the experimental stand

Permanent deformation after compaction - technical levelling

Metric depressions represent the permanent deformation after
compaction and are found with technical levelling out (compen-
satory level and dot with the reading accuracy 1 mm).
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Vzhladom na to, Ze je nutné re§pektovat praktické podmienky
realizacie hutnenia (hutnenie kazdej skusobnej vzorky po vrstvach
0,150 m), je trvala deformacia zistovana v dvoch krokoch vzdy po
prvom a druhom hutneni. Pre potrebu merania je na skisobnom
zariadeni vytvorené geometrické bodové pole so 4 vztaznymi bodmi.

Do stendu je postupne budovana a urovnavana prva vrstva
materialu hrubky 0,150 m a nasledne realizované pocCiato¢né
meranie vySky /1, vo vietkych vztaznych bodoch. Hutnenie mate-
rialu je aplikované v 30 sek. intervaloch, pricom hutniaci cyklus je
ukonceny, ked pokles ¢itania v kazdom vztaznom bode nedosa-
huje hodnotu vaésiu ako 1 mm. Celkovy Cas hutnenia prvej vrstvy,
ako aj konecné vysky /i, st zaevidované do skuisobného proto-
kolu. Rozdielom vySok /p; a hy, su urCené metrické poklesy vo
vsetkych vztaznych bodoch ako aj priemerny metricky pokles
prvej vrstvy materialu vzorky A, ;.

Rovnakym sposobom je nasledne realizovany aj druhy krok
merania trvalych deformacii, priCom st evidované hodnoty vySok
hpy a hy, asuuréené metrické poklesy A, ,. Vysledné metrické
poklesy A, kazdej skusobnej vzorky st stanovené suctom metric-
kych poklesov prvého a druhého kroku merania.

Unosnost - statickd zatazovacia skiiska

Pre zistenie unosnosti zemnej plane pred aplikaciou materialu
kazdej skusobnej vzorky, ako aj vyslednej konstrukcie po aplikacii
a zhutneni materialu kazdej skiSobnej vzorky, su realizované sta-
tické zatazovacie skusky, ktorych cielom je zistenie ,relativneho
modulu deformdcie zemnej plane E, a ,relativneho“ ekvivalent-
ného modulu jednotlivych konstrukcii spodne;j stavby E,.

Statické zatazovacie skusky su realizované v sulade s predpi-
som S4 , Zelezniény spodok®, priloha 20, pomocou tuhej kruhovej
zafazovacej dosky & 0,30 m. K vyvodeniu pozadovaného tlaku
(0,20 MPa) na tuhu zafazovaciu dosku sa pouziva ru¢né hydrau-
lické cerpadlo fy ENERPAQ P 142 USA a ako protizataz je vyuzity
I-profil osadeny v strope. Snimanie sily je zabezpefené hydraulic-
kou zostavou ENERPAQ, kde inStalovany manometer BGF-168
SR indikuje tlak pod zatazovacou doskou.

Vertikalny pohyb zataZovacej dosky pri postupnom zatazo-
vani, resp. odlahcovani je snimany v 3 miestach pomocou digital-
nych snimacov drahy IDU25 fy MITUTOYO Japan s rozsahom
do = 25 mm, ktoré st lokalizované na nezavislom rame.

Staticka zatazovacia skuska je realizovana v strede skiSobného
stendu v dvoch zatazovacich cykloch a vyhodnotena pomocou
v§eobecného vzfahu

LS-p-r
E,(E)=—"—
y

[MPa] (D
kde: p - merny tlak na dosku v MPa,
r - polomer zatazovacej dosky v m,
y - celkové priemerné zatlaCenie zafaZovacej dosky v m
zistené pri druhom zataZzovacom cykle.

Nakol'ko staticka zatazovacia skuska je realizovana v dvoch
zatazovacich cykloch, siicasne je urCovana miera zhutnenia, resp.
zhutnitel nost materialov jednotlivych skusobnych vzoriek pri danej
vlhkosti. Pri vypocte miery zhutnenia (M,) sa postupuje v sulade
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With respect to the compaction process (compacting each
sample in layers 0.150 m), permanent deformation is taken in two
steps after first and second compaction. Four reference points
(geometric reference system) are made at experimental stand.

The first material layer of thickness 0.150 m, is gradually put
into the stand and the first measurement of height /p, of all
points follows up all points. The compaction runs in 30-second
intervals, and it finishes when the difference of a reading value in
each reference point does not reach Imm. The whole compaction
time of the first layer and the final heights /4, are written to the
test protocol. The height differences between /p; and /g, define
the metric depressions in all reference points and the average
metric depression of the first layer of the sample A, ;.

The second step of deformation measurement runs the same
way. Heights /p, and Ay, are measured and metric depressions
A, are calculated. The final metric depressions A, of each
sample are defined as a sum of metric depressions of both mea-
surement steps.

Bearing capacity - static loading test

Static loading tests are realised before application of the mate-
rial of each sample and after compaction of the final structure of
each sample to determine the bearing capacity of subbase surface.
The aim of these tests is to determine relative modulus of sub-
grade surface deformation £, and relative equivalent modulus of
particular layers of the substructure E,.

The static loading tests are in keeping with regulation S4
“Railway substructure”, Appendix 20. Manual hydraulic pump
ENERPAQ P142 USA is used to make the requisite pressure (0.20
MPa) upon to the stiff circle board ¢ 0.30m. Anti-loading is done
via ceiling I-profile. Hydraulic machine ENERPAQ with built in
manometer BGF-168 indicates the pressure under loading board.

Digital feelers IDU25 (firm MITUTOYO) with the range
+ 25 mm are placed at independent frame and scan the vertical
movement of the loading board in three points during loading or
during relief.

Static loading test is running in the middle of the stand in two
loading cycles, and it is calculated according to the equation:

1L.S5-p-r
Ey(E,)=—"

[MPa] (@Y
where: p - specific pressure upon the board in MPa,
r - radius of the loading board in m,
y - the whole average depression of the loading board in m
that was found out in the second loading cycle.

Because the static loading test runs in two cycles, the com-
paction degree, (respectively, the materials of particular samples
possibility to compact in real moisture) is determined at the same
time. The compaction degree is calculated in conformity with the
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s STN 72 1006 ,Kontrola zhutnenia zemin a sypanin®, priCom su
pouzité nasledovné vseobecné vztahy:

Ejerr

M,= [MPa] 2)

def1

pricom

Edej:z(l —vz)-r-m'—p [MPa] 3)

2 Ah
kde: E,,, - modul deforméacie v MPa,
v - Poissonove ¢islo (hodnota stanovena podla zloZenia
sypaniny - 0,20),
m - sucinitel tvaru dosky (pre kruhovu dosku 0,785),
r - polomer zatazovacej dosky v m,
Ap - zmena kontaktného napétia v MPa,
Ah - zmena sadnutia dosky pri zmene napitia v m.

Objemovd hmotnost a vihkost po zhutneni

Po vykonani statickej zatazovacej skuisky je nasledne u mate-
rialu kazdej skiiSobnej vzorky zistovana jeho objemova hmotnost
a vlhkost pri jeho zabudovani do skiSobného zariadenia. Objemova
hmotnost je zistovana v sulade s STN 721010 ,Stanovenie obje-
movej hmotnosti zemin. Laboratorne a polné metody“ a vihkost
materialu podla STN 72 1012 ,Laboratorne stanovenie vlhkosti
zemin®.

Vzorka testovaného materialu na zistovanie obidvoch vlast-
nosti je odoberana minimalne z dvoch miest v skuSobnej skruzi
pomocou tzv. jamkovej metody.

Miera zhutnenia a ndrast unosnosti

Na zaklade stanovenych hodndt maximalnej a minimalnej
objemovej hmotnosti jednotlivych skusanych materialov ako aj ich
objemovych hmotnosti je potom mozné pre skiisobné vzorky vypoc-
tom urcit hodnotu miery zhutnenia prostrednictvom relativnej ulah-
losti I, (podla STN 72 1018) na zaklade vSeobecného vztahu

_ pd,max (pd - pd,min)
pd(pd,max - pd,min)

kde: p, - objemova hmotnost suchej zeminy v kg.m >,
3

Pdmax — Maximélna objemova hmotnost zeminy v kg.m ~,

Pamin - Minimalna objemova hmotnost zeminy v kg.m 3.

I, 2100 [%] 4)

Na zaklade stanovenych hodnot ,relativneho” modulu defor-
macie zemnej plane E, a ,relativneho” ekvivalentného modulu
jednotlivych konstrukcii spodnej stavby E, je mozné pre vSetky
materialy skuSobnych vzoriek vypoctom stanovit hodnoty narastu
unosnosti 7 podla vztahu

E,
np =100 =100 [%] )
0

5. Hodnotenie deformacnej kvality

Pre kazdy skusany material je vystaveny hodnotiaci protokol,
ktory deklaruje dosiahnutt kvalitu materialu v oblasti deformac-
nych vlastnosti. Priklad protokolu je na obr. 3.

regulation STN 721006 “Control of soils and sprinkled material
compaction” according to the following equations:

E
M = def2

o

Eon [MPa] (2)

where

Epy=— (1= v -r-m-—  [MPa] 3

2 Ah
where: E,,, - modulus of deformation in MPa,
v - Poisson number (value determined according to the
sprinkled material contain - 0.20),
m - coefficient of the board shape (for the circle board
is 0.785),
r - radius of the loading board in m,
Ap - the contact tension exchange in MPa,
Al - exchange of the board depression during tension
exchange in m.

Volume mass and moisture after compaction

After the static loading test volume mass and moisture of the
material of each sample is found out. Volume mass is determined
in conformity with regulation STN 721010 “Determination of
soils volume mass. Laboratory and in situ methods” and material
moisture according to the STN 721012 “Soils moisture determi-
nation in laboratory”.

The tested material is taken off from two places of the tested
cylindrical segment with “hole method”.

Compaction degree and bearing capacity grow

On the determined values of maximal and minimal volume
mass like volume mass of the particular tested material, the com-
paction degree is calculated through the relative depression 7,
(STN 721018) according to the following:

— pd,max (pd B pd,min)
pd(pd.max - pd,min)
3

where: p;, - volume mass of dry soil in kg.m ™",
3

Pd.max- Maximal volume mass of soil in kg.m~,

minimal volume mass of soil in kg.m .

I, 2100 [%] 4)

Pd,min ~

On the determined values of relative deformation modulus of
the subgrade surface £, and the relative equivalent modulus of the
particular layers of substructure E,, the values of bearing capacity
grow ny are possible to determine for all materials of the samples:

E,
np=—-100-100  [%] 5)
0

5. Deformation quality evaluation

For each tested material, an evaluating protocol is written to
declare the reached quality of the material from the point of
deformation properties. The protocol example is in figure 3.
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University of Zilina, Faculty of Civil Engineering

Department of the Railway Engineering and Track Management
Komenského 52

SK-010 26 ZILINA

tel.: 089/7243374

fax: 089/7233502

E-mail: kzs@fstav.utc.sk

Evaluating protocol
¢. 5400-1

Diagnostics of deformation properties of the grained materials

Sample name:
Material of a sample:
Construction thickness of a sample:

sample A - Pusté Ulany
gravel-sand of fraction 0 - 32 mm
300 mm

DEFORMATION PROPERTIES

Zilina, 19.09.2000

Laboratory of Department of the
Railway Engineering and Track
Management

Deformation property Symbol Unit Value

Minimal volume mass Pa,min kg.m? 1758
* Maximal volume mass Pd,max kgm™’ 2122
) Volume mass after compaction in natural condition p kgm 3 2175
) Volume mass after compaction in drain condition P kgm* 2124
) Compaction degree Iy % 100,5
* Moisture W % 2,47
~ Absolute metric depressions A, mm 49,75
" Relative metric depressions Ay % 16,58
B Static deformation modulus of the subgrade surface

before the sample application E, MPa 43,7
B Static deformation modulus of substructure E, MPa 56,3
- Bearing capacity grow ng % 28,83

Date and place: Name: Stamp:

Assoc. Prof. Eng. Libor Izvolt, PhD.

Assoc. Prof. Eng. Milan Miksik, PhD.

Obr. 3. Priklad hodnotiaceho protokolu
Fig. 3. The evaluating protocol example
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Dosiahnutie reprezentativnych vysledkov deformacnych vlast-
nosti materialov predpoklada dodrziavanie predpisanej metodiky
komplexného skuSania ako aj reSpektovanie nasledovnych obme-
dzujucich $pecifickych faktorov:

« vyznamnu ulohu pri diagnostike deformacnych vlastnosti zrni-
tych materialov zohrava ¢asovy faktor; vybudovana zemna plan
plynicim ¢asom straca optimalnu vlhkost, ¢o sposobuje nezia-
duce a zavadzajuce zvySenie jej inosnosti,

pre dokladnejsi a reprezentativnejsi rozbor deformacnych vlast-
nosti je potrebné venovat sa v ucelenom ¢asovom celku len
jednému typu materialu s roznymi obmenami zrnitosti na zaklade
presne stanovenej receptury.

Literatura - References

Representative results of the materials deformation properties
require keeping not only the prescribed procedure of complex test
but to respect the following limited specific facts:

« During the deformation properties diagnostics, time plays the
great role; Surface losses the optimal moisture in time, it makes
undesirable and misleading growth of bearing capacity.

« Thorough and representative analysis of deformation properties
requires surveying only one type of material with the various
grain on the precise defined prescription.

[1] MIKSIK, M. a kol.: Diagnostika deformacnych vlastnosti zrnitich materidlov, Hodnotiaca sprava, EDIS ZU, Zilina, 2000,
[2] MIKSIK, M. a kol.: Nové konstrukcie a materidly pri modernizdcii Zeleznicnych trati a stanic a ich vplyv na kvalitu jazdnej drdhy, Gran-
tovy projekt 1/7409/20 - Uloha €. 5: Vplyv Zelezniénej prevadzky na kvalitu a Zivotnost klasickej konstrukcie kolajového 16Zka,

Zilina, 2000.
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Dopravny prostriedok - jeho motor

V tychto drioch EDIS - vydavatelstve Zilinskej univezity vysla monografia Dopravny prostrie-
dok - jeho motor, od kolektivu autorov ZU, prof. Ing. Viadimira Hlaviiu, PhD., prof. Ing. Pavla
Kukucu, PhD., Ing. Rastislava Istenika, PhD., Ing. Réberta Labudu, PhD., doc. Ing. Stefana
Lisciaka, CSc. Publikdcia nadvizuje na uspesnii monografiu z roku 1996 Dopravny prostriedok
a Zivotné prostredie autorov V. Hlaviu, P Kukucu, V. Stuchlého, P. Zvolenského.

Monograficky spracovand publikdcia je venovand teoretickym prevdadzkovym probléemom spa-
lovacich motorov, s vyraznou orientdciou na piestové spalovacie motory. Je urcend najmd Studentom
a doktorandom Studijnych odborov zameranych na dopravu, dopravné a manipulacné prostriedky,
ale aj vyskumno-vyvojovym a previdzkovym pracovnikom z praxe. Citatel si v knihe ndjde zdkladnii
teériu spalovacich motorov, tykajiicu sa premeny energie z paliva na mechanickii prdacu, problémy
kinematiky a dynamiky piestového spalovacieho motora a jeho casti, zdkladné veliciny a definicie
mentov, ale aj problematiku prevdadzkovej spolahlivosti, merania a diagnostiky. V knihe nie sii opo-
menuté ani nové trendy vo vyvoji motorov, nekonvencné konstrukcie motorov, ako aj pouZivanie
alternativnych paliv. Vyznamné si kapitoly tykajiice sa novych systémov tvorby palivovej zmesi vzne-
tovych aj zdazZihovych motorov, ekologickych ucinkov motorov na Zivotné prostredie ako aj opatreni
na ich zniZovanie a elimindciu. V jednotlivych kapitoldch siu premietnuté aj skusenosti autoroy
z doterajsej vyskumnej cinnosti v oblasti tedrie a experimentdlnych prdc. Vsetky kapitoly sii velmi
vhodne doplnené celkom 287 obrdazkami. Na Slovensku je publikdcia k dispozicii v predajni Studij-
nej literatiiry Zilinskej univerzity v Ziline, Vysokoskoldkov 24, 011 84 Zilina a na Katedre kolajo-
vych vozidiel, motorov a zdvihadiel.

Prof. Ing. Ladislav Malik, CSc.
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ZILINSKA UNIVERZITA V ZILINE
Strojnicka fakulta

Katedra priemyslového inzinierstva

NOVY PRISTUP K NAVRHOVANIU
VYROBNEJ DISPOZICIE

Dizertacn praca

Autor: Ing. Robert DEBNAR

Skolitel: Prof. Ing. Jan KOSTURIAK, PhD.

Zilina 1999

Dizertacna praca:  Novy pristup k navrhovaniu vyrobnej dispozicie

Autor: Ing. Robert Debnar
Studijny odbor: 23-07-9 Strojarske technologie a materialy
Pracovisko: Zilinska univerzita v Ziline, Strojnicka fakulta
Katedra priemyslového inZinierstva
Skolitel: Prof. Ing. Jan Kosturiak, PhD.
Resumeé:

Doktorandskd dizertacnd praca Novy pristup k navrhovaniu vyrobnej dispozicie sa zaoberd pro-
blematikou navrhovania vyrobnej dispozicie s vyuzitim metod skupinovej technologie a simuldcie.
Je motivovand potrebami zameranymi na zvlddnutie vysokej variantnosti a pruznosti vyroby pri
nizkych vyrobnych ddvkach a pri siicasnom zachovani prehladnosti vo vyrobe, nizkych ndakladoch
a vysokej produktivite. Taziskom riesenia je navrhnutie komplexnej metodoldgie pre segmentdciu
vwroby, ktord pozostdva z nasledovnych krokov:

 ystupnd analyza, priprava tidajov,

« segmentdcia vyroby - triedenie suciastkovej zdkladne, vytvaranie skupin siiciastok a strojov,
« formovanie jednotlivych vyrobnych buniek,

 kapacitny vypocet,

« navrh vyrobnej dispozicie,

 dynamické prehodnotenie vyrobnej dispozicie - modelovanie a simuldcia.

V ramci tejto prdace bol vytvoreny modul pre segmentdciu vyroby. Ide o integrované riesenie,
ktoré je implementované do simulacného systému SiMPLE++.

ZILINSKA UNIVERZITA V ZILINE

Fakulta Specidlneho inZinierstva

kpt. Ing. Mariin MARCIN

STAVEBNO-TECHNOLOGICKE
PROJEKTOVANIE ROZSIAHLYCH
ZEMNYCH PRAC

Dizertaéna prica

Zilina 1999

Dizertacna praca:  Stavebno-technologické projektovanie rozsiahlych zemnych prac

Autor: kpt. Ing. Marian Marcin
Studijny odbor: 91-23-9 Vojenska doprava a vojenské stavby
Specializacia: Zeleznicény spodok
Pracovisko: Zilinska univerzita v Ziline, Fakulta Specialneho inZzinierstva,
Katedra obnovy zeleznic
Skolitel: doc. Ing. Josef Reitspis, PhD.
Resumé

Dizertacnd prdaca sa zaobera riesenim aktudlnych problémov cestného a Zeleznicného stavitel-
stva, ktoré vyplyvajii z potrieb skvalitnenia a zefektivnenia zemnych prdc pri vystavbe dopravnych
komunikdcii. Prdaca md 140 strdn textu vrdtane zoznamu pouZzitych symbolov, skratiek, obrdzkov,
tabuliek, grafov, algoritmov a pouZitej literatiiry. Nad uvedeny rozsah je prilozenych 15 priloh, ktoré
vecne dopliiajii obsah jej jednotlivich casti.

Metody riesenia boli podriadené cielom a obsahu dizertacnej prdce, ktoré nadvizujii na dosiah-
nuti iroven poznania a osvojovania si teoretickych a praktickych poznatkov vychddzajicich z redlnej
skutocnosti stavebnej vyroby.

Vysledky dizertacnej prdce ako i zdvery pre ich realizdciu a dalsi rozvoj vedy su zaclenené do
siedmich kapitol, ktorych hlavnym cielom je zabezpecenie efektivnych vysledkov stavebno-technolo-
gickej pripravy optimdlnym rieSenim vzdjomnych vztahov medzi jednotlivymi Struktiirami vystavbo-
vého procesu z hladiska realizdcie zemnych prdc.
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Dizertacna praca:  Navrh systému controllingu k hospodarnosti

vnitropodnikovej jednotky ZSR

Ing. Bibiana BUKOVA

62-03-9 Odvetvové a prierezové ekonomiky

Zilinska univerzita v Ziline, Fakulta prevadzky a ekonomiky dopravy
a spojov, Katedra Zelezni¢nej dopravy

Doc. Ing. M. Sroslik, CSc.

Autor:
Studijny odbor:
Skoliace stredisko:

Skolitel:

Resumé:

Dizertacnd prdca navrhuje zavedenie nového obchodného systému ZSR. Dany systém je budo-
vany od zdkaznika, jeho potrieb. Naveh obchodného systému ZSR podrobne rozoberd jednotlivé fizy
predaja prepravnych sluZieb, sposoby organizdcie obchodného persondlu, pocet obchodného perso-
ndlu, jeho riadenie, kontrolu, odmenovanie i motivdaciu. Kontrola v tomto systéme md rozhodujiicu
funkeiu, umoziiuje jednoduchii, pruznii komunikdciu so zdkaznikom, cez obchodny persondl ZSR.

Prdca je clenend do 5 kapitol, obsahuje 101 strdn textu, 22 strdn priloh.
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ZILINSKA UNIVERZITA V ZILINE
Fakulta previdzky a ekonomiky dopravy a spojov

Katedra zeleznicnej dopravy

NAVRH SYSTEMU CONTROLLINGU
K HOSPODARNOSTI VNUTROPODNIKOVEJ
JEDNOTKY ZSR

Dizertaén préca

Autor: Ing. Bibidna BUKOVA

Skolitel: Doc. Ing. M. SROSLIK, CSc.

Zilina 1999

Dizertacna praca:  Analyza metod a vybranych faktorov urcovania

stability svahov v skalnych horninach

Autor: Ing. Marian Drusa

Vedny odbor: 36-02-9 Teoria a konstrukcia inzinierskych stavieb

Skoliace pracovisko: Zilinska univerzita v Ziline, Katedra geotechniky, Stavebnej fakulty,
Komenského 52, 010 26 Zilina

Skolitel: Doc. RNDr. Ing. Milan Slivovsky, CSc.

Resume

Analyza stability skalného svahu je zloZitd geotechnickd iiloha, ktord si vyzaduje velmi citlivy
pristup od zaciatku rieseného problému az po konecné ndvrhy projekénych a sanacnych tiprav.

Taziskovou kapitolou dizertacnej prdce boli nové metddy a teoretické postupy urcovania para-
metrov Smykovej pevnosti horninovych diskontinuit.

Rozpracované boli dve fraktdlne a jedna Statistickd metoda hodnotenia drsnosti, ktorych vystu-
pom je koeficient puklinovej drsnosti JRC. Tieto metody aplikované aj na praktické riesenia a porov-
nané s laboratornymi testami, odstranili rozne subjektivne vplyvy a nepresnosti, ktorymi sii zataZené
klasické metodiky vyhodnocovania povrchovej drsnosti diskontinuit. Fraktdlne metody hodnotenia
drsnosti patria k najprogresivnejsej oblasti rozvoja mechaniky hornin vo svete. Druhd cast prdce je
venovand metodam riesSenia stability skalnych svahov, kde boli rozpracované a doplnené hlavne tie
metédy a algoritmy rieSenia stability, ktoré su aplikovatelné na geodynamické javy vyskytujiice sa
v Zdpadnych Karpatoch. Softvérovo spracované metody boli vyuzité na rieSenie dvoch praktickych
pripadov skalnych zosunov: na skalny zosun odrezu komunikdcie pri Hutdch a na rieSenie stability
skalného brala vo Vyhniach. Stabilitné posiidenia vyustili do ndvrhu ekonomickych a bezpecnych
sanacnych opatreni. Aj ked' tieto klasické metody nemozu konkurovat v niektorych analyzach
metédam konecnych a hrani¢nych prvkov, ich jednoduchost, variabilita a rychlost sii velmi velkou
vhodou.

ZILINSKA UNIVERZITA V ZILINE
Stavebna fakulta

Katedra geotechniky

Dizertaén préca

ANALYZA METOD A VYBRANYCH FAKTOROV
URCOVANIA STABILITY SVAHOV
V SKALNYCH HORNINACH

Vedny odbor.
36029 Teoria a konstrukeia ininierskych stavieb

Autor: Ing. Marian DRUSA

Skolitel Doc. RNDr. Ing. Milan SLIVOVSKY, CSc.

Zilina 2000
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neering.
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